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SECTION 3.0
DETAILED FEASIBILITY STUDY
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OVERVIEW

Volume II of the Final Report for the Feasibility Study of the Atmospheric
General Circulation Experiment contains all of the documentation that contri-
butes to the results given in Volume I. This documentation, generated during
the course of the program, includes the analysis performed in each technical
area, the rationale and substantiation for the design approaches selected for
the hardware and the design details for the baseline AGCE.

The documentation produced in the form of Program Information Releases
(PIR) dockets has been arranged by technical area to provide a cohesive flow
of information. Each major technical area has been separated by blue dividers
for ease 1in lTocating specific categories such as Materials for the AGCE, high
voltage power supply, apparatus configuration, etc. The order in which the
technical areas are arranged coincides with that given in Section 2.0 of

Volume I.
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3.1

MATERIALS FOR DIELECTRIC FLUID AND EXPERIMENT SPHERE

Task 1 - Dielectric Fluid Requirements
Parametric Presentation of AGCE Variables

Task 1 - Dielectric Heating Due to Electrical Power
Dissipation

Task 1 - Calculation of gg for Nominal GFFC and AGCE
Parameters

Task 1 - Fluid Viscosity Assessment

Photochromic Dyes for Flow Visualization in High
Dielectric Solvents

Dielectric Solvent/Photochromic Dye Solutions

Photochromic Dyes for Flow Visualization in High
Dielectric Solvents - III

Photochromic Dyes for Flow Visualization in High
Dielectric Solvents - II

Fluid Filtration Theory

Task 2 - Purification, Characterization and Handling of
High Dielectric Constant Fluids

Task 3 - Dust Removal Feasibility Report

Task 3 - Dust Removal Design Requirements
Dielectric Material for the AGCE Baffle

Cost of Material for the AGCE Baffle

Task 8 - Requirements for Quter Sphere Material

Task 8 - Material for the Outer Sphere

-028
-014

-015

-017
-025

-032
-037

-036

-002
-021

-016
-005
-019
-026
-009
-020
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1-28-81
SUBJECT

TASK 1 - DIELECTRIC FLUID REQUIREMENTS

INFORMATION REQUESTED/RELEASED

The attached AGCE dielectric fluid requirements have been generated for use in making
a survey of dielectric fluids and selecting candidates for use in the Atmospheric
General Circulation Experiment (AGCE).

TASK 1 - SURVEY OF DIELECTRIC FLUIDS

1.0 SCOPE

The dielectric fluid survey and photochromic compatibility assessment will be
conducted so that a fluid/photochromic system can be selected for use in the AGCE.
The dielectric performance requirements to be used as guidelines in this effort are
provided below.

2.0 GENERAL

The dielectric fluid requirements are based on the AGCE RFP, the GE AGCE
proposal and personal communication with Dr. Fowlis of NASA/MSFC. Since the required
information is not readily available in the open literature, the expertise of
Dr. Ronald Francis (Rochester Institute of Technhology), Dr. David Shaw (GE Capacitor
Department), the GE Dielectric Materials Laboratory and other technical information
sources will be utilized in assessing the fluids and photochromics.

3.0  PERFORMANCE REQUIREMENTS

3.1 General

The goals of the dielectric fluid survey are to identify a dielectric
fluid which will:

1) permit an increase (~5-10 x) in the value of the dielectric
body force, gp» over that currently achievable in the GFFC.
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PIR No. U-1254-AGCE-006
Page Two

2) be compatible with a photochromic material and permit the
flow visualization principle used in the GFFC to be used
for the AGCE.

3.2 Dielectric Constant

A dielectric constant greater than 2.2 is required with a value greater
than 40 desired. The upper value acceptable may be Timited by other parameter
requirements such as dissipation factor.

3.3 Dissipation Factor

The fluid dissipation factor must be minimized so that the fluid heating
rate does not exceed 0.001 0C/sec. Values of fluid dissipation factor are not
readily available in the literature due to their dependence on fluid purity. The
values of dissipation factor for candidate fluids may have to be measured (GE Dielect, &
Materials Laboratory), and therefore will be 1imited to two or three fluids.

3.4 Electrical Volume Resistance

This parameter is also highly dependent on fluid purity and will be
measured for 2 or 3 fluids (GE Dielectric Materials Laboratory). The objective is
to minimize fluid heating as given in Paragraph 3.3.

3.5 Dielectric Strength
Comments of 3.3 and 3.4 apply here also. The goal is a dielectric strength
factor of 2 above that required to sustain the impressed voltage, a maximum of 30 kv.
3.6 Viscosity

Values of viscosity less than 1 cp are desired with a maximum of 3 cp
acceptable.
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PIR No. U-1254-AGCE-006
Page Three

3.7 Coefficient of Volume Expansion

A value of the coefficient of volume expansion will be sought which
is compatible with the optical detection concept and a minimum temperature gradient
of 0.1°C/cm with a 10% uncertainty.

3.8 Photochromic Fade Time
Photochromic fade times of 1 to 2 minutes will be sought.

4.0 INPUTS REQUIRED

Priority of Parameters - A prioritization of the above parameters will be
provided by NASA so that the relative importance of each parameter can be considered
in selecting candidate fluids (c.f. PIR No. 1254-AGCE-08).

SAFETY

The fluid will be enclosed within the concentric hemisphere assembly which,
in turn, is located within the confines of the gaseous nitrogen filled outer sealed

enclosure.

S e
Approved by: _~ /Q Ca/Zi;:::j
ACGE Program Manager
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PARAMETRIC REPRESENTATION OF AGCE VARIABLES

INFORMATION REQUESTED/RELEASED

1.0 SUMMARY

Two important considerations for the AGCE include the fluid heating rate and
the dielectric body force as discussed in PIR No. 1254-AGCE-0T4A and -015, respectively.
The equations describing these quantities contain common variables which allow several
parametric analyses to be performed and used as a guide in assessing the AGCE per-
formance. Definitions of the relevant parameters, the equations relating these
parameters, the resulting parametric plots and examples of their use are provided.
The families of curves presented herein are intended to be used as tools in selecting
a feasible set of operating conditions for the AGCE.

2.0 VARIABLE DEFINITIONS AND RELEVANT EQUATIONS

Definitions of variables required for a partial theoretical evaluation and
assessment of the AGCE are given below. The variables are listed in the approximate
order of usage in the equations which follow.

P4 = power dissipated in the fluid per unit volume (watts/m3)
o = fluid conductivity (Q_]m-1)

E = applied electric field (volts/m)

w = electric field frequency (rad/sec) = 2xf

f = frequency (Hz)
12

e, = dielectric constant of free space (8.85 x 10~ farad/m)
K = relative dielectric constant
G. Foga] PAGE NO. J RETENTION REQUIREMENTS
R. Homsey CORIES FOR MASTERS FC ]
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tan § fluid dissipation factor
r; = outer radius of inner sphere (m)
ro= inner radius of outer sphere (m)
V = applied voltage (volts), E = V/(ro—ri)
T = fluid heating rate (°C/sec)
C_ = fluid heat capacity (joules/Kg C)

o = fluid density (Kg/m3)

= total power dissipated in the fluid (watts)
= thermal coefficient of dielectric constant (°C'1)
o = thermal coefficient of volume expansion(°C'])

= dielectric body force (g's or m/secz)

o
m
!

POWER DISSIPATED PER UNIT VOLUME

P, = cEZ(watts/m3)

d
2
=pKe tansE
0
V2
= anKsotana 5 5 f =300 Hz, r_ = .06m, r.
(r_-r.)
o i
Py = 1.67 x ]0_4K tans Vz(watts/ms)

HEATING RATE

N
-2
po
1.67 x 1077 tams V? 3
= - o : Cp = 2 x 107 joules/Kg°C
p°o o, = 10%g/m’
T=8.4x 10K tans V2

(2)



VOLUME OF FLUID CELL

-—4_/.31 3_3- = =
Vol. = 5 (r‘0 ri), rs .06m, rs .05m

4(m3)

1.9 x 107

TOTAL POWER DISSIPATED

o
it

Pd x Yol.

1.67 x 10°% tans V2 (1.9 x 1074

8

3.17 x 1073k tans V2 (watts)

DIELECTRIC BODY FORCE

2
- 28oKY riro . V2 .
9 ap r - ri ;3

- o ‘]
a = 0.00088 °C
o, = 10° kg/m’
r = 0.05 m
= 1,27 x 10'8 K V2 (m/sz)
=1.29 x 1072 k V2 (g's)
K=17.7 x 108 9, 2
% _ 4.1 x 1072
PT tan s
d
T
41 x10°2 L9
9 ‘ tans

(3)

(4)

(5)

J
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Two assumptions in the above equations limit their unconditibnal application
to the assessment of the AGCE performance. The total fluid volume is determined
by hemispheres with radii of 0.05 and 0.06 meters and thus the total power dissi-
pated (Equation 3) will change for other configurations. Also, note that
Equation 6 assumes values of o and y for DMSO. Although, as indicated in PIR
1254-AGCE~-015 (page 5), the values of o and y do not change greatly for high
dielectric constant fluids, caution should be used in applying this equation to
other fluids.

3.0 PARAMETRIC PLOTS

Figures 1 through 5 are parametric plots of Equations (2) through (6) and
provide a quick means of assessing the effect bf changing the experiment require-
ments. For example, suppose a value of 9 = 5g is required without exceeding
either a fluid heating rate of 0.001°C/sec or a voltage of 15 Kv. For these
conditions, Figures 1, 2 and 3 give values of PZ ~ 0.38 watts, tans = 0.003 and
K= 17.5, respectively. In other words, a fluid with a dielectric constant of
~17.5 which has been purified to give a dissipation factor of 0.003 will meet
the required conditions. If the maximum allowable voltage is reduced to 10 Kv
then a higher fluid dielectric constant of ~38 is required (Figure 3).

As a second example, suppose a fluid with a dielectric constant of 40 can
be purified to give a dissipation factor of 0.001. Figures 4 and 5 then give
heating rates and total power dissipations of ~0.0007°C/sec and 0.29 watts, re-
spectively (V = 15 Kv) and Figure 2 indicates that a value of 9 = 10.5 g can then
be achieved.

Thus, given the operating requirements of the AGCE, the required fluid
characteristics can be determined, or alternatively, if the fluid characteristics
are known, the AGCE performance can be evaluated as a function of applied voltage.
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DIELECTRIC CONSTANT
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Task 1 - Dielectric Heating Due to Electrical Power Dissipation

INFORMATION REQUESTED/RELEASED

1.0 SUMMARY

The dielectric heating caused by an applied AC voltage was calculated for ranges
of dielectric constant and dissipation factor assuming the nominally agreed upon values
(PIR No. 1254-AGCE-008) for AGCE electrical and geometrical parameters. The values
assumed are as follows:

Outer radius inner sphere - 5.0 cm
Inner radius outer sphere - 6.0 cm
Applied AC voltage - 20 kV RMS
AC frequency - 300 Hz

The analytical results indicate that the major parameters controlling the fluid heating
;ate (%) are the applied voltage and the fluid dissipation factor. Using the parameter
values listed above, and assuming a dielectric constant of 40, a dissipation factor of
n0.003 will be necessary to maintain fluid heating below 0.001°C/sec. The difficulties
of obtaining a high dielectric constant fluid (i.e., polar liquid) of sufficient

purity to achieve and maintain this Tow dissipation are very difficult, although per-
haps not impossible. Applicable purification and measurement procedures are discussed
in PIR No. 1254-AGCE-021.

2.0 BACKGROUND

The AGCE Statement of Work (SOW) listed several characteristics which the "ideal”
dielectric fluid should possess. Most of the values listed were for the Dow Corning
200 011 used in the GFFC with the exception of the dielectric constant for which a
factor of 20 increase is desired. The key parameters identified in the SOW and the
desired values are given on the following page.
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Page two

1)

2)

3)

4)

5)

6)
7)

Dielectric Constant: >40eo. However, any value greater than
2.2 €, will be helpful (eo = dielectric constant of free
space = 8.85 x 10712 farad/meter).

Dissipation Factor: 4 x 10'5 in the frequency range around

500 Hz. The heating rate should not exceed 0.001°C/sec.

Electrical Volume Resistance: 1 x 1014

ohm cm. A lower value
might be satisfactory to maintain the heating rate below

0.001°C/sec.

Dielectric Strength: >50 volts/mil. The required value

will depend on the sphere separation and voltage level.

For the nominal values of 20 kV and 1 cm separation, a rating

of 51 volts/mil would be required at 1 cm. Translating this
requirement to the standard rating, usually measured for a

separation of 0.1 inch, yields a value of ~102 volts/mil

(dielectric strength is inversely proportional to square

root of dielectric thickness). )

Viscosity: <b centipoise. Preferably <1 centipoise. More
recently (PIR No. 1254-AGCE-09) the upper 1imit has been fixed
at 3 cp.

Coefficient of Volume Expansion: >1 x 107%ec?,

Transparency: Clear or almost clear. In addition, the fluid
must be compatible with a photochromic dye to permit imple-
mentation of the flow visualization technique.

Realistically, the above parameter values probably cannot be achieved in

any fluid and hence relaxation trade-offs will be required. For example, the

high dielectric constant and the high resistivity values desired are physically
incompatible in a single fluid. However, a parameter more relevant than the

resistivity alone is the fluid heating or power dissipation which results.
Section 3.0 discusses the expected power dissipation and fluid heating as a
function of fluid dissipation factor and resistivity (items 2 and 3 above) and

provides a guide for determining realistic values of dissipation factor to

impose on the fluid.

s
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3.0 TASK IMPLEMENTATION

Two derivations for an expression relating the fluid heating rate to the
applied electric field, and the fluid dissipation factor are given below. Both
approaches yield the same final expression and provide a relationship between
the fluid dissipation factor and the fluid conductivity.

Fluid Heating Rate - First Approach

One of the key parameters required to assess the dielectric fluid heating
produced by an applied AC voltage is the power factor (§), which is defined as:
the ratio of the total power (in watts) flowing in an electrical circuit tc the
total equivalent volt-amperes flowing in that circuit. 1In normal dielectrics
it is exactly equal to (Tweney and Hughes, 1967):

G

GZ + mZCZ

conductance of the dielectric (ohm—])

]

where: G

1/R where R is the dielectric resistance in ohm

e
]

frequency of the impressed AC voltage (rad~sec'])

il

2wf where f is the voltage frequency in Hz
and C

capacitance (farads)

The resistance (R) and capacitance (C) of a concentric sphere assembly as
proposed for AGCE are given by:

(r]-rz)
R=p 5= (2)
4wr1r2
~ qd/A
dn Ke_r,r
and = 21 2 (3)
1 2
= K £, A/d

I}

where: r radius of the outer sphere

radius of the inner sphere
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p = resistivity of dielectric (ohm-m)

A = 4WY]P2

d = ry-r

€ = dielectric constant of free space (8.85 x 10 farads/m)
K = dielectric constant of material relative to €

Writing Equation (2) in terms of the conductivity o(=1/p) gives:

dnr.r
12

G = o. (4)
Y‘]"'Y‘z

R

Ac/d

Equations (3) and (4) can be substituted in Equation (1) and reduced by can-
cellation of like terms to give the simplified expression for the power factor
as:

§ = g (5)

/02 + szze 2

4]

For values of § < 0.1 (the region of interest for AGCE) the power factor may be
considered equal to the dissipation factor (Reference Data for Radio Eng., 1967).

The rate of energy dissipation per unit volume due to the sinusoidal electric
stress within the dielectric is given by Tweney and Hughes (1967) as:

P=uwC Vs (6)

The dissipated energy will raise the temperature of the total fluid by:
me(jou1es/°C) (7)

where Cp is the heat capacity of the fluid (joules/Kg°C) and m is the total mass
of the fluid.

Substituting KeOA/d for C, and Ed for V, réspectively, in Equation 6
and dividing the resulting equation by me gives the rate of rise of the
fluid temperature T:
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wKsOEZG(Ad)
T=-—9
C
™

2
wKeOE 3
pon

(ke 8) E°
= *5"'C—p—“ (°C/sec) (8)
0

Fluid Heating Rate - Alternate Approach

The dielectric heating associated with an electric field of amplitude E0
can also be derived from the expression for the power absorbed per unit volume
(von Hippel, 1966) as:

aEg [watt/m3]

p-To (9)

The parameter o is an equivalent dielectric conductivity which sums over all
dissipative effects and represents any ohmic conductivity caused by migrating
charge carriers as well as any energy loss associated with a frequency dependence
of the dielectric constant, €', such as the friction accompanying the orientation
of dipoles. Replacing E, by its RMS equivalent (E = EO//§) gives:

P = 0E2 (10)

Derivations of loss tangent (dissipation factor), and equivalent dielectric
conductivity are given by von Hippel (see Appendix) and only the results will be
given below.

1]
Loss Tangent: tang = 1oss_factor %7 (11)

dielectric constant

Effective Conductivity: o = we”, angular frequency x loss factor

(12)
Relative Dielectric Constant: K = g— (13)
0
where € = dielectric constant of a vacuum (8.85 x 10']2 Farad/meter).
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Combining Equations (11), (12) and (13) gives an expression for the effective
conductivity as:

o = wke, tans (14)

and the power dissipation per unit volume (Equation 10) becomes:
_ 2 3
P = wKeo tans E- [watts/m”] (15)

Dividing Equation (15) by the product of the fluid heat capacity and density

(i.e., C Po [jou1es/m3 °C] gives the heating rate of the dielectric fluid as:

p

. (uKe, tans) g2

T = C (°C/sec) (16)

p Po
which is identical to Equation (8), for & <0.1.

The parameter usually measured to determine the quality of dielectric fluids is
the dissipation factor (tan 8), rather than the DC resistivity (conductivity),
since the latter changes with time due to "plating out" of charge carrying im-
purities. Thus, the dissipation factor will also be used as the indicator of
fluid quality for AGCE applications.

Equation (16) and the parameter values below give the fluid heating rate as
a function of applied voltage as shown in Figure 1. The ranges of dielectric
constant and dissipation factor are intended to bracket values attainable for
the AGCE. The resulting curves can be used to aid in the selection of the oper-
ating voltage given the dielectric constant and the achievable dissipation factor
for a fluid. For example, assuming that m-tolunitrile which has a value of
K = 40 can be purified to attain a tang of 0.001, then operating voltages up to
n17 Kv could be used without exceeding the desired maximum heating rate of
0.001°C/sec. However, using a voltage of 10 Kv would permit a dissipation factor
of ~0.003 without exceeding the 0.001°C/sec fluid heating rate. A similar easing
of requirements on the dissipation factor and the fluid purification process can
be achieved by operating at a lower frequency (see Equation 16).

E = 100V (volts/m), for r

10%V, V in kilovolts

i

= 0.06, r, = 0.05

1 2

1}
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w = 1885 rad/sec (for f = 300 Hz) -
e, = 8.85 x 10712 farad/meter
0, = 10° Kg/m’
Cp = 2 x 10° joule/Kg °C
As indicated in the above discussion, it is a rather straightforward pro-
cedure to determine the anticipated fluid heating if the fluid characteristics
and operating conditions are well defined. However, the process of achieving,
measuring and maintaining the fluid purity levels, i.e., low dissipation, needed
for the AGCE, requires further investigation. This area is discussed in PIR
No. 1254-AGCE-021.
4.0 RECOMMENDATIONS
The following steps will be taken to aid in the assessment and selection
of fluids for the AGCE application:
1) Determine reasonable dissipation factors to be expected for
highly polar fluids, in particular, DMSO and m-tolunitrile. )
Consideration must be given to purification requirements
(are they feasible for AGCE) and long term (several months)
degradation of the fluid.
2) Identify other fluids for which required dissipation factors
can be achieved with some sacrifice in dielectric constant
and assess the compatibility of these fluids with a photo-
chromic dye.
3) Calculate the expected value of 9 for a typical high dielectric
constant fluid (e.g., DMSO) so that a parameter trade-off can
be performed to determine if any requirements can be relaxed.
The first two steps above will utilize extensive interaction with experts in the
dielectric fluid and photochromic dye areas while the third step can be per-
formed independently.
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Complex Permittivity and Permeability 3

pearance of one pair of field components when the wave
is reflected at Brewster's angle, and the occurrence of
total reflection accompenied by the formation of a
guided surface wave with longitudinal components (Sec.
16). Atnormal incidence, standing waves (Sec. 17) and
useful methods of measuring dielectric properties by
interference (Sec. 18) result,

When electromagnetic waves sirike a metal, nearly
total reflection ensues, and the weak transmitted beam
is rapidly attenuated (Sec. 19). The general case of
oblique incidence on media with loss is of great com-
plexity. The index of refraction becomes a-function of
the angle of incidence, and complicated phase shifts
arise because of the appearance of longitudinal field
components (See. 20).

Viewed from an alternative standpoint, the incident
wave, striking a boundary obliquely, forms, with the
reflected wave, an interference pattern which glides
along the interface with & phase velocity greater than
that of the incident wave; the boundary acts as a wave
guide. To mauke such a guide more effective, a second
boundary may be placed parallel to the first one in one
of the dark interference fringes, and a parallel-plane
wave guide with cut~ofl properties results (Sec. 21). By
completing the enclosure we obtain hollow wave guides
which behave like highly dispersive dielectrics and prop-
agate characteristic wave types (Sec. 22). Dielectrics

b id 2oa?
a

1 Complex Pormittd

A capacitor, connected 10 a sinusoidal voltage source

0 = Vo’ t (1.1
of the engular frequency
w = 2x» (1.2)
stores, when vacuum is its dielectric, & charge
Q = Co0, (1.3)

fThroughout this book we will use complex quantities in
treating periodic phenomena and represent them in the complex
plane. Here the z-axis corresponds to the azis of reals and the
y-axis to the oris of imaginaries. The factor j = +/~1 in
front of a real quantity signifies an imaginary componeunt ori-
ented in the -+y-axis or +j-axis direction. A complex quantity
£ = z 4 jy plotted in the complex plane corresponds in polar
co-ordinates to a radius vector p = V2 -+ y* inclined by an
angle ¢ = tan ! (y/z) towards the real axis: 2 = pe”.

The complex function U = Tpe™* = Vgleos wl + j sin wl) con-
sequently can be plotted in the complex plane as a radius vector
of length U, the voliage amphtude, making an angle of wt radians
with the axis of reals.  As long as the voliage and current vectors
rotate at the same angular velocity of w radians per second, we

can be measured in such wave guides with great pre-
cision, whether by mapping with & traveling detector
the standing-wave pattern formed in front of the sample
(Sce. 23) or by evaluating the effect of the material on
the impedance of & cavity resonator (Sec. 24).

Frequently it proves convenient to handle field phe-
nomena by an equivalence appronch, in which the role
of the electric and the magnetic fields is assumed by
voltages and currents in electric circuits. By intro~
ducing this complementarity we return to distributed
and lumped-circuit concepts (Sec. 25) and close tke
macroscepi¢ discussion with a formalistic representa-
tion of dielectrics by lumped equivalent circuits (Sec.
26).

Summarizing: Part I of this book introduces the com-
plex permittivity and permeability as the fundamental
parameters, develops in rapid succession the essential
field concepts, considers the propagation of electro-
magnetic waves in unbounded space and under suc-
cessively more stringent boundary conditions. In the
course of this treatment we are logically led to alterna-
tive ways of describing the interaction between fields
and matter and to conversion formulas interlinking the
various parameters. In addition to this quantitative
description of fields and dielectrics, the macroscopic
theory provides a quantitative basis for measuring ¢*
and u*

vity aud Poraicabibity

and draws a charging current
d i+l
I~ E? = joCv = LD,

leading the voltage by a temporal phase angle of 90°

can forget this rotation in discussing their relative positionsa in
the complex plane.

‘We return from the complex functions to actual currents and
voltages by taking the veal or the imaginary part: Re (V) =
Vo cos wl, Im (V) = Vg sin wl. In dealing with products of com-
plex functions it has to be kept in mind that the product of the
real parts of two complex quantities 4) and A3 is pot equal to
the real part of their product, but

Re (41 Re (42) = (41 + Z)(4s + 9.
The symbol A; signifies the conjugate of 4y; for example, if
Ay = (z 4 jy)e™. then A; = (z — jy)e~it,
The time average of a periodic function 4 is 4 = —;: j;rA dt,
where T''is the period of the function. If A; and A2 are such

functions, the product of the averages of their real parts iz
Re (A1) Re (A3} = 3 Re (4:43).

3
§



4 Macroscopic Approach

(Fig. 1.1). C, is the vacuum (or geometrical) capeoci-
tance of the condenser.

When filled with some substance, the condenser in-
creases its capacitance to

(1.5)

’

€
C=Cos = Cor',

€

where ¢ and ¢ designate the real permittivities or dielee-
tric conslants of the diclectric and of vacuum, respec-
tively, and their ratio «’ the relative dielectric constant of

1,005 wt

v, sin wt ==

v,

Fig. 1.1. Current-voltage relation in ides} capacitor.

the material. Simultaneously, there may appear, in
addition to the charging current component I, & loss
curren! component

{1.6)

in phase with the voltage: G represents the conductance
of the dielectric. The total current traversing the cou-

deicoct,

Ii= GV

I=1I4I1= (juC + G)V, (%))

is inclined by a power factor angle 8 < 90° agains: the
applied voltage U, that is by a loss angle 8 against the
+j-axis (Fig. 1.2).

Icx jucy

Il'GV

Fig. 1.2. Capacitor containing dielectric with loss.

It would be premature to-cunclude that the diclectric
material corresponds in its electrical bebavior to a.ca-
pacitor paralleled by a resistor (RC circuit) (Fig. 1.3).
The frequency response of this cireuit, which can be
expressed by the ratio of loss current to charging cur-
rent, that is, the dissipation factor D) or loss langent
tan 3, as

I 1
De=tansd == = —. (1.8)
I. wRC

may not.at all agree with that actually observed because

the conductance term need not stem from a migration
of charge carriers, but can represent any other energy-
consuming process. It has therefore become customary
to refer to the exisience of a loss current in addition to
a charging current noncommittally by the introduction
of & complex permiltivity

G‘ P EI — j(l’

(1.9)
The total current I of Eq. 1.7 may thus be rewritten

C
I = (jue' + we'’) 2= JwCox*V, (1.10)
€
where

(1.11)

log ton § —»

log @ ——

Fig. 1.3.  RC circuit and its frequency vespouse.

¢ and &’ the loss fuctor and relative loss faclor, respec-

tively. The loss tangent becomes
"' Kl)

tand = -~ = — (1.12)

’
€

x

Since a parallel-plate condenser -of the area A and
the plate separation d, fringing effects neglected, has
the vacuum capacitance

A
Co = —é £,
the current density J traversing a condenser under the
applied field strength

(1.13)

E =v/d (1.14)
becomes, acéording to Eq. 110,
dr
J = (jue + weYE = ¢* @ (1.15)
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(Fig. 1.4). The product of angular frequency and loss
factor is equivalent to a diclectric conductivity
o = we”

(1.16)

This diclectric conductivity sums over all dissipative
effects and may represent as well an actual ohmic con-
ductivity caused by migrating charge carriers as refer

I jue't

Jprwe E
Fig. 1.4. Charging and loss current density.

to an energy loss associated with a frequency depend-
ence (dispersion) of ¢, for example, to the friction ac-
companying the orientation of dipoles.

1f the dielectric material is transferred from the elec-
trie field of the capacitor into the magnetic field of 8
coil, the voltage U drives through the coil a mag-
netization current I, according to Faraday’s induc-

tance law('D == Lq—-l) as
dt

wlokn’

I, =

- (1.17)
L, K
Juwlo ~

F]

L represents the inductance and Ly the vacuum {or geo-
metrical) inductance of the coil. This magnetization
current lags behind the applied voltage by 90° (Fig.
1.5). The permeabilities 4’ and po designate the mag-

v

i
Im=-i Ohoki,
Fig. 1.5. Current-voltage relation in ideal inductor.

netization of the material and of vacuum; respectively,
and their ratio

e = u'fup (1.18)
the relative permeability of the material in which the
magnetic field of the coil resides.

Because of the resistance K of the coil windings, an
ohmic current component /R exists. Inaddition, there
ray appear, in phase with G, a magnetic loss current I;
caused by energy dissipation during the magretization
dycle. We sHall allow for this magnetic loss by intro-
ducing & complex permeability

A R (1.19)
and & complex relative permeability
*
km* = = = g~ Jn” (1.20)
#o

in complete analogy to the eleciric case. Thus we ob-

tain the total magnetization current

I=In4 0= bt
R S
Fou' + ju'’)
w__LB(#lﬂ_‘_MNZ)

Ho

(1.21)

= e

According to these lumped-cireuit considerations the
macroscopic electric and magnetiv behavior of a dielec-
tric material in sinusoidal fields is determined by the
two complex parameters ¢* and pu*

The real and hnuginary paris of these complex vari-
ables (¢ and ¢ or p’ and x'*) are even and odd func-
tions, respertivelv. of the variable o, that is, conjugate
functions, and therefore not entirely independent of
each other. Physically speaking, the mechanisms of
energy storage and energy dissipation are two aspects
of the same phenomenon; hence if one of them is given
over the whole frequency spectrum, the other one is
prescribed (see 11, Fig. 19.1). Mathematically ex-
pressed, the calculation of an imaginary part (conju-
gate function) frorn & given real part {an arbitrary func-
tion f(w)] and, vice versa, is prescribed by the Hilbert
transgforms, known to physicists as Kramers' theorem.!
This interrelation between the frequency response char-
acteristics'of dielectric constant and loss can semetimes
prove helpful in checking the reliability of measure-
ments but, in general, various polarization and conduc~
tion phenomena superpose and the available frequency
range is insufficient for this type of unserambling (see
also Appendix A, I, 1).

1Sce, for example, E. A. Guillemin, The Mathematics of
Cireuit Analysis, John Wiley and Sons, New York, 1949, p. 339;
H. Frohlich, Theory of Dielectrics, Clarendon Press, Oxford, 1949,
pp. 6 ff.
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9 - Description of Dielectrics by Vdrious Sets of Paramelers
i ()

In Sec. 1 the response of a dielectric material to sinns-
oidal electric and magnetic fields was expressed by the
two complex parameters ¢* and p* which determine the
storage aud dissipation of electric and magnetic energy
in the medium. These parametérs were derived from
the amplitude and temporal-phase relations between
voltage and current in capacitors and coils. It is now
obvious that we are not restricted to using ¢* and ¥,
but may refer to slternate parameters that convey the
same information.

The power engineer replaces the dielectric constant
¢ and the loss factor € by the combination of ¢ and
power factor cos 8; the radio engineer may choose ¢ and
the loss tangent tan 8, where

"

€
tan 3 = - = - ”
I3 charging current

loss current 1

(CBY

Frequently the inverse of the loss tangent, the quality
factor Q of the dielectric,

1 we'Eg?
= i e
tan 8 weEp?
av energy stored
- LR ~ per half cycle
¥ 1 E ) = =
30L0

" energy Eis.»:iputed
per half cycle
[reactivc v-amp]

9.2
walts 02

serves as the figure of merit, especially in wave-guide
problems. An engineer interested in diclectric heating
will probably refer to ¢ and the dieleciric conductivity

¢ = we’ [ohm™ m™!), (9.3)
because the power absorbed per unit volume is
Eq?
P=g > [watt m™3]. 9.9)

If, instead of the time relation between current and
voltage, the electromagnetic field in space is considered,
new substitutes for ¢* and u* offer themselves. To de-

§ It should be noted that, since cos 8 = sin 8, the power factor
and loss tangent (dissipation factor) may be considered equal
only for sufficientty small loss angles 8, where sin & ~ tan & be-
cause cos § = 1.

rive them conveniently, we visualize the spatial clectric
wave {rain at some momnent &,

z
. - - 2
E, = Ee™* = Eje7%%

(9.5)

(ef Xq. 7.13). The wave amplitude oscillates in spave
with u periodisity A, it is enclosed between exponential
envelopes determined by the attenuation constant o
(Fig. 9.1a). Alternatively in polar co-ordinates, the
wave amplitude may be depicted as a radius vector
which, rotating clockwise as the distance increases, de-
seribes a logarithmic spival (Fig. 9.15). The parameter
z is replaced in the lutter representation by the phase
angle ¢ according to the relation

x ¢
- = ey (9.6}
A 2r !
and the electric ficld strength is rewritten as
TS
B, = Fet ) )

In vacuurn the wavelength is &y, and the wave travels
with the velocity of light (of Eq. 7.19),

(9.8)

In other media the wavelength normally shortens and
the phase velocity slows down. The ratio of the wave-
length or phase velority in vacuum to that in the dielee-
tric designates the index of refraction of the dielectric
medium,

(9.9)

For a loss-free mediumn this equation simplifies to
1=V euleno = Virm' (9.10)

If, in addition, the maguetization can be neglected
(' = pg), the well-known Mazxwell relation t resuits,

n? =~ o=y 9.11)
€

{ This relatiun has been abuged frequently in predicting static
dielectric consfants from optical refraction data. Actually, it
states only that the synare of the index of refraction of a non-
absorbing, nonmaguetic material is equal to the relative permit-
tivity st that frequency.
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1]

Fig. 9.1. Electric wave train in space.

The physicist normally uses the index of refraction
as one of his parameters and pairs with it, by making
use of the polar representation of the wave, the attenu-
ation per radian called index of ehsorption,

=2 (9.12)
2r—ﬁ ’

By substituting these indices of refraction and absorp-
tion for the attenuation factor a and the phase factor 3
of the propagation factor in Eq. 7.12 we cbtain

2T = k) = s (9.13)
y=j—a(l —jk) =j—n X
Ao Mo

The propagation factor ¥ used by the communication
engineer may thus be replaced by the complex index of
refraction

n* = n(l — jk) (9.14)

employed in the ealeulations of physical optics.

The propagation factor v is proportionai to the pred-
uet /¢*u*, whereas the intrinsic impedunce Z is equal
to the ratio +/u*/¢* Both complex quantities have to
be determined to obtain €* and p* individually.

From the intrinsic impedance

Z E_ (9.15)
2 H - »
in polar form,
Z =|Zlet

(clul + ‘IIFII)Z + (‘Il“l g 11)2 ¥ .
,,[ e bl ] % (9.16)

with
& W — eu”

tan 2f = ———————es
{ ‘I“I+ ‘II“II

(9.17)

we can derive the phase relation between the electric
and the magnetic wave. It is evident that the electric
field vector is advanced or retarded with respect to the
magnetic vector in temporal phase, depending on the
preponderance of the term pertaining to the electric or
the magoetic loss. For negligible magnetic loss (u”
=0),

2k
tan 2;’ = tan 6 = ;———-L; (9.18)

or
tan ¢ = k; (9.19)

the phase advance of the electric wave is equal to the
arc tangent of the index of absorption. In a loss-free
medium in unbounded space the electric and magnetic
ficld vectors of an electromagnetic wave are exaetly in
phase (Fig. 9.2).

Fig. 9.2. Traveling TEM wave in loss-free dielectric.

The general characterization of a dielectric as the
carrier of an electromagnetic field requires two inde-
pendent complex parameters which have to be deter-
mined by four independent measurements, however,
the situation fortunately simplifies in practice. Ferro-
magnetics excepted, the magoetic polarization is, in




S

ORIGiny, p
AL PAGE Ig
F POOR qQuaLty

28 Macroscopie Approach

general, so weak that p* may be replaced by the per-
meability up of free space for all practical purposes.
Thus, two measurements normally suffice to determine
the dielectric response of homogeneous isotropic mate-
rinls at a given frequency.  Consequently, in most cases,
our dielectric characteristics show only the specific
dieleciric constant,

&= /e, {9.20)

and the loss tangent tan 8.

To allow a convenient change-over from these to
other parameters, we equate the real and imaginary
parts of Eq. 7.12. It follows for the attenuation factor
of a trausversal electromagnetic wave (TEM wave)

Aw?
a = — (u" + 0, (9.21)
4r

and for the phase factor

2 (s - 'y
b=x- ”[ T2
T g 14
x{x + 11+(‘f—-——f—~")l] ©9.22)
Y Cp— e [

Thus we arrive at the conversion formulas:

For materials with negligible magnetic loss (u” = 0)
we obtain fromn Eq. 8.22 {or the wavelength the simpli-
fied expression

1 1
h ;{%e'p.'il + V1 + tan® 54}

(9.23)

If, in addition, the permeasbility is that of vacuum
(' = pg), we may write for the index of refraction

A 1 - %
n=;"=[5x'(\/1+mn"5+11] (9.24)
Similarly the attenuation factor becomes

2c 1 —
a= i[zx'(\n + tan? s - 1;]

%
»  (9.25)

and the index of absorption
a V1 ¥ tants - 1
(9.25)

k==, Lt o
B LV +tanfs 41

These equations show that it is convenient to discuss
the effect of the dielectric loss on other parameters by
studying the three houndary cases: tan® 3 & 1, tan®$
~ 1, and tan® 5> 1.

The attenuation produced by a dielectric is frequently
expredsed as the attenuation distance 1/« through which
the field strength decays to 1/¢ = 0.368 of its original
value,

1 —_—
2 e T e ol W OF

or as the attenuation 1n decibels per meter produced by
the material, If the field str(.ng.th falls from F{(0) to
E(x), or thé power from P(0) to P(z), over a length x
of the dielectric, this decibel ioss 1s defined as

E) P(0)

201og — = 10log — = 8.686ax [db}; (D.28
gﬁ,(z) orzp(“ ax  [db]; (9.28)

that is, the decibel loss per meter is given as

2% [1 _— g
8.686a = R.GRU)‘ZLA’ V1 + tan®s - u]

] o

For low-loss materials (tan § < 1) this loss becomes
simply
°2

x db
8.686 — V& tan 5 = 1637 [— . (930
Ao « tan \/K_ m ] ¢ )

For the convenience of the reader nomographic charls
have been provided which allow a quick evaluation of
1/a (Charts 9.1-9.3), of the decibel loss per meter
(Charts 9.4-9.6), of 8 (Chart 9.7), and of n and k
(Chart 9.8), when the specific dielectric constant and
the loss tangent are given. Chart 9.9, in addition, gives
the dielectrie conductivity in terms of the same param-
eters caleulated from the equation

o = we’ =556 % 107 tand {ohm™ ™). (9.31)
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Task 1 - Calculation of 9 for Nominal GFFC and AGCE Parameters

INFORMATION REQUESTED/RELEASED

1.0 SUMMARY

The impact of utilizing a high dielectric fluid for AGCE is assessed in terms
of its effect on the dielectric body force, Ip- Using the nominal AGCE design values
for sphere sizes (5.0 and 6.0 cm radii) and applied voltage (20 kV) and assuming the
fluid parameters of dimethylsulfoxide (DMSO) a value of 9 = 22g is obtained, where
g is the earth's acceleration. This large increase over typical GFFC values for 9
(=0.2g) is almost entirely due to the high polarity of DMSO relative to that of the
Dow Corning Silicone o0il used in GFFC. Fluids of increasing polarity are character-
jzed by higher values of both dielectric constant and thermal coefficient of dielectric
constant. Since the value of 9 varies as the product of these parameters, a suffic-
iently higher value of gp can probably be achieved even if the highest dielectric
fluids are not acceptable (e.g., due to excessive fluid heating, PIR No. 1254-AGCE-014).
Furthermore, it may also be feasible to work at lower voltage levels (i.e., less than
20 kV) and thereby avoid increased fluid heating.

2.0 BACKGROUND

The scientific theoretical design studies for the AGCE indicate that in order to
achieve strong baroclinic instability a large value of the dielectric body force, 9p»
is required. This body force is given by:

2
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where: € = dielectric constant of free space (8.85 x 10 '~ farad/meter)

K = dielectric constant of the fluid relative to free space
p.. = density (Kg/m3)

a = thermal coefficient of density (T/°C)

dp0
= /o, 7% (#/°C)

v = thermal coefficient of dielectric constant
- dk (o /0
= 1/K I7° (%/°€)

R: = radius of inner sphere (m)

R = radius of outer sphere (m)

0
V = voltage difference (volts)
r:

i . < <
radius, R1 r R0

Although the Dow Corning 200 Series silicone fluid, used in the GFFC, provided
many desirable properties (e.g., low power dissipation, high electrical resis-~
tance and high dielectric strength), it has a relatively low dielectric constant
(K = 2.18) and the value of 9¢ achieved was much lower than is desired for the
AGCE. An obvious way of increasing 9 is to use a fluid with a higher dielectric
constant and/or use a higher voltage. The impact of choosing fluids with higher
dielectric constant is addressed in Section 3.0.

3.0 TASK IMPLEMENTATION - IMPACT OF HIGH DIELECTRIC FLUID ON 9

Typical values for the experimental dimensions and the properties of the
silicone 0il used for the GFFC experiment (Fichtl and Fowlis, 1977) are given
in Table 1 together with nominal values for the AGCE. Dimethylsulfoxide was
used as a representative dielectric fluid for the AGCE.

The calculated values of gp are:

1

1.6 meter/sec2
.18 ¢

GFFC: 9

fl

2

2.2 X 102 meter/sec
22 g

AGCE: 9e

R
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TABLE 1
Parameter
Ratio
Parameter GFFC AGCE (AGCE/GFFC) Units
e 2.2%(8.85x1071%) | 48.9%(8.85x107'%) 22 Farad/meter
o 0.82x10° 1.101x10° 1.3 Kg/meter>
o 1.34x1073 8.8x10”" 0.66 og”]
y 1.34x1073 0035 2.6 o¢1
Ri 0.02 0.05 2.5 meter
RO 0.03 0.06 2.0 meter
v 10t 2x10 2.0 volts
r 0.025 0.055 2.2 meter

The increase in 9¢ is achieved primarily through two characteristics of the

dielectric fluid, the dielectric constant and the temperature dependence of the

dielectric

constant.

than the values for the Dow Corning 200 fluid used in the GFFC.

They are larger by factors of 22x and 2.6x, respectively

A characteristic of polar (high dielectric) fluids is that the variation of

e with temperature (i.e., y) is greater than for non-polar fluids (see Table 2).

This variation of y as a function of K is shown in Figure 1.

The thermal

coefficient of volume (or density) is shown to be relatively independent of K

for values less than ~40.
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TABLE 2. VALUES OF DIELECTRIC CONSTANT* AND THERMAL
COEFFICIENTS OF DIELECTRIC CONSTANT AND VOLUME.
Thermal Thermal
*Dielectric Constant Coeff of K Coeff of Vol.

Liquid K(20°C) KQ25°C) dK/dT |v(T) afT)
Cyclohexane 2.023 2.015 .0016 |.0008
Carbon Tetrachloride 2.238 2.228 .002 |.0009 .001236
Benzene 2.284 2.274 .002 {.0009 .00124
DC 200 2.2 .00286|.0013
Chlorobenzene 5.708 5.621 .0174 {.0030
1,2 Dichloroethane 10.65 10.36 .058 |[.0054
Methanol 33.62 32.63 .198 }.0059 .00120
Nitrobenzene 35.74 34.82 .184 1.0051
DMSO 48.9 A7 .0035 . 00088 )
Water 80.37 .366 |.0045 .0002
Formamide 109 .72 .0066

*Values given for the dielectric constant, K, are relative to the free space value of
e, = 8.85 x 10-12 Farad/meter.

Note: Values of K and y were obtained from the 43rd edition of the Handbook of
Chemistry and Physics. Values for o were obtained from the 4th edition
of Reference Data for Radio Engineers.

These characteristics of polar fluids are all advantageous for the AGCE application
and may allow greater latitude in fluid selection and/or permit relaxation of other
requirements.

4.0 RECOMMENDATIONS

Since the desired value of 9 is 5-10g, trade-offs can be made among the
parameters to alleviate potential problem areas. The most obvious parameter value
to relax is the applied voltage since this will, in turn, reduce the fluid heating.
For example, reducing V by 2x to a value of 10,000 volts will reduce fluid heating
by a factor of 4x (and/or relax requirements on fluid purity - refer to PIR No.
1254-014). The reduced value of 9 will then be ~5.5g.
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Figure 1. Thermal coefficients of dielectric constant
and volume as a function of dielectric
constant.



PIR 1254-015
Page six

References

W.W. Fowlis and G.H. Fichtl, "Geophysical Fluid Flow Model Experiments in
Spherical Geometry", Proceedings of the Third NASA Weather and Climate Program
Science Review, NASA Conference Publication 2029, Paper No. 32, p. 177, 1977.

Handbook of Chemistry and Physics, 43rd edition, Chemical Rubber Publishing
Co., Cleveland, OH, 1961-1962.

Reference Data for Radio Engineers, 4th edition, International Telephone and
Telegraph Corp., New York, NY, 1967.




GENERAL @ ELECTRIC *CLASS. LTR. |°"E"”‘°N l"mRAM TS‘EOUENCE NO.  JREV. LR,
SPACE DIVISION :
PHILADELPHIA PIR NO. U e ]254 — AGCE — 0] 7 N
PROGRAM INFORMATION REQUEST / RELEASE *USE *'C’" FOR CLASSIFIED AND *'U"” FOR UNCLASSIFIED
FROM To ’

k) S.L. Neste Distribution
&

DATE SENT DATE INFO. REQUIRED PROJECT AND REQ. NO. REFERENCE DIR. NO.

3/11/81
SUBJECT
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1.0 SUMMARY

Assessment of a representative 1ist of 42 solvents having dielectric constants
ranging from 1.8 to 109.5 indicates an essentially random variation of viscosity with
dielectric constant. More than 80% of the fluids considered had viscosities less
than the required upper Timit of 3 cp while over 50% had viscosities below 1 cp, the
preferred upper value (PIR 1254-AGCE-009). Thus, selection of a dielectric fluid
with an acceptable viscosity for the AGCE should not present a significant problem.
However, as stated in the GE Proposal for the AGCE, fading rates of photochromic
solutions generally increase as viscosity of the solvent increases and may impact the
final selection. The magnitude of this fading effect is unquantified and laboratory

!testing (not in the scope of this study) will be required to determine the significance
of this characteristic.

2.0 BACKGROUND

The convective motion which will be observed in the AGCE is a function of the
agET where o is the coefficient of volume expansion, 9¢ is the dielectric body force
as defined in the Statement of Work (Task 1) and T is the fluid temperature. Larger
values of gp are desired to 1ncrease the driving force. The fluid instability threshold
is proportional to the quantity u/d where u is the viscosity and d is the fluid
thickness. For lower thresholds, smaller u and larger d are important. Thus, large
values of ¢ and/or small values of p are required characteristics of the dielectric

fluid.
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Since 9p is proportional to K, the fluid dielectric constant. an assessment
of u as a function of K was performed to determine if small i1 and large K (hence
large gE) were compatible characteristics of a dielectric fluid. The results
are given in Section 3.0.

3.0 TASK TMPLEMENTATION - FLUID VISCOSITY ASSESSMENT

A table of solvents used for chromatography (Kodak Publication No. JJ-3)
was used as the basis for this assessment. A representative selection of fluids
from that listing is given in Table 1 with values for the dielectric constant
(K), and the viscosity (»). The essentially random variation of viscosity as
a function of dielectric constant is clearly iridicated in Figure 1.

Selecting a fluid with viscosity acceptable to the AGCE should not be a
problem. More than 80% of the fluids in Table 1 have viscosities less than the
required upper limit of 3 cp and over 50% have values below the desired upper
Timit of 1 cp.

4.0 RECOMMENDATION

As stated in Section 3.0, selection of a dielectric fluid with acceptable
viscosity does not appear difficult due to the Targe number of fluids with Tow
viscosity and their apparent independence of dielectric constants. Primary con-
sideration should continue to be given parameters such as dielectric constant,
power dissipation (fluid heating) and resistivity.

In the final selection of a photochromic solution, the viscosity may have
second order effects which should be considered. As stated in the GE proposal
for the AGCE, fade rates of photochromic solutions generally increase as the
viscosity of the solvent increases. However, the magnitude of this effect is
unquantified and must be assessed in the laboratory for specific fluid/photo-
chromic systems. Since such an assessment is not within the scope of this study,
it is recommended that future efforts be directed toward laboratory assessment of
this characteristic using the solvent(s) and photochromic dye(s) recommended by
the final report for the present study.
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TABLE 1

REPRESENTATIVE LIST OF SOLVENTS COMMONLY USED IN
CHROMATOGRAPHY WITH VALUES OF DIELECTRIC CONSTANT AND VISCOSITY

Dielectric
Chemical Constant Viscosity
K n
Pentane 1.80 0.240
Hexanes, Reagent ACS 1.89 0.326
Cyclohexane, Reagert ACS 2.02 1.020
Cyclohexene 2.22 0.660
Carbon Tetrachloride, Reagent ACS 2.24 0.969
Benzene, Reagent ACS 2.30 0.65?2
m-Xylene 2.37 0.620
Toluene, Reagent ACS 2.38 0.590
Ethylbenzene 2.41 0.691
x-Xylene 2.57 0.810
Propyl Ether 3.40 0.448
Bromoform 4,39 2.152
Chloroform, Reagent ACS 4.81 0.580
Butyl Acetate 5.01 0.732
Bromobenzene 5.40 1.196
Chlorobenzene 5.90 0.799
Ethyl Acetate, Reagent ACS 6.02 0.455
Acetic Acid, Glacial, Reagent ACS 6.15 1.300
Methyl Acetate 6.68 0.381
Aniline, Reagent ACS 6.89 4,400
Ethyl Formate ACS (Pract.) 7.10 0.402
1,1,1-Trichloroethane (Techn.) 7.52 1.200
Octyl Alcohol 10.34 10,600
m-Cresol (Pract.) 11.80 20.800
Pyridine, Reagent ACS 12.30 0.974
Benzyl Alcohol 13.10 5.800
Butyl Alcohol, Reagent ACS 17.10 2.948
Isobutyl Alcohol, Reagent ACS 17.70 4.703
Isoprophyl Alcchol, Reagent ACS 18.30 2.320
Prphyl Alcohol 20.10 2.256
Acetone, Reagent ACS 20.70 0.316
Acetaldehyde 21.10 0.220
m-Nitrotoluene 23.00 2.330
Benzonitrile, Spectro Grade 25.20 1.240
o-Nitrotoluene 27.40 2.370
Methanol, Reagent ACS 32.80 0.597
Nitrobenzene, Reagent ACS 36.10 2.030
Acetonitrile, Reagent ACS 37.50 0.345
Ethylene Glycol 37.70 12,900
Nitromethane, Spectro Grade 39.40 0.620
Formic Acid, Reagent ACS 47.90 1.804
Formamide, Reagent ACS 109.50 3.300

P
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PHOTOCHROMIC DYES FOR FLOW VISUALIZATION IN HIGH DIELECTRIC SOLVENTS

1. Literature Survey

A survey was carried out to determine what literature in the field of
photochromic marking of fluids in fluid flow studies might exist. The follow-
ing are citations to three of the papers found, copies of which are attached:

J. W. Smith and R. L. Hummel, "Studies of Fluid Flow by Photography
Using a Non-Disturbing Light-Sensitive Indicator," J. SMPTE 82, 278 (1973).

H. Sovova, J. Prochazka and R. L. Hummel, "Fiow Near the Surface of a
Mixing Vessel: An Example of the Photochromic Technique Using Inexpensive
Equipment," J. SMPTE 82, 282 (1973).

W. W. Fowlis, "Remote Optical Techniques for Liquid Flow and Temperature
Measurement for Spacelab Experiments, Opti¢al Engineering 18, 281 (1979).

The solvents reported in these papers as having been successfully used,
from the view of solubility, fatigue, degree of coloration and fade time, in
the photochromic marking technique are:

2-(2',2'-dinitrobenzyl) pyridine (DNBP) in 95% "alcohol".

1,3,3-trimethy1-6-nitro~indoline-2-spiro-2,2-benzopyrane (TNSB) in "polar
solvents such as alcohol" and in Dow Corning 200 series silicone oil. )

2. Commercial Availability of Photochromic Compounds

A catalog and phone call search was initiated to determine the commercial
availability of compounds known to be photochromic. Although photochromism
is a phenomenon occurring in many classes of chemical compounds, the number of
compounds which yield useful optical densities upon exposure is very limited.
These compounds are principally compounds in the spiropyran and triarylmethane
class and a few other individual materials such as 2-(2,4-dinitrobenzyl) pyridine.

Only four compounds thus far have been found to be commercially available.
They are:

2-(2,4-dinitrobenzyl) pyridine

(diphenylthiocarbazono) phenyl mercury

ethyl bis (2,4-dinitrophenyl) acetate
1',3',3'-trimethyl-6-hydroxyspiro[2H-1-benzopyran-2,2'-indoline]

Eastman Kodak, approximately ten years ago, was a commercial source of
nineteen photochromic compounds (see next page). This is no longer the case,
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0 PHOTOCHROMIC COMPOUNDS

ﬁ The ninteen photochromic compounds listed below are available
from Eastman Organic Chemicals. Those having a 6 digit '"92" number
have been made in experimental quantities only, and are offered on a
first-come, first-served basis. However, when sufficient interest is
shown in any of these, they are made for catalog listing, and a new
0 number is assigned.

P STANDARD

NUMBER CHEMICAL PACKAGES

’1\
921060 Bis(diphenylthiocarbazono)nickel , 5 g. $7.00 25 g. $25.00
920916 Bis(diphenylthiocarbazono)zinc 5 g. 7.00 25 g. 25.00
923476 N-(5~Bromosalicylidene)amiline 5 g. 7.00 25 g. 25.00
922643 3,3"'-Dimethyl-6-nitro-1'-phenylspiro[2H-1-benzopyran-

3 2,2"'-indoline] 1 g. 15.00
921988 Di-B-naphthospiran 1 g. 15.00
7732 2-(2,4~Dinitrobenzyl)pyridine 5 g.  4.50 25 g. 16.30
8533 (Diphenylthiocarbazono)phenylmercury 5 8. 5.25 25 g. 20.10
921243 Diphenylthiocarbazono Silver 5 g. 7.00 25 g. 25.00
5488 Ethyl Bis(2,4-dinitrophenyl)acetate 5 g. 3.75 25 g. 12.60
8530 Mercury Bis(dithizonate) 25 g. 4.55 100 g. 13.90

‘F‘ 920666  6'-Nitro-3-methylspiro[2H-18-naphthopyran-2,2'~
(2'H-1"-benzopyran) ] 1 g. 15.00
923469 4'-(Salicylideneamino)acetophenone 5 g. 7.00 25 g. 25.00
ﬁ 923467 2-(Salicylideneamino)pyridine 5 g. 7.00 25 g, 25.00
923474  N-Salicylideneaniline 5 g. 7.00 25 g. 25.00
923475 N-Salicylidene-p-bromoaniline 5 g. 7.00 25 g. 25.00
Q" 923477 1',3',3"'-Trimethyl-6-hydroxyspiro[ 2H-1-benzopyran-
' 2,2"'~indoline] 1 g. 15.00
920652 1',3',3'-Trimethyl-6-nitrospiro{2H-1-benzopyran-
[ ) 2,2'~indoline] lg. 15.00
10060 1',3',3"~Trimethylspiro[2H~1-benzopyran-2,2"-
indoline] 1 g. 4.50 5 g. 16,35
(F\ 10062 1',3',3"-Trimethyv1-4"-(1,3,3,-trimethy1-2~
indolinylmethyl)indoline-2-spiro~2-benzopvran Price available on requést

3

9

J Prices shown are list prices only, and are subject to change without notice.

3

EASTMAN KODAK COMPANY
EASTMAN ORGANIC CHEMICALS
ROCHESTER, NEW YORK 14650 odak

2
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and through personal contacts, it was learned that unsold supplies were burned
several years ago. Hopefully, less than advertizable amounts might have still
been available.

Thus, only one spiropyran and no triarylméthahes are available. Samples
of each of the above compounds have been ordered, except for the phenyl mercury
compound. Only 1,3',3'-trimethyl-6-hydroxyspiro[2H-1-benzopyron-2,2*'-indoline]
has thus far been received. Tests of the photochromism of this compound has
shown it to be useless compared to other compounds available showing no photo-
chromism, to the sources used, in high dielectric solvents and very slight photo-
chromism in toluene, having a low dielectric constant. Further, the compound
shows negative photochromism forhing colored solutions which become lighter upon
exposure. I don't believe this is preferable in the photography of a small dot
pattern in solution.

The spiropyran referred to in the three attached journal articles, referred
to on page 2 as TNSB, is not commercially available. The compound referred to
as 2-(2',2'-dinitrobenzyl) pyridine appears to be incorrectly named in the Smith
and Hummel paper, since "2',2'-dinitrobenzyl" is impossible, and the compound
is probably 2-(2,4-dinitrobenzyl) pyridine which has been 1isted as commercially
available from several sources for some time but to the present has not been
delivered from recent orders.

The author has considerable experience in the preparation of spiropyran and
triarylmethane compounds. While one cannot be certain in the case of any specific
compound, procedures are known for the preparation of a wide variety of these
two classes of compounds and it should be possible to prepare a variety of them,
in quantity, without any experimental difficulty. The synthesis of the spiro-
pyrans generally require a number of procedural steps, and the preparation of
specific compounds can be time consuming. One such compound for example required
80 hours to prepare. The triarylmethanes are generally simpler to obtain.

One spiropyran compound is presently on-board in quantity, namely 5'-bromo-
8'-methoxy-6'-nitro-1-phenyl1-3,3-dimethyl indolinobenzopyrylospiran (BMS), and
six triarylmethane leucocyanides. After a precautionary step of recrystalliza-
tion of the indolinobenzopyrylospiran and malachite green leucocyanide, screéning
experiments proceeded with these two compounds, as compounds whose properties
would represent a reference point, in solvents of high dielectric constant.

}
W



3. Choice of Solvent System

For the initial investigation, solvents have been selected on the basis
of dielectric constant only.

Methanol 32.8
Acetonitrile 37.5
Dimethylformamide 37.6
Ethylene glycol 37.7
Nitromethane 39.4
m-Tolunitrile 40.0
Glycerol 42.5
Dimethylsulfoxide 46.7
Formamide 109.5
?

2{2-ethoxyethoxy) ethanol

Not all of these solvents are immediately available as is also the case
with the Dow Corning 200 series silicone oils referred to in the section above.

Subsequent attention will be paid to the purity in which these solvents
can be obtained, the purity that can be maintained in contact with the surfaces
of the system in which they are to be used, and their stability to exposure
to the photochromic dye activation radiant source.

The absorbance vs. wavelength of several solvents is diagramed below.

T T T T Y 1
path 0.0 cm.
1 hexane
2. cyelohexane
0.8 3. water g
4. acetonitrile
5. methanol
6. isopropanol
306 pro ]
2 7 butyl ether
= 8. methylene chloride
N E 9. chloraform
9) 10. carbon tetrachloride
& 04 §
<
10
0.2 K 4
S Tn )

250 ’ 300
WAVELENGTH (MILLIMIC RONS)



Of consequence here is an awareness of the transmittance of the solvents at
wavelengths of radiation which activate the dye. Most of the sensitivity
(possibly 95%) of most photochromic dyes lies at wavelengths shorter than

275 nm. Toluene, which shows absorbance out to 350 nm, would be a particularly
poor choice. Nitrobenzene, with a dielectric constant of 36.1, is nonetheless
eliminated from further consideration because it is yellow in color and there-
fore a strong ultraviolet and blue filter.

4. Test Results

The breath of relevant photochromic dye-solvent system response properties
is shown in the representative results obtained thus far tabulated on the next
page.

Exposures were made using two Speedotron strobe lamps positioned one inch
away, on either side, from the solution sample cell. The lamps are xenon-filled
and driven by a 600 watt-second transformer.

The path length through which the solutioh is exposed is 3 mm. The density
of the solution is read, using a Macbeth densitometer, through a one centimeter
section of solution.

The density of the solutions were measured at 625 nm (as the dyes tested
yield solutions which are cyan and green in color). The density values given
are to be considered to be only relative numbers, for intercomparing the solutions
only. However, in this density specification system, a cyan-colored solution
with a density rating of 0.50 approximates the color and density of an Eastman
Kodak CC50C color-correction cyan filter.

With regard to obtaining density, there is no difficulty in dissolving either
dye in any solvent tested thus far. (Mild heating to 80°C for a few minutes was
required in the case of ethylene glycol.) The dye concentrations used were
1 mg/cc of solvent. The saturation point of dye in solvent does not appear to
have been even closely approached in these solutions. More dye dissolved in
the solutions will result in more density, but linear increases with concentra-
tion are not expected, since dye solutions show departures from Beer's law
behavior. The colored form of the dye will also absorb actinic radiation that

could otherwise be used to activate as yet uncolored dye molecules in the solution.

This phenomenon is known as "internal filtering."

s
g
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Increased densities are also expected with radiant sources of greater output
at actinic wavelengths.

Relative densities up to 1.30 have been produced with fade times up to
10,000 seconds. In the case of the MGCN, the fade times can be adjusted to
shorter times by small concentra@ions of sodium cyanide added to the solutions,
a control not available in most photochromic dye systems. Sodium cyanide is
freely soluble in dimethylsulfoxide and 2{2-ethoxyethoxy) ethanol. It is to be
anticipated that this will be accompanied by some loss of density.

Relative densities from 0.02 to 0.89 have been realized for single fade
times, in this case approximately 500 seconds.

The solvent 2¢(2-ethoxyethoxy) ethanol has been found to give the highest
densities thus far for both BMS and MGCN dye. The dielectric constant for this
solvent has not been found, but the results are included as it is conceivable
that it is in the range of interest since this solvent is in the alcohol class
of compounds.

Limited fatique studies have been performed by cycling solutions through
expose and fade for as many as twenty times. Fatigue is the property of photo-
chromic solutions whereby their optical properties change upon repeated cycling.
The photochromic solution may show less density with repeated exposure; it may
fade more slowly; or it may take on permanent color. Examples in the literature
show that some photochromic spiropyrans may be cycled 10,000 times without
fatigue effects. The solutions under study in this current effort show no sign
of fatigue after twenty cycles. Further, the density, color and fade rates are
reproduced apparently exactly over a period of days.

5. The Titanium Dioxide-Methylene Blue System

A different approach has been previously discussed. The dye methylene blue
is bleached to colorless when exposed to ultraviolet radiation in the presence
of some photoconductors such as zinc oxide and titanium dioxide. The reaction
is reversible:

MB + Ti0O, + hv ¥ reduced MB + T1'02 - x4+ x0

blue 2 colorless 2

These two oxides are available perhaps from 25 manufacturers in the world.
Samples vary considerably in mean particle size, photoconductivity, and ability
to reduce methylene blue.




Degussa, Inc. (Teterboro, NJ) P-25 is known to be one of the more photo-
sensitive titanium dioxide products. Its mean particle size diameter is 0.03u.
These very small particles of colloidal dimensions will stay suspended in water
for days.

This approach was investigated by slurring P-25 in water in which methylene
blue dye had been previously dissolved. Thus far, however, this system has
been found to be considerably less sensitive, photographically, than the dye
systems described earlier in this report.

6. Questions

For continued investigation, I have the following questions about the photo-
chromically-marked solutions sought:

a) What optical densities and fade times are desired?
b) What source will be used to expose the solutions?

c) How many cycles of expose and fade are required, and what fatigue
problems can be tolerated?

d) What are the photographic conditions under which the photochromic dot
pattern is to be recorded?



will know that a complete new science of
reliability has been evolved.

In an ICBM early warning system, or
a moonshot, there is no second chance.
The complete system must work the first
(and only) time for, if it fails, some 25
million lives may be at stake. On a lesser
scale, but still catastrophic, the loss of an
aircraft due to the failure of some small,
but vital mechanism, is equally un-
thinkable. Such parts must not only work
first time; they must go on working. This
is achieved by establishing the wear-out
life of every subassembly (this being the
time it takes to arrive at the point at
which performance deteriorates below
acceptance limits). At half this time the
subassembly is replaced by a new one,

and the old one is returned for overhaul:
Some assemblies may have longer wear-
out lives than others and do not need to
be replaced so frequently; hut, evidently,
with this system, the whole equipment is
maintained perpetually in a fully oper-
able condition; its total wear-out life is
infinite. Naturally, the equipment has
to be designed with this in mind, so that
the subassemblies can be replaced easily
and quickly and without elabora.e tools
and skills. Some form of elapsed time
indicator is also helpful so that the user
does not have to keep complete records.

Human Engineering

Although we are dealing with it last,
almost the first plea that every camera-

man put to us was {o just try to remember
that neither he nor any of his colleagues
has four arms, retractable eyeballs,
rubber netks, is a professional weight
lifter or contortionist, or "has any par-
ticular yen for being trussed up in belts,
and straps and struts, or any other forn
of surgical appliance.

In the past when a camera that was
designed for studio work was taken out in
the open air and the cameraman held it
on his shoulder, he had no one but him-
self to blame for his discomfort. But
when he openly declares that this is
what he wants to do, the designer is to
blame if he continues to design ““unus-
able” equipment, merely because this
was the way cameras were always made.

Studies of Fluid Flow by Photography Using a Non-Disturbing

Light-Sensitive Indicator
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A powerful flow-visualization technique in described which overcomes the dis-
advantages of primitive flow-visualization methods (lack of precision, clarity and/
or convenience relative to the commonly used probe techniques). The new tech-
nique uses a tracer fluid which is continuously present in latent form in the test fluid
(eliminating injection problems) and which undergoes a dramatic color change
(a reversible photochromic reaction) in a pattern generated instantly by irradia-
tion with a pattern of ultraviolet light. A typical setup employs this fluid in some
transparent flow channel, with an ultraviolet light source (such as a frequency-
doubled ruby laser), a suitable background light source and a high speed motion-

picture camera. Many previously intractable fluid dynamics problems have yielded

to this technique, and improved resolution and the use of computer logging should

greatly increase its atility,

Introduction

The details of fluid flow are important
to a broad range of problems relating to
transportation systems (boats and air-
planes), air and water pollution, weather
prediction, fusion power devices, petro-
chemical production, etc. Velocity fields
and flow systems can be studied by the
use of probes (such, as the hot-wire probe
where wire temperature is related to
flow velocity) or by flow visualization.
Probe techniques have the advantage
of being quantitative and easily analyzed
and recorded, but they can “sample” the
flow at only one or two points at a time.
Because flow visualization makes it
possible to record a phenomenon com-
pletely, it can, in principle, lead to easy
and rapid analysis and interpretation.
Sometimes it is the only way an event or
occurrence can be identified and thus
measured.

Presented on 6 October 1971 at the Society’s
Technical Conference in Montreal by J. W,
Smith and R. L. Hummel (who read the paper),
Dept. of Chemical Engineering, University of
Toronto, Toronto 5, Ont., Canada.

(This paper was received on 13 September 1971,
its publication has been delayed by editorial
operations and through no fault of the authors.)
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Flow wvisualization studies generally -
involve either (1) observation of physical
changes that occur in the field, or (2)
addition of substances (tracers) to the
stream of fluid which follow the stream-
lines and make them visible to the eye or
camera. In the first approach, shadow-
graph, schlieren, and interferometric
interference techniques are among the
methods used to detect refractive index
variations resulting from changes in
pressure, —temperature or density. Un-
fortunately, because the patterns re-
corded show the cumulative effects of
refractive index variations along the en-
tire light path, individual points along
this path cannot be clearly distinguished
and spatial resolution is not sharply
defined.

Numerous kinds of tracers have been
used in the second approach to show
how velocity fields may be represented.
Smoke, dust and titanium chloride are
commonly used to make the flow of gases
visible, and malachite green, Durazol
and brilliant red (simple biclogical
stains) are often used, along with an
effective illumination source, in liquid
flow studies. Alternatively, aqueous
solutions of fluorescein-sodium, which
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are strongly fluorescent under UV light,
may be injected into a flow stream
upstream from the points of interest.
Water flows have been made visible very
effectively by injecting streams of air or
oxygen ‘bubbles through probes; in a
refinement of this method, hydrogen

bubbles are electrolytically generated at-

electrodes.? Another tracer technique

uses solid objects such as spherical ~

polystyrene beads or parafin wax

particles to make fluid flows visible.?
Each of these tracer flow-visualization

techniques is unfortunately subject to one

~or more of “thc following four serious

disadvantagesl'\

(1) The tracer materials must be
injected into the flow stream and thus
cannot have the same physical properties
as the fluid.

(2) The flow stream must be disturbed
by the injection tube or other probe.

(3) Solid particles, no matter how
small, inevitably create disturbances in
the flow stream — disturbances that are
very important at phase boundaries, such
as at the wall of the pipe or a submerged
object.

(4) Injected dyes stream along from
the injection point in a manner which
makes it difficult to “read” velocities at
all and certainly impossible 10 do it
accurately.

For these reasons, conventional direct
visualization of the velocity field and
other fluid flow properties in the region
very close to the wall cannot be reliable;
these disadvantages make exact quantita-
tive measurements of the velocity field
impossible.

There are three modern techniques for
studying fluid flows that do not disturb
the flows: a Doppler laser probe tech-

)



nique, a holographic flow-visualization
technique and the photochromic-dye-
tracer flow-visualization technique. The
first and last are not only precise but also
easy to use and interpret. The photo-
chromic dye method has been particu-
1 %y successful compared with conven-
. #al tracer methods, and it is the

subject of this paper.

History and Principle of the Method

In 1960, one of the authors (Hummel)
suggested the principle of the photo-
chromic dye tracer technique,* but work
using it was not begun until late in 1963
by Popovich. In 1965; Goldish et al®
published results of a measurement of
dilution time-constant for a chamber
which was instantaneously filled with a
colored solution generated by a flash of
light. The flowing solution contained the
ingredients for the blueprint reaction to
react with the light and form the color
only during the time of the intense light
flash. They also suggested that in some
undisclosed way this technique could be
used for measuring velocities. The follow-
ing year Popovich described in his Ph.D.
thesis® his use of a focused beam of light
rather than a diffused light source to form
a sharply defined blue line in the solution
which could be followed to give precise
velocity data, This thesis and two papers
by Popovich and Hummel”# described
for the first time the technique now used
»nd noted that the relatively insensitive
jeprint reaction previously used had
véen replaced by the reaction of a photo-
chromic indicator, 2-(2’,2’-dinitroben-
zyl) pyridine (DNBP). This work also
established for the first time the existence
of the viscous sublayer for turbulent pipe
flow — a very important concept in fluid
mechanics, proposed in 1905 but always
previously beyond the capacity of con-
ventional techniques to detect and
measure.

DNBP has been known since 1925
to respond to irradiation with ultraviolet
by undergoing an irreversible photo-
chromic reaction in which the initial
pale yellow color darkens to a deep blue
in the 959 alcohol solution used.® The
color change is believed to be due to the
formation of the tautomeric aci-nitro
structure and is known to take place in
less than 1 ps 011,12

Our research group presently prefers to
use deodorized kerosene solutions of
1,3,3-trimethyl-6-nitro-indoline - 2- spiro-
2-2-benzopyrane (TNSB). Much more
dilute solutions can be used (i.e. 0.01%,
by weight) and the color generation is
more efficient. The color-producing
reaction occurs when the carbon-oxygen
bond in the spyropyrane ring is broken,
nroducing a merocyanine structure; it

%o is reversible. TNSB can be used also
it polar solvents such as alcohol, in
which case it forms a red color rather
than a blue and is no more effective than
the DNBP. The half life of the fading of

both indicators due to the reverse reac-
tion depends on the solvent but is
typically between 5 s and 5 min. This
fading is desirable so that solutions
can be used under ambient light condi-
tions rather than only under darkened
conditions.

The light sources currently used are
generally lasers because they provide
well-collimated light beams of high
intensity in very short periods of tinte
(10 ns). One laser used has been the
TRG-104A ruby laser.* Its red light in
the giant pulse mode can be frequency-
doubled by means of a second-harmonic
generator into the ultraviolet region.
The overall energy output has been
estimated to be roughly 0.01 J. For
multiple pulses (100 pulses/s), an Avco
C950 nitrogen laser is used. It gives d
more divergent beam with an energy of
only 0.001 J per pulse, but the pulse
duration is still 10 ns. Because of the
short duration, the instantaneous power
level is 10-100 MW which can cause
damage to conventional cemented lenses
and the focused beam can damage quartz
plates or lenses.

The dye trace is best photographed
against a background of uniform il
lumination. The contrast between the
dye and the background is improved if a
yellow light which is absorbed strongly
by the dye is used in black-and-whité
photography. A 400-W sodium street
lamp (GE Lucalox 400) was found to
combine high intensity with a suitable
color. This lamp is designed for ac opera-
tion, but to avoid flicker in high-speed
motion pictures it must be operated from
a dc power supply (even though this
reduces the life of the lamp)~The center
contact of the bulb’s base must be posi-
tive or the bulb will fail in very short
order.

The photographic equipment used
to take cine photographs at up to 8,000
frames/s is usually either a Hycam
400-ft (121.9-m) model or a Locam.
When the flow rates are low a Bolex has
been substituted. When very high
resolution has been required 35mm stills
have been taken using a yellow filtered
electronic flash for the Lackground light.

In addition to the major items of
equipment various other obvious items
such as tripods, lenses, ground glass for
diffusing the light, etc. have been used to
obtain suitable photographs.

Flow Systems

The flow systems are generally quite
simple as the only special requirement
of the technique is that the test region be
visible without serious distortion to the
eye and to the camera. There is no need
for holes, for probes, or micrometer
positioners, and the extremely precise

* Manufactured by the Melville, N.Y,,
Space & Defense Systems Division of Control
Data Corp.
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Fig. 1. Schematic front view of the flow
system.

optical requirements of schlieren or
interferometric set-ups are not required.
To set up a run without a test body or
model in the flow, reservoirs {typically
5.gal (18.9-1) alcohol jugs with a side
opening at the bottom) are mounted at
floor and ceiling and connected by
Tygon tubing to a glass flow chamber of
appropriate geometry. The test fluid is
pumped to the upper reservoir before the
run and is allowed to flow downward
during the run under the force of gravity
(possibly aided by additional air pressure)
through the flow chamber to the lower
reservoir at a controlled rate. In tests on
a larger scale the liquid is pumped
through a blow-down wind tunnel 14 in
(356 mm) in diameter in which models
can be installed.

The general arrangement of com-
ponents is usually that shown in Fig. 1,
and can be best described in terms of
rectangular coordinates. The flow direc-
tion is typically along one axis (from
positive to negative z) with the camera
and background light along another axis,
(positive and negative x). The light beam
from the laser passes along the y axis to
draw a tracer line perpendicular to both
the flow and the camera view.

Typical Results

Figure 2 shows the flow around a
transparent glass sphere mounted in the
14-in flow channel on a2 1/8-in (3-mm)
diameter thin-walled supporting tube
positioned to give minimum disturbance
to the flow. Measurement of flow sym-
metry showed the support to have a
negligible effect. The UV light was
introduced through this support to the
center of the sphere where a small prism
reflected it at an angle of 90° through the
sphere’s surface to form the dye trace.
The alternative of bringing the light
beam in through a viewing port in the
flow chamber would have severely
reduced the sharpness and intensity
of the beam. The first frame shows the
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Frame 4

Fig. 2. Flow past a 6-cm glass sphere (flow vertically downward). Laser beam was flashed through the sphere’s surface upward and to
the right just before frame 1 was taken. Frames 2, 3, 4 were taken subsequently.

Frame 1

Frame 3

Frame 2

Fig. 3. Wake region below a 6-cm glass sphere. Laser was flashed twice, Frame 1 was taken at virtuaily the time of the second flash;
frames 2, 3 and 4 were taken respectively 1.908, .73 and 7.56 s Jater.

Frame 1

Frame 2

Frame 3

Frame 4

Fig. 4. Flow past a 6-cm sphere with a Reynolds Number of 3190, Flow was downward and laser fash upward (30° from the vertical).
Frame 1 was almost simultaneous with the laser flash; Frames 2, 3 and 4 were later by 0.127,0.254 and 0.381 & respectively.

shape of the trace shortly after the UV
beam emerged from the sphere and
frames 2, 3 and 4 are at later tirnes.
Notice how clearly the region.of sphere
influence and the maximum velocity for
the flow are defined. These had not been
possible to measure using probes and had
been inferred incorrectly from theory.
Actual three-dimensional velocities
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cannot be determined directly from
observation, but must include a calcula-
tion of material balanced to split the raw
velocity data into radial and tangential
velocity components. Figure 3, at a
greater reduction ratio, shows the flow
reversal near the sphere and the tur-
bulence in the wake of the sphere. In the
turbulent wake, it is no longer convenient
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to obtain flow components by material
balance, but rather features generated by
the turbulence may be followed to give
the 3-dimensional motion. In this study
reported by Seeley,'® where measurement
was done manually, turbulent motions
were not digitized, but in the future it is
planned to-use a computer system to read
the film. Figure 4 shows the sphere in a



Fig. 5. Eruption of a stationary liquid drop containing a phetochromic dye. Mechanism
is probably the same as the one where lenses are sometimes shattered by laser light,
namely the generation of strong nonlinear effects at the interfaces,

turbulent flow regime. This condition
was not studied quantitatively, but one
can easily see that near the surface
there is 2 region where the flow has been
smoothed. This effect is contrary to
what was previously believed to occur
under ‘these particular conditions. Be-
r--ge this nearly laminar flow near the

Ace is not strictly steady, the effect
could not have been detected easily with
probe techniques — even the nondisturb-
ing Doppler laser technique. Obviously,
actually seeing a phenomenon or viewing
its record on film is superior to making
suppositions or speculations about its
existence.

Other systems which have been
studied include falling liquid films,
rough-pipe momentum transfer, pipe
jets and growing liquid drops. Figure 5,
from Humphrey’s study of growing
liquid drops,* illustrates that the ques-
tion of the technique being nondisturbing
must always be examined and tested,
In this particular case, a very substantial
effect on the drop can be seen. When the
laser beam strikes the drop and the dye
trace is formed, the drop erupts. Two
possible explanations for this phenomena
have been considered. One explanation
is the surface tension of the closed form of
the photochromic compound changes
and this produces the disturbance. A
more likely explanation, however, con-

Smith and Hummel:

sidering the magnitude of the energy
shown is that a phenomenon similar to
the breaking of lenses mentioned earlier
is responsible. Lenses are broken not
because they are not completely trans-
parent to the light, but because the very
high power level reached in the laser
beam produces nonlinear effects or
even ionization at the interface between
two materials. A substantial fraction of
the energy can be discharged in the
interface during a period of a few nano-
seconds, and this could result in the large
acceleration that is obsexved. Again,
because this technique makes it possible
to view a phenomenon, unéxpected
disturbances that spoil 2 run can be
easily detected so that invalid results
may be discarded. When the energy of
the beam is reduced by 50% the dis-
turbance disappears. The generation
of this disturbance is very dependent on
the type of liquids used and does not
occur for most liquid-liquid combina-
tions.

Conclusions

Many previously intractable fluid
dynamics problems have yielded to the
optical flow visualization technique
described above. Future development of
computer logging methods will greatly
increase its utility.
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Discussion

Dahya Bhaga (McGill University, Montreal,
Quebec, Canada): What technique would you
use to make a grid of the tracer fluid?

Dy. Hummel: T would use a dichroic-mirror
type of beam splitter to split the laser beam.
Beam splitting will be discussed in the following
paper (by Sovova, Prochazka and Hummel).

Mr. Bhaga: What are the limitations on the
type of liquid that can be used with your photo-
chromic visualization technique, and can aqueous
glycerol and sugar solutions be used to take
advantage of the ease with which one can vary
their viscosities?

Dr. Hummel: At present the materials we've
used dissolve only in organic solvents. Glyeerin
can be used quite easily, and we have done
studies where we have varied the viscosity.

1. Feuerstein (McMaster University, Hamilton,
Ont., Canada) - How do you obtain quantitative
information?

Dr. Hi I: We e the x and y compo-
nents of a point in the trace in subsequent frames.
The motion on the surface is easy ta follow to
get an indication of compressions and exten-
sions. You can use the continuity equation to
calculate the motions that these imply.
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Flow Near the Surface of a Mixing Vessel: An Example

of the Photochromic Technique Using Inexpensive Equipment

Most applications of the photochromic technique of flow visualization have in-
volved elaborate or expensive equipment. A simple, inexpensive application of
the technique is described applied to a study of the fluiddynamics phenomena in-
volved in mass transfer across a liquid gas interface. Essentially the set-up requires
only a stirred beaker with photochromic dye solution, several relatively inexpen~
sive sources of illumination (ne laser) and a 35mm still camera or, alternatively;
a movie camera. The analysis of the trace patterns photographed as described
and the association between the flow pattern observed and the expected heat

and mass transfer mechanisms is discussed.

IN MANY types of chemical equipment,
gas and liquid streams are contacted to
bring about heat and mass exchange
between them. Usually the phases are
kept in intensive motion so that the bulk
transport is very rapid. Under such
conditions the main impediment to the
transfer is found in the space close to the
interface because this interface provides
an obstacle to free convective motion of
the fluid phases. Consequently, a detailed
understanding of this phenomenon is of
major importance.

Numerous theoretical and experi-
mental investigations of heat and mass
transfert— across liquid-liquid and gas-
liquid boundaries have been performed,
and several models of the process have
been proposed. Most experimental work
has been done in a cell with stirrers and a
plane interface of known area.®4 How-
ever, detailed understanding is still
clusive, primarily because the measure-
ments of the overall rate of heat or mass
transfer can provide only limited evis
dence of the local flow pattern near the
interface.

The photochromic flow visualization
technique introduced by one of the
authors {Hummel) and co-workerss—s
Tepresents a promising means for such
study. In this technique, a photochromic
indicator is added to a clear liquid to
make up a test solution which is virtually
clear. When selected areas of this test
solution are subsequently irradiated with
ultraviolet light these areas instantly
become deeply colored, and remain so
for some tens of seconds before the color
fades. This permits the traces to be
unambiguously observed or photo-
graphed. How this principle can be used
to study fluid flows will become clear in

Presented at the Society’s Technical Confer-
erence in Montreal on 6 October 1971 by H.
Sovovd and J. Prochdzka of the Institute of
Chemical Process Fundamentals, Czecho-
slovak Academy of Sciences, Prague 6, Suchdol
2, Czechoslovakia; and by R. L. Hummel (who
read the paper), Dept. of Chemical Engineering
and Applied Chemistry, University of Toronto,
Toronto 5, Canada.

(This paper was first received on 13 September
1971; its publication has been delayed by edi-
torial operations and through no fault of the
authars.)
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the following discussion. It has been
successfully applied to the invVestigations
of flow along rigid walls and in a forming
liquid drop. Its main advantage is that it
allows the observer to follow the motion
in the narrow space near an interface
without distorting the flow pattern. The
present work is the first step in the ap-
plication of this technique to the in-
vestigation of convective transport across
the fluid interface, particularly the gas-
liquid interface in a stirred glass vessel.
In its most elaborate form,? the photo-
chromic technique implies the use of
rather expensive equipment, e.g., an
N: laser or a giant-pulse ruby laser
with a frequency doubler, and a high-
speed camera. The purpose here is to
show that a good deal of information, at
least in the preliminary stages of in-
vestigation, can be obtained with rela-
tively simple and inexpensive means.

Apparatus and Equipn;ent

Experiments were carried out in a

glass beaker with a mixer(Fig. 1). The ~~py 020 1 17400/BD), which has the

mixer, a four-blade turbine with inclined
blades (a), was driven by a variable-
speed motor and was surrounded by a
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Fig. 1. Schematic representation of the
mixer, showing (a) the inclined blades
and (b) the special stator designed to
eliminate tangential flows and excessive
rippling of the gas-liquid interface.
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special stator cage (b). The purpose of the
stator was to eliminate tangential flows
and cxcessive rippling of the gas-liquid
interface. The beaker was filled with
toluene, in which a photochromic
indicator (1,3,3 trimethyl-6-nitro-indo-
Iine-2-spiro-2-2 benzopyrane)} was dis-
solved. This chemical compound changes
from clear to blue in color after irradia-
tion with ultraviolet (UV) light. The
optical arrangement is shown in Fig. 2.
The cylindrical beaker was immersed
in a rectangular Lucite tank filled with
water to minimize the distortions and
reflections caused by the c¢ylindrical
walls. The camera used was a 35mm
Exacta Varex 2 still camera with an
Orestor 2.8/100 lens and extension rings
or, alternatively, an AK 16 motion-
picture camera operating at a rate of 32
frames/s and 50mm, f/1.4 lens.

With the still camera, a second xenon
lamp was used as a background light
source; the lamp was triggered by a delay
circuit. Although the background light
had a greater light output at all wave-
Iengths, including the UV, the intensity
was far lower (being unfocused) and
created no perceptible color. The yellow
filter placed on the camera to improve
contrast could have been applied to the
flash to remove the UV as well as the blue
light.

With the motion-picture camera, a
400-W sodium lamp (the General

desired yellow hiie;.was used.

Fig. 2. Optical arrangement for the study:
(a) 200-joule xenon flashlamp for UV
light source; (b) mask with six parallel
slots 2o create six light sources; (c)
plane mirror inclined so as to direct the
light sources downward toward the gas-
liguid interface; (d) quartz lens of 40-mm
diam and 45-mm focal length to form six
images on the interface; (¢) auxiliary
light source to illuminate the traces;
and (f) still or motion-picture camera to
record the traces.
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Fig. 3. Motion of traces during stirring at (a) 200 r/min, (b) 150 r/min, and

(c) 100 r/min.

optical axis inclined to it, so that both the
traces and their mirror images {due to
total reflection from the underside of the
interface) could be photographed. By this
means it was possible to follow traces to
the very interface. Comparing the
inclination of the traces and their imirror
images it is alo possible to assess the
direction of the traces in space. This is, of
course, limited to the case of a plane
interface free of ripples. It is easy, how-
ever, to study the traces in three dimen-
sions by using a system of four mirrors: in
this way, two views of the traces can be
obtained in a single picture, with the
views at right angles {0 one another.

Results and Analysis

In Fig. 3, motion-picture sequences
show the motion and deformation of the
traces in the radially-moving liquid near
the interface and stirred at rates of 200,
150 and 100 r/min, respectively. The
first striking feature of these pictures is
that the radial velocity of the surface is
much less than that of the liquid just
below it. One would not expect this to be
the case for a large surface in contact
with gas. The flow under the surface is
almost laminar for the lowest rate of
revolution, as is seen from the parabolic
shape of the lines. The velocity profile can
be easily determined from the measure-
ments of the position of the corresponding

The film material was Agfa 35mm
Copex pan, type A.H.I and Foma 16mm
Mikropan, 17 DIN.

For the xenon lamp power supply,
wwhich was constructed in the workshop

.Dof the Institute, had a total capacitance
of 180 uF and an operating voltage of
1.25 kV The discharge duration was
approximately 100 us.

The formation of several parallel

Fig. 4. Still camera pictures of traces, with stirring at 250 r /min and 100-ms delay.

traces is particularly advantageous as it
provides more information than a single
line. For example, it is possible to follow
the deformation of the plane in which the
traces are lying. It is also much easier to
estimate the shape and direction of
motion of a fluid element.

In the arrangement described above
the camera was positioned slightly below
the interface of the liquid with the

points of the traces in subsequent frames.
It can be concluded that the prevailing
mechanism of heat and mass transfer in
this case will be the unsteady diffusion
into the surface during its exposure to the
gas.

The other two sequences show a less
regular motion near the interface. Local
stretching and compression of the liquid
near the surface can be observed, which
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is the result of impact of large eddies.
Small eddies of wavy or circular form are
also present. The dimensions of these ed-
dies and their time of decay could be de-
termined from the film. More details can
be recognized in the still photographs
shown in Fig. 4, which were taken for a
stirring rate of 250 r/min. The time de-
lay between flash 1 (formation) and flash
2 (observation) was 100 ms. In Fig. 4 it
can be clearly seen that sometimes a trace
is detached from its mirror image and a
gap appears at the surface. We conclude
that a surface renewal by a small eddy
has occurred and the old colored liquid
element was replaced by a new one from
the bulk of the liquid phase. Also very

interesting is the splitting and widening
of some lines. This phenomenon can be
ascribed to the action of disturbances of a
lower order of magnitude than the
original width of the traces.

The above description gives an impres-
sion that there are several methanifms of
heat and mass transfer at the intbrface
during a forced turbulent flow in the bulk
of the liquid. The first of those mecha-
nisms is surface renewal by sweeping,
stretching and compression due to large
disturbances and similar small-scale
phenomena due to small eddies, and the
second is turbulent transport from the
surface to the bulk by microscopic
disturbances. Which of these mecha-

nisms is dominant can be decided only
after quantitative evaluation of the
pictures and is- beyond the scope of the
present paper.
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Television Receiver White Color: A Comparison of Picture
Quality With White References of 9300 K and D6500

Color television receivers in the U.S.A. generally have a white color approximately
equivalent to the appearance of a black-body at 9300 K, or higher. The white ref-
erence of a studio monitor is specified at D6500. In connection with the study of
color television variability being conducted by an Ad Hoc Committee (AHCCTS)
of JCIC, the question was asked, *“Is a viewer’s tolerance to color variation different
for the two display situations?’’ To answer this question observers were asked to
rate for quality pictures having a wide gamut of color variation originating from
photographic slides, presented through telecine separately on two receivers ad-
justed to the two display conditions. Observers ranked the pictures displayed on
the D6500 receiver consistently higher in quality than the pictures displayed on the

9300-K receiver.

The conclusion that viewers prefer pictures displayed at a white reference of
D6500 to those referenced to 9300 K prevented obtaining an answer to the original
question on tolerance to color variability, but in itself is 2 more important fact beax~
ing on the choice of a white reference for television receivers. S

Introduction

Although there are no industry stan-
dards, the white reference for television
receivers in the U.S.A. is generally in-
tended to be in the vicinity of a black-
body radiator at 9300 K. This relatively
high color temperature (compared with
other “white” colors in our environ-
ment) is partly a legacy from mono-
chrome television (the color of “bright”
phosphors), but even more it is a result
of the compromise between brightness
and color required in the past by the
available phosphors in color receivers.
For example, for a particular phosphor
combination in shadow-mask receivers,
the electrically desirable condition of
equal drives to the three electron beams
resulted in the 9300-K color. It appears
that colorimetric fidelity has not been
a primary factor in the choice of receiver
white color. The dominating factor has
been a desire for high brightness.

Presented on 24 October 1972 at the Society’s
Technical Conference in Los Angeles by Daan
M. Zwick, Physics Div., Research Laboratories,
Eastman Kodak Co., Rochester, NY 14650.
(This paper, first received on 5 October 1972,
received in final form on 6 March 1973.)
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The original NTSC specification®
was based on a white reference of Illu-
minant C, or 6774 K, which is related
to a white color of our environment
(skylight plus sunlight). The white ref-
erence of the studio color monitor is
defined in an SMPTE Recommended
Practice as that having the appearance
of D6500; this white color is a part of
television colorimetry specifications, in-
ternationally. The reasons for the NTSC
choice of white are documented?; they
include some arguments based on pic-
ture quality.

Although Townsend® has described
further experiments which might lead
to a different white reference, and Lisk?*
has shown that the specified white color
may not always be the actual white
color, the fact remains that there are
two different white references, one for
monitors and one for receivers, the
former being significantly “warmer”
or lower in correlated color temperature
than the otheér. The need for, and the
effect of, this difference have been ques-
tioned periodically; no compelling argu-
ments for change have arisen.

In a thorough discussion of this ques-
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tion® C. J. Hirsch pointed out that there
are several complications resulting from
having the white reference of studio
monitors different from that of the home
receiver. He recommended that a survey
be made by a professional committee
or industry group to determine what
value of reference white the public pre-
fers for color reception.

In the course of their broad invest
gation into the causes of color variability
in the entire television system, members
of the Ad Hoc Committee on Color
Television Study (AHCCTS) of the
Joint Committee for Intersociety Co-
ordination (JCIC)* raised the question
of the contribution of the white refer-
ence to the problem. A statement was
made,? that the variation in color was
more noticeable on a receiver having
a white referenced to 9300 K, than on
one referenced to Illuminant C or D6500.
To provide data on this question two
experiments were performed; they are
described here.

Preliminary Experiment

In connection with experiments de-
signed to study the preferred color
balance and the neutral gray point for
television films3® we had available a
set of color transparencies that included
a wide gamut of color variation on each
of nine different scenes. We presented
these transparencies by optical pro-
jection to a panel of observers, using
four different illuminant white colors,
which were the unfiltered tungsten
projector and three levels of increased
color temperature obtained by placing
specific thicknesses of Corning filte,
No. 5900 over the projection lens. Mea-
surement of the light reflected from
the screen gave correlated color-tem-
perature values of 3600 K, 6500 K, 9003
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Abstract

The near-zero gravity environment of Spacelab presents the op-
portunity to perform many new fluids experiments which cannot
be done in earth-bound laboratories A large number of these in-
vestigations involve relativelv small and confined volumes of
fluid. Henee fluid measurement techniques are required which
do not disturh the flow Several nomaotrusive measnrement tech.
niques are being investigated A photochromic dve method is be-

Jr developed for flow measurement Photochromie dves are
substances which darken upon exposiee toaltraviolet (UV) radia-
tion and then ciear up agamn spontaneonsty A small amount of
dye (~.0257 by weight) has been successtulily dissolved i a {ow
viscosity silicone oil and dye streaks erealed apon exposure to an
UV source. The movement of the streaks reveals the flow  The
streuks then clear up so that the procedure can be continued

without the ligiid becoming opagne A laser Doppler dual-seatter .

system is also being developed tor low flow speed measurement
An accuracy of a few pereent has been demonstrated for flows of a
few millimeters per see A double grid schlieren svstem is being
developed for temperature measurement  The optical arrange.
ment is such that an image of a Ronch riding is superposed on the
original ruling giving a umform grev ficld of view  Departures
from the background are caused by light being refracted as it
passes through the experimental volume

1. Introduction

When the Space Shuttle becomes operational in the 1980¢. some of
the flights will take into orbit a luboratory known as Spacelab.
Spacelab will have the envirommnent of a laboratory on the earth's
surface except that when in orbit the value of gravitv will be very
small The fact that Spacelab gravits will not be exactly zero is
due to astronaul movements, the vibration ot Spacelab and Shut
tle equipment. oricntation rocket firings. ete However these
sources will give a value ot about 6.1 ey which is about 107 of
the value of gravity at the carth s surface

A puincipal use of Spacelab will be to explow this Tow -gravits
enviroument for science and technology bxperunents which can-
not be undertaken in laboratories on the carth’s surface will be
qerformed. One of the most striking phenomena of a low gravity
Awviromment s, the suppression of buovaney forees and henee of
free convection in flurds This absence of comvection has great
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potential for improved and unigie studies of crystal growing,
fluid mixing. electrophoretic separation, geophysical fluid flow
modeling and other rescarch areas

A large number of these fluids investigations involve relatively
small and confined volumes of fluid Hence measirement tech:
aiques are required which do not disturb the flow Further. it the
Spacelab fluids experiments are to be well defined. eritical in-
\'vstxguhoﬁs rather than simple qualitative demonstrations. quan-
titative, sengitive and accurate measurement techniques are re-
quired '

The Fluid Dynamics Laboratory at NASA MSFC is concerned
with developing techmiques for nonintrusive flow and
temperature measurements in hiquids for Spacelab experiments
and for the development of Spacelab experiments in ground-based
laboratories. Three techniques have been selected for systematic
study and development A photochromic dve technique is being
investigated tor flow field measurement and a laser Doppler
velocimeter for point velocity measurements and particularly for
low velocity measurements A double ¢rid schlicren system s
being exanmned for temperature field measurenient. The [ollow
ing three sections are devoted to discussions of these techniques, In
cach case the section begins with an outline of the essential
physics of the technique and with references to further discussions
in the open literature  The sections then proceed to discuss the
specifics of interest to the Fluid Dyvnamics Laboratory and the
progress that has heen made

I1 The Photochromic Dye Technique

The use of dves to show the flow of gases and liquids is a well
known technique which has a long historvy and a verv great
number ol different manifestations An outstanding early applica-
tion was that of Revnolds' and recent comprehensive reviews have
bheen given by Werlé® and Merzkirch.? In general dse 1s inserted
or somchow produced in the flow and measurements made by
following the movement of the dve by direct observation or by
photography  The principal disadyantage for confined fluids is
that the dye already inserted will disperse through all the fluid
and additional dve will be obscured. Further drawbacks are that
the dve insertion probe or the insertion of the dve itself may
disturb the floae If the density ot the dve is different from the host
fluid. significant nng or sinking motions mav uccur A techmque
introduced by Baker ¥ known as the thvinol blue technigue.

AY
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produces nentrally buovant dye at a wire in a liquid when a low
voltage is applied to the wire However a drawback can be the
drag produced by the wire For tow Bevaolds number flow the
drag on a sphere decreases lincarly with the diameter of the sphere
but for a cylinder the drag depends lovarithmically on the
diameter 5 Thus, not much is gained in decreasing the diameters
of probe wires or struts in attempting to reduce disturbance of the
flow

A dye technique which does not suffer from the above disadvan:
tages is the photochromic dye technigue. Chemical substances
exist which change their radiation absorption characteristics when
exposed to ultraviolet radiation. These substances are known as
photochromics and they are used commercially in sunglasses.
They darken upon exposure to UV radiation and then clear again
spontaneously when the UV is removed. These dves have been
used by Popovich and Hummel® and Smith and Hummel” and
others for liquid flow measurement

The phetochromic dye 1. 3, 3, Trimethyl, 6, Nitro Indoline, 2,
Spiro 2, 2 Benzo Pvrane (TNSBP) was found to be soluble in
silicone oil (Dow Corning 200 Series) After stirring. some simple
filtering was required to make the oil clear again, Three different
types of UV sources, (1) xenon flash lamps. (2) continuous
discharge mercury lamps and (3) UV lasers were tried and all pro-
duced a dark blne coloring in the il

Figure 1 is a photograph showing a sheet of dve produced in a
volume of oil contained between two concentric spheres. The oil
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Figure 1. Photochromic dye sheet created in silicone oil contained
between two spheres by exposure to an UV source. The spheres
were differentially heated. This photograph was taken about one
minute after the exposure. Note the effect of the sinking fluid at the
cooler outer sphere.

was Dow Corning 200 Series 1 centistoke silicone oil which con-
tained about 0.025% of 'TNSBP by weight The tube of a con-
tinuous mercury discharge lamp (Phillips 93136E) was focused in-
to the volume. The oil was exposed to this UV source tor about 3
seconds. The dyve was illuminated by an expanded laser beam
{Spectra Physics, Model 120) projected at 90° to the line of sight,
The spheres were part of an apparatus constructed for the
development of geophysical fluid flow models for Spacelab.® The
inner sphere had a diameter of 4.0 cm and the outer sphere an-in.
ner diameter of 6.0 em, For this work the inner sphere was heated
and the outer sphere cooled. a temperatare difference of about
10 C having been maintained. Figure 1 was taken about 1 minute
after the exposure to the UV iamp. Sinking of the cool oil at the
outer sphere is shown, Figure 2 shows the dye about 8 minutes
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Figure 2. The same dye sheet as shown in Figure 1 eight minutes
after the exposure to UV The dye is still visible as a narrow line
which corresponds to a streamline of the convergent flow in the
lower part of the spheres.

after the exposure. The convergent flow in the lower part of the
spheres has concentrated the dye into a narrow line which is still
visible, This line actually corresponds to a streamline of the flow
with the liquid moving upwards close to the inner sphere. Note
that the dve is much less intense in Figure 2 than in Figure 1 Thg
fact thatit is still observed at all is due to the particular sensitivity
of the 90° laser illumination,

Dye wa$ also produced using xenon tlash lamps. However.
because of the short duration of the flashes, substantial UV inten-
sity and efficient collecting and projecting optics are required to
make the dye visible. A UV laser (Spectra Physics, Model 170) was
used to produce dve in the oil. With this laser operating in its in-
tegrating mode with a UV power of about 50 milliwatts, sharp
dye lines were produced by focusing the beam into the oil and ex-
posing for about 3 seconds.

To optimize the use of this technique. syvstematic surveys of the
effects of dve concentration. UV exposure levels and dve relaxa-
tion times were carried out This work was done by Aerojet Elec-
trosystems Co. under contract from NASA/MSFC. The following
results were obtained using samples of Dow Corning 200 Series
0.65 centistoke silicone oil in a Beckman Mark IV spec
trophotometer The samples were contained in fused silica flasks
and the temperatures of the samples were maintained and
measured. The dve concentration is given as the percentage of
TNSBP by weight and the UV exposure levels in joulessem?® The
transmittance of the unexposed solution for various dye concentra.
tions at 30 C was measured first. The results are shown in Figure
3. Note that even when a very sinall amount of TNSBP has been
added the short wavelength euatoif moves from about 0.3 micron
to about 0.4 micron. This tells us that the wavelengths activating
the TNSBP are in this range The measurements swere made for
very low UV exposure levels so that no detectable darkening of the
solution occurred

Next, the transmittance at various exposure levels for a fixed
concentration of 0.025% was measured. The results are shown in

Figure 4 Note the large absorption of the exposed solution in the”

vellow region of the speetrum around 0.6 micron This is why the'
dve appears blue in white light Figure 5 shows the results for
various concentrations for a fixed exposure of 0.035 joule cr?

Figures 6 and 7 show the time relaxation curves for various con-
centrations and exposures at 30 C and 45 C, respectively  The

ey
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Figure 3. The transmittance of unexposed solutions of TNSBP in
Dow Corning 200 Series 0.65 centistoke silicone oil as a function of
wavelength for various dye concentrations at 30 C.
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Figure 4. The transmittance of an exposed 0.025% solution as a
function of wavelength for various exposure levels
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Fir = % The transmittance of solutions exposed to 0.035 joule/cm?
as, L}nction of wavealength for various dye concentrations.

transiittance was measured for 0.6 micron Note that the time
relaxation is a strong function of temperature: the dve disappears

Figure 6. Time relaxation curves-for various concentrations and ex
posures at 30 C The transmittance was measured at 0.6 micron. The
reference transmittance data for the unexposed solutions are also
shown.
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Figure 7. Time relaxation curves for various concentrations and ex-
posures at 45 C. The transmittance was measured at 0.6 micron, The
reference transmittance data for the unexposed solutions are also
shown.

much more quickly in the swarmer oil

The fact that the dve is strongly visible when illuminated at
90° to the line-of -sight means that in its activated form it is not
truly in solution In this form, it must be less soluble and in a col:
loidal state. Under the range of conditions presented above. no
sedimentation of the dve was ever noticed. If however the solu.
tion is exposed to UV radiation orders of magnitude greater than
the above the dve Torms coarse grains and settles out and it will
only redissolve alter several hours

III. A Laser Doppler Velocimeter

The laser Doppler velocimeter (L.DVY technique for fluid flow
measuretnent was first demonstrated by Yeh and Commiins ™
These authors showed that the Doppler shift of aser livht seat
tered by particles immersed 1o moving water could be defected by
beating (heterodyning) the scattered light with some ot the
original laser radiation The amount of literature on various
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aspeets of LDV techniques and applications ds substantial;
bibliographics and reviews are available 31 The development
of electrophoretic separation chambers and the direct measure.
ment of cell mobilitics requires accurate measurement at low flow
speeds with fine spatial resolutions The Fluid  Dynamics
Laboratory is examining the low flow speed limitations of the
laser Doppler technique.

In this paper, the LDV system chosen to measure low speed
flows (<0.1 cm/see) is briefly deseribed. A detailed deseription of
the system has already been presented by Fowlis and Martin 12
Figure 8 is a drawing showing the essential geometry of the dual.
scatter or fringe system. The original laser beam (Spectra Physics,

EXPERIMENTAL
CONTAINER

SHROUD

RIS LENS \ PHOTOMUL TIPLIER
PINHOLE

LASER BLAM LENS\

SPLITTER D

Figufe 8. A schematic drawing showing the essential geometry of
the dual-scatter LDV system.

Model 120) is first split into two parallel beams of equal intensity
A lens then focuses these beams to a point within the fluid. The
crossover point of the beams defines the location of the measure-
ment and the volume of intersection of the beams defines the
spatial resolution. Clearly. because of the focusing down. ex-
cellent resolution can be obtained. On emerging from the test
volume the beams are terminated on an iris. Light scattered by
particles or cells in the beams passes through the iris to a second
lens which focuses the seattered light into a pinhole By adjusting
the distunce between this lens and the pinhole and the pinhole
diameter, only scattered light from the crossover volume passes
through the pinhole and reaches the photomultiplier (Centronic,
Type P4283B)

A particle passing through the seattering volume scatters light
from both incident beams. Because of the angle between these
beams (6). the scattered light from each beam is Doppler shifted
by a different amount Heterotlyning of these two [requencies by
the photomultiplier produces the difference frequency

v (H

where n is the refractive index of the fluid, A is the wavelength of
the laser and V is the component of the flow velocity perpen
dicular to the optic axis of the system and in the plane of the laser
beams.

The component V was determined from a measurement of the
frequency vy The photomultiplier output was amplified and
then passed through a bandpass filter to remove unwanted de.
high frequency signals and noise. it was then amplified again and
clipped and finally sampled by a counter (Hewlett Packard,
Model 52461).

The capability of this LDV 15 demonstrated by the results
presented in Figure 9. These results show the decay of a spin-up
flow in a rotating cylinder of water ' The LDV and a cvlinder
of water were attached to a turntable. After allowing sufficient
time for the water to have achieved solid body rotation. the rota-
tion rate of the table was changed tmpulsively by a small amount
Figure 9 shows the adjustment ot the azimuthal flow to the rota-
tion rate. Quantitative information on this experiment is given in
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Figure 9. Measurements of the azimuthal velocity during the spin.
up of a homogeneous cylinder of water. Rotation rate change, from
18°/sec to 20°sec; cylinder dimensions, diameter 18.970 cm, depth

5.987 cm; position of scattering volume, radius 4.74 cm, height abov¢

base 3.00 cm.

the caption for Figure 9. The signiticant aspects are that a flow of
less than 0.1 emis can be accurately measured. The “bumps” on
the decay curve are real. thev are inertial standing waves excited
in the liquid by the impulsive change. Clearly, the flow speed
resolution is close to 0.001 cm/see

In attempting to calculate the low speed limit of the LDV the
sources of frequency broadening must be taken into account.
These sources are: (1) Brownian motion of the scatterers. (2) Flow
gradients across the scatterer volume. (3) Turbulent flow tluctua.
tions within the scattering volume (4 The finite record in time
from each scatterer as it passes through the scattering volume,
Because of the heterodyning, the laser line width is not significant
if the optical path differences are less thun the laser coherence
length. For further discussion of these sources of broadening see
Fowlis and Martin'? and the references therein,

For steady flows. Source 3 does not make any contribution.
Sources 2 and 4 give constant relative broadening which is in.
dependent of the magnitude of the How The low flow speed limit
is determiined by Brownian motion broadening. The spectrum of
the scattered radiation for a laser Doppler system has been derived
bv Edwards et al ** In that paper. the special case of an infinite
sample volume with no spatial or temporal gradients of the flow is
discussed. The oaly remaining source of frequency broadening is
Brownidn mation of the scatterers. The scatterers are assumed to
be small spheres in low eoncentrations and the Stokes-Einstein
relation was used ** The result is a Lorentzian shaped spectrum
for which the center frequeney is the Doppler frequency  The
derivation by Edwards et al'** is for a reference-scatter system. The
author modified this derivation for a dual-scatter system. The
modified result is again a Lorentzian and the hall-width of thi
voltage spectrum is given by,
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where kis Boltzmann's constant T is the abrolute temperature.
n is the viscosity of the liguid and d is the diameter of the seat
terers.

[0 resolve the Doppler signal, the following critenion must be

n 3
g
VD > AV Uy (3)
that is,
2]
4nkT tan 1
V> 4)

V3and

For typical values, namely n = 133, T = 300" A = 0.6328
microns, n = 10"%cm%sec. d = 1 micronand § = 30° wefind the
condition met for values of V > 2.6 microns/see This criterion
corresponds to a very low flow speed and means that the LDV
system conld be used for the proposed studies. The hmit can be
reduced by working with larger values of viscosity and with larger
scatterers.

1V. A Double Grid Schlieren

Optical techniques for measuring the temperature vanation. or
more accurately the refractive index variation of transparent
fluids are well known. A recent review containing many excellent
references has been given by Eekert and Goldstein ™ These tech-
niques fall into three general classifications: (1) interferometers,
{2) schlicren systems, and (3) shadowgraphs. All are essentially in.
tegrating nieasurement technigques.  Interferometers measure
refractive index variations directly  schlicren systerms detect
refractive index gradients and shadowgraphs sense the second
derivative of the refractive index. In general the techniques give
good qnalitative information:they can be made gouantitative. but
¢ yation is difficult.

Atr specific appiication is o visualize the convection eclls oce-
curring between the two spheres i the sphericat comvection ap-
paratus (see Section 11 It was determined that an interferometer
would be too sensitive both trom the point of view of construction
and for the data required and that a shadow graph wonld not be
sensitive enough A schlieren system was chosen. and the concept
is shown in Figure 10 The oplics are symmetrically arranged

TEST VOLUME

LENS
DtFFUSER
SOURCE

P

™ ‘7 -

RONCHI RULING RONCHI RULING

Figure 10. Single pass, double grid schlieren system.

about the test volume so that in the absence of refractive index
disturbances in the test volume an image of the first grating or
Ronchi rling falls exactly on top of un identicat second Roncha
ruling, In this case & nnilorm hebt ficld s obtained at the sereen
or {ilm. Note that although the techmique 1s an mtesrating one
the focusing at a plane in the test volume and again at the sereen
gives the technique 2 weighted local sensitivity  If temperature
and hence refractive mdex variations now occur in the test
volume, patterns of light and shade corresponding to gradients in
st volume will appear on the sereen

Atis apparatus can also be used in another mode H the optics
are arranged asvmmetrically  so that the unage of the first ruling
docs not full exactly on the second ruting. a moire fringe patteen is
observed on the sereen This patiern is also sensitive to refractive

index variations in the test volume  Good quality lenses ame re-
quired to superpose accurately the Ronchi rulings

For test volumes which cannot have twao transparent boun
daries, asimple modification to the configuration shown in Figure
10 can be made  Thas modilication is shown in Figure 11 The see-
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Figure 11 Double pass, reflecting, double grid schiieren system.

ond houndary of the test volume is a mirror which reflects back
so that the image of the original Ronchi ruling is superposed on the
original ruling. For this arrangement only one Ronchy ruling and
one lens are required. The final superposed image may be viewed
directhy throuch the original ruling, if a split ruling with ap-
propriate hght source is available or from the side with a
beamsplitter inserted into the axis of the system.

Figures 12 and 13 show results obtained using the reflecting
svstem in the moire fringe mode to observe convection cells The
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Figure 12 Undisturbed moire fringe pattern observed using the con-
figuration shown in Figure 11,

apparatus shown in Figure 11 was arranged vertically so that one
was tooking dow nonto the test volume Fienre 12 shows the un-
disturbed tringes present for a uniform fluwd and Figaee 13 shows
the fringes disturbed by conveetion celis in the fluid due to heating
at the lower bouandary

One further optical design problem remained before we could
use the arrangement of Figure 11 for our spherical apparatus, For
this apparatus, the maer sphere must become the back retiecting
surface. thus optical compensation for the spherical curvature s
reguired. T order tor the ravs to be reflected back along thar
paths. they must strike the inner sphere normally and henee must
be focused by the focusing fens to the center of the sphere Inorder
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Figure 13. Moire fringes disturbed by convection. These fringes
weore observed using the configuration shown in Figure 11

for this to be achieved with small distortions for the sphere (radius
4.0 cm) and for the angular field required (99°). four aplanatic
lenses had to be added between the sphere and the focusing lens.
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SUBJECT

LABORATORY ASSESSMENT OF CANDIDATE DIELECTRIC SOLVENT/PHOTOCHROMIC DYE SOLUTIONS

INFORMATION REQUESTED/RELEASED

1.0 SUMMARY

Qualitative laboratory tests were performed to assess several photochromic
dye/fluid combinations in terms of (1) the solubility of the dye, (2) the response of
the solution to exposure with UV 1ight and (3) the fade time of the solution. Two
combinations which exhibited behavior consistent with the requirements of the AGCE
were a spiropyran photochromic dissolved in m-tolunitrile and a triarylmethane photo-
chromic dissolved in dimethylsulfoxide (DMSO). Both solutions darkened when exposed
to UV light and returned to their original, nearly transparent states within a few
minutes. The compatibility of the triarylmethane/DMSO combination was also verified

,}by Dr. Francis of the Rochester Institute of Technology (PIR No. 1254-AGCE-025).

2.0 TEST PROCEDURES AND RESULTS

The laboratory tests were qualitative in nature and consisted of exposing a
solvent/photochromic dye solution to UV 1ight and then measuring the transmission as
a function of wavelength. The concentration of photochromic dye was 0.5-1.0 mg per cc
of solvent or 0.05-0.1% by weight.

For each solution which demonstrated photochromism upon exposure to UV Tight
the following sets of data were taken:

1) Transmittance vs. wavelength of the unattenuated 1light source to characterize
the detector/source combination and provide a baseline value.

2) Transmittance of an empty test tube to quantify the decrease in transmittance
due to the glass tube.
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3) Transmittance of the test tube and the unactivated solution to assess
the transmittance of the clear solution.

4) Transmittance of the solution immediatéiy after activation to record the
decrease in transmittance due to fluid darkening as a function of
wavelength.

5) A second transmittance run 3-4 minutes after activation to assess fade
time as a function of wavelength.

6) Transmittance at a single wavelength as a function of time from activa-
tion to more quantitatively assess thda fade time.

Transmittance measurements were made using an EG&G Model 585-22 Monochromator with
a motor drive attachment. A Hewlett-Packard 3052A data acquisition system was
used to sample the EG&G analog output, store the data and generate the plots at
the end of each scan.

Transmission curves of the above data sets are given in Figures 1 to 4 for
two solvent/photochromic dye solutions: m-tolunitrile/spiropyran (TNSB) and
dimethylsulfoxide (DMSO)/triaryimethane (malachite green leucocyanide, MGCN).

As shown, although the maximum absorption regions of the two solutions differ
slightly (see Figure 5 also), both combinations are capable of reducing the trans-
mittance by up to 75%. If the fade time (1) is defined as a function of trans-
mittance by Equation (1)

(Te - To)]

=1t [To + 5
where T0 and TF are the initial (t = 0) and final transmittances, then from Figures
2 and 4 fade times of ~110 sec and 70 sec are calculated for the m-tolunitrile and

DMSO solutions respectively. Therefore, both solutions appear acceptable from the
standpoint of transmittance change when activated and fade time.

(1)

The effects of aging are shown in Figure 6 for a DMSO/MGCN solution where an
old and a fresh mixture are compared. Althought the transmittance of the old
solution is markedly lower, a significant decrease in transmittance was observed
when the solution was activated. Four additional solvent/photochromic dye combina-
tions were investigated with negative results and are summarized below:
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Solvent Dye Result

DMSO Spiropyran (TNSB) Spontaneous activation (see Figure 7).
m-tolunitrile MGCN Did not exhibit photochromism.
dimethy1formamide Spiropyran (TNSB) Spontaneous activation.
dimethy1formamide MGCN Did not exhibit photochromism.

3.0 CONCLUSIONS AND RECOMMENDATIONS

The above results, and the preliminary results of Dr. Francis at the Rochester
Institute of Technology (PIR No. U-1254-AGCE-025), indicate that suitable combina-
tions of high dielectric constant solvents and photochromic dyes can be found to
satisfy the optical requirements of the flow visualization concept used for the
AGCE. As pointed out in previous PIR's (e.g. 1254-AGCE-014A), the electrical
properties of the high dielectric constant fluids may be more difficult to achieve.
Consequently, the following recommendations are given:

1) Perform a fluid purification and electrical properties assessment of the
most promising solvents identified (e.g. DMSO and m-tolunitrile).

2) Identify fluids with lower dielectric constants (5-10) which are com-
patible with photochromic dyes and can be easily purified and hence
provide the required electrical properties.
Although implementation of the first item above is beyond the scope of the present
study, a general procedure for conducting a fluid purification and electrical proper-
ties assessment has been defined (PIR No. 1254-AGCE-021). The second item above
is being investigated by Dr. Francis of the Rochester Institute of Technology.
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SUBJECT: PHOTOCHROMIC DYES FOR FLOW VISUALIZATION IN
HIGH DIELECTRIC SOLVENTS

Attached please find a plot of relative maximum density achieved upon
exposure vs. relative time to fade to one-half maximum density for BMS spiro-
pyran dissolved in 32 solvents. High optical densities and long dye fade times
would plot in the upper right hand corner of the page.

Best compromise between high densities and Tong fade times appear to be:

Dielectric

_Constant
m-tolunitrile a0*
cyclohexanone 18.3
chloroform 4.8

Dmax values are relative densities and should not be construed as absolute
densities, a difficult measurement at a single wavelength. They are, however,

indications of the high performance spiropyrans can give.

To convert the f]/z values to seconds, the numbers on the f1/2 axis should
be multiplied by 0.532. Thus, the particular spiropyran fades rapidly compared
to others. It was designed and synthesized to do so, specifically, for a totally
different application, where it was required that the BMS solution fade from
maximum density upon exposure back to a transparent solution in 3 seconds. It
is, therefore, the wrong spiropyran for the General Electric application, but
it has been found to be the only one, in checking many, what now prove to be
out-of-date sources, that was available to this study.

It has, however, served well as a model system to demonstrate:

1. The broad range of photochromic response available.
2. The compromise between Dmax and f1/2 given by solvent classes.
3. Exceptions to this compromise.
4. The control parameters of:
a) solvent and solvent mixtures
b) photochromic compound concentration in solvent
c) photochromic structure as dictated by Hammett sigma functions
5. Direction in the selection of photochromic compound - solvent pair.
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Further Search for Commercially Available Photochromic Compounds

Search for commercially available photochromi¢ has consisted of contacting
companies, having previously searched what is probably all the chemical catalogs
available in the U.S., known to have been in photochromic research. It is
possible that some spiropyrans may be available from the National Cash Register
Co., but no other companies had anything to offer, with the exception of Eastman
Kodak previously mentioned, it being approximately 10 years since photochromism
was being commercially researched to any degree. Contact will be maintained with
National Cash Register.

During the reporting period, two compounds Tisted in Kodak's general organic
chemical catalog, and in previous separate listings being cited as photochromic
materials, have been received and evaluated.

The compounds are:

2-(2,4 - dinitrobenzyl) pyridine
Ethyl bit (2,4 - dinitrophenyl) acetate
These compounds are manufactured by Eastman Kodak Co. and sold through Fisher

Scientific.

These compounds have been tested in eight different solvents of interest
and found not to be photochromic in any solvent tested. In most cases, when
dissolved they produced highly colored solutions in which no change could be
detected upon exposure.

Solvent-Photochromic Dye Evaluation

Some three hundred evaluations have been performed in the following with
a spiropyran (the only apparently currently available) and five trianylmethane
teucocyanide and one leucohydroxide compound.




The solvents, with approximate dielectric constants, and the photochromic
materials are listed below:

Solvents: e(approx.)
Formamide 110
Water 80
m-Tolunitrile 40
Dimethyl sulfoxide 47
Glycerin 43
Nitromethane 40
Ethylene glycol 38
Dimethyl formamide 38
Acetronitrile 38
Ethyl alcohol 24
methyl alcohol 33
MDW (70% MZOH-28% HZO-Z% DMSO0)

Acetone 21
Isopropyl alcohol 18
Trichloroethane 7.5
Chloroform 4.8
Benzene 2.8
Toluene 2.4

Photochromic Compounds: BMS
Malachite green leucocyanide
Malachite green leucohydroxide
New Fuchsine leucocyanide
Fuchsine leucocyanide
Crystal violet leucocyanide
Brilliant blue leucocyanide



Of the Titerally thousands of compounds which show photochromic behavior,
the past hundred years of research has revealed the spiropyrans to be the most
responsive in terms of optical densities obtainable and the rate, upon exposuré,
with which it is achieved.

It was also recognized some years ago, on the basis of Beer's law predictions,
that the triarylmethanes were capable in theory of producing even greater densities.
In accord with Beer's law,

D= ecl
optical density (or absorbance)

extinction coefficient

concentration of absorber

= 0 M o
]

path length through which the density is measured.

The triarylmethanes are believed to produce their colored form upon exposure J
with a quantum yield of 1.00. The spiropyrans show quantum yields more in the 0.5
range. Thus, the "c" term in the Beer's law expression would be two times as large
for a triarylmethane, on the average, than a spiropyran. Further, representative
extinction coefficients for the triarylmethanes are twice as large as for the
spiropyrans. Thus, for a given path length, the triarylmethane should produce
four times as much density as the spiropyrans.

It is one of the more prominent questions of photochromism as to why this
has never been achieved in practice and the best triarylmethanes have not been
found to outperform the better spiropyrans. These two classes of compounds remain,

by far, the major focus of interest in photochromic research for their general
properties.

e
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The wide variety of solvents and photochromic compounds have been chosen
to provide both a broad data base and to be assured more than adequate experience
to search for Hammett substituent coefficients and Brownstein solvent constant
correlations in the prediction of the behavior of the photochromic systems in
this design work.

It is understood that the present objectives are:

a) a high dielectric solvent system

b) a low dielectric solvent recommendation as back-up

c) density which decreases transmittance by 10%

d) fade times of one-two minutes

e) as low a viscosity solvent as possible

f) a solvent which may be easily purified and will retain
its purity in the system

g) a solvent which is readily available in 200 cc lots

Of particular interest in this study are the properties of m-tolunitriles.
The three commercially available "so-called" photochromic compounds, the triaryl-
methanes available, and the BMS spiropyrans were each tested. Only the BMS
compound was found to give any significant response in the m-tolunitrile solvent,
and this proved to be one of the most responsive combinations thus far achieved.
For example, malachite green and new fuchsine leucocyanide gave no photochromic
response in m-tolunitrile; crystal violet leucocyanide immediately turned deep
purple (which possibly could be controlled by radium cyanide additives and then
found to be photochromic); and brilliant blue leucocyanide showed slight negative
photochromism. m-tolunitrile is thus found to not support triarylmethane photo-
chromism generally and is concluded to be a high risk direction for the program.

BMS in toluntrile is very responsive, giving a relative density (defined in
previous communications) of 1.2 which ranks it very high among the dye-solvent
systems tested. The fade time of this particular spiropyran is however rapid.
It fades to half its original density in 10 seconds and to zero density in forty
seconds., There are three comments on this however.

First, this particular spiropyran was designed to fade rapidly, and recall
it is being used in this project only as a benchmark and because it is the only
photochromic spiropyran presently available. Secondly, attached to this report
is the journal article by Berman, Fox and Thomson appearing in the Journal of
the American Chemical Society 81, 5605 (1959) in which the density and fading



characteristics of the spiropyrans were correlated to the spiropyran's molecular

structure by Hammett sigma functions of substitutions of halogen, methoxy and
nitro groups into the spiropyran ring system. Although the Xc value of BMS has
not been calculated as yet, Berman, et al were able to change the fade rates by
four orders of magnitude by appropriate substitutions. It, therefore, seems
l1ikely that a spiropyran is available that will satisfy the fade time requirements
of this task, and that the synthesis procedure, once the correct spiropyran is
predicted from the approach represented in Figure 2 of the Berman et al, is
available or could be prescribed.

And, thirdly, in order to conserve Timited BMS spiropyran, dilute solutions
have been used in the testing. Undoubtedly, saturation in solubility and in
density which may be achieved has not been approached and more concentrated dye
solution probably will produce more density and longer fade times.

The preferred systems at this time are:

1. BMS in m-tolunitrile (TN)
2. BMS in 2-(2-Ethoxyethoxy) ethanol (2-2)
3. Malachite green leucocyanide in DMSO 3
4. Malachite green Teucocyanide in dimethylformamide (DMF) m
5. Malachite green leucocyanide in acetonitrile (AN)
6. Malachite green leucocyanide in 2-{2-ethoxyethoxy) ethanol
Dil1. Conc. (Tmg/10m1) Probable
Dielectric Half-Fade Max. Rel. Ease of
Dye Solvent Constant Viscosity Time Density Purification
BMS TN 5 sec 1.2 High
BMS 2-2 9 sec .3 Moderate
MGCN DMSO 47 110 sec 9 Low
MGCN DMF 38 25 sec .6 High
MGCN AN 38 See below .6 High
MGCN 2-2 3600 sec 1.3 Moderate

fade time, and a dielectric constant of 47 is the most attractive.
dimethylsulfoxide is not an easy solvent to purify.

Of the systems listed, perhaps the most attractive is malachite green
lTeucocyanide-dimethylsul foxide with a high relative density, a 110 second half-

However,

It holds water tenaciously,

and it boils at a very high temperature (189°C) with considerable decomposition 3

into a complex mixture of by-products.

Distillation at Tower temperatures under



S

vacuum alleviates this probTem somewhat, and chemical methods have been proposed
to remove the water. Dimethylsulfoxide's extraordinary solvent properties also

put limitations on materials which are to be used in the apparatus in which it

will be used. DMSO's viscosity is also somewhat high.

Malachite green leucocyanide and 2~(2-ethoxyethoxy) ethanol also suggest
another favored combination although a value for its dielectric constant has not
been found. Other alcohols show values in the 20 to 35 range. Their viscosities
are low. The ease with which alcohols may be purified vary considerably. The
density achieved with malachite green leucocyanide is quite attractive and,
although the fade time is quite long, presumably this can be shortened by the
addition of sodium cyanide, and the mixing of the solution where only a small
fraction of it is exposed also lessens this problem.

Malachite green leucocyanide in acetonitrile requires a special note. In
previously unpublished work by the author, it has been noted that, in the case
of some triarylmethane photochromic - solvent pairs, carbon dioxide, oxygen or
water from the air influence response. One result is the continued increase in
density after exposure is terminated and very long fade times. Precipitations
have been noted. A spontaneous switching of the solution from the colored to color-
less state, repeating many times can also be observed. The nature of these complex
solutions has not been completely elucidated.

Malachite green leucocyanide in acetonitrile represents one such case, and
while exposure produces significant density, the complex behavior described above
lessens the attractiveness of this system. The solution eventually fades, and
stirring of the solution diminishes the effect of any long-fade time density. The
malachite green leucocyanide-acetonitrile system can be returned to normal fading
behavior immediately upon termination of exposure if the acetonitrile is purged
with nitrogen (approx, 4 minutes for 10 ml of acetonitrile). Air must be scru-
pulously excluded subsequently.

This behavior is not observed with all triarylmethane-solvent pairs and it
has not been observed in any case with the spiropyrans.

Fatigue Study

It is anticipated that fatigue behavior encountered with photochromism will
not be a major factor in the design of high dielectric constant photochromic marking
systems since only a small percent of the solution will be exposed in each use of
the solution. However, the literature reports that some fatigue mechanisms, re-
sulting in longer fade times, lower maximum densities, and/or coloration of the

7
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solution are not the simple result of the destruction of the photochromic mo]ecu]e,ﬁw%

but also result in the formation of inhibitors to photochromism in the solution.

In one citation, it is reported, for example, that a solution was no longer capable
of producing density upon exposure, even though 98% of the photochromic molecule
was still present in the solution undestroyed.

Fatigue tests are being performed and are proving not to be of concern. The
worst case thus far encountered is with malachite green leucohydroxide in the
methanol-water-dimethylsulfoxide solvent systeh where full solution exposure (not
a small dot pattern) cut the solution density in half in twenty-eight exposures,
with an equal decrease in fade time, although density was still achieved with one-
hundred exposures.

Influence of Anion Concentration on Triarylmethane Photochromic Behavior

If the densities produced in triarylmethane solutions do not significantly
exceed that produced in spiropyran solutions, and, as stated above the prediction
in this regard made originally some sixty years ago, in other solvent systems has
not been realized, then the remaining advantage of the triarylmethane is the ability
to adjust fading characteristics, principally time, by adjustment of the concentrati
of the triarylmethane-dye anion in the solution. This does, however, raise the
concern as to the effect of the salt concentration, required to obtain the anion,
on the electrical properties of the solvent.

Several investigations have been performed to gauge the general level of anion
required to influence fading rates. These tests have been on triarylmethane
hydroxide photochromic compounds in order to avoid using sodium cyanide in the work,
at Teast at this time. The following is representative:

Fade Time
Rel. Density toD =20
MGOH in 10 m1 MDW solvent off-scale ( 1.0) Possibly 1 hour
MGOH in 10 m1 MDW solvent + .03 ml 1M NaOH .35 10.6 sec
MGOH in 10 m1 MDW solvent + .06 m1 1M NaOH ; .29 5.3 sec
MGOH in 10 m1 MDW solvent + .15 m1 1M NaOH .16 3.2 sec
MGOH in 10 m1 MDW solvent + .90 m1 1M NaOH .00 -

3



Current Conclusions

a)

Significant photochromic response is achieved in some triarylmethane
leucocyanide - high dielectric constant solvents. The triarylmethanes
offer the advantage that structural changes in the cationic portion of
the molecule and, more easily, in anionic concentration in the solvent
both may be utilized to modify the optical density achieved upon ultra-
violet exposure and to modify fade times. There is, however, a concern
about the amount of anion that is needed to regulate a given property,
and the effect that concentrations of this ion would have on the elec-
trical, particularly the dielectric properties of the solvent. Further,
some triarylmethane-solvent pairs are found to form complex solutions
upon simultaneous exposure to ultraviolet and to atmosphere gases. One
result is continued increase in density after exposure and very long fade
times. Precipitations and spontaneous switching of the solution from
the colorless to the colored form through many cycles. None of this is
attractive from the view of the proposed use of triarylmethane photo-
chromism for flow visualization. The problem has been resolved in many
cases by excluding atmospheric gases by a nitrogen purge.

At this writing, as the triarylmethanes have not offered a particular
advantage in density and fade characteristics, with the exception of the
malachite green leucocyanide-dimethylsulfoxide pair, and are revealing

some complicating factors, it is favored that photochromic marking solutions
be based on the spiropyrans. BMS spiropyran has shown strong photochromic
response in a number of solvents including m-tolunitrile, although the

fade time in this solvent, predictably, is much too short. This demon-
strates feasibility, however, using the only available spiropyran, and
Hammett sigma coefficients and Brownstein solvent values would assist in
predicting spiropyrans and solvent pairs of longer fade times.

The spiropyrans are predicted to offer less complex photochromic behavior
in high dielectric solvents, more optical density upon exposure and less
fatigue. Such compounds are not commercially available, however, but

a substantial literature on their synthesis exists and would assist in
the preparation of the compounds.



c) Specific photochromic behavior as to optical density achieved and
fade times in a low viscosity, high dielectric solvent which may be
easily purified represent a demanding set of conditions. The eval-
uations will continue.

10
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gpt 1 over 25 ¢ of alumina.  The petroleum ether eluates
yich vt of acdaddess oil whose inlrared spectrum was
devn v bt of hguid as-ketone 1HE 2 None of the
UL T aide cvealed the presence of any frans-ketone 1a.
A v eob ) my. of the crude product from the hiydro-
geneoon of Ie, 10 ml of concentrated hydrochlorie acd and
16 ml of methapol was refluxed for 12 hr - The cooled mix:
tar was powredinto 25 ml of water and extracted with chilo-
roforin Lo extract was washed with 109 sodw bicar-
bonute solution dricd over magnesiunm sulfate amd the sol
vint evaporated  The renaning g, 56 g, was. chros
moopr phed on alunitoa The early petroleum cther clu
ate e bded aocolorle al whone intrared spectrum proved it
to be s hetone T winde the Later petroleam ether frae-
o gove asolid map 104° whose infrared spectrum was
vientic U wath that of frans-ketone Ha
A muxtuie of Toomg of pure ketoester Ie, § mil of concen-
traed hyvdrochlone acid and 7 ml of ethanol wis refluxed
ot Afuer dilution of the cooled reacuon gaxture with
ooml of water saturation with sodium chloride and extrac-
t. with chlorofurm. the combined extracts were dried over
m e ann sullate and evaporated to drvness,  Crystalliza-
tun o foooe slowty ervstudhizing residue from petrolenm ether
gave o, g L ) ol usubd, map U8-103° which on recrvs-
talhzotion {1 an the saane solvent proved to he trans-ketone
Iie, m.p 107-108° dentical infrared spectrum with tha of
an uthentic sample.®
} ethylation of Ib —A solution of 200 mg of It in 100 ml.
of tut L ateohol was added to a surred, varogen-hlnl eted
PR SHRTI | i, vf potassm o B0l of Shucatal sl
ol o o stenng o Uond obanethylaoadnle was sdded,
ity enpon the solution was retuxed for toeoe hours cooled
e o anad the filtrate evaporated to drvaess The residue
was tuken up in chlaroform and water  the chloeroform laver
seperated and the aqueous phase extracted twice with chlo-

rfar The combined extracts were dried over anhv.
Joous wagne aunesull ooand evapor aed todioness Toearae
tion of the coystadline residae wab peerr e dher vielded

VO mg  of aosobed, mop. 1832 1067 wiach s o reervstals
teagons from methano! gave colerle v preans 4 A mp
1087, spectra. ultravinlet, Ay <30 mu o« 15,000);
wed (CCL)Y, C=0 579s), 598(s) u, C=C 6 12{m) g

Anat Caled. fur CullO;. C, 76.05, 1 7 0. Found:

( “90H T 44

Me axvpl ation of the Ketoesters Ic and Ilc —A mixture
o s&‘l ™ Ie U of ethanedithinl, 510 mg of freshily
i R chkn Je 12 goof anhyvdrous sodhin sulfate and
2orr hanhydoon bensene wasstirred St room temperature
fe v b ne e chen was tahenupan ether and water
:‘g w o Laver separated and weshed twice wath 58 so-

u o ade oade solution and once with water The organie
acts were dried over mugnesim sulfare the solvent evap-
and the resulting vellow guin chiromatographed over
atumina Elunon wirh benzene gave 490 mg. (744)
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of a solid, m.p. 120-122°, which yiclded colorless prisms of
thiokerul XVIIT m.p. 124.5-125.5°, after three erysulliza-
tions frum aqueous methanol  spectras uliravinlet, Ague
272 g (e D0O0), strong end absorption m the 220 myg regior,
infrured (CCL), C==0 5:82(s) .

Anal Caled  for Cull.0.S.:
Founud. C 66.00, 11 6 26

A mixture of 490 my of XVIIL 1g of Rancy nickel and
25 ml. of wthanol was reflused for 12 hr After siltrunon of
tiie nickel the solution was evaporated 1o dryness and the
remaming 306 mg of colorless oil chromatographed on 5 g -of
alunnng. Petroleum ether ¢hution yielded 210 tg (687, ) of
hquud olefinic ester XEN | spectias ullraviaolel Xy Do g
(e 720) and 272 i e 5. Hh), strong end ahsourption m the 22
mu region, infrured (CTlL) € O H.8245) u

A minture of 100 mg. of Te 0.1 ml ol ethanedithol, 100
mg. of freshly fused zine chlonde, 200 mg. of anliydrous
sodium sulfate aud 10 wl. of benzene was stirred at roum
temperature for 45 hr The reaction mixture then was
filtered, the filtrate washed with 5%, sudm hydroxide solu.
tion, dried over magnesium sulfute and evaporated. The
residue was ervstalbized from petroleam ether to give 94 mg
of u sohd, m.p. 163 16°  Evaporation of the mother hq
vors chromatography of the residue over 5 g of dlumina and
chttion with 10: 1 petroleusn ether -ether led to an additional
10 mg of the same solid m.p. 165-167°  Four crystulliza-
tions from petroleum ether yielded colorless prisms of thio-
ketal XVI, m.p 165.5 166.5°%, infrared spectrum (CCly),
C=0578(s) u

Anal, Caled for CiH.0:S8:: C,65.50, H,6.91 Found:
C, 6518, H, 7.06

A mixture of 160 mg. of XVI_ 2 g. of Raney nickel and 15
ml of ethanol was refluxed for 10 hr  After filiration of the
nickel and evaporation of the solvent under vacuum a petro-
feum ether solution of the crude product was passed through
a short alumina column  Fluvon with the same solvent
yielded 105 mg (88¢,) of Hquul ester XVl1la, ifrared spee-
trum (CCly), C=0 & "8is) u

A mixture of 75 mg of XVIla, 10 ml of 109 sodium
hydroxide solution and 10 ml of ethanol was refluxed for ]
hr  The reaction mivture then was diluted with 100 ml of
water and extracted with ehlosoform,  The aqueous solution
was acidified with hydrochlone acd and extracted wath chilo-
roform  The latter extract was dried over maguesiun sul-
fate, the solvent evaporated and the erude product cry tals
tized from methanol water giving 43 my. (61¢) of o lid
Three recrystillizations from aqueous methanol lud to cotor.
less needles of the acid XVIIL, m.p. 153 154°0 infrred
spectrum (CCly), O 2.830w), 3 30(m) v and shouldurs at
3.07(w)and 3 1dimyp. C:=05 75w}, 5.80(s)n

Anal. Caled for CillnOs: C, 78.65; 1, 8.25. Tound:
C, 78.71, H, 8.42

AMEs, Iowa

C, 65.88, 1, 6.40.
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Pholachromic Spiropyrans. L.

The Effect of Substituents on the Rate of Ring Closure

By Ervior Brraan * RiciiaRb E Fox anp Fraxcis D Taoason
REceIvEp Mavy 16, 1959

IL thenmal formation of a aumber of 1.2 3-trimethylindolinobenzopvrylospirans, spiro-(2'11 1'.benzepyran-2,2-(1 3,3

ncthyhin Wline ), foam their “open foem 7 precursors hie been stadied spectt sphotemetriealy in ethanol at §6°

The de

peo b e el e rate of oy closure on substituent shows goud agreement with the Hummett equation,

! |
t'1 stoct romic spiropyrans have been previously

wert at 1 notably by Bloch-Chandé! and [irsh
K314 1 hese authors have studied Loth the ther
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mochromic and photochromic phenomena assoct-
ated with this cliss of compounds.  Our interest
in these materials stems from their potential appl
cation to chenucul svutems for data storage #

(2) Y Hirshberg, Tins Juuruaw, 78, 2208 {1955). J Chem Phys.,
27 708 (1007)

(4) B. ¥ QGreen ¥ Berman. N, Katchen, L Schicicher snd J J
St usbrey “Chemical Swatches ' papee presented at Harvard Univer
a1t International Sympo anm un the 1 beary of Switclung, Apnl b, 1137,
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Fig 1.—Spectra of 3.1 X 1078 13 solution of 1,3,3-trimethylindoline-6’-nitrobenzopyrylospiran in ethanol at 6°  curve A,
after exposure to ultraviolet . curve B, before expusure !
r )
Use of the phiotochemical system I summarizes the rate data obtamed by exposing a
solution of the colorless photechronue spiropyran to
) ultraviolet light and following the rate o1 dissppear
ll»,C\ ,/:7“{ ance of the resultunt visible absorption band  In 4
/\/&,-—‘\ 5 all cases, the rates appear to follow good first-order i
Ry '\ SN kinetics  The rate constants in Table T arce basdd !
"N Op N ; t
T \= - | on at least twn runs at different concentrutiens,
1 ocH, © R, = CH; When necessary  the constants were obtamed by a !

i data storage reguires that states T and I should
be reasonally stable at ordmary temperatures in
the absenee of provoking illununation and that pho-
tochemcal wterconvarsion of states T and IT should
also be pussible at ordinary teruperatures. Through
work 1n these laboratories, spuropyraus wlnch are
photochemically active at room temperature and
above have been developed, but until recently the
thermal instabihty of state I1 excluded their use in
practical dita storage devices. We have found that
the thermal stadnbity ol =0ate can be mereased by
dis rrete choree of sut ot ats without apparent ad
verse off ot on the photschenncal process. As a
quantitative nieasune of the thermal stability of 11
the rate constant for the dark reaction 11 — 1 has
been deterrmined. The rutes wre found to differ by
more than one thousand fold with different substit-
uerts  The rates can be corrslated with substitu-
entsly cppbang the Hannnett equation

. Results

The rate of ring closure (IT — I) was measured
at 67 moabsolute ethanol for twelve substituted
1 3.3 Ullll(?lh}‘]lnr]l»lmt‘l})ull?.n'})\,'r_\'llm[H(’JHS by fol
fovoag the disappearancee of thc abserption band
i the D0 GoGang  aon Freoure 1 ogives the ulitra
violet and viable Jhsarptiom spectra for 1,3,3 toe
methylind -hie ot borcapyivispiian o the
colorltss stute (I}, cunve B, aud 1 the colored state
(11, curve A The absorplion curve for state 11
reprobenits o nnxture of rogr eosed and ning o]:,-ncd
tadenials ut the plhiviechisnn *1 wleady stute Table

least squarc treatment of the data The collectinn
of rute constants in Table T shows clearly taat tie

TanLe 1

RATE CUnSTANTS POR THURMAL STABILITY AND SicMa
VALUEs op SunsTIrvTeED 1,3,3 TRIMETHYLINDOLINOBL N20-

PYRYLOSPIRANS ~
k sec. !
Substituent Se® (ethanol )¢ >
6’-Nitro 079 4 28 X 10°*
7'-Nitro 67 711 X 10*
7'-Chluro 40 126 X 1073
6',8' Dibromo 36 3 97 KX 1073
6"-Nitro-$"-allyl g2 2 10 X 107
6'-Nitro-8'-flunro 1 03 6 33 X 0 ¢
6'-Chloro-8' -nitro 091 227 X 197
6’ Bromo-8' nitro 95 1 70 X 10+
6/ Nitro-8'-methoxy 37 553 X 1074
6'-Methoxy-8'nitro 01 132 % 10~/
3 Nitro-8'-methoxy 28 252107
6/ Nitro-8' ‘bruine 100 367 X 10 ¢

= It is assumed that the unsaturated side chain orfho to G
phenaxide group makes an equal spgma contribution w 4
compounds, this contribution s not included in Xo *o*
value of methyl used for allyl ¢ The rate constant for the
dark reactivn T — 11 1s neglected.?

stability of the open form depuends naakadly on the
substituents present I the componnds studi |
the rate constant for closure ranged from 130X
10-%for the b mathoxy N mitro compound to b3 %
10— for the 6/ nitru-5-fluor. compound.

An attemipt was made to corredate rate of thernsl
revereal withh eubattucnt Tt was found that wang
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TasLe 11 ’ H
SunsTITUTED 1,3,3 TRIMI THYLINDOLINODENZOPYRYLOSPIRAKS
— —Analyses, To— ——
Yield, - Caled: —— ~——TFound —— i
&y Sal dituent Mp °C Colaor of melt %o Formula H [ H : -
}“nr-. 176- 177 Purple 89 CrollisNOy W0 8 56 70 5 56
ToNitro 107~108 Orange 02 Cisl1 s N,04 708 56 70 6 58
Chtrs 116- 117 Purple 7 CistlsNOCH 73 2 58 73 2 55 ]
6.5 Dabr 115-116 Blue 84 CisH1NOBr, 524 3y 523 39 . )
6 Natro-¥ aliyl 108 109 Purple 87 C.o 11, N, 0, 731 59 73 3 60
¢oNitn 8 e 00 Purple &3 CH i N.O; 56 9 43 5.9 49
v S thin 3 50 Purple 90 CillgN.OF 67 1 50 67 4 50 "
v b N RS RN NN Purple 8t CuallN0C1 G1 0 48 61 3 48 -
U B o 122-123 Puiple 80 ColluN:OBe 569 43 560 43 ¥y
L Mran et e 152 5-1583 5 Dk ULlue o0 Caollz N0, 652 57 682 60 -
t A thoxy o 116 117 Creen 81 Cal10 N0, 63 2 57 67 8 59
oo ar. -8 nethoxy 166167 Dk green a1 CrllxpN.0y 68 2 57 68 1 58
Bi wo st gt relnwonship for micla and para posi 80-91° were prepared by Thomason Chemicals, Tuc . 23
. e f . [P Bryvant St Woburn Mass,  S-Nitrosalievladdehvde was
iy iia “”f o values for thc orthe Ilif’bllg'){ls cominercnl material used directly m.p. 1o 105 4-Chilu-
gave reasorabi nocdaton ws mdicated i bag 2 rosulicylaldehyde? was prepared in 314, yicld by a Renner- s
60— — .
~
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Fiy. 2 eoversus sigma value for substututed 1,3,3-tri-
. . 04 L I L L
thy Hindolinobenzopy rylospicas
0 720 1440 2160 2880 3€00 :
Solut, ¢ Lhe Hammett equation® t | SECONDS ),
i ¢ fog kb L0 = po Fig. 3.—First-order rute plots for the disuppearance of
e b T anFigo 2enes avalucof - 317 for the the mlor_ed form ;»f L33 urimethy lindoling ™ chlurabenzo- X
¢ oo cofstant, o The correlinion betveeen "-"r}'g”p'“”‘ at 6% in ethanol c
. rates and supstituent constants supyre s that ortho urve 4 B ‘
k sec 7t 126X 103 1 27 % 10°3% 125 w1072

vatues v I used i electr plntic reactions o least
Inthas <poce botern case

Factic g ers wall deal with the offect of other
substicn s on thenmad stadnlivy of the spropycan,
actaa s oo ttoe of the photochienncal behavior
of (he ! tu bron paropyTans

o A Ty

“yperimental’
Silic Lt h yd.‘ Stanra-d-micthoxvsalicylaldehyde,
S le WY Geleoro-S-ontrusalicylaldelyde, m.p.

conen of color 3 07T X 104 767 104 133 > 1003
less form hefore exposure. moles /1.

Ticmanao reaction with m-chloroplicnol, m.p. 50-51° 3,5
Dibromasalicviuldebyde? was obtamed by bronnnation of N
salieyluldebyde, mop. 83-51°  3-Allyl-S-nitrosalicylulde:
hyde was synthesized Lo Cluen rearrangement of the
allyvl ether of suhicylaldehyde followed by nitration, m.n,
157 158°  nat Caled for C, H,NO, C.38.0; 1T 44
Found C,57.9: H, 42 3. Nuo-d-ehlorosalieylldety de®
wus prepared by mitrution of H-chloresabicylaldehiyde map
100 197Y 3-Nitro-2 bromosahestaldahivde't was chtaned
Iy muanon of S-bromosabeylddehyde, mop. 117~ 148 3-
Moethory-S-nitrosahieylaldibydo ' was obt aned by nitration

tor 1M Hadgsun and T A Jenlinwon, J Crem Soc 1710 1927
(1) V. Wentworth and G. L Brady ad. 217 1010 (1920),

(10) A B louvtt und E Roberty (571 1478 (103%)

(1) A Auwers and O Burger Bor 37 3915 (10aC4),

(1) W Duvies, J, Cham, Soc,, 138, 1684 (1U14).
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of o-vanillin, m.p. 141-142°  3-Mcthoxy-6-nitrosalicylal-
dehyde’® was synthesized by nitration of the benzenesul-
fonate of o-vanillin and then basic hvdrolysis of the ester,
m.p. 103-104°  4-Nitrosabevlaldebyde, mop. 133-134°,
and 3-bromo-5-nitrusahcylaldehyde, m.p. 149-150°, were
prepared at Boston University under the dicectiou of Pro-
fessors J P Masonand W J Gensler

1 3.3 Trimethylindolinobenzopyrylospirans. General Di-
recuons "¢ A puasture of equnnolar amounts of the salicyl
alilony de and eommercidly available 2-methylene-1,3,3-ri-
nucthy ndoline m absolute ethanol (25l /0.01 mole of al-
dehivde) was refluxed on a -team-bath for two to five hours
{he resultant faghly colored muxture was cooled 10 an ice-
wotiorbath filteced, washed with oold ethanol, aad reerys-
tallized from cthunol or an cthawal water mixture, The
yitlds, melting points and clementat analyses for the com-
pounds prepared are gavenan Table [

Rate Measurements. Procedure —The photachromic
sputol s ran was disscdved in abaolote ethanol L ST Rea
gont Grade) and placed 1 a quartz, gliss-stapperad speetros
phetnneter cedll The cedl was placed o a cell Toldes
equipped with a thermostat and allowed Lo come to thermal

(13) W Reid and H. Scluller
(1) C " Koelsch amd W 1L
{1950

Lier 88, 216 (1Q52)
Workman, paw Jutksae, T4, 6288

HerBerT C. BrROWN AND M Duneck

Vol

equilibritn. After 30 minutes, the temperature was meas
ured by placing 2 thermocouple punctia o the el The
cell was then exposed to wlteaviolet hght from a four wan
“Blak-Ray " (Ultrasviolet Praducts Toe San Calad,
Calif ) or a 100 witt source (Guearge W Gotes and Lo Leng
Islund, N Y ) for one to five winntes and unmediatedy
placed in cither a Beckman Dh-brecanding spectraplintome
ter or a Beckman DU spectrophotamnter FPhy disappear.
ance of the colored form of the phutochronue spiran was
foltowed automatically or manually by recondng the absocd.
ance at the maximuin visible peak  The reaction was o
lowed to 93-100¢% of completion.  Absorbance at intiote
time (A ) was zero or was tuken as the absorbance afuer
several days. Figure 3 gives results typical of thuse b
tained
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Rute Data and Tsomer Distributions in the Reaction of {-Butylbenzene with Mercuric

Acetate in Acetic Aaid ! olution.

Partial Rate Factors for the Mercuration Reaction'™®

By Hersert C. BROwWN aND M DuUBECK!
REecevep Marcu 21, 1939

The rate constants for the mercuration of £-butylbenzene with mercuric acetate in glacial acefic arid are /1 male =t see 73)

&>
andg g
G w319 me 65 14 ¢~ at 00.0°

e g 4

152 X 107 at 70.0° and 0.245 X 10 at 30.0°
poositeons, aith substitution in the ertho paation amounting to e~ tian 1€ of the ol
320 m- 67 155 p- at "0.0°

Substitutiog occurs pre lomaantly e the welr
The v wner dh-tnbatiog
3100 m GO0 4 p- at 0% Uniliang proviensly

availatde data on the mucuration of benzene under these conditions, the folloning partiad rate factors at 2507 are eaten. wed

R I

Different  electrophilic  substitution  reactions
result an major changes in the relative rates of
reaction of the me’a and para positjons of toivene.
The Sclectivity Reluuonshap (1) was proposed as
a quantitative correlation o L ese data®

lOL’ f'q"‘ = L h)g (P(“’/"l(u')

n

Data for some furty scven clectrophilic substs-
tution reactiors are now avaluble  These data are
corrpluted by the Schectivity Rel tonship with quite
satisfactory precision 8

It was suggested that the Selectivity Relation.
ship vught be apphcoible to henzene denivatives
other thas  tolucne™  Unfortunatelv, with the
veeptim of th detaded mtration data of Tagold
¢ 1 les co-workers® the avarlable data were far

(1) Durective Effects in Arcmatic Subatitution NN XVIT

) This resedrch supparted in pare by a giant fivm the Peteolewm
Re aren bund sdmouister ! the e an Chenucad Soviety
Contotul aekuawledmwent as hetely male to the dounoes of the Pe-
ol Lo and

(3 10 set uy nw thewn s
gisnt uf 1t

Ly

i Rese
brnttrd By A Daheck in partial fulfill.
e uf 14 wur of Phdoesophy

(hr Mugsanto Cbonncal o} odow oL )

(5) 11 € Brownand K L Nelson T s Jorwnat, 76, 6292 (1453).

abitenietity Loy o s

60 LA Stock and O C Mrown ol B 3828 (1959),
Ty W C fuowa nod © W MeGavy JJr shed, TY 2000 (190 7).
(% T ora sunomary of the Jatu nnd @& Gaent seleirnees, see € K

Togodds toactuce wnd Me dunisor o {fepane Chieanstey ™ C otueld
Vwvernity Fresy, Jiaca, N Y 1003 CBupt VI

Consequenttv i thisreaction snbstitution meta toa f-butyl gronp oceurs more readily Caan meela toamenisy )
group (2 2 23), wheres substitution para to a ¢-butyl group occurs less readily than para toa methyl group (24

23.0)

too sparse to permit a satisfactory test of tis
possibility ?

Acecordingly it appeared desirable to undertale
a determination of the relative rates and isonwr
distributions in the substitution of scveral typaeadd
aromatic denivatives.  As representative  subst
tytion reactions, we selected auncatalyzed mercuri
tion,'® acviation' and halogenation, }* and aj-
plied them to f-butvibenzene and other sclecteu
aromdtic compounds.

The results of the mercuration study with £
butylbenzene are presented in the present pubh
cation,  The acviation®® and hulogenation' studics
are reported in the following papers.  In the final
paper of tus group,® the utility of the Selectiviy
Refatioustup s correlating ail of the availuble
substitution data for f-butvlbenzene is exmmned,

{9) C W McGary. Jr., Y Okanmoto snd } C
waw T7, 3007 1u55).
(10 ¥ C. Drownand C W McGary Jr ostad 77 2967 23100807 0

trowy, Tuts Jovw.

(1) F R Jensen, G. Mucino and M C Bpoan, b B8 Ja
(93 B C TNrown and G Marino b 81 170R% (107, Y 2
DBrown, (0 Mutino sud L M Stock shad 81, 540 107140

G2 P W Botertson, OB D, dela Mare apd W T G Jubiit
J Chem. Sac 2761938 P B, D dela Nareand P W Robertaen,
sbid. 279 (1orh) H € IDrown and Lo M Stecd Tuee Jovsem 79,
1421 S517H (197

) U ou Beown wd G Matino, abed 83, 10 100
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terminal strip

Wiba“® Europa Serles

1. All metal parts recessed and enclosed for
dead-front’ safety; U.L. accepted without need
for covers or additional base insulation.

2. Flexible Polyamid &
insulating body can be cut to
any pole configuration.

4. ‘Butt-end’ design E
permits any number of £
poles to be assembled as =
one continuous strip.

5. Available in 10 Amp, 20 Amp, fi
40 Amp, 55 Amp sizes, and in 2-12  §
pole configurations.

3. Screw clamp type
ressure connector.
on-ferrous, nickel-plated.

stress relieved brass to

resist-corrosion,

Supplied with clamp in

open position for solid or

stranded wire.

6. Does not require tinning of wire leads
or lugs for termination.

Available at Authorized Distributors

ndonty ELEGTROVERT hasita |

399 Executive Blvd.. Eimsford. N.Y. 10523
Atlanta (404) 451-9366 Dallas (214) 241-5f
Chicago (312) 678-5557 Eimsford (914) 592-7322 ! Santa Ana (71 4) 835-2033

Clrcleg4 |

ADJUSTABLE SHOCK
ABSORBERS

The rugged Shok-Bloc from
Efdyn has up to three times
the working capacity per bore
size of conventional units!
You gain high capacity energy
absorption at lower cost.
Fewer parts increase life.
Capacities to 188,000 inch

Ibs. Adjustment range Is 180°
Bore sizes: 7'', 1%8'" 2"
Strokes: 1"’ to 8” Spring

or air return. Efdyn, Box 1058
Guthrie, OK 73044, (405) 282-0600,
Telex: Autoquip GTRE 74-8566

[ EXOYN.

DIVISION OF
AUTOQUIR, CORPORATION
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FLUID POWER continued

New filtration theory

Up until now, the only published mate-
rial dealing with fluid filtration on any
sort of a scientific basis was the work
of Dr. E.C. Fitch and his co-workers at
Oklahoma State Univ. (Stillwater).

A sequel to this research was an-
nounced by J.A. Tichy, a professor at
Rensselaer Polytechnic Institute
(Troy, NY) during the recent ASME
Century !l conference. Tichy points out
that Fitch’s beta ratio concept (ex-
plained following) is based on only one
type particle: AC test dust.

Not included are variables such as
different shaped particles, different
kinds of contamination, varying flow
rates, wide ranges of temperature, var-
ious particle trajectories, adhesion and
geometrical parameters.

The beta ratio (DE—Mar'80p47) is
the number of particles greater than
xum upstream divided by the number
of particles greater than xum down-
stream where xum is contaminant par-
ticle size in micrometers.

Tichy proposes and has worked out
preliminary math for an improved
theory that considers effects of viscosi-
ty, van der Waals forces, Stokes
number, fluid flow patterns (velocity
fields), foree and torque balance on

Suspended
particle

Limiting
trajectory

Unit cell 1
boundary

Filter
fiber or
collector

Fluid
The unit cell for filter theory

Particle
trajectory

each particle, particle trajectories,
filter length, porosity, temperature
and particle shapes.

The research, supported by the Of-
fice of Naval Research (ONR), has pro-
gressed to the point now where lubri-
cation engineers can predict trends and
perform sealing experiments. Tichy’s
paper is available from ASME, 845 E.
47 St., New York, NY 10017. Ask for
ASME/ASLE 80-C2/Lub-20.0
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Filter users and suppliers speak

Foroveradecade, researchers have beengathering proof
thatcontaminants cause mostof the downtime influid
power systems. Nowthe OEMusers seemtobelistening

A filtration manual recently issued by
Purolator (Newbury Park, CA) sums up
the problem well for hydraulics: *“Particles
greater than 25 um can jam pumps, valves
and motors. Particles less than 25 um, and
more specifically between 0.5 um and 5
um, cause degradation failure. These fine
abrasive particles, called ‘silt,” can enter
the clearances between moving parts,
where they score and abrade the surfaces.
Such wear generates more contaminants,
increases the leakage clearances, lowers
efficiency, and generates a considerable
amount of excess heat.”

That sounds like a clarion cail for super-
filtration, and more and more OEMs are
sounding it. But the cry has been generally
ignored because of the difficulty and ex-
})ense of accomplishing it.

Who wants to assemble a system under
clean-room conditions? Pre-filter all 0il?
Demand pure, dry air in shop systems?
Never add new oil to a sensitive hydraulic
system directly? Specify system flushing at
high Reynolds Number? Monitor and
maintain the system frequently? Yet that’s
what is required if you want to get rid of

wear and failure. You might as well write
it into the specifications.

Advice from SAE. Nothing can hap-
pen until users demand clean air and oil.
Fortunately, that seems to be the trend.
The SAE (Society of Automotive Engi-
neers) recently approved Recommended
Practice SAE-J1227 for hydraulic systems,
which concurs with the above and adds a
lot of specifics:

“There is strong evidence that start-up
failures of both new and overhauled sys-
tems often are contaminant-chused
catastrophic failures. Contaminants built
into each component making up an
hydraulic system, and contaminants gener-
ated in assembling the components and
systems, are significant contributors to
these failures.”

Reynolds number has been rediscovered
as an important key to flushing dirty
systems after they’re assembled. Extensive
tests prove that it is not just velocity, or
just temperature or just low viscosity that
insures good flushing; but it’s Reynolds
number: (velocity) X (pipe 1.D.)/(absolute
viscosity). If Reynolds number during

flushing is over 4000, and higher than the
maximum expected in the delivered sys-
tem, most of contaminants will be flushed
out. If not, danger lurks.

John Farris, corporate director, aero-
space and fluid power, Pall Cotp., (Glen
Cove, NY) offers this typical example: SAE
10 engine oil; normal operating tem-
perature, 180 F; normal flushing tem-
perature, 75 F; max pump flow, 100 gpm;
pipe L.D., 1.5 in., system fluid volume, 200
gal; viscosity at 75 F, 420 SUS; and
viscosity ‘at 180, 54 SUS.

With these figures, Reynolds number is
2325 at 75 F and 18,081 at 180 F. And
there lies the problem. Even with ten
turnovers of the tank volume at 75 F
(contaminant level by then will be very
stable), enormous additional amounts of
contamination will be dislodged when the
system runs at 180 F, because the Reynolds
number is 7.8 times higher!

One answer, exploited by the military
for critical components and systems, is to
substitute a low viscosity fluid for flushing,
then drain and refill with the correct fluid
before shipping. Great care must be taken

Drum of clean oil

1.5 billion particles

fe—

60,000 particles

Threaded fitting

Cylinder
\

Wear-in points

Gear pump

A major source of
ingested dirt

. Adrum of clean oll can contain
"1.5 billion particles; a fitting 60,000
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2. Contaminants are generated by
piston rings and gears wearing in

3. Ingested dirt is amajor source of
contamination, such as atrod seals
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in choice of flushing fluid, because adverse
chemical reactions could occur

The SAE recommended practice points
out another danger area: vibration and
shock, If the system or vehicle is shipped
after final flush, contaminants can be
distodged by mechanical abuse in the ship-
ping process itself. Field operation can
have the same effect, and for a safe flushing
procedure, you should vibrate the system
at least as vigorously as you expect it to
shake in operation.

Construction egulpment. Pall Corpo-
ration has singled this industry out for a
special newsletter, and sent us a copy of

ORIGINAL PAGE I3
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the first one. Off-highway equipment takes
a brutal beating, so we figure if a filter
works there, it should work almost any-
place.

“Don’t try to clean components or sys-
tems after they are fully assembled,” they
warn. “That’s like trying to wash your
underwear by taking a shower with all your
clothes on.” They further note that “there
are five sources of dirt in hydraulic sys-
tems: built-in dirt, generated dirt, drawn
in (ingested) dirt, repair or rework dirt and
escaped dirt.” Here are design tips for all
of them:

B Avoid components with built-in dirt

4. Multl-pass fiiter test developed at OSU is one test that every corhpany and country
seems to accept as worthwhile, even though not all haverigs

Siit-controi filters

5. Fiiter cart solves problems of massive flushing of system or replacement of

oil cleanly for large machines. Viable alternatives are few (Pall)

traps—you'll never win.

® Clean the components beforehand in
one or several of these ways: soap and
water, acid cleaner, alkaline cleaner, sol-
vent, ultrasonics, and miechanical cleaning

W Use rust preventative for steel or iron
parts, but make sure it’s clean

@ Flex the hoses to release dirt that
might be trapped. One manufacturer uses
50 flex cycles

# Don’t trust that a new barrel has
clean oil (Fig 1). Even a clean 55 gal barrel
of oil can add 1-% billion particles 10 uM
or larger to your system. Filter the oil
before using it

8 Do you think straight-thread ©-ring
fittings are clean? Not 8o. Tests at Pall
show that it is not unusual to add 60,000
particles greater than 5 um each time you
assemble one. Pipethreads are worse, and
sometimes they add a little Teflon tape as
well.

There is a way to get all that dift out:
hook up a filter cart (“kidney machine”)
with high performance fine filters. In fif-
teen minutes or less, a good flush is
possible. Also, it’s a good way to fill the
reservoir. See drawing at left.

Another warning: remember that some
gear pump manufacturers achieve close
clearances by machining the pump housing
undersize, and letting the gears cut the
housing during startup! It'’s a neat trick,
but generates metal particles. Piston rings
also generate particles as they wear in (Fig
2).

If a repair mechanic replaces a compo-
nent, make sure he or she has been given
detailed instructions on all of the preceding
dangers, If a rod seal is worn, it can ingest
dirt (Fig 3). Even new seals have greatly
varying ingestion characteristics, and tests
at OSU (Oklahoma State University) show
10 to 1 spread.

Escaped dirt is dirt that was caught at
one time by the filter, but gets knocked
off by a flow surge. Be sure to choose the
right filter to prevent this,

Every kind of test. There are national
and international standards for classifying
and measuring contaminants (size or
weight), acid content, flow, collapse pres-
sure, structural integrity, filtering capacity,
and pressure drop.

Wayne Conner, project engineer for
Facet Enterprises, Filter Products Div.
(Madison Heights, MI) just completed
Engineering Report #745, in which he
summarizes the latest tests and standards.
Here are the highlights:

Particles can be either counted or
weighed, but counting is preferred because
of the availability of accurate automatic
particle counters. The counted sizes can be
classified per existing standards, such as:
National Fluid Power Association

Design Engineering March 1980
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(NFPA) recommended standard T72.9.3
R1 1979; American National Standards In-
“titute (ANSI) B93.30-1973; National Aero-
:})ace Standard (NAS) 1638; Military
Standard (MIL-STD) 1246A; and Interna-
tional Standards Organization (1SO) 4402,

Measurement and test of liquid con-
tamination is more difficult. Water content
may be found by a distillation technique
issued by American Society for Testing
and Materials: ASTM D-95-62. Acid content
is measured in terms of neutralization
number using ASTM D974,

Then there are a whole series of older
tests that Conner does not recommend:
permeability of AC test dust measured in
seeonds/ 1000 cc of reference fluid; bubble
point to measure max pore size; mean flow
pore size; DOP (dioctylphthalate) efficien-
cy; filter capacity; and air flow resistance.
These tests have never correlated well with
actual filter performance.

Instead, he recommends the Multi-pass
method for evaluating the filtration per-
Sormance of a fine hydraulic fluid power
filter element (Fig 4). It was developed a
decade ago under the direction of Dr. E.
C. Fitch at the Fluid Power Research
Center, Oklahoma State University
(OSU), and now is an accepted national
and international standard NFPA
T3.10.8.8-1973; ANSI B93.31-1973; and 1SO
S 4572. Pall Corporation was the first
ster manufacturer to build a multi-pass
rig.

Now this multi-pass test method is the
only industrially accepted means for filter
element evaluation. It measures contami-
nant separation, retention and pressure
loss. In essence, the same contaminated
fluid is circulated continuously through
the test filter, and additional contaminant
is added continuously to the stream to
maintain the original concentration.

Pressure drop across the filter vs time
is recorded. At a predetermined drop, fluid
samples are taken upstream and down-
stream of the filter Using an automatic
particle counter calibrated per ANSI
B93:28-1973, the samples are analyzed for
the number of particles per milliliter
greater than selected sizes. These counts
are used to calculate the “filtration ratios”
(called Beta ratios):
number of particles > xum upstream

ﬁxum =
number of particles > xum downstream

where xpm is particle size in micrometres.

The Beta ratios are plotted and manipu-
lated in many ways to show separation
efficiency, apparent capacity, actual capac-
ity, and filter life profile—all for any
chosen particle sizes within the capability
of the instruments.

_All the experts we contacted agree that

ta ratios are practical, and are using
them or plan to. One warning: the values

Design Engineering March 1980
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measured with a clean filter are nbt always
the same as those measured with a dirty
filter. Be sure to ask for Beta values taken
at flows and pressure losses expected in
actual service. Don’t accept data taken at
10 psid if your system will experience
surges to 150 psid—or 1500 psid.

The latest interest is in plotting Beta
ratios for numerous particle sizes. You
then can write specs like these: minimum
Beta ratio is 1.8 at 3, 28 at 8, and 80
at B,

Radloactive wear tracer. Spot meas-
urement of wear during operation is a great
way to measure how your filters are doihg,
but how do you sense wear? Gordon Jones,
Fram Corp (Providence, RI) has adapted
an aerospace technique to industrial
hydraulics. Called the SPI-wear methéd,
developed by Spire Corp (Bedford, MA),
it irradiates the surface of interest—say a
spool valve land—and monitors that spot
with an external radiation detector (Fig 6).
As the irradiated spot wears, the intensity
of radiation is measurably less.

Alternate methods involve measurmg
the contaminants generated by the wear,
but not the wear point itself. Ultracen-
trifuging techniques developed by Mobil
Corp. (New York, NY) are able to isolate
wear particles too small to be sensed.

Materlals and structure. With the
advent of synthetic fluids, water-based
fluids, and other chemical combinations,
filter materials become touchy. Cellulose,
for example, swells in water and closes off
pores. Here are some other observations
important

Micro fiber gﬁ:s@e state-of-the-
art and doing very weltin regular and fine

10°

filtration. They include fine enough fibers
for silt control (5 um and smaller particles),
are not too expensive, and are made to be
disposable. The disadvantage is low
strength, but with epoxy bonding the prob-
lem is eliminated. The epoxy withstands
synthetic fluids well.

Gaskets are not as good as O-rings in
filter assemblies that experience flow
surges and other abuse. An O-ring seals
better as pressure is increased. A gasket
is more likely to leak or bypass.

Five international test standards, de-
veloped at OSU, evaluate structural inte-
grity of the filter itself: fabrication integrity
1SO 2942; collapse-burst ISO 2941, material
compatibility 1ISO 2943; end load SO 3723;
and flow fatigue 1SO 3724.

Fabrication integrity is a bubble point
test that searches for defects, not for pore
size. Collapse-burst applies high differen-
tial pressures such as those caused by
contaminant loading, cold startups and
flow surges. The test is run by adding
contaminant upstream of the elements at
rated flow until the required pressure drop
is exceeded, or rupture occurs.

To test for material compatibility, the
element is immersed for 72 hours in system
fluid 15 C higher than rated max tem-
perature. This test is followed by an end
load test and a collapse-burst test. Flow
fatigue is performed on an element that
is loaded with contaminant to yield a
specified pressure drop. Flow is cycled
between zero and rated flow,

Another fatigue test, though not an
international standard, is NFPA recom-
mended standard T2.6.11974. It's a
statistical method for estimating probabili-

Activated spots

Externally located detectors

6. lrradiated spot on any component can be‘monitored externally, and the amount
of wear detected continuously. Method is based on missile research (Fram)

49



Filters

ty of failure caused by pressure cycling,
based on actual data for the materials of
construction, but not based on finished
components. It’s controversial (PE—
June'73p26), but probably is the best way
to predict fatigue failure without testing
to destruction.

Falisafe filters. Many filter manufac-
turers offer built-in valves and special
safety features that protect the system in
the event of careless maintenance or some
unusual failure upstream of the filter

The “dirt fuse” offered by Pall is one
example. It is designed to continue func-
tioning until the entire system pressure—
up to 6000 psi-—appears as pressure loss
across the filter element. The filter will not
fail, but merely stops the flow

Internal check valves, reliefs, bypasses,
reverse-flow valves and shutoffs are avail-
able in many filter models from various
manufacturers. Some are designed to pre-
vent backflushing filter dirt into the main-
stream when flow reversal or bypass oc-
curs. Others automatically close off flow
ports when the filter element is removed,
to prevent loss of fluid or ingestion of dirt
during routine maintenance. Still others
offer differential pressure indication—
even remotely—to warn that filter life is
nearing its end.

One warning: the built-in valves are not
precision instruments and have reasonable
tolerances on operating points. If you rely
on them, incorporate a safety margin.

ORIGINAL PAGE IS
OF POOR QUALITY

Another warning:. don’t overdo the op-
erating differential pressure loss. A dif-
ferential of 85 psid at 20 gpm wastes 1 hp
at the pump.

Prneumatic flltratlon. There is interse
concentration on shop air systems, to keep
out oil, water, debris, vapors and aerosols.
Fargo Air (Buffalo, NY) just introduced
a “package deal”—a total air system start-
ing with a compressor of your choice, plus
dryers, aftercoolers, filters, by-passes, elec«
tric wiring and piping. The company says
it is first to offer the total package, pre-
engineered, ready to run (Fig 7).

There should be a ready market, judging
from the constant pressure on plant engi-
neers to purify the exhaust air, keep oil
out of close-clearance air logic spool
valves, and get rid of water in airlines—
all a source of trouble,

Pneumatics is becoming favored over
hydraulics in instances where oil leaks (or
fear of leaks) will compromise the applica-
tion. Improved filtering practices—partic-
ularly the more universal acceptance of
coalescing type media that take out aero-
sols as small as bacteria—are cleaning up
pneumatic systems better than ever before.

What some users say. Ed Fletcher,
manager of advanced hydraulic engineer-
ing, John Deere (Waterloo, 1A), readily
admits that much more must be done: “We
have just scratched the surface of con-
tamination technology.” He suggests in-
creased research at university and govern-

7. This packaged compressed alr system is designed to plug in and operate in
any plant. It contains compressors, filters, dryers, and controls (Fargo Air)
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For more Information

Al NFPA, ANSI and ISO standards are
available from National Fluid Power
Assoc., 3333 N. Mayfair Rd., Milwau-
kee, WI 53222, SAE recommended
practices may be obtained from Soci-
oty of Automotive Engineers, Ingc.,
400 Commonwealth Dr., Warrendale,
PA 15096.

ment levels to provide the design tools for
making right filter decisions. He says:

“Contamination itself must be even bet-
ter defined. Repeatable tests must be per-
fected. We need to identify contaminant
sensitivities of basic parts and components
such as a spool-and-bore, poppet-and-
seat, shaft-in-bushing, sliding valve plates,
and even orifices. It is impractical to run
contaminant tolerance tests in sufficient
numbers on -every design of hydraulic
component so that meaningful predictions
can be made. More basic research is the
answer.”’

Furthermore, he points out that the
greatest source of contamination is *“built
in” during manufdcture. Better cleaning
methods are needed. Don’t overlook de-
gaussing as a way of reducing accumula-
tion of metal particles.

Finally, filter manufacturers should
label their product with complete per-
formance specifications. Statements such
as “‘interchangeable with original equip-
ment specifications” or “will interchange
with XY1234 filter element” doesn’t tell
customer what he is buying.

Ed Askey, vp, Snap-Tite (Union City,
PA) suggests some good ways to reduce
installation-injected contaminants, For
one, improve deburring and cleaning of
parts before final assembly. Eliminate seal-
ing compounds. Initiate the new “thermal
deburring” techniques on critical parts
such as seats, small pilot orifices, and pipe
threads. Avoid getting lapping compounds
into reservoir fluids. Remember that high
humidity from the air can condense in
bench fluids, and sweaty palms can start
corrosion spots on parts. He also suggests:

Don’t neglect filtering of case drains on
pumps, motors and valves. There are too
many instances where all proper filtering
steps elsewhere are taken, but dirty oil
from case drains goes right back to the
Teservoir.

When sizing filters, be sure to include
surge flows from accumulators, differen-
tial cylinder areas, pump full stroking.
Remember the nature and quantity of the
contaminants. For example, when testing
sand cast products, filters load up fast.
Frank Yeaple
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1.0 SUMMARY
A procedure for evaluating fluids for use in the AGCE is outlined based on per-

sonal communication with experts in the area of fluid purification and evaluation,
together with a review of pertinent published papers. These sources all indicated

that special facilities were required to accurately measure electrical properties such
as dielectric constant and dissipation factor of high dielectric fluids. When highly
purified fluids are required it is almost essential that the purification and character-
\ization be performed in the same laboratory. At present only the GE Capacitor Products
;Department appears to have this combined capability. Unfortunately, the time and
funding available for the present AGCE feasibility study do not permit laboratory eval-

uation of candidate fluids to be conducted at this time.

In lieu of such test data, methods for purifying and measuring the electrical
properties of dielectric fluids were investigated and a general approach recommended.
The procedures outlined herein have been informally approved by the GE Capacitor Products
Department and will form the basis for evaluating candidate AGCE fluids during a sub-
sequent study phase and for determining specific handling procedures which must be

obseryed.

A tabulation of available data for candidate fluids is presented to give an

indication of achievable values.
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2.0 BACKGROUND

As identified in PIR 1254-AGCE-014A a critical element in obtaining fluids
which have both high dielectric constant and low dissipation factor (high resis-
tivity) lies in the purification of the fluid. The ability of high dielectric
constant fluids to efficiently dissolve and disséciate impurities not only makes
it difficult to achieve a high state of purity for these fluids, but it greatly
complicates the process of measuring their elegtrical properties and requires

special facilities to make these measurement$ accurately.

The problem of measuring electrical properties associated with dielectric
fluids has long been recognized by the ASTM and attempts to establish reliable
methods for their measurement has been outlined in Methods D924 and D1169. In
spite of these procedures, highly erratic results are often obtained for measure-
ment of the dissipation factor and resistivity. 1In addition, the difficulties
are greatly increased when working with highly purified fluids and fluids of high
dielectric constant. Since the AGCE will most likely require use of these more
difficult fluids, a program for purifying, characterizing and handling these

fluids must be established.

3.0 FLUID PURIFICATION

There are three objectives which must be achieved by the fluid purification
process. First, the concentration of particulates of size 0.5 to 1.0 micron must
be reduced to levels which do not disturb the photochromic dye patterns used to
assess the fluid motions, e.g., fluid perturbation due to the oscillation of the
dust particles in the applied AC field. Second, the fluid must have a dielectric
strength sufficient to withstand an electric field of 20 Kv over a distance of

n1 em.  Third, the dissipation (i.e., fluid heating due to the applied voltage)



must be minimized so that observation of other thermally generated flow patterns
are not obscured. The latter two properties will be determined primarily by the

concentration of gaseous and colloidal impurities.

A summary of various purification techniques and their efficiency for
removing various classes of contaminants is given in Figure 1. Note that in
some cases the type of contaminant is harmful to the efficiency of a treatment
method. For example, water and solids affect the Fuller's earth efficiency.
Figure 1 also illustrates that a definite sequence of treatments is required to
achieve the greatest fluid purity. Based on discussions with experts in the
field of fluid purification and a survey of recent pertinent literature, the
following general steps were identified as the best AGCE fluid purification
procedure.

1) Fluid filtration to remove non-colloidal solid
particulates (>0.1 micron)

2) Dehydration and deaeration to remove dissolved
water and gases

3) Final purification to remove colloidal solids
(<0.1 micron) molecules and ions.

The specifics of implementing each of these steps can vary depending on fluid
characteristics such as viscosity, density and dielectric constant, and in some
cases the procedures are proprietary. For example, although the Monsanto Chemical
Company and Crown-Zellerbach have what they consider to be good purification pro-

cedures, neither would divulge any details of their processes.

An additional difficulty associated with the AGCE application for these

fluids is that the dissolved photochromic material must be a component of the
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fluid. This requirement raises at least two additional questions:
1) Will the purification process remove the photochromic dye?

2) How much will the photochromic dye contaminate the purified
fluid (i.e., increase dissipation) if it survives the
purification process or if it must be added later?

In order to answer the first question, the dandidate fluids should have the
proper concentration of photochromic dye dissolved in them prior to beginning

the purification process. This will permit periodic activation of the dye
throughout the cleaning sequence to determine if the dye survives the purifi-
cation process or at what point the dye is removed along with other contaminants.
This information is essential for determining when the fluid and dye can be mixed,
and what type of on-line fluid processing can be implemented. The second question
requires purifying and characterizing the fluid prior to adding the photochromic
dye. Subsequent addition of the dye and a recharacterization of the fluid will

provide data on the effect of the dye.

3.1 Fluid Filtration

Solids in the size range from ~0.1 micron and Targer are commonly removed
from fluids using membrane or depth type filters. These filters are available
in a range of pore sizes or porosities as discussed in PIR No. 1254-AGCE-016.

Selection of the proper filter media should be relatively straightforward.

3.2 Dehydration and Deaeration

Removal of dissolved water and gases from the dielectric fluid can be per-
formed as a two-step process using a molecular sieve to adsorb the water
followed by a vacuum treatment, i.e., exposing the fluid surface to a vacuum
to allow the escape of trapped gases. A single step approach, called the thermo-

vacuum treatment, involves exposing the heated fluid to a vacuum which allows



release of both gases and dissolved water from the liquid. Both vacuum pro-
cedures require maximizing the exposed surfade area to permit effective removal
of dissolved water/gas. However, based on the eiperience of the GE Capacitor
Department, it is recommended that the two-step procedure be implemented. The
GE group and Crown-Zellerbach have both used the Linde Molecular Sieve Type 4A

to dry tolunitrile and DMSO respectively with good results.

3.3 Final Purification

The last step in the fluid purification must remove any remaining submicron
particles, as well as molecules and ions which will contribute to dissipation.
The most efficient method for performing this final purification utilizes an
adsorbent such as Fuller's earth which involves the following processes:

1) filtration - physical entanglement of small solid particles,

2) adsorbtion - adherence of molecules or ions to the surface
of the adsorbent,

3) catalytic activity - causing reactions whose products are
more readily adsorbed.

There are two potential methods of implementing the Fuller's earth purification

process:

Contact. Method - A batch type process in which a slurry of colloidal

Fuller's earth and the liquid are agitated at elevated temperatures to
achieve good contact and adsorbtion. After equilibrium has been reached
(1-2 hours) the slurry is filtered and the Fuller's earth is removed from
the purified fluid. The process is repeated until the desired purity is

achieved.
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Fixed Bed Method - The liquid is passed through a packed layer of

Fuller's earth via a gravity feed or a pressurized system. The final
purity will be determined by contact time, velocity of fluid flow and
the size and type of Fuller's earth. This basic method can also be
implemented by using disposable cartridges or re-fillable canisters as

applicable.

For laboratory purification of fluids the contact method is recommended by
the GE group while an on-line process (filtering in orbit) will require a

variation of the fixed bed method.

4.0 FLUID CHARACTERIZATION

Candidate fluids chosen for the AGCE application must be characterized to
establish their electrical parameters and to assess their contamination potential.
Electrical property measurements should be made at several points in the puri-
fication process to establish the effectiveness of each step and to determine the
optimum purity achievable, i.e., the point at which further processing is of no

value.

Assessment of contamination potential requires that the same set of fluid
property measurements be made periodically after the purification is completed.
During this post purification time, the fluid will be placed in contact with
candidate materials to be used in the AGCE fluid system and exposed to various
light sources. Typical materials include stainless steel (tubing, fittings
and valves), Sn0 (outer sphere coating), fluorocarbon (gaskets and seals),
glass fibers (filter material) and gases (air, dry nitrogen, etc.). If the
photochromic response of the fluid was lost or greatly diminished during the

refining process, the photochromic dye must also be mixed with the purified
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fluid at this time and its effects on the fluid properties assessed. Periodic
measurements will also be made on a control sample of the purified fluid which
is maintained in a dark place in a non-reactive container. These measurements
will allow the effects of various materials to be compared with fluid degradation

due to the normal aging process.

The care to be exercised during the measurement process cannot be over
emphasized. The measuring electrodes and the glass vessel for the cell must be
cleaned with special care to insure that the measurement process itself does not
degrade the fluid. A c1egning procedure which has been used by the Monsanto
Chemical Co. (Much, 1970) is outlined below:

1)} Xylene vapor clean for 15 minutes.

2) Clean in boiling 29% NH4OH for 10 minutes.
3) Steam clean for 30 minutes.

4) Acetone vapor clean for 15 minutes.

5) Dry 1in 100°C oven for 30 minutes.

Even with this type of facility preparation, several measurements per sample

may be required to establish confidence in the results.

5.0 FLUID HANDLING

A logical conclusion of the preceding two sections is that all fluid handling
procedures must be minimized. For example, purification and characterization of
the fluids should be done in a single laboratory. The recommended handling pro-
cedure for storage and/or transfer of the fluid from the purification apparatus
to the AGCE assembly will be based on the results of the fluid characterization
(i.e., contamination susceptibility), The major environmental parameters which
are likely to require special consideration during the transfer process are:

(1) exposure to air, (2) contact materials, and (3) exposure to light.
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6.0 FLUID PROPERTIES SURVEY

The aforementioned difficulties associated with the purification and
characterization of high dielectric fluids has resulted in a paucity of data
for fluids of interest to the AGCE application. Although, scattered data are
available for a few fluids, the values depend strongly on the fluid purity and
the measurement techniques, making it difficult to establish trends. The results
presented in Table 1 should be interpreted a; indicative of what may be feasible

in terms of dissipation factor and/or resistivity.

Table 1. Data for a Range of Dielectric Fluids

DISSIPATION
FLUID (DIELECTRIC PURIFICATION FACTOR
CONSTANT) PROCESS LABORATORY (RESISTIVITY) COMMENTS
*m-tolunitrile (40) Molecular Sieve & GE Capacitor Products <0,01 A tan § of
Fuller's Earth Department 20,001 may be
achievable.
*DMSO (~48) Proprietary Crown Zellerbach ('\JO8 Q cm)
Aroclor 1242 (5) Proprietary Monsanto Company ~0.0015 Very viscous
MCS 1489 (6.5) Proprietary Monsanto Company 0.05 Developed as a

Nitrobenzene (~35)

Nitrobenzene (+35)

Not specified

Fractional Distill-
ation & Freezing
followed by
Electrodialysis

NBS

*These fluids are known to be compatible with photochromic dye material.

(6.67x1089cm)

(7.5x10" 3acm)

substitute for
Aroclor fluids

This sample
probably was not
highly purified

This value was re-
ported in a paper
by Pearmain, et al,
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7.0 CONCLUSIONS & RECOMMENDATIONS

The difficulties associated with the purification, characterization and
handling of the high dielectric constant fluids which may be required for the
AGCE point out the need for a specific effort directed to this area. The work
should be confined to a study of only those fluids shown to be compatible with
photochromic material and which exhibit other desirable qualities for the AGCE
such as low viscosity, high thermal coefficient of dielectric constant (i.e.,
1/k dK/dT) and good optical transmission. The two or three fluids with highest
potential should then be purified and characterized using the basic procedures
outlined in Sections 3 and 4. The specific objectives of this effort would
include:

1) Define a specific purification procedure to be used for
refining dielectric fluids for the AGCE.

2) Determine the 1ifetime (or degradatfion as a function of time)
of the purified fluids as a function of storage environment
(e.g., contact materials, lighting, temperature, etc.).

3) Determine what level of in orbit fluid purification is required.

4) Determine if in orbit monitoring of fluid dissipation factor
should be considered. This assessment will depend on the
results of item 2.

5) Define fluid handling procedure which includes fluid purifi-
cation, photochromic/fluid mixing, storage and transfer to
the AGCE fluid flow cell.

Since the results of this effort may impact the selection of materials for the
AGCE (e.g., sphere coating, plumbing, filter material, etc.), the work should

be completed as a precursor to the hardware development program.
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TASK 3 - DUST REMOVAL FEASIBILITY REPORT

INFORMATION REQUESTED/RELEASED

1.0 SUMMARY

The objective of TASY 3 is to determine the feasibility of incorporating a hardware
capability for programmed circulation and filtration of the dielectric fluid after
assembly of the AGCE system. Results of the TASK 3 effort indicate that a dust
removal capability can be readily accomodated; the corresponding weight and peak power
penalty are 1.7 kg and 35 watts respectively. Suitable hardware elements are
available for incorporating the capability into the ARCE. Preflight and periodic

%nf1ight operation of this AGCE capability is recommended.
2.9 BACKGROUND

During laboratory development studies conducted by Dr. W. Fowlis, it was found that
dust particles in the dielectric fluid oscillate due to the implied electric field.
This oscillation can distrub the activated photochronic dye markers used to assess
dielectric fluid flow (within the spherical capacitor test cell) during an experiment.
The amplitude excursion of the dust and consequently the disturbing effect is reduced
by increasing the frequency of the electric field. Amplitude decreases inversely as

the square of the frequency, the disturbing effect being much reduced for frequencies

»
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over about 300 Hz. Thus a combiration of a high frequency voltage source (see TASK

2) and filtration of the dielectric fluid should eliminate the problem.

The source of the offending particulates is twofold based on the experience of

Dr. Fowlis. First, the particulates may be in the dielectric fluid either in the

as received state or inadvertantly introduced during the assembly of the AGCE system.
Second, the particulates may be attached to internal surfaces due to inadequate
cleaning during the manufacturing and assembly process and are subsequently detached
by the action of the electric field or by mechanical vibration/shock during ground
handling and during launch. Laboratory development tests by Dr. Fowlis have demon-
strated that one equatorial entrance port can provide an effective flush of the
spherical capacitor dielectric volume, provided sufficient time is allowed. In his
tests, Dr. Fowlis used a flow rate of 200 cm3/min; about 15 minutes were required

to purge the dielectric fluid volume of most particles over about 1.0 micron diameter. !
When filtering without the electric field was followed by filtering with the electric
field applied (20KV at 60Hz), additional particles were immediately detected in the
dielectric fluid (and filtered out). Subsequent applications of the electric field

did not generate more particles,

The dust removal capability discussed below is based on this background experience

of Dr. Fowlis.

3.0 TASK IMPLEMENTATION

Key design requirements related to the dust removal capability were generated and
are included in section 5.1, These design requirements, based on previous develop-
ment experience, the Spacelab Payloads Accomodation Handbook SLP/2104 and an estimate

of the AGCE flight design, are intended as guidelines for the feasibility study only.



3 1 Lpherical Capacitor Assembly

ORIGINAL PAGE |S

OF POOR QUALITY
Based on the laboratory development experience of Dr. Fowlis, purging the internal

volume of the spherical capacitor assembly can be readily accomplished. Mechanically,
the preferred approach is that shown in figure 1. If an equatorial baffle is
required, the configuration shown in Figure 2 can be used. In either case, multiple
entrance/exit ports are provided to improve the efficiency of the purge flow over
that for a single entrance/exit port arrangement. A more efficient purge flow can
reduce purge time requirements, an important consideration for on-orbit operations,
The three in/out ports shown can be sized such that the center pair flow is somewhat
larger that either of the two side flows (to compensate for the larger swept volume
of the center pair flow). In the figure 1 arrangement, leaving out the entrance/exit
ports labeled "A" can provide a clockwise rotation of the dielectric fluid during

the purge cycle, further improving purging efficiency and thus minimizing the purge

time required.

The arrangement shown in Figure 2(a) features a baffle which, in addition to the equatorial
portion also includes two meridian segments. These segments divide the fluid volume
below the equator into entrance and exit plenums. Two problems are apparent. First
the baffle must make a good fit with mating elements to prevent excessive leakage
between the two plenums and second the baffle material dielectric constant should
match that of the dielectric fluid to minimize distortion of the electric field.

Such a match may not be possible considering the high dielectric constant desired

for the fluid (see TASK 1). One possible solution to this potential mismatch is to
construct the baffle of a porous material such as sintered teflon. This type material
is available with pore volumes up to 90% (see section 5.2, Porex catalog). A custom
molding may be necessary if this material is used. An alternate baffle arrangement is

shown in Figure 2 (b).
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3.2 Circulation Pump (

Figure 3 shows the circulation loop block diagram. As shown in Table 1, dielectric
fluid volume is estimated at 275 cm3. This assumes that the fluid volume does not
extend below 1005 latitude. Table 2 shows an estimated pressure budget for three

flow rate conditions. As would be anticipated, the filter is the major contributor

to the pressure budget.

Actual pump selection should also take into account the coolant flow requirements

of the thermal subsystem (see TASK 6). From a programmatic viewpoint, the same pump
assembly should be selected for all applications. One potential candidate is a

pump assembly being used in the Shuttle Galley currently under developmept by GE

for NASA-JSC.- This pumﬁ is a magnetically coupled gear pump supplied by Micropump,

Concord, Ca. °*An outline dwg. is shown in the Appendix, Section 5.3.

As shown in Figure 4, use of this specific pump will result in a circulation flow
rate of 1420 cm3/min. (0.375 gpm) and a system operating pressure of 15 psi. At
this flow rate and an estimated dielectric fluid volume of 275 cm3 (Table 1), a 26
volume purge can be accomp]%shed during the 5 minute period assumed available
between each individual AGCE experiment. This should be more than ample to maintain
the dielectric fluid in a dust free condition. Note that pump capacity can be

increased/decreased by selecting a higher/lower rpm pump motor.

3.3 Pparticulate Filter

The task guidelines, Section 5.1, specify that the dust removal capability must
maintain particulate concentrations in the dielectric fluid to less than 10
particles/cm3 for particles exceeding 0.5 micron in diameter with the maximum
particle size not to exceed 1.0 micron. A disposable depth type filter tube

available from Balston, Inc., Lexington, Ma. appears to be a suitable candidate.
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TABLE 1

DIELECTRIC FLUID VOLUME

ITEM EST. FLUID VOLUME
CAPACITOR” 224 cm®
PLUMBING 14
PUMP 5
ACCUMULATOR 17
FILTER 5

TOTAL 275 cm3

*From N Pole to 10°S latitude

TABLE 2 PRESSURE BUDGET

ITEM ESTIMATED PRESSURE L0SS™
0.1 gpm 0.2 gpm 0.3 gpm
FILTER 3.57 psi  7.14 psi  10.71 psi
CAPACITOR 0.01 0.06 0.13
PLUMBING 0.12 0.77 _0.82
TOTAL 3.70 psi  7.97 psi  11.55 psi

*Assuming fluid viscosity = 1.0 centipoise.
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Balston standard filter tube, type AAQ, 1/2 inch diemeter by 2 1/4 inch long is
rated at 99.9% efficiency for removing particles 0.5 micron and larger. Filter
material is flourocarbon honded glass fibers, See Section 5.4, Sintered teflon (See
Section 5.3), and sintered or woven stainless steel fiber media are also available

as alternate candidate filter media.

Figure 5 shows typical construction details for the filter assembly,

3.4 Accumulator

The function of the accumulator is to compensate for the change in dielectric
fluid volume due to changes in fluid temperature occuring during AGCE activity.
As shown in Table 3, the maximum temperature range occurs during transportation
conditions. Thus, assuming an internal dielectric fluid volume of 275 cm3 and
assuming a coefficient of expansion equivalent to that for DMSO (0.00088%/°C),
the accumulator must accomodate a thermal expansion of 0.18 cm3. Assuming an

accumulator design as shown in Figure 6, variation in system operating pressure

due to this expansion will be a minimal +4.1 psi.

3.5 Weight/Power

Table 4 shows an estimated weight breakdown for the dust removal capability.
Estimated total weight is 1.7 Kg. Power is estimated at 35 watts. Neither would

appear to have a significant impact.

3.6 Materials Compatibility

No materials compatibility problem is anticipated. Expected materials in direct
contact with the dielectric fluid will probably be stainless steel, fluorocarbons

and glass (See Table 5), all very tolerant of most fluids.

.
}
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TABLE 3 ESTIMATED OPERATING/NON-OPERATING TEMPERATURE

EXTREMES FOR AGCE DIELECGTRIC FLUID

Condition

Temperature Extremes

Non-Operating
launch site environment integration*
transportatioﬁ*
factory environment

Operating

18 to 25°C
-10 to 559¢
15 to 25%C
15 to 350C

*From SLP/2104, Section 5.0

TABLE 4 WEIGHT BREAKDOWN

Component

Estimated Weight

dielectric fluid”
filter
pump
accumulator
plumbing

Sub-total
Growth Contingency

TOTAL

0.04 kg
0.16
0.68
0.19
0.43
1.50 kg
0.21

s

1.71 kg

*Extra fluid required to accomodate dust

removal capability hardware

)
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TABLE 5 COMPONENT MATERIAL USAGE

DUST REMOVAL HARDWARE ELEMENT

MATERIAL”

Filter

Accumulator
Pump

Plumbing

Glass fibers (fluorocarbon binder),
Stainless steel

Stainless Steel
Stainless Steel, teflon

Stainless Steel (fluorocarbon seals)

*In contact with dielectric fluid



3.7 Leakage

Leakage of dielectric fluid from the dust removal hardware is not expected to be
a problem. The suggested pump assembly is a magnetically coupled type, thus
eliminating a rotating pump seal. O0-seal tube fittings, tube to male straight
thread, such as supplied by Combination Pump Valve éompany, Philadelphia, Pa.,

are reliably leak tight and reusable, see Section 5.5

4.0 CONCLUSIONS/RECOMMENDATIONS

Incorporating a hardware capability for removal of particulate contaminates from
the dielectric fluid after assembly of the AGCE system appears feasible. The
addition has a minor impact on the design of system and the spherical capacitor
assembly in particular. Suitable hardware elements are available; weight and power
impact on the system are minor. Materials compatibility with the dielectric fluid
should not be a problem but must be re-evaluated against the dielectric fluid

finally selected.

Operation of the dust removal capability during AGCE final assembly, acceptance test,

pre-launch checkout and on-orbit operations is recommended as follows:

a) Final Assembly

After vacuum filling the system with precleaned and deaerated dielectric
fluid, operate the dust removal pump, with electric field applied at full voltage,
for TBD minutes (actual time based on laboratory development tests).

b) Acceptance Test

As part of acceptance test activity, operate dust removal pump, with electric
field applied, for TBD minutes.

c) Pre-launch checkout

As part of pre-launch checkout testing, operate dust removal pump, with electric

field applied, for TBD minutes.




d) On-Orbit

At on-orbit AGCE initialization, operate dust removal pump, with electric
field applied for TBD minutes. Also as a final precautionary measure, the dust
removal pump could be operated for a short period between each individual AGCE

experiment sequency.

Note that the purge time can be relatively short, e.g. a 50 volume purge can be
accomplished within 10 minutes. Even with a poor flush flow pattern in the
spherical capacitor fluid volume, by the time on-orbit testing is started, the

fluid should be "squeaky" clean.

5.0 APPENDIX

The following are attached hereto as supplemental information.
5.1 PIR 1254-AGCE-005, "Dust Removal Design Requirements".
5.2 Porex Porous Plastics Bulletin.
5.3 Pump outline dwg. from GE specification 47A231867.
5.4 Balston, Inc. Microfibre Filter tube bulletin.

5.5 Combination Pump Valve Company Bulletin.
5.6 Master Products Metal Bellows Bulletin.
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27 January 1981

TASK 3 - DUST REMOVAL DESIGN REQUIREMENTS

1.0 SCOPE

The dust removal design requirements are intended as guidelines to be used in
the assessment of the feasibility of incorporating a hardware capability into
the AGCE for programmed circulation and filtration of the dielectric fluid.

4

2,0 GENERAL

The dust removal design requirements are based on GFFC experience, Spacelab
Payloads Accomodation Handbook SLP/2104 and a current estimate of the AGCE
flight design.

3.0 PERFORMANCE REQUIREMENTS

3.1 General

Provide programmed circulation and filtration between experimental sequence as a -
means of controlling particulate concentration in the dielectric fluid.

3.2 Particulate Concentration

Maintain particulate concentration in the dielectric fluid to less than 10
partic]es/cm3 for particles exceeding 0.5 micron in diameter with the maximum
particle size not to exceed 1.0 micron in diameter.

4.0 INTERFACES
4.1 Mechanical

The dust removal hardware shall be compatible with a 5.0 + 1.0 cm inner sphere
radius and a 1.0 cm spacing, for the dielectric fluid, between the inner and
outer spheres.

4,2 Electrical

The dust removal hardware shall operate on Spacelab DC power supplied via the AGCE
controller in accordance with stored timeline commands.




4.3 Thermal

The thermal load generated by the dust removal hardware shall be dissipated to
the rotating platform,

4.4 Dielectric Fluid

The dust removal hardware shall be compatible with a dielectric fluid of specific
gravity range of 1.0 to 1.5 and a viscosity range of 0.8 to 2.0 centipoise.

5.0 FLIGHT OPERATIONS

The dust removal hardware shall be operated on a preprogrammed basis between
experimental sequences. Each filtration operational period shall not exceed 5.0
minutes (shorter time desired).

6.0 SAFETY

The dust removal hardware shall be located within the confines of the gaseous
nitrogen filled outer sealed enclosure. {)

.

7.0 LIFE

The dust removal hardware shall have a minimum useful operating life of 120 hours
(ground test plus mission operations).

Approved by: /}zﬁkf?£2§§%$:-—/

AGCE Program Manager

/amb






POREX PTFE

A porous Teflon* membrane of unique properties
having a wide range of applications in industry and medicine.

GENERAL CHARACTERISTICS

m Pliable white sheet of varying degrees of softness. m Excellent dielectric.
m Lightweight. Specific gravity from 0.2 to 0.8; approximately m Highly hydrophobic.
0.4 0z persq.ft. W Permanently fire retardent,
m Chemically inert. W Low co-efficient of friction.
& Heat stable. Withstands temperatures from —400° to 550° for B Heat sealable
extended periods. )
STANDARD SIZES

Porex PTFE membrane No. P2500 is available in 12" strips up to 100’ long. Standard dimensions for all other
membranes are 12"x 48

INDUSTRIAL AND SCIENTIFIC APPLICATIONS

g,

W Manufacturing chemicals requiring inert material in hostile = High temperature air sampling.

envirqnment ) m Vacuum dust bag for spacecraft.
® Chemical processing B Protective clothing.

& Filtering concentrated acids, bases, solvents, and hazardous m Liquid gas separation.

chemicals. ‘ \ . o
m Aeration for bubbling or air agitation.

s Filter media for laboratory apparatus. B Insulati q B . licati
m Cable wrap and wire insulation. nsulation and cushioning in cryogenic applications.
B Oxygenators.

® Liquid and gas chromatography. m Bandages

m Fuel cells, ) .
W Air venting.

W Battery separators. B Any medical sheet application where strong solutions or
. y m sl applicatio re str utions
® Catalyst matrices. autoclaving is necessary.

Porex PTFE material is also being manufactured with placement of other materials which may cost more, have
various fillers to obtain electrical conductivity, wettability, a shorter life, or perform less satisfactorily. Glasrock has
and other specific traits. Possibilities for its use are con- worked in numerous areas of application and may have
stantly developing, not only in new areas, but in the re- the answer you need for your problem.

®
i} glasrock
GLASROCK PRODUCTS, INC.

PLASTICS GROUP

Fairburn, Georgia 30213 ¢ 404-964-1421
TWX 810-766-1505



STANDARD MEMBRANES WITH FILTER DATA

PORE T . WATER METHANOL " WATER INITIATION

THICKNESS PORE SIZE YOLUME AIR FLOW FLOW®™ BUBBLE POINT® PRESSURE®
MATERIAL (Mils) (um) (%) Secs" Secs® mi) (psh) (kg/cm?) (osi) {1e/em?)
P 8000 10 - B 80 29 45 ' 275 0.75 0.052 20 . - 0.14
P 1200 15 12 920 _ 16 25 " 430 0.7 0.049 144 0.10
P 2500 15 25 . 85 8 12 1,100 0.33 0.023 1.0 0.07
P 1000 25 10 80 83 125 = - 90 ) 0.60 0.042 1.4 0.098
P800 10 .8 70 74% 11.57 1.16® 836 0.587 23.0 1.60

Notes:

(1) Time required for 100 milliliters of air to flow through 1 sa. cm. filter area at 20°C with a differential pressure of 3.1 cm. water (0.043 psi).

(2) Using a Gurley Densometer, time required for 100 milliliters of air to flow through a 0.1 sq. in. orifice with a 5 oz. ¢cylinder. Pressure
differential of 3.1 cm water (0.043 psi).

(39 Water flow rates are milliliters per min. per cm? with a differential pressure of 52 cm Hg (10 psn)

(4) Pressure required to force air through a methanol-wet membrane. .. . :

(5)‘ ‘ssure required to force water through the membrane. .

(6) Time required for 10 milliliters of air to pass through 1 sq. cm filter area at 20°C with a differential pressure of 31 cm water (0.44 psi).

{7) Using a High Pressure Gurley Densometer, time required for 10 milliliters of air to flow through 1 sq. in. orifice with a differential pressut
of 31 cm water (0.44 psi).

(8) Filter was initially wetted with methanol prior to water flow. ORIGINAL PAGE IS
' OF POOR QUALITY
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Microfibre®
Filter
Tubes

Unique microfiber
filter medium of
glass microfibers

bonded with resin.

Balston Microfibre Filter
Tubes are available

in a variety of

diameters and lengths.

m

GENERAL PROPERTIES (Detailed Properties are given on Pages 2, 3 and 4)

Balston® Microfibre Filter Tubes are high efficiency dispos-
able cartridge filters. Each Microfibre Filter Tube is com-
posed of borosilicate glass microfibers, bonded into a
cylinder with 1/8:inch thick walls. Fluorocarbon resin or
other binders provide resistance to the most severe corrosion
and temperature conditions. Used for either liquid or gas
filtrations, Baiston Microfibre Filters provide an unusual
combination of fine filtration and high flow rate:

» Retention Efficiencies — Five grades of filters: in Liguid
Filtration from 25 micron to 0.3 micron retention; in Gas
Filtration from 90% to 99.9999+% of 0.6 micron particles
(the two finer grades are gas-sterilizing filters).

e Flow Rates — One 2-inch diameter by 9-inch long
Microfibre Filter Tube can filter up to 38 GPM of water, or
up to 885 SCFM of air.

Other advantages of Microfibre Filter Tubes include:
o Temperature resistance to 1000 F in dry gas or up to 310
F in steam (60 psig steam.)

e Excellent resistance to virtually all chemicals except hy-
drofluoric acid.

e They are unaffected by water or oil, and will remove oil
and water droplets from air with the same efficiency as
solid contaminants.

Microfibre Filter Tubes are self-gasketing; they are sealed

‘into place simply by compression against any flat surface.

No resilient gaskets or end caps are required for the filter
cartridges. The Microfibre Filter Tubes are self-supporting
in applications in which the pressure drop across the filter is
moderate, including most gas filtrations. When a high pres-
sure drop is anticipated, a permanent support core is used.
When ‘the filter tube is changed, only the filter medium and
none of the hardware is reptaced. Therefore, the Microfibre
Filter Tubes are much more economical than any other
cartridge filter with comparable performance, and their
simple design results in a remarkably rugged and convenient
high efficiency filter system.

APPLICATIONS
Gas Filtration

e Remova! of dirt, oil, and water from plant air supplies, at
flow rates to 45,000 SCFM. (A-1}*

e Essentially complete coalescing of oil from air for critical
applications, such as instrument air, air to fluidic control
systems, breathing air (A1)

e Removal of suspended solids and liguid droplets from gas
samples to analyzers, such as automobile emission analyzers
or stack gas analyzers. (A-2}

e Sterilization of air and other gases — and the filter tubes
may be repeatedly steam-sterilized. {Ti-63)

e Fiitration of vacuum pump exhaust to remove oil mist,
smoke, haze. {(A-3)

¢ Removal from room air of oil mist being generated by
spray lubricators or flood coolants on metal fabricating
machines (A-3)

e Filtration of steam to autoclaves. (A-5)

*The numbers in parentheses refer to a detailed Baiston Technical
tnformation Bulletin on the application.

Liquid Filtration

+ Protection of reverse osmosis and dialysis membranes
and membrane filters. (A-4)*

e Final filtration of 18 meg-ohm deionized water {A-4)

e Clarification of solvents and corrosive solutions used in
chemical processes, plating, manufacture of electronic com-
ponents.

o Recovery of trace quantities of precious metals and other
valuable solids from liquids.

» Final filtration of high performance hydraulic fluids, lub-
ricants, and fuels.

e High efficiency separation of small quantities of water
from organic liquids, or small quantities of organic liquids
from water

e Removal of suspended solids and immiscible liquids from
liquid samples to analyzers, such as boiler feedwater analyz-
ers or effluent analyzers. {A-2)

e Recovery of bacteria or viruses from water samples for
quantitative analysis. (A-2)

Bulletin 101-H



FILTRATION EFFICIENCIES

Microfibre Filter Tubes are manufactured in five retention
efficiencies. Since flow resistance increases with increasing
retention efficiency, it is a good practice to specify the
coarsest filter which will satisfy the requirements, rather
than overspecify to be “‘safe.”” Detailed recommendations
on filter tube selection for specific applications may be

obtained from the Balston Technical Information sheets or
by contacting Baiston Technical Representatives.

A given gr,ade of Microfibre Filter Tube is more efficient in
gas {or air) filtration than in liquid filtration. Therefore,

each gratle of filter tube has two retention ratings, one for '

gas filtration and one for liquid filtration,

LIQUID FILTRATION

The retention characteristics of Balston Microfibre Filters
in liquids are shown on the chart, which plots percent
retention efficiency for a given size particle versus particle
size. For example, Balston Grade B Filters will retain about
90% of 1 micron particles, 98% of 2 micron particles, and
99.9% of 3.3 micron particles. For liquid filtration, Balston
Filters are rated at the particle size corresponding to 98%
retention, and therefore the rating for Grade B is 2 microns.

When comparing retention ratings of filters of different
manufacturers, it is important to hote the efficiency at
which the filter is rated. Many manufacturers rate filters at
their 90% retention efficiency particle size. If Grade B were
rated at its 90% efficiency point, it would be a **1 micron”
filter In fact, as shown by the curve, Grade B, rated at 2
microns, is a finer filter than another type of cartridge filter
which is rated by the manufacturer at “1 micron.” Since
there is no accepted industry-wide standard rating method,
comparison of published ratings between different manu-
facturers can be misleading. The safest method for selecting
the proper filter tube grade is to test under actual use
conditions. Balston Representatives will be happy to supply
sample filter tubes for test.

Balston Filters, particularly Grades A and AA, have
relatively sharp particle cut-off characteristics compared
with other types of cartridge filters. The Balston Grade AA
Fiiter, although a depth filter, approaches the retention
characteristics of an ‘absolute” filter and may be used for
bacteria filtration in many applications.

RETENTION VS. PARTICLE SIZE (IN WATER)
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(NOTE: See page 4 for Microfibre Filter Tube Retention 5

Efficiency Ratings.)

GAS FILTRATION

In gas filtration, as in liquid filtration, a particle is captured
by a Balston Filter when the particle collides with a fiber
The forces holding the particle to the fiber are intermolecu-
lar (Van der Waals) forces and are-essentially independent
of the particle composition or of external conditions, such
as relative humidity or temperature. The filter is designed
to maximize the chance for a particle to collide with a
fiber The exact sizes or shapes of the spaces between fibers
is not significant, and therefore it is not meaningful to
characterize the filter by “pore size.”

In liquid filtration, particle capture is entirely by the
inertial or interception mechanisms, which are less effective
as the contaminant particle size decreases. In contrast with
liguid filtration, gas filtration also benefits from the
Brownian motion capture mechanism, which is most
effective for particles in the 0.05 to 0.1 micron range. As
shown on the chart, these mechanisms for particle capture
in gases result in a minimum retention efficiency for 0.3 to
0.6 micron particles, with higher retention efficiencies for
both Jarger and smaller particles.

Standard test methods for high efficiency filters (DOP Test
and Sodium Flame Test) are designed to rate filters under
the most severe conditions—capture of particles in the 0.3
to 0.6 micron range. The ratings for the Balston Microfibre
Filters for gas filtration are shown on the right.

The filters will be more efficient than the rating for both
larger and smaller particles. Grades A and AA are sterile
filters for gases.

RETENTION EFFICIENCY VS, PARTICLE SIZE
FOR HIGH EFFICIENCY COALESCING FILTER

NOTE: GENERALIZED REPRESENTATION
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DIFFERENT TYPES OF MICROFIBRE FILTER TUBES

Balston Microfibre Filter Tubes are composed of borosilicate

glass microfibers with a resinous binder. Four different

binder types are available:
BINDER RESIN

Epoxy

TUBE TYPE DESIGNATION
No Suffix letter

Fluorocarbon Q-Type
High temperature organic L-Type
inorganic H-Type

The Q-Type tubes are an important recent Balston develop-
ment. They are resistant to: essentially all solvents (in-
tluding fluorinated solvents), all acids except hydrofluoric
acid, sodium hydroxide and potassium hydroxide up to about
45% concentration, steam to 60 psid, liquid or gaseous am-
monia, liquid or gaseous chlorine, liquid or gaseous ethylene
oxide, hydrogen peroxide, and virtually any other chemical
that does not attack borosilicate glass. in addition, the Q-
Type tubes have higher burst strengths than the other types
of Microfibre Filter Tubes (please refer to detailed data on
next page) and also have better field handling characteristics.
Q-Type filter tubes are now recommended for all compressed
air and gas filtrations below 300F, all sample filtrations be-
low 300F, and all liquid filtrations.

For air or gas filtrations at temperatures above 300F, L-Type
tubes are recornmended for the 300F to 600F range, and H-
Type tubes are recommended for the 600F to 1000F range.
In particular, H-Type tubes are recommended for high
temperature stack gas sample filtration.

The epoxy-binder tubes, which are less expensive than the
other types of filter tubes, should be used in all existing
applications in which they have proven satisfactory. In
addition, epoxy-binder tubes are recommended for new
applications in which the superior physical properties of the
higher co$t Q-Type tubes are not required; for example, in
removing visible smoke from air at atmospheric pressure.

Special-design filter tubes are continually being developed
for specific applications. Examples include a two-stage filter
tube, designated -X, for coalescing and removing large quanti-
ties of suspended liquids from compressed air; and filter
tubes with integral prefiiters for certain applications in
which high solids loadings are expected (such as filtration
of welding fumes). Detailed information and recommenda-
tions‘on the special-design filter tubes may be found in the
Iiteratuge pack for each specific application.

BALSTON FILTER HOUSINGS

Balston Filter Housings are designed to take advantage of
the unique properties of Balston Microfibre Filter Tubes,
with minimum field maintenance.

Housings are available for liquid or gas filtrations in pressure
ranges to 5000 psig, in a wide range of sizes, from single
cartridge miniature units to multiple cartridge, heavy-duty
filters, and in a variety of materials, including: anodized
aluminum, stainless steel, polycarbonate, polypropylene,
Teflon, Pyrex glass, carbon steel and epoxy-coated steel.

Flow ca;pacities range from a few gallons per hour to hun-
dreds of gallons per minute and thousands of CFM.

Balstbn also offers selected accessories, including pressure
regulators and gages, adaptors for using Balston Microfibre
Filter Twbes in non-Balston housings, and a full array of
manual and automatic drain valves.

Please refer to the section below for instructions on ob-
taining detailed information on Balston Filter Housings for
each application area of interest.

i
USE OF BALSTON MICROFIBRE FILTER TUBES IN FILTER HOUSINGS

OF OTHER MANUFACTURERS

With the use of Balston 10Z33 or 20233 support cores,
Balston Filter Tubes may be installed in almost all cartridge
filter housings designed for nominal 10-inch or 20-inch-long
filter tubes, without any modification to the housing.

Balston supplies special filter tubes to other filter manu-

¥
facturers for incorporation into filter cartridges of their
own design. Balston will provide, on a confidential basis,
any technical assistance requested to ensure that the
particle retention and flow properties of the Microfibre
Filter Tubes are efficiently utilized in the new designs.
Please contact the Balston office for information.

PATENTS

Microfibre Filter Tubes are the exclusive development of
Balston, Inc., (Lexington, Mass.) and Balston, Ltd. (Maid-

stone, England), and are protected by numerous patents
issued in the U.S., Canada, U.K., and other countries.

WOULD YOU LIKE ADDITIONAL INFORMATION?

Balston technical information is organized jn Application
Packs, each of which contains: complete product data on
the filter housings used in that application, flow rate charts,
technical information on selection of the proper filter sys-
tem, and prices. Please request the appropriate Application
Pack for each filter application area of interest.

® Pack #1 — Coalescing filters for compressed air and

other gases

® Pack #2 — Filtration of samples to analyzers

® Pack #3 — Oil mist removal from low pressure air

® Pack #4 — High efficiency filtration of liquids

® Pack #5 — Filtration of steam to autociaves
Complete catalogs, which combine the information of the
five Application Packs, are also available on request.
Balston publishes “Filter Forum,” a quarterly technical
newsletter which describes solutions to specific filtration

requirements and also discusses in detail filtration topics of
general interest, such as removal of oil from compressed air
To obtain “Filter Forum’ and Balston new product infor-
mation as it is issued, please request that your name be
placed on our mailing list. Your local Balston Technical
Representative can provide copies of all the technical infor-
mation listed above and can arrange for your name to be
placed on our mailing list.

Your Balston Technical Representative can give you a
working demonstration in your office of the Balston filter
in an actual test in comparison with your present filter or
any other filter. He is factory-trained to make specific
recammendations on your filter requirements, and he main-
tains a complete local stock of Balston filter housings and
Microfibre Filter Tubes. Please contact our office for the
name-of your nearest Technical Representative.



PROPERTIES OF BALSTON MICROFIBRE FILTER TUBES

COMPOSITION AND PROPERTIES

(Please refer to p. 3 for recommended applications of the different
types of filter tubes)

Fiber in all Types Borosilicate Glass Microfibers

Binder Resin Max. Temp. Max. Steam

Tube Type Composition in Dry Gas Pressure
No Suffix Epoxy 400 F 20 psig
Q- & X-Type Fluorocarbon 300 F 60 psig
- Type High Temperature

Organix 600 F 40 psig
H-Type fnorganic 1000 F Not

Recommended

Chemical and Solvent Resistance, Q-Type and X Type:

Excellent —~ All solvents, all oxidizing and non-oxidizing acids
except hydrofluoric, sodium hydroxide and potassium hydroxide to
about 45% concentration, liquid or gaseous ammonia, liquid and
gaseous chlorine, liquid or gaseous ethylene oxide.

Not Recommended — Concentrated fluoride salt solutions, hy-
drofluoric acid, sodium hydroxide and potassium hydroxide above
about 0% concentration.

Chemical and Solvent Resistance, All Types Except Q- & X-Type:

Epoxy L-Type H-Type
Cold Water Good Excellent Fair
Hot Water Fair-Poor Good Poor
Non-oxidizing acids Excellent Excellent Excellent
Oxidizing acids Poor Good Excellent
Dilute caustic (below 1%) Excellent Fair Fair
Moderate Caustic (1-20%) Good Poor Poor
Concentrated Caustic {above 20%) Fair Poor Poor
Ketones Good-Fair  Poor Excellent
Chlorinated Solvents Fair-Poor Poor Excellent
Aromatic hydrocarbons Excellent Good Excellent
Other hydrocarbons Excellent Good Excellent
Hydrofluoric acid and fluorides Poor Poor Poor

STANDARD SIZES OF BALSTON FILTER TUBES

Inside Diameter and Length Order No.
B x 1% 050-05
B x 2% 050-11
1" x 2%" 100-12
1" x 7" 100-25
1%" x 6" 150-19
2" x 3%" 200-16
2" x 9" 200-35
2" x 18%" 200-80

FILTRATION EFFICIENCY

Gis Filtration Efficiency Liquid Filtration Efficiency
(Fetention of 0.6 micron  (98% retention particle size)

Filter Tube particle)

Grades D & DX 90.0% 25 microns
Grades C & CX 95% 8 microns
Grades B & BX 99.99% 2 microns
Grade A 99.9999+% 0.9 micron
Grade AA 99.9999+% 0.3 micron

FLOW RATES FOR 2" x 9” FILTER TUBE

Filter Tube Grade

C B A AA
Air Flow, SCFM at 2 psi drop:
100 psig line pressure 885 149 67 17.2.
50 psig 499 84 38 9.7
0 psig 113 19 9 2.2

Water Flow, gal. per min. at

5 psi drop 38.0 6.9 1 43 2.1

NOTES:

1 Flow rates are for the filter tubes only and do not take into
account pressure drop of the housing. Please refer to the product
data sheet for flow rate in a particular Balston housing. Flow
rates for Grade D are not included because they are primarily
determined by the housing characteristics.

2. Pressure drop is proportional to flow rate. For example, if the
flow rate through 2" x 9" Grade B at 50 psig is 21 SCFM, rather
than 84 SCFM as shown on the table, the pressure drop will be
21/84 x 2 psi = 0.5 psi.

3. In liguid filtration, pressure drop for liquids other than water
will not be proportional to viscosity.

MAXIMUM RECOMMENDED PRESSURE

DIFFERENTIALS
C-TYPE TUBE OTHER TUBE TYPES
Tube Inside-to- Qutside-to- | Inside-to- Outside-to-
Diameter |Qutside Flow Inside Flow|Outside Flow Inside Flow
" 80 psi 20 psi 60 psi 20 psig
%" 80 13 40 13
1 80 10 25 10
1% 80 7 20 7
2" 80 5 15 5

NOTES:

1. Maximum recommended pressure differential with support core,
outside-to-inside flow, all diameters, except %", = 70 psi, for 12"
= 150 psi.

2. For Grades DX, CX and BX, maximum recommended pressure
differential for inside-to-outside flow is 100 psi.

FILTER TUBE ORDERING INFORMATION
When ordering Microfibre Filter Tubes, please specify

Size — The Order No. code for standard sizes is shown above.
For example, 1" diameter x 2%" long is code 100-12.

Retention Efficiency Grade — For example, Grade A.

Type of Filter Tube — If the epoxy binder is wanted, no
type designation is used. If the Q, L, or H-Type is wanted,
the appropriate letter should follow the grade designation,

® EXAMPLE: The designation for 1 x 2%", Grade A,
Q-Type, is 100-12-AQ.

® EXAMPLE: The designation for 2" x 97,
epoxy binder is 200-35-B.

Standard packing is ten tubes per box. Please order

complete boxes whenever possible. For less than one box

quantities, an additional charge of 40% is made to the tube

price.

A range of special sizes can be supplied on request. Please

contact Balston, Inc., for detailed information.

rade B,

STOCKING AND DELIVERY INFORMATION

Standard Balston Filter Tubes and filter housings are
stocked at more than thirty locations in the U.S. and
Canada by Balston Technical Representatives. Please re-
quest the name of the nearest stocking Representative. In
addition, all Microfibre Filter Tubes and Balston filter
housings are stocked in Andover, Massachusetts and Mis-
sissauga, Ontario. Off-the-shelf delivery usually can be made

BALSTON Filter Products

BALSTOMN, INC.
P.0. Box C, 703 Massachusetts Ave.
® Lexington, Mass. 02173
Tel. 617-861-7240 e 862-7455
Telex: 92-3481

BALSTON CANADA LTD.
1938 Mattawa Avenue
Mississauga, Ontario L4X 1K1
Tel. 416-272-1516

on any catalog item.

Balston manufactures Microfibre Filter Tubes at plants in
Andover, Massachusetts, and Maidstone, England. For price
and delivery information in locations outside North Ameri-
ca and South America, please contact. Baiston, Ltd.,
Springfield Mill, Maidstone, England.

ORIGINAL PAGE IS
OF POOR OVALITY
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the leakproof, fully separable, heat-sealed tube fittings
that resist vibration and never need retightening

CPV has developed the ciosest thing to the perfect line of
tube fittings yet: Mark VIl O-SEAL. These unique compo-
nents combine the most desirable, most important char-
acteristics of any tube fittings: totally leakproof reliability
in liquid or gas service from vacuum to 3000 psi
maximum resistance to vibration (they won't loosen even
with extreme system vibration or line pressure fluctua-
tions) . no maintenance (they never have to be retight-
ened). unlimited break-remake flexibility (you can break
and remake connections at will and slip components in
and out of the system without springing or cutting the
line) _and complete design freedom {wide choice of
fittings to connect components to-any system).

The Big Difference

Uniike Mark VI O-SEAL, ordinary tube fittings—com-
pression, flareless, flared tube, etc.—rely on external
force or torquing of the nut to seal. This force must be
sufficient to deform the tube wall to achieve even a pass-
able seal. Consequently, the sealing area is actually the
weakest portion of these fittings. Any vibration or pressure
fluctuation loosens the seal and makes it necessary to
retighten the nut again and again until the fitting fails or
the tube collapses. And when these fittings do fail, the
entire tube section, not just the fitting, must be replaced,
greatly increasing downtime and operating costs.

The Mark VIil 0-SEAL System

The basic Mark VIl O-SEAL conhector comprises a body
and a tailpiece, with a resilient O-ring recessed in a close
tolerance groove in the body. These two flat-faced com-
ponents are joined by a union nut, which compresses the
captive O-ring to form an initial, léaktight seal. Light
wrenching completes the installation to assure a leak-
proof connection that will not vibrate loose. The flat-faced
construction of Mark VIl O-SEAL fittings eliminates any
concern about critical torque or positioning of the nut.
Internal line pressure actually increases the sealing ef-
fectiveness of these unique fittings.

Typical Mark VII1 Male Connector (H854)

Tailpiece (R)

Low Torque Assembly

Unlike conventional fittings which require a great deal of
torque to effect a seal, Mark Vill O-SEAL fittings require
a minimal amount of torque to achieve a seal that never
needs to be retightened, A typical ¥%2” Mark VIl O-SEAL
fitting, for example, requires just 36 in.-Ibs. of torque for
proper assembly, while a conventional bite-type fitting of
the same size requires more than 500 in.-Ibs.

Heat-Sealed Tube Connection — Welded or Brazed

All Mark VHI O-SEAL fittings are furnished complete,
ready for installation. Tube end connections are perma-
nently heat sealed (either weided or brazed) and are not
subject to failure when breaking or remaking connections.
See page 18 for methods of installation, This complete
system of engineered fittings—including unions, con-
nectors, tees, elbows and crosses in 0.D. tube sizes from
Ya” to 2” and reducers down to ¥8”—is ideal for any fluid
system at pressures from vacuum to 3000 psi. Tempera-
ture rating and fluid compatibility are limited only by the
O-ring material employed.

Vibration Resistance

The unique construction of Mark VIl O-SEAL fittings as-
sures maximum resistance to the effects of vibration,
flexural stresses or pressure surges, Essentially, the Mark
Vill system is a compact, lightweight version of the famed
CPV O-SEAL fittings which have been providing leakproof
connections for more than 25 years—even in systems with
severe vibration and other cyclic stresses. Like the
O-SEAL SYSTEM, Mark VHI O-SEAL fittings employ a
resilient O-ring that maintaing its positive sealing regard-
less of system pressure fluctuations or vibration.

Uniquely Superior

If you want to build a “dry machine” with inherent vibra-
tion resistance and complete flexibility, put the unrivaled
capabilities of Mark Vill O-SEAL fittings to work for you:
They'll never let you down.

ORIGINAL PAGE IS
OF POOR QUALITY

Heat-Sealed Tube Connection

Welded or Brazed Union Nut (N)

Lard



MALE CONNECTOR — H859
Tube to Male Straight Thread

Tube Male
( ‘ O.D. Str. Thd.

} Part No. A B C-Hex. D E F G-Hex. E
H859-2-2 Y% %24 Y ¥ 1% .36 Y%
H859-2-4 Y %s-20 % X 1% .4 %

H859-4-4 Y% %20 % ¥ % 41 %

H859-4-6 Y He-18 Be ¥ 1%, .43 %

H859-4-8 Y  %-16 % ¥ 1% .47 %

H859-6-6 % He-18 W Y 134 .43 %

H859-6-8 %  %-16 B Y% 1% 47 %

H859-6-10 %  %-14 1% Y% 1% .53 1%,

H859-8-8 Y4  %-16 % ¥ 1%, .47 %

H859-8-10 Y%  %-14 1% ¥, 2 53 WY LF
H859-8-12 Y 1412 1% % 2% .63 1% o
H859-10-10 5%  %-14 1% % 2% .53 1Y, m
H859-10-12 % 1412 1% 3% 2% .63 1% ORIGINAI ‘or.r : ~-B1Ho
HB59-1212 % 1Kel2 1% Ko 2% 63 1% OF VAL PAGE |3 7 Lomx
H859-12-16 3% 1%-12 1% % 25 .63 1% OCR QUALITY 1ne a dimonsion c.:be
H859-16-16 1 1%:-12 1% Y% 2% 63 1% teduced toany e slze
H859-20-20 1Y  1%-12 2 Y 2% 63 1% P
H859-24-24 1Y  14-12 2% % 2% .63 24 - ’
H859-32-32 2 2%-12 3% % 3% .63 3

<5

FEMALE CONNECTOR -~ H864
Tube to Female Straight Thread

Tube Female
O.D.  Sir. Thd.

Part No. A B C-Hex. D E F-Hex.

H864-2-4 Y% %:-20 % % 4 %

H864-4-4 Y% %-20 % 0 % 1% %

H864-4-6 Y %-18 e Ks 1% %

H864-4-8 Y %-16 56 He 1% ™M

H864-6-6 % %5-18 s Y 1% %

H864-6-8 % %-16 oo % 1% W

H864.6-10 % %-14 1% % 2% %

H864-8-8 1 %-16 s Hs 2 1)1 o “ € .

H864-8-10 Y %-14 1% X B 1% o G

H864-8-12 Yo %12 1% %o 2% 1% ?r s AP

H864-10-10 % %-14 1% % 2% 1% —'17_r A

H864-10-12 % 112 1% % 2% 1% e

H864-12-12 % 1%-12 1% K 2% 1% The A dimension can be
C H864-12-16 %  1%-12 1% % 2% 1% e page 1 for detaite,

3| HBs4-16-16 1 W12 1% Y 2% 1% ' : ks i
" [Hesa2020 1% 1wz 2 % 3 2
H864-24-24 1% 1%-12 2% % 3 24

For ordering information, see page 4.



ORIGINAL PAGE IS
o OF POOR QUALITY




OF POOR QU

" ’ORIGINAL PAGE

Auirv

IS

FORMED BELLOWS

Shown is a two ply lap seam welded bellows made
from 321 stainless steel 003 wall thickness. Spring
rate is 40 lbs. per inch. The flange is heliarc welded to
the open end. The cap is seam welded to the closed
end.

éTACKED BELLOWS (WELDED)

A cutaway illustration of a stacked bellows or one
where discs are welded around the inner and outer
periphery of each convolution. Made of AM 350 single
ply .002 wall thickness. Spring rate 14 lbs. per inch.
All'welding is heliarc. Flange and cap are 321 stainless.

DIMENSIONS & CHARACTERISTICS —FORMED STAINLESS STEEL BELLOWS

1 2 3 4 5 6 7 8 5
REFERENCE INSIDE OUTSIDE PITCH MAXIMUM EFFECTIVE SPRING DEFLECTION § MAXIMUM
NUMBER DIAMETER DIAMETER (Inches) DEFLECTION AREA RATE PER P.S.1. | INTERNAL
{Inches) {Inches) (In/Conv.) {Sq. n.) (#/1n/Conv.) {In./Conv.) P%ESSSK’JF;E
300 SERIES STAINLESS (1 PLY) LAP-WELDED, BUTT-WELDED OR SEAMLESS

15-13 1/8 1/4 .031 .005 .@25 500 .00005 1,000
15-25 1/4 13/32 .062 019 ~.085 2,000 .000043 1 1,100
1$-31 5/16 15/32 062 019 120 1,660 .000072 630
15-37 3/8 9/16 093 019 172 960 .00018 800
15-48 15/32 3/4 093 .023 .294 715 .00041 405
15-50 1/2 3/4 093 .023 .293 370 .0008 310
15-61 5/8 7/8 .093 .023 424 540 .00078 350
1S-67 11/16 29/32 093 023 .487 480 .00101 250
15-72 3/4 31/32 . 125 L031 .567 1,000 .00056 460
15-87 7/8 1-1/8 . 125 .031 .785 810 .00097 400
15-91 29/32 1-5/32 . 125 031 .841 700 .0012 375
15-98 31/32 1-5/16 125 .031 1.020 370 00275 175
1S-100 1.00 1-9/32 125 031 1,015 1,575 .00064 295
15-125 1-1/4 1-11/16 . 125 .031 1.767 300 .0058 170
15-131 1-5/16 1-9/16 125 .031 1.622 600 .0027 190
15~136 1~3/8 1-21/32 125 .031 1.805 505 .0036 175
15-150 1-1/2 1-29/32 .187 045 2.270 875 .0026 200
15-162 1-5/8 2-1/8 . 187 .045 2.761 725 .0038 170
15-175 1-3/4 2-3/16 . 187 .045 3. 141 600 .0052 160
15-200 2.00 2-1/2 .250 .050 3.932 960 .0041 130
1S-237 2-3/8 2-7/8 .250 050 5.412 1,675 .0032 110
15-250 2-1/2 2-7/8 .250 .050 9.670 1,550 .0036 ?5
15-300 3.00 3-1/2 250 050 8.294 1,080 0077 " 65
15-325 3-1/4 3-3/4 .250 .050 9.621 2,250 .0043 75
15-350 3-1/2 4-1/8 .250 050 11.412 1,900 006 80
15-400 4.00 4-3/4 .300 075 14,862 210 L0163 45
15-431 4-5/16 4-15/16 .300 075 16.799 930 018 42
15-443 4-7/16 5,00 .300 075 ] 17.475 6,150 .0282 75
15-450 4-1/2 4-25/32 .300 075 16,941 6,000 .0282 80
1S-500 5,00 6.00 .375 078 23.758 2,350 .0101 45
1S-550 5-1/2 6-1/2 375 .078 28,274 800 .0353 25
15-600 6.00 6-21/32 .375 .078 31.416 1,060 0296 50
15-700 7.00 8,00 .375 .078 44,178 1,250 .035 40
15-800 8.00 9.00 .375 .078 56.745 1,500 .038 32
15-900 9.00 10.00 .375 .078 70.882 1,725 .0415 25
1S-1000 10.00 11-1/2 .375 .078 96.760 7,900 ,0114 , 105
15-1100 11.00 12-1/2 .375 .078 108.430 9,000 .0120 20
15-1275 12-3/4 14-1/2 .375 .078 145,800 {10,750 0135 75







GENERAL @ ELECTRIC )“‘CLASS. LTR. lOPERATIOM lpnosam lsequence No. REV. LTR.
MISSILE :,::II:ASDI;APC}EADIVISION PIR NO. — 1254 __AGCE — 019
PROGRAM INFORMATION REQUEST / RELEASE *USE *'C'* FOR CLASSIFIED AND "'U’” FOR UNCLASSIFIED
Faomfw§ T0
S.L. Neste Distribution
DATE SENT DATE INFO. REQUIRED PROJECT AND REQ. NO. REFERENCE DIR. NO.
4/6/81

SUBJECT

DIELECTRIC MATERIAL FOR THE AGCE BAFFLE

on request.

1.0 SUMMARY

INFORMATION REQUESTED/RELEASED

AGCE assembly has been identified.

2.0 BACKGROUND

in that region (PIR 1254-AGCE-016).

3.0 RESULTS AND CONCLUSIONS

A potential source of high dielectric constant material for the baffle in the
Trans-Tech, Inc. of Gaithersburg, MD can provide
ceramic dielectric material with any value of dielectric constant between 14 and 140
They will also machine the material to customer specified configurations.
The person to contact for information beyond that provided below is Russell G. West
(301) 948-3800, Senior Staff Engineer at Trans-Tech, Inc.

In the construction of the AGCE assembly, an equatorial baffle may be required
in the Tower hemispherical section of the convection cell to prevent fluid circulation
The dielectric constant of the baffle material
should match that of the dielectric fluid to minimize distortion of the electric field.
‘For the GFFC assembly, teflon with a dielectric constant of 2.2 was used which con-
veniently matched that of the DC Silicone 0il1 (i.e., 2.18). 1In the case of the AGCE,
fluids with dielectric constants of 40 or more may be used. During the AGCE Program
review held at GE in early February, a question arose as to the availability of material
for the baffle which had this large a dielectric constant. As a result of that concern
GE informally agreed to investigate this potential problem and to identify sources of
high dielectric constant material.

Trans-Tech, Inc. a producer of ceramic dielectrics was contacted and asked to
provide information on the availability of high dielectric materials. Data sheets
giving complete specifications for several compounds were sent and are given in the
Appendix. Although the values of dielectric constant given for each compound were
measured at several GHz, the values at AGCE frequencies of 300 Hz will not be appre-
ciably different (probably slightly higher).

G. Fogal
R, Homsey
S. Neste

PAGE NO. { RETENTION REQUIREMENTS
COPIES FOR MASTERS FOR
7] 1 wo. ] 3 wmos.
[[] 3 wmos. [] 8 mos.
1 oF 2 7] 6 mos. ] 12 mos.
M MOS, []  wos.
m m DONOTDESTROY

FORM 1020 B REV (9-65)




Of particular interest for AGCE applications is the Magnesium Calcium
Titanite (MCT) Series which are pure ceramic dielectric materials developed
with the exacting requirements of the microwave industry in consideration.
Any value of dielectric constant between 14 and 140 is available on request.
A 1ist of compositions representative of the MCT Series is given on the last
page of the Appendix.

Based on the information obtained to date, procurement of a dielectric
baffle material to match the dielectric constant of the fluid seems quite
feasible. Additional information regarding characteristics of these materials
and their potential application to the AGCE can be obtained from Trans-Tech, Inc.
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SPECIFICATION
BULLETIN

[ETIPVNPRIVES 37 SIVE VI IOV SRV U Oy R e i L et SRR

TRANS-TECKH, IMC.
GARNETYH ¢ FERRITES » ALUMIRA
, DIELESTRICE ¢ CUSTOM R & D

WAL ha e e PP gt L ah, ot s Tatazhok o

TRANS-TECH ,,,Brand Electronic Ceramics e
®
° DIELECTRIC
Cordierite *
000000006003 000688000QC0060TOCES
CHARACTERISTICS
Specific Gravity —G/CC - - . o v i it i e e s st e e et e e 2.30
Color .........00... e et e e n et u e e T White
Thermal Conductivity — cal.Jem2/cm/sec./°C . ... ..... e e ettt 0.007
Hardness —MOhs  SCale . . . o v vt v vt et s s e s e a e ensooeosraooassaonsnnsas . . 7-8
Coefficient of Thermal Expansion —Per "C . . . . .. .. ittt in v eceneossnosanacenen 2x 10-6
DielectricStrength —voltsper mil . . . . . . . . .. ittt et ittt isnooaeronmeseansnnns 40 - 230
DielectricConstantat: 1I0GHz —€" . . . . . ... ... .. innn e e et e s e e e s .. 434103
Dielectric Loss Tangentat: IO GHz —€”/€’ . . . . . . . i it i it ittt i ie s s coennssacsns <0.0002
Temperature Coef. of dielectric constant/®C . . . .. . ..ottt it i e vn s tarnacnnsonnsnns 455 x 10—6

D-4 is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very
constant characteristics are assured, both with frequency and temperature variations.

D-4 is intended to be used as a r.f. matching medium for ferrites and garnets when a dielectric constant of 4 is needed, but
this is not the limitation of use. Whenever a very low loss dielectric exhibiting a small coefficient of linear thermal expansion
is required, D-4 is indicated.

ORIGINAL PAGE IS
OF POOR QUALITY

Specifications subject 0 change without motice.
Unless otherwise indicoted, olf data is nomincl
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SPECIFICATION

TRANS-TECH, INC. BULLETIN

GARNETS o FERRITES ¢ ALUMINA
mg‘ CQIELECTRICB‘ . CUBTOM!R &,,P.,..

#RANS-TECH y,, Brand Electronic Ceramics :
® DIELECTRIC
TYPE DS-6 : BULLETIN NO. 60-67
Forsterite-High Purity o 4 ,
® 000000 OO0 00066 OO OO0 HOGEEOEDSGOGHLDY

CHARACTERISTICS
Water Absorption =% . . .. .o v vt vt eeenvencesns e e e s e s et e e 0.6
Specific Gravity —gfec . ... ...t v it ce s e s e e e e 2.89
Color . ......¢ciiiieneennsennnnons e e e e s e e e s e Cream
Thermal Conductivity — cal./em2/em/sec./?C . . . v i v i vttt ettt e et e e e 0.009
Hardness — Mohs" Scale . ...........cco0cu... N e s et e 75
TensileStrength —PSl ., . . ... .. ...t ineess et e e s e e 9000
Compressive Strength —PSI . . . ... ... Gt e e it s e e s e e e sttt £5,000
Flexural Strength —PSI . . . . . .. ... ... ..o, ie e s e e ss s e 20,000
Resistanceto Impact —Inch-Pounds . . . . ... .. i ittt ottt eeseneenas s e b s e e e 5.1
Coefficient of Thermal Expansion —Per°C .. .......... e ettt et e 1x10-5
Dielectric Strength —voltspermil . . . ... ......... C ot h e e e e i s e e e et 200

- Te—-°C . ... iivinn.. C it e et e e e a et e ettt e, ... 1000

A ) DielectricConstantat: 10 GHz — € . . . . .. ...t it i it enenroeiennraoennnn G ee e 6.3+0.3
Dielectric Loss Tangent at: 10 GHz —¢"/e’ . ..... e e s s e s e e e s a et i s e e <0.0002
Temperature Coef. of dielectricconstant/°C . ........... e et e e e e +107 x 10-6

DS-6 is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very
constant characteristics are assured, both with frequency and temperature variations,

DS-6 is intended to be used as a r.f matching medium for ferrites and garnets when a dielectric constant of 6 is needed, but
this is not a limitation of use. Whenever a very low loss and stable dielectric material is required, DS-6 is indicated.

CRIGINAL PAGE IS
OF POOR QUALITY

]
Specifications subject to change without notice.
}u otherwise indicated, all data is nominal AUGUST 1, 1972
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SPECIFICATION
BULLETI

whan - - B R - U SR PR ] k. PRVNGE I W)

GARRNETE ¢« FERRITER ¢ ALUMINA

TRANS-TECH, INC. u

e DIBLECTRICS ¢ CUSTOMR > =]

et

TRANS-TECH ,, Brand Electronic Ceramics
DIELECTRIC

TYPE DA-9 BULLETIN NO. 61-67

Alumina -99.7%

[ 28 2% 2 A B I 2

'YENXEEENNEE NN NN NN N NN NN EE NN

CHARACTERISTICS
Water Absorption — % . . e e eeas e e e e e e e b e e e e e e e e s 0.000 impervious
Specific Gravity —gfecc ... ... .... e e e e e e eesesvs. 38510389
Color ... et eea et e et e ae e e e e n e e s a e eeeessas Pink
Thermal Conductivity — cal./em2/em/sec./°C .. ...... e e e e e e . 0.045
Hardness — Mohs" Scale ... ... e e e e et c e e s e e e e I *
Tensile Strength — PSI . . . . .. .. it et e it s e weeew.... 30000
Compressive Strength —PSE . . .. ........ e e e te e e h e s e e 375,000
Flexural Strength — PSI . Gt e 4 e ee e e ea s heee e e e e e e 60,000
Resistance to Impact —InchPounds . .. ... .. ...t enenanns G h e o e ne e 7.5
Coefficient of Thermal Expansion —Per °C ... ... e e e ettt e, . 5x10-6
Dielectric Strength — volts permil . . . . . e e e s e e s e ee e eae e e 300
Te—%C ottt e e e e et ceeeeaee... 1100 Yoy
(‘_ Dielectric Constantat 10 GHz € . . ... . ..t iin o ov e e e 9.540.3
Dielectric Loss Tangent at: 10 GHz e"'/e’ . e e e e e hee e e e e . < 00000
Temperature Coef of dielectric constant/°C .. ..... et e et aee e +113x 10-6

DA-Q is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very
constant characteristics are assured, both with frequency and temperature variations.

DAS is intended to be used as a r.f. matching medium for ferrites and garnets when a dielectric constant of 9 is needed, but
this is not a limitation of use. Whenever a very low loss and stable dielectric material is required, DA-9 is indicated.

ORIGINAL PAGE IS
OF POOR QUALITY

{ Specifications subject 1o change without notice. *
Unless otherwise indicated, all data is nominal AUGUST 1, 1972
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SPECIFICATION

TRANS-TECH, ING. BULLETIN

GARNETS ¢ FERRITES ¢ ALUMINA
g, TELECTRICE o CUBTOM R E O

e bk i it iy wrn
ThANS-TECH 1 Brand Electronic Ceramics : ‘
® DIELECTRIC
1YPE D-13 . BULLETIN NO. 62:67
Magnesium-Titanate o ,
©0 00 00CEPCEOECOOCESECOIEOOETOEDPONOSOSEOGEOC
CHARACTERISTICS
Water AbsOrption — 6 . . . . it it ittt st ceeeecoanonananeonnonansonoeansoesd 0.000 Impervious
SpecificGravity —g/cC . . . .o vt it ittt it G s e e e eser e 3.40
0. 1 fee e vory
Thermal Conductivity — cal./em2/cm/sec./°C . . .. .. ..o .. e e ae e e 0.01
Hardness — Mohs' Scale . . . ... ..ttt ittt it eoncoaeennneesoaannaenneens 7
Coefficient of Thermal Expansion — Per 0 . . . . . it ittt ittt e e e en e seensenenanena 8x10-6
DielectricStrength —voltspermil . . . . . .. .. .. ittt irennenenns c e eanes 300
DielectricConstantat: 10 GHz —€” ... ... .. ... ittt neeelinnnnna e rereeenea 13.010.5
Dielectric Loss Tangent at: 10 GHz €776 . . . . i it v it o i n e et e tmn et tsonmenonenas < 0.0002

- Temperature Coef. of dielectric constant/®C . . . .. v it ittt n ettt e e avsancanennnnns +135 x 106

D-13 is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very
constant characteristics are assured, both with frequency and temperature variations.

D-13 is intended to be used as a r.f. matching medium for ferrites and garnets when a dielectric constant of 13 is needed, but
this is not a limitation of use. Whenever a very low loss and stable dielectric material is required, D-13 is indicated.

ORIGINAL PAGE |s
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TRANS-TECH, IMNC.

GARNMNETS ¢ FEARITES ¢ ALUMINA
. DIELECTRICE ¢« CUBTOMRE D

. 4
T

TRANS-TECH ,,,Brand Electronic Ceramics

sz s omo o —

SPECIFICATION
BULLETIN

5 it ot e B s 2 Ut e B it A e i

B L et meluemn SBern e it e Al ed el e L U I PUS

DIELECTRIC

TYPE D-16 BULLETIN NO. 63-67

Magnesium-Titanate

evecoeel

CHARACTERISTICS
Water AbsOrption — % . . . i i it i e e e e e e e et e e e e e e e e e 0.000 impervious
Specific Gravity — g/cc . e et e et e e e et e et e e e e e 3.60
COlOr . .ttt e e e e e e et et e Ivory
Thermal Conductivity — cal.fcm2/ecm/sec./°C . . . .. v i i it e.. e e 0.01
Hardness — Mohs’ Scale . . e e et a e e e e e Ce e e e iaee. 7
Coefficient of Thermal Expansion —Per°C .. . ...... e e e e e 7.5x 106
Dielectric Strength — volts per mil R 300
Dielectric Constantat: 10 GHz —¢’ ... .... ...... b et e e e e aeeas e e . 16.0 0.5
Dielectric Loss Tangentat 10 GHz —€/€” . .. . i it ittt i e e s ee... < 0.0002 y
Temperature Coef. of dielectricconstant/°C . .. ........... ..... e +98 x 16 ¥
\S
D-16 is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very
constant characteristics are assured, both with frequency and temperature variations.
D-16 is intended to be used as a r .f. matching medium for ferrites and garnets when a dielectric constant of 16 is needed, but
this is not a limitation of use. Whenever a very fow loss and stable dielectric material is required, D-16 is indicated.
ORIGINAL PAGE IS
GOF POOR QUALITY
)
Specifications subject to change without notice.
Unless ofherwise indicated, oll data is nominal AUGUST 1, 1972
PR AR PR kg P T R R 2 Mact il ke oate it S 0 S e el gk (138 » R TS SRR T s a0 TRers e
e -~ -~ - e . - - P
W e LA - - S _{ 12 MEEM AVENUE, GAITHERSBURG, MARYLAND /(301 S4a8-3800 TWX 710 828 G549

P

F aontin

© & 0000000660 LOOCHOOGOOGOEPOOEGOGO PSS



L

B cvitciesiin b, 5. 3
FRANS-TECH, ING. L5T0 SPECIFICATION
GARNETS « FERRITES » ALUMINA | it RULLETIN
. DIELECTRICS + CUSTOMR G D w v
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AANS-TECH ,,,Brand Electronic Ceramics e
°
'Y DIELECTRIC
°
TYPE D-30 o BULLETIN NO. 64-70
Nickel-Aluminum-Titanate .
©0000000000006000000COROGSOOIOE
CHARACTERISTICS
Water Absorption — % . . . v o vt it ot v oot T X 1
SpecificGravity —g/cC . . . v v vt v i it e et e e et e ae et et aees e eer. 39-40
Color .......... e e e e e s et e sttt e a e e e e cesesan.es.s Green
Dielectric Constantat:- 10 GHz—-¢' ...... ........ e s e Gt s rasseeesss 31.045%
Dielectric Loss Tangent at. 10 GHz —€"/€’ . .. .. vt e ieninnnnn e e . 00002
Temperature Coef. of dielectric constant/°C . .. ........ e e e et eeee ... —387x10-6
Coefficient of Thermal Expansion —Per°C . ... ............. et ttereeaesaas.. 9%x10-6
& .
o . '
i .

D-30 is a ceramic dietectric material developed and produ¢ed with the exacting requirements of the microwavé industry in
consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very constant character-
istics are assured, both with frequency and temperature variations.

D-30 is intended to be used as a phaser toroid loading and a r f. matching medium for ferrites and garnets when a dielectric
constant of 30 is needed, but this is not a limitation of use. Whenever an extremely low loss moderately high permittivity
dielectric material is required, D-30 is indicated.
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SPECIFICATION

TRANS-TECH, INC. A ,
BULLETIN

GARNETS ¢ FERMNITES s ALUNMINA
- DIELECTRICS ¢ CUSTCMRG&GDR

A et . e bem S R T RSP O 3 ¥ SRR kil W~ By A RSV S s b b S DT
TRANS-TECH ;,,Brand Electronic Ceramics .
.
. DIELECTRIC
TYPE D-100 . BULLETIN NO. 6570
Titania e _
00 000000 COEOLOGOEOOIEPSEOEOOGEONOESGOS
CHARACTERISTICS
Water Absorption — 26 . . . . i it i i i it s it e st et et et .. 0.1
SpecificGravity — g/0C . . . . o v i it it i e et i ea e e e e et e e 39-40
L0+ 11 Y Cream
Thermal Conductivity — cal./em2/em/sec./oC . . o o i et it e e ettt e 0.01
Hardness — Mohs' Scale . . . . . .. i i ittt it i ittt ot et o e o ne s oo ansasens 6
Coefficient of Thermal Expansion —Per °C . . ... ... ..o ... et e e e, 7.5 x 10—-6
Dielectric Strength —voiltspermil . .. . .. .. ...ttt i ier s 150
Dielectric Constantat: 6 GHz —€” . . . ... . .. ...t it e 96 +5%
Dielectric Loss Tangentat: 6 GHz —€™/€’ . . . . . . i it 4 it et s i e e s nenoens e s ae Less than 0.001
o Temperature Coef of dielectricconstant/°C . . .. ... ... .ttt enenenonennnn «.... -575x10-6
)
st

D-100 is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum, Very
constant characteristics are assured, both with frequency and temperature variations.

D-100 is intended to be used as a r.f. matching medium for ferrites and garnets when a high dielectric constant is needed, but
this is not a limitation of use. Whenever a low loss high dielectric material is required, D-100 is indicated.

CRIGINAL PAGE IS
OF POOR QUALITY,

Specifications subject to change without notice.

Unless otherwise indicated, oll data is nominal AUGUST 1, 1972
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TRANS-TECH, INC. ¢ “30™
GARNETS ¢ FERRITEZ o ALUMINA R E
DIELECTRIC8 ¢ CUSTOMRG&D b.u..a..mj é

SPECIFICATION
BULLETI

o SRR b o bR s i s st L

s 2 s ) e tban —

,,M}ANS‘TECH 1 Brand Electronic Ceramics :
® DIELECTRIC
° . :
TYPE D-38 ° BULLETIN NO. 66-70
Barium Tetratitanate g
© 0 0 000000000 OCOOEOOOOOOO BN

CHARACTERISTICS

Water Absorption - % . . ... e e e e e e e e e e e easaeaaas e eeees.s. 030
Specific Gravity —g/lce . .. . ..., e e e P, e e et 4.40

Color - . e e e e e et ee e et e aeane s et eese. tan
Hardness — Mohs’ Scale e e e e e e e fh e e e 7
Coefficient of Thermal Expansion — Per °C e et e e e e i, 94x10-6
Dielectric Constant at 6 GHz — ¢’ e e e e e e e e e ceeaess. 372.015%
Dielectric Loss Tangent at: 6 GHz — ¢"'/¢’ et e e e e eeea <0.0005
Temperature Coef of dielectric constant/°C . . ....... et e s e s e —25 x 10-86

D-38 is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very
constant characteristics are assured, both with frequency and temperature variations.

D-38 is intended to be used as a phaser toroid loading and a r f. matching medium for ferrites and garnets when a dielectric
. constant of 37 is needed, but this is not a limitation of use, Whenever a low loss moderately high permittivity dielectric
material, exhibiting a small temperature coefficient of dielectric constant is required, D-38 is indicated.

ORIGINAL pagE |s
OF POOR QuaLiTy

Specifications subject to change without nolice. ’
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TRANS-TECH ,, Brand Electronic Ceramics o
°
° DIELECTRIC
. BULLETIN NO. 67-71
TYPE D-15 .
Magnesium-Titanate o
2000 0PCLEOOLOESIOCOCEOIOOOOEOGEGOROIUOEOSOSLS
CHARACTERISTICS
Water Absorption—% . .. ......... i e et e e e e v s s ease. . 0000 Impervious
SpecificGravity — g/CC . . . . . . . e et e e et 3.50
Color ... ... ...... e e e s e e r s ea e e e e e Ivory
Thermal Conductivity — cal./em2/cm/sec./°C .. ....... e it eieeeen... 0009
Hardness —Mohs' Scale . . . .. .. ... i s e e e e e C e e 7
Coefficient of Thermal Expansion —Per°C .. ......... e e e e e e e ceteeeee. 15x10-6
Dielectric Strength —volts permil . . . .. ... ...ttt nooeneennnns et e e . 300
Dielectric Constantat: TOGHZ — € . .. . i .ttt ittt e eeeneceennns e e e 15.040.5
Dielectric Loss Tangent at: 10 GHz —¢”/fe’ . ....... ettt e et e e e < 0.0002
. Temperature Coef, of dielectricconstant/°C . . ........... e e e eiees.. +98x10-
Y
D-15 is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very
constant characteristics are assured, both with frequency and temperature variations.
D-15 is intended to be used as a r.f. matching medium for ferrites and garnets when a dielectric constant of 15 is needed, but
this is not a limitation of use. Whenever a very low loss and stable dielectric material is required, D-15 is indicated.
ORIGINAL PAGE 1S
OF POOR QUALITY
i
Specifications subject to change without notice.
Unless otherwise indicated, all dala is nominal AUGUST 1, 1972
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o

GARNETS ¢ FERRITES ¢ ALUMINA | ]

DIELECTAICS o CUSTOMR & O ks . L ,
ke o b P et oo R A it sl i SR
THANSTECH ,,, BRAND ELECTRONIC CERAMICS :
TYPE S-71 PS DIELECTRIC
ORIGINAL PAGE IS BULLETIN NO. 91 — 76
SPINEL ' : o
OF POOR QUALITY ¢
900000000000 COOSIOEDRBOOROIEOEEN
CHARACTERISTICS
Dielectric Constant at 10GHz — ¢’ ........ e teieaeseiieeaeaa cetrrena....B0%5%
Dielectric Loss Tangent at 10GHz — €¢”/€¢* .......... heiesesmressnacas ceneaneasa.<0.0002
Coefficient of Thermal Expansion — per©C . ......... ceaeasen eerereeeeraane. i x 106 (D)
Specific Gravity —gfcc  ............ Ceeerracecernroreacneas ceeeeeaen cere.ss353
Color ... iiiriinnennnensanaane s eresnsacesanes teeacaarasaa eessess... White
Water Absorption — % .. ...t eneencans Cesersssesessuesessoneuans R Vs
Temperature Coefficient of dielectric constant — per °C . ... ... ..vteinnvanns ceraenne +100 x 106

A Range 25°C — 300°C., see reverse side for broader temperature range.

(_ 3 S-71 is one of a series of pure ceramic dielectric materials series to match those of microwave ferrites and garnets,
’ developed with the exacting requirements of the micro- Whenever an extremely low loss dielectric material of con-
wave industry in consideration. The temperature coefficient trollable thermal expansion is required, the spinel series

of linear thermal expansion has been adjusted within this is indicated.

TYPICAL THERMAL EXPANSION VALUES OF POLYCGRYSTALLINE FERRITES AND GARNETS ‘2! :
Coefficient of expansion (°C1)

Composition Type 20°C to 120°C 20°C to 720°C
YIG, YAUG, YGAIG 8.0x 106 10.5 x 106
MgMn Ferrite,
MgMnAl Ferrite 8.2x 106 11.0x 106
Ni Ferrite,
NiAl Ferrite 7.6 x 10°6 10.6 x 106
(2) F.G. Peters, |EEE Trans. on Mag. Vol. MAG-4, page 480, Sept. 1968
Bpecilicatk bject to change without notice.
;‘;h“olhmlu‘ d, o}l data is nominal AUGUST 1, 1876
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SPECIFICATICI

i
TRANS-TECH, INC. 13-
: " BULLETIN

~, GARMETS ¢ FERRITES » ALUMINA i {
, MELECTRICS o CUSTOMR&D iy

X t " - s o W I it e b BT s D VR ot 8 AT A s Al B it W it A dn i L" P A AN X "‘AVQM-.A"’: > RS Ladinse: !
TRANS-TECH ™. BRAND ELECTRONIC CERAMICS :
TYPE S-78 s ° DIELECTRIC
ORIGINAL PAGE 15 BULLETIN NO. 92 — 76
SPINEL OF POOR QUALITY  { v
[ ]
® S 00000 00000006600 OO GO OS O OPS
CHARACTERISTICS
Dielectric Constant at 10GHz — €’ ... ... .. eenuen sessmcesenccesteannenninea .82% 5%
Dielectric Loss Tangent at 10GHz — ¢ /€’ ......... e crecenecareaans eeeees..<0.0002
Coefficient of Thermal Expansion — per°C ......... ceecsseennatonnvans ceecnn eee1.8x 10 6 (1)
Specific Gravity —g/cc ... vnen.nn Ceeens Ceeae e eceecenereaneseea ceeee...352
Color .....iveeennocnnnacnennns Sesseseiescesascaresnn . cessane White
Water ADSOrPlON — 26 . . oo o v i evesonecascnasacsennensncnanacs Ceaeeneceenen <0.2%
Temperature Coefficient of dielectric constant — per OC . ... ...t inrerrovennaoens ...+100 x 106
(1)

Range 25°C — 300°C., see reverse side for broader temperature range.

VR

§-78 is one of a series of pure ceramic dielectric materials series to match those of microwave ferrites and garnets.
devsloped with the exacting requirements of the micro- Whenever an extremely low loss dislectric material of con-
wave industry in consideration. The temperature coefficient trollable thermal expansion is required, the spinel series
of linear thermal expansion has been adjusted within this is indicated.

TYPICAL THERMAL EXPANSION VALUES OF POLYCRYSTALLINE FERRITES AND GARNETS (2’:
Coefficient of expansion (°C-1)

Composition Type 20°C to 120°C 20°C to 720°C
YIG, YA1G, YGdIG 8.0x 106 10.5x 106
MgMn Ferrite,

MgMnAl Ferrite 8.2x 106 11.0x 106

Ni Ferrite,

NiAl Ferrite 7.6x 106 10.6 x 106
(2)

F.G. Peters, IEEE Trans. on Mag. Vol. MAG-4, page 480, Sept. 1968

Bpecifications subject to change without notice. ) !
Unless otherwise indicated, all data s nominal. AUGUST 1, 1976
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TRANS-TECGH, NS, = 57 SPECIFICATION

- GARNEYS ¢ FERRITES ¢ ALUMINA | § g E BULLE{BIN
 DIELECTRICS ¢ CGUSTOM RS D b Bronsiimiail fist
Blang? irpine et o ok e i e el s v ial i 3t b A uJ b e N Y s B R i s R AN i o ens S il p i cne
1 LSTECH |, BRAND ELECTRONIC CERAMICS :
FYPE 598 ORIGINAL PAGE IS ¢ sy DIELECTRIC
SPINEL OF POOR QUALITY -93-76
e
PO 00000000 SP0OPCECECEOEOCRNOESOSOEOSTON
CHARACTERISTICS
Dielectric Constant at 10GHz — ¢’ ......... sescssressesaasanens P X : X -3
Dielectric Loss Tangent at 10GHz — ¢"/¢’ ...... femeseaeseaesesase s veneonas <0.0002
Coefficient of Thermal Expansion — per°C . .... e eserectaesan s erennanns ce....98x 106V
Specific Gravity —8/cC . ... .. it hereeas eeeesasrsarenaes P X -} |
Color ........0unn featescesnearaeos cetearsananas ceenes oo eeseeeess White
Water Absorption — % ..... et e Wese e evseeenaanns ece e heeneoessK<0.2%
Temperature Coefficient of dielectric constant — per®C .. .. .. et orreeesans Cestesnans +100 x 106
(1

Range 25°C. — 300°C., see reverse side for broader temperature range.

(,_/ . $-98 is one of a series of pure ceramic dielectric materials series to match those of microwave ferrites and garnets.
g developed with the exacting requirements of the micro- Wheheverian extremely low loss dielectric material of con-
wave industry inconsideration. The temperature coefficient trollable thermal expansion is required, the spinel series

of linear thermal expansion has been adjusted within this is indicated.

TYPICAL THERMAL EXPANSION VALUES OF POLYCRYSTALLINE FERRITES AND GARNETS 21,

Coefficient of expansion (°C1)

Composition Type 20°C to 120°C 20°C to 720°C
YIG, YAIG, YGdIG 8.0x 106 10.5x 108
MgMn Ferrite,

MgMnAl Ferrite 8.2x 106 11.0x 106
Ni Ferrite,

NiAl Ferrite 7.6 x 106 10.6 x 106
{2)

F.G. Peters, 1EEE Trans. on Mag. Vol. MAG-4, page 480, Sept. 1968

Specificat! bject to ch without notice.

%inlass otherwise indicated, all datais nominsl. AUGUST 1' 1976
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TRANS-TECH, INC. 9 “f e Sy%%?gg%%}?ééom

GARNETS ¢ FERRITES ¢ ALLUIVIIMNA % H
 DIELEGTRICS « CUSTOM R & D éﬁaﬂ Gl e

i e K passear. T e t— . - et it
TRANS-TECH 1 ,, BRAND ELECTROMNIC CERAMICS :
TYPE S-110 AL PAGE 1S o DIELECTRIC
* BULLETIN NO. 94 -76
SPINEL ORIGIN Y .
OF POOR QUA .
0008000000000 06C0e00OCCBOBOIOGIOOREOECL
CHARACTERISTICS
Dielectric Constant at 10GHz — €' .. ............... ceeenan RN e .80t 5%
Dielectric Loss Tandent at 10 GHz — ¢/ ¢’ .. ... G edesradeaanceannan feeann <0.0002
Coefficient of Thermal Expansion — per°C ....... cbeeeaan Cebesnevo e Ceeceseae 11.0 x 106 (1)
Specific Gravity — @/6C . o v ot ii i e i eteeonoencosacnons Chesesseeens ceesaennse 349
Color ... eceiinccncananancnnns e seetssesaesaaereeanana cesecsaaseses s White
Water Absorption — %5 . . ..o vetnn it eneecnanancacnnnsns Checensaceacana s K0.2% _
Temperature Coefficient of dielectric constant —per©C .. ..... Seeensenas teeeeeeee...+100x 106

(1) Range 25°C — 300°C,, see reverse side for broader temperature range.

it

~ $-110 is one of a series of pure ceramic dielectric materials series to match those of microwave ferrites and garnets.
developed with the exacting requirements of the micro- Whenever an extremely low loss dielectric material of con-
wave industry in consideration. The temperature coefficient trollable thermal expansion is required, the spinal series
of linear thermal expansion has been adjusted within this is indicated.

TYPICAL THERMAL EXPANSION VALUES OF POLYCRYSTALLINE FERRITES AND GARNETS(Z’ :

Coefficient of expansion (°C1)

Composition Type 20°C to 1200C 200C to 720°C
YIG, YATG, YGAIG 8.0x 106 10.5x 106
%25’«‘2?% 8.2x 106 11.0x 106
NIAI Ferrite 7.6 x 106 10.6 x 106
(2)

F.G. Peters, LEEE Trans. on Mag. Vol. MAG-4, page 480, Sept. 1968

Specifications subject to change without notice.

Unless otherwise Indicated, eil duta is nominal AUGUST 1, 1976
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SPECIFICATION

TRANS-TEGH, INC. 17 BULLETIN
eSnd

GARNETES » FERRITES ¢ ALUMINA b

DI “FCTRICE ¢ CUSTOM R & D il biaec i , - " . «
b dta ¥ A e T S o s an s 2 FRYE Gosa S a Kohuanrii ot
TRANSTECH 1, Brand Electronic Ceramics  ORiGIWAL PAGE IS ©
OF POOR QUALITY e DIELECTRIC
® BULLETIN NO.75—~71 thru 87—
TYPE MCT SERIES . BULLETINNO rusr-71
4
I EENEEENEENEXEEEEENEY EN N B N N N I
CHARACTERISTICS
Bulletin Composition Dielectric* Dielectric* Density Water
No. Mo. Constant Loss Tangent {g/cm?) Absorption
¢ tan & (%)
7571 MCT—18 18 +3% {0.002 3.47 . 0.1
86—77 MCT—20 20 +5% <0.002 3.50 0.1
8777 MCT—25 25 +5% <0.092 3.54 0.1
76—71 MCT—30 30+5% <0.002 359 0.1
77-71 MCT—40 40 + 5% <0.002 3.62 0.1
7871 MCT —50 50 +5% <0.002 3.65 0.1
79—71 MCT—55 55 +5% <0.002 3.68 0.1
8071 MCT—70 70+ 5% {0.002 3.70 0.1
81—71 MCT—85 85+5% <0.002 3.75 0.1
82—71 MCT—100 100 + 5% <0.002 378 0.1
83—71 MCT—~115 115 5% <0.002 3.80 0.1
84—71 MCT—125 125 +5% {0,002 393 0.1
85—71 MCT—140 140 +10% <0.002 385 0.1

*measured at C-band microwave frequencies

The MCT Series are pure ceramic dielectric materials developed with the exacting requirements of the microwave
industry in consideration. Any value of dielectric constant between 14 and 140 is available on request. The above listed
compositions have been developed as representative of the MCT Series and are available on a production basis.

The MCT Series is intended for use in microwave devices where moderate dielectric loss can be tolerated and the
inherent stability of a pure ceramic dielectric is beneficial.
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witicatk bject to chenge without notics.
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GENERAL @ ELECTRIC TCLASS, LTR, l.opsmﬁou IPROGRAM Isaousuce Wo. JREV. LTR.
?::I‘l-fb'gl';ﬁff" A PIR NO. u — 1254 _AGCE 026

PROGRAM INFORMATION REQUEST / RELEASE *USE *'C’’ FOR CLASSIFIED AND *'U’’ FOR UNCLASSIFIED
FROM._ T0

J S. L. Neste Distribution
DATE SENT DATE INFQ. REQUIRED PROJECT AND REQ. NO. REFERENCE leh. NO.

5/29/81
SUBJECT

COST OF MATERIAL FOR THE AGCE BAFFLE

INFORMATION REQUESTED/RELEASED

was addressed in PIR No. 1254-AGCE-019,

the AGCE should not differ greatly from these values.

can be used to achieve any desired thickness.

Although the maximum

The availability of high dielectric constant material for the AGCE baffle

The attached quotation from Trans-Tech,

Inc. provides an estimate of cost and delivery time for a ring configuration
(8 in OD x 6 in ID x 1 in thichness) using material having a dielectric constant

of 20. Costs for the exact configuration and material composition required by

thickness available in large diameters is approximately 1 inch, multiple pieces
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SUBJECT :

TASK 8 - REQUIREMENTS FOR OUTER SPHERE MATERIAL

INFORMATION REQUESTED/RELEASED

the availability of suitable material.

TASK 8 - REQUIREMENTS FOR OUTER SPHERE MATERIAL

1.0 SCOPE

2.0 GENERAL

4

3.0 REQUIREMENTS

3.1 Size

3.2 Optical Axis

-+

suitable material for the outer sphere.
as guidelines for this effort.

A survey of vendors will be performed to determine the availability of
The requirements 1listed below will be used

sphere. Thickness of the hemispherical shell will be determined by thermal
considerations and by the strength required for machining operations. Spheré

.t
The attached requirements for the outer sphere are provided for use in determining

The requirements for the outer sphere material are based on GFFC experience
and the AGCE statement of work.

A nominal value of 12 cm will be assumed for the inner diameter of the

diameters of & cm and 15 cm will also be considered to bracket the nominal value.

Optical axis will be specified parallel to the axis of rotation to within
50 to minimize birefringent effects (refer to Tasks 4 and 5).

L. R. Eaton
5. Fogal
S. Neste
W. Yager
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PIR No. U-1254-AGCE
Page Two

3.3 Surface Quality
Fabrication tolerances to be assumed are:
Radii : ¥ 0.1 mm for 60 mm diameter sphere

Surface Figure : 1 ring power, 1/2 ring irregularity over 25 mm at 5899 A.
Scratch and dig : 80/50

)

)
Approved by: 7{/Q Caklge
AGCE Program Manager

e
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SUBJECT

TASK 8 - MATERIAL FOR THE OUTER SPHERE

INFORMATION REQUESTED/RELEASED

1.0 SUMMARY

Crystal Systems, Inc. was identified as the only producer of large sapphire
boules of the size required for the AGCE. Presently, material to fabricate
hemispherical shells with up to 4 cm inner radius can be provided with the optic
axis and the centerline co-linear, while shells with inner radius of 7.5 cm can
be made with the optic axis perpendicular to the centerline. Although larger
boules may be available in the future, and permit construction of larger shells
with co-linear optic axis and centerline, it is recommended that the need for co-
linearity be assessed. Cost estimates for the sapphire boules range from $6,000

(4 cm inner radius) to $17,000 (7.5 cm inner radius).

Machining of the boules into hemispherical shells can be performed by either
Insaco, Inc. or Frank Cooke, Inc., although better surface quality is guaranteed
by Frank Cooke (+1 fringe power and 1/2 fringe irregularity vs. +5 fringe power
and 2 fringe irregularity). The machining costs for the smallest hemisphere
(4 cm inner radius) are $12,000 and $20,000 as estimated by Insaco and Cooke,
respectively. For the largest size (7.5 cm inner radius) the respective costs
are $20,000 and $30,000. It is recommended that an assessment of surface quality

requirements be performed and used as the basis for selection of the machinist.
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Delivery time for the finished hemispherical shell will approach one year
or more, depending on the specified size of the shell and the orientation of the

optic axis.
2.0 BACKGROUND

The success of the AGCE experiment depends on being able to make flow
velocity and temperature measurements in the relatively small, confined volume
of fluid between the two concentric spherical shells. In the Geophysical Fluid
Flow Cell (GFFC), which is conceptually similar to the AGCE, the outer and inner
radii of the smaller and larger spheres were approximately 3.30 and 4.50 cm re-
spectively. These dimensions provided a gap of #bout 1.20 cm in which the fluid

was confined.

For AGCE applications it is desirable to increase the radii of the spheres
while keeping the gap constant. This will facilitate flow measurement and reduce
the effect of the radial variation of the electrostatic gravity. Since the obser-
vational and thermal requirements of the outer sphere will necessitate the use of
a material such as sapphire, or spinel, the question arises as to whether or not
such material is available in the dimensions required. The availability of material
for the AGCE outer sphere, the 1imits on optical and surface quality and budgetary

cost estimates for material and machining are provided in Section 3.0.

3.0 TASK IMPLEMENTATION

Letters were sent to Insaco, Inc. and Frank Cooke, Inc. who both specialize
in machining of sapphire and are familiar with potential sources of large sapphire
boules. Copies of the letters and their responses are given in Appendices A and B.
This correspondence was also supplemented by telephone conversations with Mr. Frani =

Cooke and Mr. John Coleman (Insaco, Inc.). The size and optical requirements



specified to the vendors are given in Figure 1. The three hemisphere sizes

were intended to span the range of sizes desired for the AGCE and to provide a
trend of cost versus size. The specified optical requirements were the same as
those stated for the GFFC outer hemispheres. Spinel was not considered as a
potential material for the AGCE since both Mr. Cooke and Mr. Coleman stated that
it would not provide the optical quality of sapphire, nor was it available in

the large sizes required.

The results obtained from Cooke and Insaco are summarized in Table 1. Both
stated that the only known supplier of large sapphire boules is Crystal Systems,
Inc. (Appendix C). Although this supplier has recently encountered difficulties
in producing larger boules of "good" optical quality, both Cooke and Insaco feel
that in the future Crystal Systems may be able to produce the large sizes desired.
The material costs in Table 1 are based on estimates obtained from Crystal Systems

by Insaco, Inc.

Table 1
Cost Estimates for Material and Machining
of the AGCE Outer Hemisphere

Cost Quotes

Hemisphere Size Sapphire Material Machining

D G W N

Inner Radius | Outer Radius |Crystal Systems, Inc. | Insaco, Inc.| Frank Cooke, Inc.
4 cm 5 cm $ 6,000 $12,000 $20,000
6 cm 7 cm $10,250 $13,750 $25,000
7.5 cm 8.5 cm $17,000 $20,000 $30,000
5.35 cm 6.35 cm $ 9,100 $13,900 -
6 cm 7 cm $11,000 $15,000 -
6.6 cm 7.6 cm $15,000 $19,000 -




N
R
Ro
Ri RO
Case 1. 4.00 cm + 0.01 cm 5.00 cm + 0.01 cm
Case 2. 6.00 cm + 0.01 cm 7.00 cm + 0.01 cm
Case 3. 7.50 cm + 0.01 cm 8.50 cm + 0.01 cm

REQUIREMENTS:

1. Edges and bevels to be fine grind.

2. Materials: synthetic sapphire, optical quality. No imperfections or
inclusions larger than .010 in diameter permitted. Crystal axis co-
Tinear with indicated centerline within 5°.

3. Scratch and dig 80-50. There shall be no evidence of grayness or stain
on optical surfaces.

4. Surfacé§/bf clear aperture shall be test plate fit withip 1 fringe power
and 1/2 fringe irregularity over a one inch diameter area using a standard
mercury source.

5. Clear aperture: 1I.D. and 0.D.

Ffﬁhre 1. Hemisphere Size and Optical Requirements Used
to Obtain Cost Estimates.



Based on the present capabilities of Crystal Systems only the smallest size
(Case #1) in Table 1 is reliably expected to be available with the "C" or
optical axis co-linear with the centerline. The other cases in Table 1 would

have the C axis perpendicular to the centerline.

Nominal time required to produce these boules would be 24 weeks. In the
future, material may be available to produce hemispheres up to 7.6 cm outer radius
in zero orientation (C axis parallel to centerlihe), but the delivery time for
these large boules would increase to as much as 48 weeks. The machining time,
which is fairly independent of size varies from ~12-15 weeks (Insaco, Inc.) to
26 weeks (Frank Cooke, Inc.). Thus, the total procurement time for the AGCE
outer hemisphere may approach or exceed a year. If the boule is broken during
fabrication, both machinists will absorb the cost of labor, but the customer

assumes the cost of replacing the material.

Mr. Cooke indicated that his machining costs could be reduced by ~$5,000 if
the "hemisphere" was made in two parts, a true hemisphere and an "attachment
ring”, which could then be bonded together. However, he felt the additional cost
was worthwhile to avoid the bonding requirement and any problems which could

result.

Both Mr. Cooke and Mr. Coleman (Insaco) pointed out that the changing crystal
orientation and associated variation in material hardness around the circumference
of the hemisphere make it difficult to achieve uniform surface quality over the
entire hemisphere. Mr. Coleman, therefore, would only agree to a surface quality
specification of +5 fringes power and 2 fringe irregularity, but stated that the
surface quality would vary in a predictable manner and selected areas would have
much better surface quality. Mr. Cooke, stated that although it would be

difficult, he could meet the specifications of 1 fringe power and 1/2 fringe



irregularity as given in the letter request for gquote.

4.0 CONCLUSIONS AND RECOMMENDATIONS

Presently, the only source for the large sapphire boules required for the
AGCE is Crystal Systems, Inc. of Salem, MA, (617)745-0088. This was confirmed
by both firms which were contacted to provide quotes for machining of the hemis-
phere. The ultimate size available with the centerline and "C" or optic axis
co-Tinear cannot be firmly established at this time. However, if the bire-
frinaent  effects associated with material in which the C axis is perpendicular
to the centerline can be compensated by data processing, then obtaining the large
hemispheres required is feasible. It is, therefore, recommended that the impact
of this orientation be assessed to establish if co-linear optic axis and center-

line are necessary.

Fabrication of the sapphire hemisphere can be performed by either Insaco,
Inc. of Quakertown, PA, (215)536-3500 or Frark Cbokeé, Inc. of North Brookfield,
MA, (617)867-2892. Although machining costs submitted by Insaco are considerably
less, final selection should be based on an evaluation of the surface quality
requirements. If the optimum optical surface is required, then Frank Cooke, Inc.
should be selected. Mr. Cooke has a very good reputation for producing quality

optical elements and was recommended by John Coleman of Insaco.

Delivery time for the finished hemispherical shell can be as long as a year,
or more. Thus, high priority should be given to establishing the optical and
size requirements of the hemisphere so that its procurement can be initiated

early in any instrument development program.

(st
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CENERAL @ ELECTRIC

SPACE DIVISION

GENERAL ELECTRIC COMPANY VALLEY FORGE SPACE CENTER
KING OF PRUSSIA PARK,P.0. BOX 8661, PHILADELPHIA, PENNA, 19101. .TEL (215) 962-2000

18 February 1981

Mr. John Coleman
Insaco, Inc.

P.0. Box 422
Quakertown, PA 18951

Dear Mr. Coleman:

As per our telephone conversation of 18 February 1981, I am requesting
a budgetary estimate of the costs associated with material procurement and
machining of a sapphire "hemispherical" shell meeting the nominal shape,
dimensional and optical requirements specifiéd on the attached sketch. 1In
addition, it would be most helpful to us if you could provide an indication )
of the cost impact of the following: 4

1) radii tolerance

2) scratch and dig tolerance assess increases and
decreases relative to
3) surface irregularity nominal values

4) shell thickness

5) producing a hemispherical shell with
crystal axis perpendicular to centerline.

If a risk factor associated with unacceptable boule, or accidental
breakage during machining is included, please specify. Do not hesitate to
contact me for additional information or clarification if required.

Sincerely,

Moo 2N

Sherman L. Neste
Senior Scientist
(215) 962-2153

SLN/jan
Encl.



Rs
Ro
Ry R,
Case 1. 4.00 cm + 0.01 cm 5.00 cm + 0.01 cm
Case 2. 6.00 cm + 0.01 cm 7.00 cm + 0.01 cm
Case 3. 7.50 cm + 0.01 cm 8.50 cm + 0.01 cm

REQUIREMENTS:

1. Edges and bevels to be fine grind.

2. Materials: synthetic sapphire, optical quality. No imperfections or
inclusions larger than .010 in diameter permitted. Crystal axis co-
linear with indicated centerline within 5°.

3. Scratch and dig 80-50. There shall be no evidence of grayness or stain
on optical surfaces.

4. Surfaces of clear aperture shall be test plate fit within 1 fringe power
and 1/2 fringe irregularity over a one inch diameter area using a standard

mercury source.

5. Clear aperture: 1.D. and 0.D. .
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INSACO

INCORPORATED

PRICE QUOTATION

P O. Box 460 /Quakertown Pa. 18951 / Phone: 536-3500 (Area Code 215)
TWX Number: 510-661-5943

To

Mr. Sherman L. Neste
General Electric Co
Valley Forge Space Center
P. 0. Box 8555
Philadelphia, Pa 19101

Date March 16, 1981

RFQ#_Letter dated 2/18/81

QUOTE#.___32688
We are pleased to quote on the following, subject to the terms herein:
QUANTITY DESCRIPTION UNIT PRICE
1 ea Sapphire '"Hemispherical" Shell 4 cm |.R. x 5 cm O.R.
#1 (1.575" 1.R. x 1.9685" 0.R.) $18,000.00 ea
1 ea Sapphire ''"Hemispherical' Shell 6 cm I.R. x 7 cm O.R.
#2 (2.362'"" |.R. x 2.756" 0.R.) $24,000.00 ea
A
1 ea Sapphire ""Hemispherical’ Shell 7.5 cm I.R. x 8.5 cm O.R. j
#3 (2.953" 1.R. x 3.346" 0.R.) $37,000.00 ea
1 ea Sapphire '""Hemispherical' Shell 5.35 cm I.R. x 6.35 cm 0.R.
#4%  (2.106" 1.R. x 2.50" 0.R.) $23,000.00 ea
1 ea Sapphire ""Hemispherical’ Shell 6 cm I.R. x 7.00 cm O.R.
£§ (2.35" 1.R. x 2.756' 0.R.) $26,000.00 ea
1 ea Sapphire "Hemipsherical' Shell 6.6 cm I.R. x 7.60 cm 0.R.
#6 (2.6" 1.R. x 2.992" 0.R.) $395006-00—ea
$34,000.00 e
Notes:
1. Quote is Budgetary and will be firmed upon agreement of all
requirements.
Continued on next page This Price remains firm for 60 days
Terms: Net 30 days — | F.0.B. Point: Quakertown, Pa.
Delivery
The prices and terms on this quotatiou are not subject to verbal changes or other agreements unless approved in writing by the Home Office of the
Seller. All quotations and ag t upon strikes, accidents, fires, availability of materials and all other causes beyond our control,
Prices are based on costs and condltlons existing on date of quotation and are subject to change by the Seller before final acceptance.
Typographical and stenographic errors subject to correction. Purchaser agrees to accept either overage or shortage not in of ten p t to be

charged for pro-rata. Purchaser assumes liability for patent and copyright infringement when goods are made to Purchaser’'s specifications. When quota-
tion specifies material to be furnished by the purchaser, ample allowance must be made for reasonable spoilage and material must be of snitable quality
to facilitate efficient produetion.

Conditions not specifically stated herein shall be governed by established trade customs. Terms inconsistent with those stated herein which may appear
on Purchaser’s formal order will not be binding on the Seller.

WE THANK YOU FOR YOUR INQUIRY, MAY WE HAVE THE PLEASURE OF SERVING YOU?

John H. Coleman, Sales

Title

Form: PQ-1 )
Original /,r )



PRICE QUOTATION

@® INSACO
- 0N INCORPORATED

P O Box 460/Quakertown Pa. 18951 / Phone: 536-3500 (Area Code 215)
TWX Number: 510-661-5943

To 4
Date March 16, 1981

Sherman L. Neste
General Electric Co

Philadelphia, Pa 19101 RFQ#
QUOTE#___ 32688
We are pleased to quote on the following, subject to the terms herein: ;
_— : : = s

QUANTITY DESCRIPTION UNIT PRICE

Notes: Continued from first page

2. Material will average quality which will have some light
scatter when viewed under polarized light. Material will be
state of the art quality and is available from only one source.
Only for Qase #1 will material be available with the "C'" or
optic axis co-linear with centerline.

3. Quote is based on customer assuming cost of material if part
is broken during fabrication. Insaco will absorb cost of labor
if loss occurs during fabrication.

L, Delivery will be approx. 12 weeks AROM, material will require
approx 24 weeks from date of order. Therefore final delivery
is expected to be 36 weeks ARO.

5. Your Note #4 with respect 1 fringe power and 1/2 fringe
irregularity will be held to * 5 fringes power (using norminal
size test glass) and 2 fringe irregularity.

6. Material may be available for up to 3.00' outside radius in
zero orientation (C axis parallel to optic axis of lense).
however delivery may be as long as 48 weeks for material plus
12 to 15 weeks forThis Price remains firm for 60 days machining or greater th%n
T year delivery ARU.

Terms: Net 30 days — | F.0.B. Point: Quakertown, Pa.

Delivery

The prices and terms on this quotation are not subject to verbal changes or other agreements unless approved in writing by the Home Office of the
Seller. All quotations and agreements are contingent upon strikes, accidents, fires, availability of materials and all other causes beyond our control.
Prices are based on costs and conditions existing on date of quotation and are subject to change by the Seller before final acceptance.

Typographical and stenographic errors subject to correction. Purchaser agrees to accept either overage or shortage not in excess of ten percent to be
charged for pro-rata. Purchaser assumes liability for patent and copyright Infringement when goods are made to Purchaser's specifications. When quotas
:iox; sﬁietcig:s ‘gx?tertial tg b:i furnished by the purchaser, ample allowance must be made for reasonable spoilage and material must be of suitable quality
o facilitate efficient production.

Conditions not specifically stated herein shall be governed by established trade customs. Terms Inconsistent with those stated herein which may appear
on Purchaser's formal order will not be binding on the Seller.

WE THANK YOU FOR YOUR INQUIRY, MAY WE HAVE THE PLEASURE OF SERVING YOU? gé ;

Na

Title

Form: PQ-1
Oﬂgina‘?Q

-



APPENDIX B
CORRESPONDENCE WITH FRANK COOKE, INC.



GENERAL &3 ELECTRIC

GENERAL ELECTRIC COMPANY
KING OF PRUSSIA PARK, P.O. BOX 8661, PHILADELPHIA, PENNA, 19101, .TEL (215) 962-2000

SPACE DIVISION

VALLEY FORGE SPACE CENTER

25 March 1981

Frank Cooke, Inc.
59 Summer Street
North Brookfield, MA 01535

Dear Mr. Cooke:

As per our telephone conversation of 25 March 1981, I am requesting a
budgetary estimate of the costs associated with material procurement and
machining of a sapphire "hemispherical"” shell meeting the nominal shape,
dimensional and optical requirements specified on the attached sketch. In
addition, it would be most helpful to us if you could provide an indication
of the cost impact of the following:

1)
2)
3)
4)
5)

radii tolerance

scratch and dig tolerance assess increases and
decreases relative to
surface irregularity nominal values

shell thickness

producing a hemispherical shell with
crystal axis perpendicular to centerline.

If a risk factor associated with unacceptable boule, or accidental breakage
during machining is included, please specify.

In addition, if you feel there is a "reasonable" potential for producing larger
hemispheres built up from segments, we would also be interested in your concepts
and an ROM cost estimate for that. Do not hesitate to contact me for additional
information or clarification if required.

SLN/jan

Enclosure

Sincerely,

MQ‘/W

Sherman L. Neste
Senior Scientist
(215) 962-2153

)



Rs
Ro
Ry R,
Case 1. 4.00 cm + 0.01 cm 5.00 cm + 0.01 cm
Case 2. 6.00 cm + 0.01 cm 7.00 ¢m + 0.01 cm
Case 3. 7.50 cm + 0.01 cm 8.50 cm + 0.01 cm

REQUIREMENTS::

1. Edges and bevels to be fine grind.

2. Materials: synthetic sapphire, optical quality. No imperfections or
inclusions larger than .010 in diameter permitted. Crystal axis co-
linear with indicated centerline within 5°.

3. Scratch and dig 80-50. There shall be no evidence of grayness or stain
on optical surfaces.

4, Surfaces of clear aperture shall be test plate fit within 1 fringe power
and 1/2 fringe irregularity over a one inch diameter area using a standard
mercury source.

5. Clear aperture: 1I1.D. and 0.D.



FRANK COOKE, INC.

59 Summer Street
North Brookfield, Massachusetts 01535

Optics for the Infrared
Special Optical Elements 617-867-2892
Optical Machinery 617-867-9210

April 7, 1981

General Electric~Company

Valley Forge Space Center

P.0O. Box 8555

Philadlephia, Pa. 1910}

Att: Sherman L., Neste ~Senior Scientist

Dear Mr. Neste: Re: Letter of 25 March 1981

We are willing and able to make this sapphire dome covered by your

above subject letter.

¥

While not poor we do not have sufficient capital to cover the cost

of this sapphire boule.

By using a design similar to a modern geodesic dome almost any Sapphire
Dome can be made. The problem of estimating the cost of this construction
is beyond us but we know it can be done.

It would greatly facilitate if the dome stopped at the equator instead

of a hyper-hemisphere. Can-this be done?

An early reply would be appreciated.

Sincerely,

‘/

A‘ V7 =4 L
FC/s Frank Cooke /.7/
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GENERAL 3

VELELT 1., SPACE DIVISION

GENERAL ELECTRIC COMPANY VALLEY FORGE SPACE CENTER
(MAIL P. O. BOX 8555, PHILADELPHIA, PENNSYLVANIA 19101), Phone (215) 962-2000

10 April 1981

Frank Cooke, Inc.
59 Summer Street
North Brookfield, MA 01535

Dear Mr. Cooke:
Re: Letter of 7 April 1981

We have considered your comments regarding termination of the sapphire dome
at the equator as opposed to extending it as indicated in the sketch. The
portion of the dome below the equator 1is required to provide an attachment
surface for mating the dome to the main experiment apparatus, but it need
not be optical quality material. The possibility exists for making the dome
in two pieces: (1) a hemisphere and (2) an "attachment ring" of a shape
similar to that portion of the dome extending below the equator. However,
it must be possible to achieve a leak free bond between the two pieces and
maintain thermal continuity across the boundary. It may also be possible
to use a material other than sapphire for the attachment ring if that is
simpler from a machining standpoint and if the above conditions can be met,

We would appreciate a cost estimate for both approaches as well as your
assessment of the problems involved in material procurement and machining,
and the quality of the end product, in each case. Please call me if addi-
tional information is required.

Sincerely,

it W

Sherman L. Neste
Environmental Physicist
Room M9521, 215-962-2153

SLN/grv

/// r 0



FRANK COOKE, INC.

59 Summer Street
North Brookfield, Massachusetts 01535

Optics for the Infrared
Special Optical Elements 617-867-2892
Optical Machinery 617-867-9210

April 17, 1981

General Electric Company
P.O. Box 8555
Philadelphia, Pa. 19101
Att: Sherman L. Neste - Environmental Physicist
Dear Mr. Neste: Re: Letter of 10 APRIL
Iin reply to your above subject letter concerning sapphire
domes, if the dome is being used in a high temperature environment
what cement should we use for the attachment ring?
I|f G. E. would furnish the material we would be willing to make
a dome of Case | for approximately ve.eeevveassesssssaP!5,000.00.
We note a flat at the apex of the convex side. |Is this

intentional?

The above price is less coating.

) ~
Sincerely, ~ .~

¢ .7 ) ﬂ
FC/s Frank/ng;e Z




APPENDIX C

DATA SHEETS FROM CRYSTAL SYSTEMS, INC.
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PHYSICAL

Chemical formula
Crystal structure
Unit cell dimension
Density

Hardness

Melting point
Boiling point

ORIGINAL PAGE IS
OF POOR QUALITY
Al,0,

Hexagonal system (Rhombohedral)
a=4758A, c=12991A

3.98 gm/cm3

9 mohs

15625-2000 Knoop

2040°C

2980°C

MECHANICAL

Tensile strength

at 25°C

at 500°C

at 1000°C
Bulk modulus
Young's modulus (60° to c)
Modulus of rigidity
Modulus of rupture
Poisson’s ratic

et

THERMAL

Thermal conductivity (60° to c)at 25°C
Thermal expansion coefficient
(60°toc) 25°- 800°C

60,000 psi (design criterion)
40,000 psi (design criterion)
50,000 psi (design criterion)
35x10°

50 x 108 psi

21 5 x 108 psi

65,000 - 100,000 psi

0.25

0.065 cal/cm-sec-°C
8.40 x 10" per°C

Specific heatat 25°C 0.10 cal/gm
Heat capacity at 25°C 18.6 cal/°C-mole
Volume resistivity 10" ohm-cm
Dielectric strength 48,000 volt/cm
Dielectric constant (E L¢) 9.4

(Ellc) 115
Dissipation factor, tan § 10

OPTICAL

Transmission is dependent on the reflection and absorption losses

as shown:

Reflection at one surface r = (M- 1)*
(n+1)2

, 1 refractive index (Table 1)

For” ‘”«nsmissoon through two surfaces without absorption

S (112

For wavelengths and thickness x where absorption occurs

(1-rpe-

T= 1-r2e -2~

» & absorption coefficient (Figure 1)

WAVELENGTH Refractive index,
{Microns) Ordinary Ray (at 24°c)
0.26520 1.83360
0.28035 1.82427
0.29673 1.81695
0.3130 1.80906
0.34662 1.79815
0.365015 1.79358
0.404656 1.78582
0.546071 1.77078
0.579066 1.76871
0.64385 1.76547
0.706519 1.76303
0.89440 176796
1.01398 1.75547
1.12866 1.75339
1.6932 1.74368
2.24929 1.73232
3.3026 1.70231
4.2553 1.66371
5.577 1.58642

TABLE | Index of Refraction n for

Sapphire vs. Wavelength. Index of Extra-
ordinary ray approximately 0.008 less
than for ordinary ray '

—1600°C
z \
¢ [T508(C
So ot DN o
©Q “ > 4
5 bgoNic 2
g AN yan i
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Figure 1 Absorption Coefficient o for
Sapphire in the Infrared as a Function of
Temperature.
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Sapphire, free of light scatter,
is available only from Crystal
Systems. Boules up to 12 inches
diameter, 5 inches thick, can be
provided in (1120), (1010) and
(1702) orientations. For zero
birefringence optics, (0001)
orientation, up to 5-inch diame-
ter rods are available. Large
crystals can be fabricated to
satisfy a variety of technological
needs.

OPTICAL

Sapphire’s size availability with zero light
scatter, coupled with its broad optical
transmission band, high strength, hard-
ness, and chemical stability even at high
temperature, makes it an exceptional
optical material.

It is a choice window material for high
temperature and severe environments.
A high melt point, good thermal conducti-
vity and low expansion permit high
temperature use and rapid temperature
change. In addition, it is nearly insoluble
in water and common acids, and has
excellent rain erosion resistance. Typical
applications are IR, visible, UV, high
pressure and high temperature windows,
optical lenses, prisms, filters, and beam-
splitters.

TRANSMISSION OF
CRYSTAL SYSTEMS HEM SAPPHIRE

:

ission

=
@
£
©
L9
fn
x

0.25 0.50 0.75 1.0

2.0

3.0 4.0 5.0

Wavelength ( u m)

w3 mm thickness, 5 A ms roughness (TiS}

ELECTRONIC

Sapphire is also an ideal material for
electronic substrates, having zero poros-
ity, high dielectric strength and low loss.
Appilications are SOS, MIC, and hybrid
substrates.

s 3 mem thickness, 100 A rms roughneas (TIS)
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vus e 2,26 thickness, 100 A rma roughness (TIS)

&

MECHANICAL

This extremely hard material, third only to
diamond, can be polished to a pore- and
scratch-free surface for low friction wear
surfaces. Typical applications are jewel
and precision bearings, nozzles and wear
flats.

Sapphire components custom fabricated
are acoustic rods, tubes for maser
cavities, transparent armor, point-of-sale
windows, and optical fiats.
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Crystal Systems uses its patented Heat
Exchanger Method (HEM) to grow
large crystals. By this unique motion-
less crystal growth process, temperature
fluctuations are minimized promoting

highly uniform growth and high crystal-
line perfection. HEM FURNACE

Scatter-free crystals result from the unique ability to grow in a vacuum environment.
in situ growth permits post-solidification anneal and controlled cool-down of very
large crystals.

Recause of HEM's simplicity, higher quality crystals can now be grown to
Jiger size at reduced cost.

R & D DIVISION

Crystal Systems R&D Division has successfully adapted the
unique Heat Exchanger Method (HEM) to commercial production
of silicon for solar and optical application. It has a proven
capability to extend R&D developments to the production and
marketing of important industrial crystals.

A new slicing method-FAST (Fixed Abrasive Slicing Technique)-
has been developed for wafering of expensive materials, with
minimum thickness, kerf and surface damage.

For contract research on sapphire, silicon, and other materials,
direct your inquiry to Crystal Systems R&D Division.

For any of your sapphire requirements-rod stock, bar stock or
finished components-contact Crystal Systems.

CRYSTAL SYSTEMS INC.

SHETLAND INDUSTRIAL PARK
o 35 CONGRESS STREET, SALEM, MA 01970

(617) 745-0088
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1.0 SCOPE

This document sets forth some preliminary specifications
for the optical and electro-optical design of the flyingespot
scanner (FS5S8) subsystem of the AGCE, These are tentative, and
are intended only for guidance in preliminary design and
feasibility assessment,
2,0 GENERAL

The FSS is intended to scan the surface of the AGCE test
cdll, detect the presence of drifting harker dots, and measure
the two noneradial components of thefmaf gradient in the
interstitial fluid, The FS3 also su?plies a latitude encoder
signal that, in combination with a test cell longitude encoder,
locates the scanner spot on the surface of the test cell, The
FSS is intended to deliver marker, gradient, and latitude signals
to a signal processor for subsequent conditioning (which may

include digitization) and electronic recording.
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3.0 PERFORMANCE SPECIFICATION

3,1 Test Cell Fabrication

The geometry of the rotating test ¢ell that must be
scanned is assumed to be as shown in Figure 1 . Fabrication
tolerances to be assumed are:
radii ¢ +/= 0.1 mm
surface figure : 1 ring power, % ring irregularity, over
25 mm diameter at 5893A
scratch and dig ; 80/50
The outer shell of the test cell shown in Figure 1 will be
fabricated from synthetic sapphire. The optical axis will be
assumed parallel to the axis of rotation within 5%, Optical

properties to be assumed for sapphire are those tabulated in

the OSA Handbook of Optics.

The inner sphere will be assumed to be specularly reflective
and to exhibit the reflectivity of aluminum (85%),

The interstitial fluid will be assumed to exhibit a
refractive index of nj = 1.478,

The inner surface of the sapphire shell will be assumed
to be coated with a transparent conductive cocating.

3.2 Tegt Cell Rotation

The maximum rate of test cell rotation will be assumed to
be 3.0 radians/sec, The minimum rate will be assumed to be

0.25 radians/sece
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33 Scan Pattern

The FSS will be assumed to scan in meridional arcs from
latitude 82° to latitude 6°, covering most of a full hemisjhere
in one revolution, The scanner itself will provide only motion
along the meridian, Motion transverse to the meridian will be
provided by rotation of the test cell, It is agsumed the scan
rate will be adjusted to the rotation rate so as to provide a
geometrical pattern of scan that is independent of the cell
rotation rate,

3.4 Scanner Spot Size

The scanner will be designed to produce a spot of light
on the inner reflective sphere a nominal 1 mm in diameter,

3¢5  Scanner QOptical Desipgn

The scanner optics will be designed for a spectrum centered
on the sodium D line, 58934, Insofar as possible, all materials
will be glass, s¢lected from among the preferred glass types of
the Schott cataloge. Constructional tolerances for the scanner
optics will be identical to those for the test cell (3.1, akove).

3.6 Dynamic Range

The FSS will be potentially able to measure index gradients
in the interstitial fluid from 0,0005 cm™! to 0.00005 cm=l,
Assuming an index thermal coefficient of 0,0005/°C, this will
represent a thermal gradient of from 1%/cm to 0.1%/cn,

3.7 Gradient Sensitivity

The design goal will be a noise-equivalent gradient of

107 of the lower limit of the dynamic range, above,




3.8 Spot Detection Sengitivity

It will be a design goal that the scanner be able to detect
the presence of d4 photochromic marker dot whose opacity is sufficient
to reduce transmitted light to 807 of its value in the absence of
the dot,
4,0 INTERFACE REQUIREMENTS

4,1 Mechanical Interface

The minimum clearance between the rotating sphere and
the FSS will be 1 mm,

4,2 Powdr Interface

The power requirements of the FSS, including light source,
detector/preamplifier, motor and encoder, must be compatible
with the AGCE power supply.

4,3 Signal Interface

The gradient sétector signal will be an analog voltage,
linearly proportional to gradient, The marker dot detector signal
will be a pulse., The latitude encoder signal will be digital,

All signal levels will be compatible with AGCE control and

data handling electronics,

Approved by:

AGCE Program Manager
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This study has shown tnut the measurement

reyuirements of the AGCE can be met by a relatively
simple instrument of the flylng-spot scanner type.

A preliminsry design--ny no means optimized--has been
shown capable of surveying one hemisphere of the
rotating test cell at lo resdlution over a 69° span
of latitude. This scanner can observe and zeasure
the two non-radial componsnts of thermal gradient

in the tsst flaid wita C,01°0/cm resolution 2t a

SKR of at lzast 6, Photochromic marker dots can

be obszrvad simultansousliy with a suk 1a the aunirsas,
Th2 same detectors can :1so feed a CITV display for

the payload speclzallist, with a similar SNR in the

)

aundreds, vith further design =ffort, both scan
angle and 3NR can be significantly improved,

This flying-spot scanner instrument is fundamentally
simple in design, and should be realizable at modest
cost, Volume and welght will be small in comparison
vith the rest of the experimental apparatus, The
preliminary optical Jdesign developed for tals study
has been shown through raytracing to exhibit cutstanding
1nage wuality and to yisld a siynal that is lin=ar sita
thormal gradient over at least two decades of dynamic
range. The study has also shown what direction to
teke in further lmproving the deslgn, espsclally with
respect 1o lncreasliang the latitude scan angle and

the signal-to-noise ratio,



g

ORIGINAL PAGE IS
OF POOR QUALITY

2,0 BACKGROUND

Ag witn iis predecessor, the GFFC, the general
nbjoactives of the AGCLI 2re to generute tlme-seyuential
maps of both fluld circulation dand thermal gradlent
over substantlally a full hemisphere of a rotating
test cell that models the earth's atmosphere, Given
that electronic data recording is allowed to replace
the photographic recording used in the GFFC, the
General Electric Company has argued that both of these
objectives can be realized with a single small
instrument, basically a flying spot scanner, General
Electric has also argued that the signals from this
same lnstrument can serve to feed a slow-scan TV
system that can provide a payload speclallist with
& real-time synoptic view of the rotating model,
All these functions are possible, it has further
been argued, while also providing better quality
data and major cost savings in data reductions

It 1s the purpose of tnis task (contract
tasks 4 and 5 combined) to develop a preliminary
design of such a flying spot scanner instrument and
demonstrate analytically that it does indeed have
the potential that has been claimed for it.



N

5.0 TA3SK IMPLAEMENTATION

5.1 Dealgn Concept

Wwaen =lectronic data recording 1s considered
as an alternative to photographlic data recording,
the implications are much more general than simply
rsplacing one medium with another, 3Since to be
recorded electronically the data must be in the form
of electrical signals, it makes sense (o enyuire
whether tho basic observationai data can be gensrated
in electrical form originally. If this is possible,
the entire experixmental apparatus xzight be drastically
simplified and the pecrformance Lltself lmproved by
elininating unnecessary stages of data conversion.

In the GFFC apparatus, a fixed, extended source
is brought to a focus at the reflective surface of
the inner sphere. as shown in Flgure 1 , an index
gradient in the enclosed fluld willl cause the incldent
rays to be deviatsd. This deviatlon 1s rendered
visiole as a (moire) pattern of geometrical interference
between gratings, photographically recordsed. Thermal
gradient and its surface locus are then detsrmlned
by decoding the photograph..

Photographic methods such as tals are needed
when ray deviation and surface locus cannot be
determined directly. 4Ahen electronic recordlng 1is

admitted, nowever, the way 1s open to determine both

3

-3

"
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ANGULAR RaY DEVIATION DUE TO INDEX GRADIENT

Figure 1
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directly by relatively simple means, and the artifice
of scnlleren photography becomes unnacessary. A
great deal of data reduction effort is avolded by
eliminating the schllisren photograph stage..

A more direct and accurate metnod of thermal
mapping would employ a flying spot scannsr, one
possible form of which is illustrated in Figure 2 _,

In this system the virtual image of the reflective
inner surface 1s projected to infinity by a

second, concentric mirror. It has been shown by Offner
(see References 12 through 13) that such a monocentric
palr can image a target near ths common center at

unit magnification in a manner substantially free

of all third order aberrations. If now this targeti

is illuminated by a rotating collimator sharing

the same vertical axis, the light passing through

the target will be brought to a sharply focussed

gpot on the inner reflective sphere, then returned

to the target image. As the 1lluminator rotates,

the scanning spot wlll sweep out a thin arc of

a great circle on the surface of the inner spnere.

If thermal gradlents (manifssted as refractive index
gradients) are present in the fluid, the light

passing through the focussed spot will be slgniflcantly

deviated in directlon, but the location of the spot

5

¢
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wlll be only slightly affected. The result is that
the direction of the rays returning to the target
image wlll be altered only very slightly, but the
target lmage ltself will translate significantly.
This translation ls two-diménslonal and directly
related to the index gradient vector in the fluid,
For the changes expected here it 1s also directly
proportional to the magnitude of the thermal
gradlent vector., Two orthogonal components of the
index gradlent vector can be measured directly,
in terms of 1lmage displacement, by a sultable
detector array placed at the target image position.
Since simultaneous encoder readings identify the
surface locatlon of the flylng spot, all information
needed to develop a surface thermal map 1s avallable
directly in electrical form, sultable for electronic
recording..

A thermal mapping instrument like that of
Flgure 2 offers many advantages that commend it
for application to tais problem. First of all, it
completely bypasses the need for intermedlate coding
of gradient and locus, which photographlc metnods are
designed to achieve, and conseguently saves much
time and effort in data reduction, All mapping

information is in electrical form and can oe recorded

1
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directly for subseguent automatic processing or
plotting. 3econd, performance measured in coverage,
regsolution and dynamic range will generally exceed
that avallable by schlieren photographlic methods,.
Finally, the instrument itself is very compact

and lightweight, and can be expected to use little
power,

Apart from tnese attractive features for
thermal mapping, this instrument has the further
very great advantage that 1t can also perform the
surface flow mapplng at the same tlme 1t does the
thermal mapping. It thus offers the attractive
possibility of doing all the experimental data
gathering and recording with a single very small
instrument,

In this experiment surface flow 1s described
entirely in terms of the drift of photocuromic
markers in the fluld., Any means of locating a marker
dot in both surface coordinates and time can
therefore accomplish flow mapping. The flying spot
scanner Just described can do exactly that, In thls
case one would make use of the total return at
the detector, whose magnitude 1s a measure of
surface albedo. A sudden drop in that total signal,

detected by a differentiation clrcult, identifies
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the presence of an opaque marker dot at the locus

of the scannér spot., If then both deflectlon signals
and total signal derivative are recorded simultaneously
with scanner and model encoder signals, both surface
flow and surface thermal maps will have been
recorded in a form lending itself to subsequent
automatic processing and plotting,

The data normally written on the film along
with the schlieren or surface images in the GFFC
are of course avallable in electrical form and can
be recorded electronically along with the detector
output, With electronic recording there 1s no need

to go through the extra stage of converting these

&

electrical signals to ilmages..

The flying spot scanner can also furnisn the
payload spscialist with a substantially real-time
gsynoptic view of the surface. The scanner sweeps
an entire hemisphere in the form of thin meridional
zones, Hach scan can be displayed as a single
vertical line on a video display that 1s scrolled
sildeways at a rate corresponding to the model
rotation. The payload specialist would then see
on the screen a slowly scrolling display of the
entire nemlspherical surface in cylindrical evual-spaced

projection, This has the merit that 1t uses essentlally

g
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raw signal, conditioned only endugh to match the
display =slectronics. If for human engineering or
otaer reasons another type of projection or display
ls preferred, the raw signal can of course be

processed locally to provide it.

10
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3.2 Elimination of Birefrifpgehce Effects

One source of optical difficulty for any AGCE
apparatus is that for thermal reasons the outer
shell of the test cell must be made of sapphire,
and sapphire is birefringent. Birefringence can
produce effects that mimic thermal gradlents, so
it is most desirable to eliminate birefringence as
a factor in design.

The flying spot scanner sweeps the test cell
always in thin meridional arcs. This fact can be
turned to advantage in eliminating oirefringent
effects, It will be necessary only to orient the
optical axis of the crystal so it parallels the
axis of rotation. 3Since all scanning rays are
substantizlly in the meridianal plane, they must
also then lie in the principal plane of the crystal.
If we then polarize the scanning beam perpendicular
to the scanning plane, which is technically easy
to do, 2ll rays will appear to the crystal as
ordinary rays, and birefringent effects will have

been eliminated, Thls approach is 1llustrated in

Flgure 2 °

11
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ELIMINATION OF BIREFRINGENCE EFFECTS
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263 Agsuzctions ari ccnsirzints

In order to proceed Jith a preliminary design
and performance evaluation, 1t 1s necessary to assume
certaln facts and constraints relating to the
physical character of the test cell and to scarner
deslign requirements.that might eventually be ilmposed,
The most lmportant of tnese are detailed below.

3.%.1 Test Cell Fabrlcation

The geometry of the test cell that must be
scanned 1s assumed to be as shown in Figure 4,
Fabrication tolerances are assumed to bes
radii: ¥ 0,1 mo
surface figure: 1 ring power 3
+ ring irregularity :
over 25 mm dlameter
at 5893A
scratch and digs 80/50
The outer shell of the test cell illustrated
will be fabricated from synthetic sappnire. The
optical axis wlll be assumed parallel to the axis
of rotation within 5°, Cptical properties to be
agssumed for sapphire will be thnoge tabulated in
the O0SA Handbook of Optics.
The inner sphere will be assumed to be specularly
reflective and to exhibit the reflectivity of silver..

s

\
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The interstitial test fluid will be assumed
to possess the properties of IMSO, equivalent to
a glass type 478275,
The inner surface of the sapphire shell will
be assumed to be coated with a transparent conductive
coating.

3.3.2 Lest Cell Rotation

The maximum rate of test cell rotation will be
assumed to be 3.0 radians/sec, The minimum rate will
be assumed to be 0.25 radians/sec,.

3.343 Scan Pattern

A deslign goal for the flying spot scanner 1is
to sean in meridional arcs from latitude 82° to “‘}
latitude 6°, covering most of a full hemlsphere in
one revolution, The scanner itself wlll provide
ohly motion along the meridian., Motlon transverse
to the meridian will be provided by the test cell,
It is assumed that the scan rate will be adjusted
to the rotation rate so as to provide a geometrical
pattern of scan that is independent of the cell
rotatlon rate, This scan pattern should be such
as to cover exhaustively all surface area within
the latitudinal range of scan,

3¢3.4 Scanner Spot Size

The scanner will be designed to produce

a spot of light on the inner reflective sphere %

15
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noni~ally subtending 1° at the center of the sphere,

3.3.5 Scanner QOptical Design

The scanner optlcs will bs designed for the
normal vlsible spectrum, assumed centered on the
sodium D-line, 5893A. Insofar as possible, all
materials used will be glass, selected from current
manufacturer's catalogs. Constructional tolerances
for the scanner optics will be assumed identical
to those for the test cell (3.3.l1, above).

3.3.6 Dynamic Range

It will be a deslgn goal that the scanner
be able to measure index gradlents in the interstitial
fluid from 0,0005 ca™l to 0,00005 em™!, Assuming
an index thermal coefficlent of 00,0005 00”1, this
will represent a tnermal gradient of from 1°C/cm
to 0.1°C/cm.
3.,3.7 Gradient Sensitivity

The design goal will be a least detectable
gradient ewual to 10% of the lower limit of the
dynamic range, above,

30.3.8 3pot Detection Sensitivity

It will be a design goal that the scanner be
able to detect the presence of a pnotochromic marker
dot waose opacity is sufficient to reduce transmitted

light to B0% of its value in the absence of thne dot,

16
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3.3.9 Mechunical Interface
| The minimum clzarance between the rotating
apnere und the flying spot scanner shall be 1 mm,

1

3.3.10 power Interface

The power reJuirements of thne flylng spot
scanner, including light source, detector/preamplifier,
motor and encoder, must be compatible with the AGCE
power supply.

3.,3.11 Signal Interface

The gradient detector signal will be an
analog voltage, linearly proportional to gradient,
The marker dot detector signal will be a pulse, The
latitude encoder signal will be digital., All signal
levels and fregquencies must be compatible with AGCE

control and data handling electronics..

17
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3.4 gffects of Thermal Gradient

54%.1 Relntion of Thermal Gradlent to Index Gradient

The thermal gradlent in the test fluld cannot,
of course, be observed directly by optlical means,
What can be made visible is a refractive index gradient,
To detect and measure thermal gradient, we rely upon
the physical fact that a temperature change produces
a change 1in density and consequently a change in
refractive index, which basically 1s density relaved,
Over the temperature range of interest here, index
change 1s llnearly related to temperatu®e change,
Therefore a refractive index gradlent, which 1is
optically observable and s .surable, may be taken
as equal, except for a scale factor, to the thsrmal
gradient.

At thls polnt the final canolce of test fluld
has not been made, and the optical properties of
that fluld are therefore not known., For preliminary
deslgn purposes we have assumed that the fluid will
be DMSC or something closely similar to it chemically,
We will therefore assume that the optical properties
of IM30 are the optical properties of the test fluid,
Published data (Reference y ) indicate that the
refractive index of IMSO at the sodium D-line is
1,478, that its Abbe V-number is 27.5, and that

the rate of change of index wlth temperature is
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dn/dT w -.00046 °¢~1

Allowing for uncertainties, we will here round tals

figure to -.0005. A thermal gradient of 1 °C/cm
will therefore translate into a refractive index
gradient of

dn/dx = .00005 mm ™t
Our analysis will be based on gradlents in this
numerlcal nelghborhood.

3.4,2 Theory of Gradient Index Refraction

The theory of refraction in an inhomogeneous
medium has been treated at lenéth in the literature
(see e.g. References ] to g__). For present purposes
it 1s convenlient to work in vector notation., 1In

what follows let N be the refractive index, and let

y

N the gradient
. A s gra en
V=1 -é%-(-— # j‘%“ + - {“ifg?z_ opsrator
— ~on /‘EA} /\?,(/ the index
W= 1 X + J “}f] + /k-;-g: gradient
A
Ay a ray path
A3 = L'y 4’”._//"'{7 + R dz element
= 1 7 ., the differential
C/Q -~ Ldé( "’f’/’“‘ﬁf ! g“/‘% rotation of tne
ray path

The general vector law of differential refraction

in an inhomogeneous medium may then be written

dé = L 45 xvw

A
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Expanding this vector differential evuation yields

three component scalar differentlsl euuations
5/9}(-‘-' /'3%)0/3 7 ;) ‘7/75‘
f/%,—.:#(, dz - (28) elx
57:’;‘_“? ?’/{7‘(2{4)&()(_,,/—()..1—) dy

These euuations, in finite difference form, are
the basls of our design and analysis.

3.4,3 Detection and Measurement of Index Gradients

Index gradlents in transparent media are
conventionally observed by some type of scnllieren
apparatus., The baslc principle of a schlieren
apparatus is that when an image 1s formed from rays
thnat have passed through an lnhomogeneous medium,
the lateral defllection of the lmage 1s a measure
of the rotation of the ray path in the medium, in
turn attributable to the index gradlient 1in the
medium (Figure _2).

Most commonly in a schlieren apparatus the
rays that traverse the medium are collimated, If
the gradient is uniform over the peam, all rays are
affected uniformly., In the present ease the gradlient
is not uniform, and this spatisl non-uniformity 1s

one of the things we seek to observe., We must
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WORKING 'SECTION

3 (FLOW PERPENDICULAR
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(From Reference 1)
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tnerefore locallze and restrict tuae volume of fluld
that 18 allowed to act ipon the ray oundle from
which our image will be formed. We do thls by
bringing this light to a polnt focus at the mldpoint
of its path through the fluid, corresponding to the
reflective surface of the inner sphere, We will
ailm for a spot size of about 0,9 mm at that surface,
corresponding to a spatial resolution of about 1°
in mapping the thermal gradient over the surface
of the test cell.

Refraction in the presence of an index gradlent
in the test fluild is most easily visualligzed for
a gradient vector in the meridional plane. If
we draw a tunnel diagram for the liquid shell
(Figure b ) we can treat refraction through the
shell as refraction through a plate of twice the
shell thickness, Refraction for a ray incident
normally is shown in Figure {_, for a ray incident
non-normally in Flgure B .

The key inslght to be galned from these
sketches is that for small effects the ray path
is parabolic., A4As 1lllustrated in tnese flgures, the
slope of a leaving ray nhas been changed, but 1ts
virtual source--the reflective inner sphere-~has

not been changed. This means that in an Offner relay

22



TUNNEL DIAGRAM OF REFRACTIVE FLUID SHELL

Figure 6
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the image position (which depends on ray angle)

will shift but the final ray directlon (which depends
on the location of the viriual source) will not,

The target ilmage willl therefore translate in the
gelf-conjugate plane of the relay by an amount
proportional to that component of index gradlent

to wnlch the instrument is sensitive, We next need
to understand how the three components of lindex
gradient contribute to thls imége translation, and
how we can design the detector array to measure

these components independently.

Flgures 9 and 10 further illustrate how
image shifts occur in the Offner relay in the
presence of an index gradient. From the scalar
differentlal equations of gradient index refraction
we can see that in general all tunree components of
the index gradlent vector contrioute to translations
in the detector plane of the relay, With a suitable
detector arrangement, tnerefore, it should be possible
t0 measure all three of these components, The
sensitivity to the transverse components of the
index gradient vector will be much greater than to
the radlal component, however, because, as can be

seen from the baslc equation

e = -—,,;’} ds x v/

25

!
&



INEICYHD XECNI Z€ NOIIOWIJEC

~ tw.%‘,\ M{W\ o F\.

6 ean81d

IDYIT IEDYYI 40 RUIEWOED

[}
QY
L\ e \<u“hw
0(7)7 - el
Eelw L,
#(52)- fr (eI =9p
£, ——"
%%:.&n q2pi) wl N
L]
/
\
~e ]
l!l&lww »;xwxxmvﬂxumxmx




e

0T n31d

€LITHE BEOVHI JIIDUYL
WY SINENOJWOD INEICYEL
, FEONI 40 INFREUNSYENR

..E&.\\.‘%&»w\ﬁnﬂ w%@* \ p
_ SE\@\\\“*N v/ Matl/]

W)

%m

p et
2
Mw mw\%&;n& % =7\
mm Nr ¢ > W
ge \
o ?\ww@% m%\@.m. UEL> —

27



ORIGINAL PAGE IS
OF POOR QUALITY

the components of ray rotation must be orthogonal
to the ray directlon $ . BSince the rays are 1incident
on the fluid almost radially, host of the ray rotation
must be about axes that are transverse to the radius.
Nevertheless, a sensitivity to radial gradient does
exist and must be taken into account in designing
the detector array. Figure 1l 1illustrates the lmage
shift to be expected from a purely radial index
gradlient,

From the foregoing illustrations and examples
we can make a number of inferences that have a bearing
on detector design. These inferences are summarlized
in Figure 12 ,

We are specifically rewuired nere to detect
and measure the two transverse components of 1lndex
gradient only. An arrangement of detectors that
willl yleld these two components independently of
all others 1s shown in Figurel? . This 1s the
configuration we will use for this preliminary
design. It 1s shown later th.t the compact arrungement
of a centered Juadrant Jetector 1s more advantageous
in terms of scan angle, but we nave ruled it out for
this exercise because of central obscuration by the
opayue strlp needed to block a ghost lmage and because
1t entzlls the use of a target/detector beamsplitter

to effect superposition, with consewuent loss of light.,
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3.4.4, Index Gradient Refraction Algorithm

In order to design and evaluate the flyling-spot
scanner, 1t 1s necessary actuélly to trace rays
through the relay in the preséncé of a (thermally
induced) refractive index gradient in the test fluld,
The first step was therefore to devise a computational
algorithm for doling this,

The basic approach taken 1s that of
finite difference approximation to the differential
eyuations of refraction, followed by numerical
integratlion along the path, The total thlckness
of the gradlent index medium is divided up into a
large number of very thin layers, wlitnln each of which
the ray propagation may be considered uniform, directional
changes due to the index gradien§ beling assumed to
occur only at layer boundaries, The algorithm,
shown in Figure 14, follows in a straightforward
manner from the three scalar differential equations
glven earllier,

To test this algorithm, it was first written
as a TI-59 calculator program (see Appendix) and
with it rays were traced through 20 mm of test flulid
with an index gradlent of 0,00005 mm™t, The results,
shown in Figure 15, were completely consistent

with expectation. Twenty steps of 1 mm each were
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RAYTRACE THEROUGH GRADILNT INDEX MwDIUM

Figure 14
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found to glve ample accuracy. 3eyond 40 steps of
0.5 mm each no changes in computational results
could be observed,

3.4,5 Index Gradient Effects in the Flying-Spot Scanner

To further confirm that the flying-spot scanner
15 capable of measuring index gradients, we lncorporated
the refraction algorithm of the previous section
into a raytrace computer program as a subroutine
and traced a simple version of the proposed instrument,
The optical system traced (Figure 16) 1s the basic
Offner relay without folding. The expected lmage
translation is shown in FilgurelY .

We first sought to prove that the image quallty
of the Offner relay, even in the presence of an lndex
gradlent, was completely satisfactory. A small
bundle of elght rays was therefore traced from each
corner of a 2mm x 2mm square target centsred on the
instrument axis. The image coordinates, shown 1in
Figure 18, indicate

1) that the mean image of each point 1s
within .01l micron of its geometric location;and

2) +that the RMS spot size is on the order
of .1 micron in diameter.,
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We conclude from these resultb that imagery in this
Offner relay may be considered diffraction limited.
We next sought to determine whether an index
gradient image shift would be linearly proportional
to the index gradient, For this test axial rays
were traced from eight points around the periphery
of a 2mm x 2mm centered target for taree values
of index gradient:
.0005
wil- {5,
corresponding to thermal gradients of:
10.0
[vel= '{ é:g °6/cm
respectively.. The resulting image shifts, shown in
Filgure 19, indicate that image translation is indeed
linearly proportional to index gradient over at least
two decades.. These results make 1t clear that the
flying spot scanner instrument proposed has the
potentlal to detect index gradients in a manner

amenable to very accurate measurement,
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3.5 Preliminary Design

3.5.1 Folding
Tae flylng-spot scanner of Figure 2_1s based

on the monocentric (0ffner) relay. Obviously the
optical path must be folded away from the test cell
itself, which otherwlise would phiysically interfere.
The folding mirror (or mirrors) could be eitaner
completely reflective or semli-reflective, We have
chosen here to use a semi-reflective mirror, for several
reasons, The most important of these is that, as
shown in Figure 20, a seml-reflective mirror maximlzes
the scan angle. A seml-reflective mirror also allows
the scanning beam to pass through the test fluld
almost radially. This i1s impbrtént for minimiZing

the volume of fluld intercepted by the scanning beam
and therefore maximizing the spatial resolution of

the instrument., On the other hand, a seml-reflective
folding mirror will entalil a substantlial loss of light
and will introduce ghosts that must be blocked or
absorbed, Since the optical system 1s specular,

the loss of light need not be significant, but care
must be taken to eliminate the ghosts,

3+5.2 Choice of Solid Construction

A monocentrlic relay with a semi-reflective
folding mirror could be realized as a solid assembly
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or as an open assembly. We have cnosen here to use

the solid design because 1t results in a smaller and
more stable instrument, because 1t 18 easler to
realize the semi-reflective folding mirror as a
buried-surface beamspllitter, and because fiwsnel
losses can be better controlled in such a design.

On the debit side of the ledger, it must be admitted
that a solid system 1s gererally harder to make,
will reduce the deflectlion produced by any glven
thermal gradient, will reduce the avallable scan angle,
and may introduce problems of chromatic aberration.
On balance, nowever, we favor the solid design.

3.5.3 Design of a Zero-Power Interface

To realize a solid system while yet allowlng
for motion of the test cell and the scanner head,
we can introduce a zero-power,alr lens at the
two interfaces where relative motion will occur:
1) between the scanner assembly and the test cell, and
2) between the scanner head and the scanner pody.
We visualize each interface as two concentric spherical
surfaces separated by a small alir gap of about 1 mm,
The glasses are to be chosen so that the optical power
of the thin air lens 1s zero.

The power ?D of an alir lens 1is given by
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¢ = Cf, * ‘f,, ~ 4,4 %

in which the meaning of the terms is as indlcated
in Figure 21 , If the net power Cf 1s to equal

zero, then this lmplies

/
‘é‘-:: = 4 T
4 a,
Writing thils in terms of refractive indices and
dimensional parameters, we obtaing

4= <L A+

-1 Py~

Thnis relation may be cast in any of several forms,
depending on which variable we cnoose to regard as
dependent:

s ’/'"’19-4".4 )

P vt}

t

N = % (”r'i/
T Aeyn
/A .
(-1 :(M) (n,.
/ ) Py 2- 1/

(14 1) = _./._/f.l‘fjw..._, (#,-1)
(Mgt =t4)

A zero-power interface 1s eusily designed with
this set of eyuatlions., Usually one or two iterations
will pbe necessary to satisfy dimensional constraints

with real glasses,
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3,5.4 Provision for Gaosts

The price paid for the advantages of the
semi-reflective folding mirror is the presence of
ghosts, These are not difficult to ellminate, however,
The principal ghosts are shown in Flgure 22.. These
are the ones associated with the folding mirror.
Minor ghosts are created at the gero-power interfaces,
but these can be suppressed by AR coatings on the
air-glass surfaces,

Ghnosts created by the folding mirror can be
diverted, absorbed or blocked., The cholice of folding
angle encourages the loss of some gnost light. Other
ghosts can be absorbed by black velvet paint or
a layer of absorbent glass on the outer surfaces,

The most important guost is a replica of the focussed
gspot that appears at the ghost image of the lnner
reflective sphere, This could bs eliminated very
simply by placing the scanner head interface at

that ghost image and physically blocking the light
sitn a black spot on tne zglass., In tne pressent case
this would make the scannsr nead larger than 1s
desiravle for dynamic reasons, so instsad we can
provide a Huried surface at that polint and block

the g1ioat with a black absorpent stripe on tnat
surface. The zero-power interface can tahen oe

placed so as to minimize the slze of the scanner head,
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5.5.5 Detector Plane Jonstraints

3efore proc223irg vo the layoat of the socanner,
¥e mas3t conslder the zeometrical constraints at the
gelf-conjugate detector plane, Practical detectors
to be considered for the configuration of Figure 13
include the following, bpboth avallable as chlps:
UPT PIN Spot/2D
Hughes HPIN 100D

Data sheets for these detectors are included in tne
Appendix, 3Both have very similar geometiry. The basic
design constraint is the chip slze., The two chips
must be mounted so as to clear sach other physicaily.
This implies that the most compact layout, providing
the nearest thing to radially incident light at

the test cell, 1s that of Figure 23, From this
flgure we see that the image helght at the center

of the image is 3,30 mm, and that the upper and lower
marginal ray heights are 4,57 and 2,03 mm, respectively,
These figures will enter into the layout raytrace and
achromatization,

3.5.6 Achromatization

The so0lid Offner relay will be designed to be
achromatic over the normal visible spectrum. The

nominal relay design will be based on the mid-lmage
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height (3.30 mm) and the sodium D-line (5893 X).
This pominal design results in a selectlion of glasses
on the basis of sodium D-line index np. Normally
several glasses wlll be availagle with very nearly
the same njp but with different dispersive properties,
expressed in terms of the Abbe. Venumber,

To achromatize, we may regard the relay as
a collimator and apply Conrady's (D-d) method (see
Reference 15), Referring to Figure 24, we put a
chromatic source at point 8 and trace an upper and
a lower marginal ray through the system, Let D
repragent the length of tne upper marginal ray in
any element, and d the length of the lower marginal
ray., Then if We reguire that

5 LAl _,
Vv

over all elements, the system will be satisfactorily

achromnatized., We satisfy this redquirement by selecting
from among glasses with the same np those with

Abbe Venumbers that will reduce the above sum to

zero, or close to 1t. The residual value of this

sum is the wavefront aberration, and in this optical
system, where the upper and lower marginal rays differ
only slightly, it should be easy to reduce this resldual

aberration to insigniflicance.
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3.5.7 Gensral Layout Procedure

The layout of the sovlid Offner relay can
be completed in a systematic and stralghtforward
manner, It is sufficlent for this purpose to use
a meridional raytrace calculator program and execute

the following steps in sequehnce;

1) From the optical invarlant of the system
determine the angle of incidence at the inner
reflective sphere for a ray parallel to the axis
passing through the center of the detector.
2) Launch a ray outward from this point at
the ansle thus determined and trace it through the
filuld and the sapphlire shell.
3) Design the first zero power interface,
petween sapphire and scanner, and continue the
raytrace through that interface,
4) Locate the virtual source seen by the
primary mirror and size the primary mirror to collinate
rays emanating from that source.,
5) Locate the second zero-power interface
as close to the self-conjugate plane as is practical
80 as to minimize the inertialof the spinning scanner
hesad, and design this interface as a zero power air lens,
6) Complete the trace to the self-conjugate plane,
52



7) Trace upper and lower marginal rays
through the system and compute (D-d) for each
element,

8) BSelect glasses to achromatize by
Conrady's (D-d) method.

9) 1Iterate as necessary to realize the
system with standard catalog glasseés,

3.5.8 Completed Relay Design
The result of the steps Just desdribed 1s

the layout of Figure 25 representing the complete
preliminary design of the scanner relay optics,
Information developed to this polnt is sufficiant

to permit relliable predictions of optical performance,

3.5.9 Qonstraints on Illuminator

our objectlive here 1s to produce a spot of
1light on the 1nner reflective sphere thut subtends
one dJegree at the center, For a 50 mm radius thils
represents a spot 100 /7'/360 = 0.87 mm in diameter.
This corresponds (in glass) to an angudlar beamspread
of 0,018 radians., In ailr tails beamsprsad would be
0.032 radians., The illuminator must therefore be
constrained to pass light through the target that
is collimated to this degree,
3.5.10 Comstraints on Scan Angle

For a beamwidth of 0,018 radians in glass,

a point sourse on the target would illuminate a
53
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spot 1.7 mm in dlamster on the primary mirror.
Al x1on target would illuminate a spot 2.7 x 2.7
mm on the primary sirror. allowing for beam motlon
due to index gradients, the ray envslope for the
targst/detector layoat of Figure 23 1s a clrele
1C mz in dianeter 2t the primsry mlrror. The baslc
constraints on scan angle are, as snown in Figure 26,
1) taat all ligiht must reach the primary mlrror via
the foldlng beamsplittsr and 2) that the lowermost
edge of the ray envelope must clear the primary
mirror. The arrangement of Figure 26 1s close to
optimum for the torget/detector array considered,
but provides an unobstructed scan of only 699,
less than that sought. We therefore need to understand
how this could be improved.

i1f the target/detector array were sore compact,
the ray snvelope would be smaller. Other tuings being
e qaal, this alone would increase the scan angle. If
the primary mirror radius wsre largsr, the saglittal
gap between mirror and beamsplitter would be larger,
and tails also would iancrease the scnn angle. The
nirror radius depends on the refractive index of
the glass forming the main body of the relay. If the
index 1s lowered, the zirror radius lacreases., In

th

10}

limit, saostitaticg air for glass (Figure 16),
th

o

sagittal gop increases by 16 mm, In a solid
system only a fraction of this can be pealized, but

significant improvement is possivle.
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3.5.11 Scanner Head Design

Ne have shown that accurate measurement of
index gradient is possible if source and detector
are placed symmetrically about the common center
in the self-conjugate plane of an Offner relay.

We next must show how source and detector can be
put there if the scanner head must rotate,

To scan the surface of the test cell with a
l-degree raster while the cell 1s rotating at 1its
maximum rate of 3 rad/sec reguires taat the scanner

nead must rotate

G ¢ //50/,71) = IF% Fps =10 Boo ¥prt

if i1t makes only a single scan per revolution. At
this rate 1t i1s oat of thne wuestion to consider
anytnlng but continuous motion for the scanuer head,
Small instrument motors are avallable to spin the
scanner at this rate, but it would be impractical
to consider putting electrical power in or takling
electrical signals out. The detector cannot therefore
be physically mounted on the scanner head. Instead,
some form of optlcal coupling is indicated,

We propose to put at the self-conjugate plane
of the relay, not a physical source/detector array,

but an image of such an array. A reasonable scheme
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1s that shown in Figure 27.

Since we nave already sanown how to design
a high-dJuality solid Offner relay for the scanner
itself, it is natural to use very similar solid
Offner relays to put the images of source and detector
into the scaenner nead., AS saown in Figure 27T, the
scanner head will incorporate a fully reflective
buried folding mirror tnat will rotzte thnese images
Into the self-conjugate plane. There they will function
exactly as would physical sources and detectors, The
only part that moves, now, 1s the small glass scanner
head, which should be made symmetrical for dynamic
balance,

The scheme of Figure 27 solves the optlcal coupling
problem neatly enough, but at the price of a further
compatational requirement, If the source/detector
assembly 1s fixed, as we would recommend it be, the
apparent orientation of this array changes as the
scanner head rotates, As shown in Figure 28, the
array that 1s used to measure gradient rotates at
the same rate as the scanner head. The detectors
continue to record two ortnogonal components of
gradient, but the reference axes rotate over the
coarse of the scan., Tunls rotation of axes 1is
systematic, nowever, and is known a priori very
accurately. Since an encoder signal will record

scan latitude, the same encoder is also recording
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the rotation of the array axes., Hence there should
be no trouble in transformingiindicated components
to any axes desired, as part of the normal reduction
process,

The scheme of Figure 27 reuulres that the two
Offner relays be carefully aligned, because
misalignment will produce a spurlous gradlent signal
as the scanner rotates., On the otner nand, this
same spurlous signal can be used advantageously during
setup to acnieve allgnment, The relative positions
of the relays are simply adjusted until spurious
signals disappear: the twWwo relays are then alligned,

We have supposed here only one scan per scanner
head revolution, It 1is yulte possible to have more
than one, however, thereby reducling the re.ulred
scan rate, Advantage can be taken of the symmetry
of the scanner head to position input relays at
both top and bottom of the scamnsr h2ad, thereby
producing two scans per scanner head revolution,

Of course this woild re-alre multiple source/detector
arrays and would result in a gensrzlly more complex
instrument. It 1s e.ually possible to as much as

double the meridional scan angle by butting two scanners

together at the edge or by arranging them in echelon.
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549412 polirizer

It wog 3211 sarlizr that to eliminate
birefringence in tas sapphire snsll i1t was
necessgary eonly to polarize the incident light
perpendicular to the scanning plane. This is
easlily done by incorporating a polarizer into the
scanning head., Due attention must be given to
polarization-by-reflectioh effects that may odcur
elsewhere in tane optlical path. These effects
can be minimlzed by using metal reflectors
tharoughout the instrument,

3.5.13 Complete Preliminary Design of Scanner

Applying the procedures and conslderations
detalled above, we have arrived at the complete
preliminary scanner design shown in Figure 29.
This instrument promises to be
reallzable at reasonable cost, to be gstable and

relliable in use, and to yleld the results desired,
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3.5 Pperformance Analysis

It was saown ezrlisr taat the image wuallity
in the Offn:r relay is excellent in general. It
i1s now necessary to examine in similar fasnion the
completed preliminary design of the scanner to
ascertain whether the image wallty in tals more
complex construction is still satisfactory and
whether the sensitivities to thermal gradient and
marker dot opacity are consistent with design goals.
As before, image 4uality will be verified Dy
raytracing. Instrumental sensitivity will be
determined by photometric analysis.

3.,6,1 3ystem Raytrace

The preliminary design consists of two solld
Offn:r relays in cascade. Neglecting folds, a ray
must pass through 32 surfaces in golng from target
to detector, Tnese surfaces are shown schematlcally
in Figure 30. The same system is shown again in
Figure 71, this time projected into the plane
perpendicular to that of the previous figure. The
target/detector array is shown, as 1s the path of
rays from one target to its final image at its
conjugate detector,

The raytrace for tnis full system was essentially
similar to that carried out earlier for the simpler

single relay., To test for image Quality, a bundle
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of nine rays was traced from each of eight peripheral
points of target "A" 1n Figure 3] to the conjugate
detector, For each bundle a mean position and RMS
spot slze were then calculated. This was done for

a gradient of 0,00005 mm'l, corresponding to the
baseline thermal gradient of 19G/cm., The objective
here was to show that even with an index gradient

in the fluld the image wuallty was consistent with
the performance requirements of the instrument,

To test for gradlent sensitlvity and linearity,
rays parallel to the axls were traced from each of
eirnt psrioheral points of target "a" for gradients
of 0,0005, 0,00005 and 0,000005 wn™%, The objective
here was to demonstrate that the eatlire lmage
translated a8 a2 whole in the presence of an lndex
gradient and that this translation was linearly
proportional to gradlent over at least these two
decades of dynamic range.

As further checks, bundles of rays much wider
than necessary were traced from sslected object points,
to see how well image quality was pressrved, and some
image shift calculations were repeated for gradlent
components orthogonal to those assumed for the primary

calculations,
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Descriptive parumeters for the computer
raytrace are illustrated and explained in Flgure 32 .
The system prescription as actually lnput to the
computer 1is displayed in Figure 33 . Because
system achromatization was not complete, the
scanner system was traced only in sodium 5 light.

%.6elsl Rayiracge Results

An 1llustrative all-surface printout
is shown in Figure 34 for a preliminary case with
no gradient present, and another in Figure 35
for a later case when a gradient was present,
Figure 36 shows the mean image saifts
for eight points around the poundary of target "aA",
plus RM3 spot sizes, for an £/50 bundle of rays
and an index gradient of 0,00005 m~t, It can be
seen here that lateral image shifts are identical
to witnin C,0% microns and that the geometrical RMS3

blur is only 0,04 microns at its worst., By comparison

the diffraction olur for thls case 1is

(2 aa)c.¢)
</ 222)Cb] - 4
/f7o)45é3 /ﬂ&

Hence the system 1s clearly diffraction limited., Since
f/50 is almost pinhole optics, we would expect tais,
The large diffraction blur relative to the small
geometric blur implies that in the final design

tolerances can be made falirly loose.
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For comparison, Figure 37 shows the geometric
image blur for two selected target points for an
£f/5 ray bundle-~ten times larger. The geometric
blur is seen to be about 4,6 microns, while the
diffraction blur for tais case would be 4.3 microns,
Even for this extreme case the o6ptics may be
consldered to be close to diffraction limited,

Figure 38 snows the lmage suifts around the
target lmage boundary for three valuss of index
gradient. These shifts can be sezn to both
aniform and linear to one part in 2 thousand over
the full two decades of dynamic range,

In Fizure 29 the shifts produced by two
orthogonal gradlent components are corpared, It
can be seen that they also are edual to one part
in a thousand,

These raytrace results may be considered
very satisfactory and consistent with expectation.
They imply that if the 1 x 1 mm target is uniformly
illuminated, the light distribution at the detector
will be as shown in Figure 40, The maximum image
movement accurately measurable will be 414 microns,

corresponding to a thermal gradient of
(4/4 /e 522&) //0,) = /7§ @C/wa%’é
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7,5.,2  pootometric nnalysis

Pnotometric analysis 1s necessary to estimate
the available (or potential) signal-to-noise ratio
in the detectors., Knowing the 3NR, we can then
estimate the ablility of the scanner to detect
increments in thermal gradient and the prisence
of marker dots.

3.6,2.1 System Transmission

The first step is to estimate the optical
transmission of the scanner, We assume here the
double Offner relay design. All sources of loss
in this system are identified in Figure 41, and
transmission estimates are given for each. Antli-
reflection coatings have been assumed for all
air/glass surfaces, To minimize unwanted polarization
effects, 2ll internal reflections ar= assumed to
be from metal. For maximum reflectivity, this
1s assumed to be silver, Input light 1s assumed
to be unpolarized, and a polerizzr at ths scanner
head 1s assumed to absorb 50% of this 1nput., From
the calculations of Figure *lL we conclude that
the overall transmission of the scannsr is 1.07%

from source to detector,
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3.9.2.2 3ignal Bandwidth

We may estimate the slgnal vandwidth from
the conventional approximation for television:
Af = ENpNyFp
where Ny, = number of horizontal plcture elements
Ny = number of vertlcal plcture elements
= plcture repetition rate
We assume here that the scanning spot is 1° in
dlameter and that we reguire exhaustive coverage
at the equator, representing the worst case, We
agsume that the maximum rotation rate of the test
sphere 1s 3 rad/sec. For this worst case, then
i 360
Ny = 360
Fp = 3/(21)

wunun

whence
VAN 4
FAN S

£(350)(360)(1.5/ )
30,940 Hz

3.6.2.3 3ource 3election

We would propose to illuminate the
1 mm2 target with a miniature collimator having

the general form of that sketched in Figure 42,

(23]

ror Reforoneses 10 ¢nu 11 we infer tart for a typleal
small 10 watt tungsten lamp, sach a collimator
can delliver into the t:.rget ap=rture approximately
42 microwatts within the 0.5 to 0,7 mlcron bandpass,
This estimate 18 consistent with published specifications
s of commercisl devices of this type (see Appendix).
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3.5.2.4 Signal-to-Noise Ratio

Cf the 42 microwatts, half will normally
be directed toward a single detector in the dual
detector array. The NEP of the UDT PIN Spot/2
(see Appendix) is given as 9 x 10-14 W(Hz)'% at
the peak wavelength of 0.9 micron., Converted to
the intended midband wavelength of 0.6 microns
this becomes 1,3 x 10’13W(Hz)*%. For a system
transmission of 1.,07% and a system bandpass of
30,940 Hz, the indicated SNR is

W = ._P_ﬁ_.
WEP[25
g = 20F)CoT) - gpap

(“2x157%) /30, 940

This represents the SNR for the full signal falling

on a detector.,

3+642.5 Thermal Gradient Sensitivity

We have seen that in glass the image shift
produced by a 1°C/cm gradient component is about
32 microns., The desired least~detectable gradient
of 0,01°0/cm will produce an image shift of 0.32
microns, A shift of 0,32 microns on the detector
represents a relative signal change of 0,32/500
= 6.4 x 10'4. Such a shift should therefore be

detectable with a SNR of
Suk= (64231530 %) = 6.3
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It snould be polinted out tnat the
signal bandpass assumed hare is larger tnan is
necessary, so this fizure is on the conservative
3ide. The bandpass assumed (31 KHz) is appropriate
for gen.rating a television picture in which
the detalls subtend aoout lo, but the maximum
spatial fre uency for taermal gradient is likely
to be 0.1 cycle/degree. The electrical oandpass
could taerefore be reduced by a factor of aboat 5
if desired, ilmplying a 3NR for minimum gradient
closer to 14 than to 6, This is 2 healthy SIR
and leads us to conclude that the goal of a
pinimum detectable thormal gradient of 0,01 ©G/cm
is certainly realizable in t1ls instrument,

3.5.2.5 Marksr Spot Sensitivity

The absorption spectrum of a marker spot
is considerably narrower than the 200 %/M bandpass
assumed here for the illuminator, If we suppose
for the present that this absorption spectrum 1s
10 %/( wide, then only about 1/20 of the incident
light can be affected by the marker spot. At full
opacity the spot will produce a relative signal
change of 0,05, In tnis case the full 31 KHz bandpass

is necessary, so the SNR in tnls case 1s

:Sulﬁ:.-: ('3&95){‘7.531;03 = 492
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If the two-way opaclity of the spot is reduced to
only 10%, the SNR is still

50/‘{';(573'53)("??53;’/03) = <49

ve may infer then that the deslgn goal for marker

dot sensitivity can probably be met in thls instrument

rather easily,

3.6,2.7 Increasing 3ignal-to-Noise Ratio

The detector SKR for elther gradient or
marker spot detection is proportional to the
power put through the target by the llluminator,
We have assumed here a very coaservative model of
a tungsten source. By various mezans (reflexive
nirror, incrsasing voltage) it ~oald be =asy to
at least double the power avallable from this same
gource, walch means doubling the sNR. A small
Xenon arc would dramstically lacrease the 3KR still
further. A small unpolarized laser, 1f spectrally
sultable, could yleld an eveh g%eater increase., The
problem with the laser, .owever, is taat its spectrum
must overlap the absorption spectrum of the photochromic
dye in the fluid, which 1s narrow., The general polnt
to be made here is tnat the SNR in thls instrument
can easily be brought by varlious means to a very
healthy level, ample for any measurement of interest

in tnls experiment,
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It stiould be polntsd out here also tnat considerable

furt » r Iuprovenent 1s possibles ! uros_h optimam
wabeohing of target to letector. This preliminary
design was bassd on a nominal 1 +~ 1 mm terget and
2z nominal 2 x 2 wm detector. In fict the decvector
1s 2.54 x 2,54 mm. A better target design for
tals Jdetector would be 1.33 x 3.00 mm., Such

a change would have the following effects, all

in the right directions

1) The power into each detector is increased
by a factor of 3.38, from 2%/aw to 7%/4W.

2) The SNR at null is increased by this same
factor of 3.38.

3) The SNR for a least detectable difference
of 0,01°C/cm 1s increased by a factor of 2.8, from
5,2 to 17.6.

4) The maximum detectable gradlent 1s increased

by a factor of 1,46, from 12.8 to 17.6 °C/cm.
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2.7 alternative Video Jetncis

de have argued above th.t the total return
signal in the detector urray reprssents a measure
of surface albedo and can be used, with minimal
processing, as a video input signal for the
payload specilalist's display, If for human
engineering reasons the scrolling display is
undesirable and, for instance, a strobe display
1s desired instead, this can be provided without
great difficulty. Two simple ways to view a
90o spherical sector by strobe TV are shown 1in
Figure 43, The key optical requirements here are
bright-field illumination and extreme depth of
fileld. The first is achieved by using a retroreflective
l1lluminator; the second by stopping down the camera
severely., In fact, glven specular bright-field
illumination, as shown in Figure 43, pinhole optics
should be perfectly satisfactory for observing
opayue marker dots., The light source would be a
flashlamp strobed at whatever update freiuency is

desired..
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4,0 ZNFLLIGIONG alo RECON' 27 0aTI0.S
This study aas clewrly shown the feaslbility
of pirforaing =1l rccsssary »GCL awvasursments with
‘n instrument of the 1, ing-spot zcuann-r type., The
elairs pade for sach .. inctrusment n:ve been shown
to oz Justified, The lesign evaluated was only a
preliminary design, however, and some details chosen
were not optimum, It 1s clear that a re~examlnation
of glass choices would be advantageous, for instance,
The design examined in this study proved to
have a smaller scan angle than desired., This followed
from the choice of detector configuration and from
the fact that high-index materials were used
for the components of the solid scanner relay. High
index materizls were used because of an early deslgn
decision that the interface vetWeen scanner and
rotating test cell should be a zero-power linterfice.
This wade 1t necessary to use 2 higner 1lndex on the
scanner side of the interface taan tanat of tue
gapphire, walch was slready nisgh. If, on the other,
hand, the design had begun from the premlse that
the first interface 3id not have to be zero-power,
then low index materials could have been used in
the secanner, the primary mirror radius would have
been larger, there would have been more room for
the folding mirror, the scan angle woald have been
larger, and the lmage displécement for a given
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gradient would nave been larger, In this preliminary
design effort, lntended only to establish feasiblility,
there was no time to explore more than one design
approach, and the zero-power interface was the approach
chosen, There also was no time in this study to

choose the glass types most advantageously for
achromatization. This must of course be done before
any design can be c¢2lled final,

4 wost lmportant aspect of this optical deslgn
that has not been touched 1s taat of tolerance and
senaitivity analysis. It amust be determined by
raytracling Jjust now sensitive the performance of
this system 1s to varinti-ns in radiil and glass
indexes, From 3sucn nelysis it +1ill be possible to
allocate manufacturing errors according to cost,.

It would be very desirable from a cost standpoint,
for 1nstance, to loosen tolerances on the sapphire
shell, wanere overspecification 1s expensive, if
the effect can be made up by tlghtening tolerances
on the scanner head, where overspecification is
much less expensive. This cannot be done without
a sgensitlivity analysis, nowsver,

On the basis of study results, and the further
comments above, we make the following recommendation
with respect to furtner work on the preliminary

optical design of the flying spot scanner:
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L) Ia3t tasre be fartner design 1teration to
optimize tie tiruwet-detuctor configuration, to
cosplete acaromatization, and to extsnd as far as
possible what advanta e can be Zuined through
sabstitation of glasses,

2) That there be a genzral sensitivity and
tolorance anzlysis of the system, to establish
limits on performance expectaticn and to provide
the basls for a cost-eifective allocation of
nanafactaring errors;

3) That there bDe an examinatlicn of instrument
sonfisurations based on multiple scanners to
agcertaln whetner lncreased scan angle, reduced scan
rate, or 1lmproved infeornation can be obtalined
cost-effectively in tals ways and finally,

4) That the guestlion of polarization, basically
* 1gnored here except for certain general statements,

be given further attention, ¢

C Y

100

%



LS

g

5.0

9.

11

ORIGINAL PAGE g
OF POOR QUALITY

A PPTLOIRL3
+ PPINDIX A - References

Gradlent Index Optlcs

Jde W. Holder and R, J. North, 3chlieren Methods,
London, HM30, 1963

0. N, Stavroudis, QOptics of Rays, Wavefronts
and Caustics, NY Academlic Press, 1972

3. Wolin, "Ray Deflection Through a Medium
Having a Continuously Varying Refractive Index,"
JOSA 43, 373 (1953)

D. T. Moore, "Raytracing in Gradient-Index Media,"
JO3A 65, 451 (1975)

L. Monta.uino, "Raytracing in Inhomogeneous Media,"
JOSA 58, 1667 (1958)

K. #. Beach et. al., "Light Deflection Effects
in the Interferometry of One-Dimensional
Refractive Index Flelds," JOSi 63, 559 (1973)

Y. Aoki, "Light Rays in Lens-~like Media,"
JOSA 56, 1648 (1955)

R. J. Goldstein, "Optical Technijues for
Tomparatare ysasurenent," in . R. &. Sckert

and R. J. Goldstein, eds,, Measurements in

Heat Transfer, Wasalngton, Hemisphere Pub.,, 1976

M 30

H. L. Clever and M. L:s Taylor, "Refractive
Indexes of Dimethylsulfoxide...", J. Chem &
Engr, Data 15, 91 (1971)

Tungsten Sourcss

F. . Carlson and C. N. Clark, "Llght Sources
for Optlcal Devices," in R. Kingslake, ed.,
Applied Optics and Optical Engineering, V.1,
NY, Academlc Press, 1955

L. E. Barrow, "Memorandum on a pProcedure for
Obtalning 3pectral Radlant Intensitiss of
Tungsten Filament Lamps, 400-700 %ﬂ"“

JOSA 49, 1122 (1959)

101



ORIGINAL PAGE IS
OF POOR QUALITY

The Monocentric Relay

12, 4. Offner, "New Concepts in Projection Mask
Aligners,” QOptical Enginzering 14, 130 (1975)

13, Do R Shafer, "Tour-nirror unobscured
anastigmatic Telsscopes with All-3pherical
Surfaces," AC 17, 1072 (1978)

14, J+3. Ih and K. Yen, "Imaging and Fourler

Transform Properties of an all-3pherical
Mirror System," a0 19, 4196 (1980)

15, R. Kingslake, Lens Desagn Fundamentals,
NY,Academlc Press, 197

APPZKDIX A (cont'a) 102



-
B

/D

5

‘ ORIGINAL PAGE IS
OF POOR QUALITY
i
T < farSig Covredeiiolis
76 L5
! A ;
of I |
4z Yy |
&0 22 |
il Ris ;
4 70 ‘
o\ Of X =30/
Oli 2 |
47 ST
a7 ) !
] Rl |
4z 40
q"‘é: ¥/ z_ g g I("’ o
E :
4L 57!-0 i
4n £0 f
91 Ri% ;~
4z AT
) 0 'i’) Z %08
ori*z. W sk,
| l |
! | . !
| : ! : i
| ' !
] ' o
| o
| ! 3 i
1! i | |
: TI-59 CALCULATOR
! PROGRAM FOR GRADIENT
: INDEX REFRACTION
|
| 1 z%tPPEN?IX B. i |
; | ‘I ! | | {
b 1 '9 t { 2=t

ﬂ[ "1;‘;7;4"’{;«"3&1 ; i y e

i

Py
Vi

!
|

A-V/}

I}WJW

|
|

r}*?‘“r Y

X

]
|
|
|
}
i |
Wile
i
1 1
!
§
i
| |
| t
i

JECUIS: SN —



I

ORIGINAL PAGE IS
OF POOR QUALITY

j/%k/?/féT é};/!,nﬂ“’/z;»«%-

76 YNoTR
iz A |
éf /
4% L7D
15 oD s
1 R[5 |
4% 37D !
04 | o4 |A»eq
L on 2 i
Zo | A4t S70
9 £ls
42 37D .
c/oN 05 avi ?:«'45'
l 25 2% /yﬂl |
13 o+
43 R L. .
o4 04 A
3% A > |
40 7’5' — '
af /
Ly =
I s
24 Vi
is| 42 | S0
ORF; J& /h-p! %
Q2. | st
| , |

APPENDIX B (c-nt'd)

|
|
0//?5/)/5?‘:‘7! /
|
|

o/’f;g‘,,,/w 2, {‘,_;gk iy

! |
|
1
!
1
i
{
1
T

|

104




o

L
Q\

70

15

ORIGINAL PAGE IS
OF POOR QUALITY

[Hde K 7. i il et T
76 Libi

14 &

ol /
47 S

oD o’

11 e

g i Sf

07 07 ey
03 ~

42 7D

oo &)

7 T

4 270

0% ox | [Wl+os
b 3 '

P i

op 5D

91 5[5

=y X

44 At

0% o8 7]
95 = |
9z 7P s

44 09 ax "
04 A

4z g

go £,

| £

[}

APPINDIX B (cont'd)

i

(C v ‘)

i

i

‘,//;:?ﬂ»fﬂ /:/ euiiey N

|

i

clis ) o> / VA//
i

Aoy ]
//\jl :5}1’///;{, frev



ORIGINAL PAGE IS
OF POOR QUALITY

1

|
|
|

6»;5" X
4% yan
A
50| 4 -
) 2 57D |
/o 2o, %ﬁ‘*"’ o
33 A2 |
55 +
13 (N TN
$5 o 04 2 X
5 A2 |
41;’6 /?C;Z- !
e | e |
T %% A A |
A
9 e
24 v
, Sk St Gl
957111 n oz
7z il S r
( t
]
|
|
~ APPENDIX B (cont’d)
! I

|

P



j o . DAl
ORIGINAL PAGE IS | , !
OF POOR QUALITY - ; : : ‘
| | 1
i ] ) :
. ' o
Ity Thclepes
‘ Lrda |
7% '
4 74? 1
ol | |
/ 60 42~ 270 ! ' :
8 &0
" K/ . Oﬁ’?’/gl | enbpr
ZQZ S ] ' / //A/Ok/%lﬁﬁ df/iw//l(n, )
f - > 13 .
| I*Z» / j %? —fy 1 ,om) | |
l05™ Yy . | ? | |
Az 57 . |
- cyp } ?/ Az / 7 U'}"l
) L 3 By g A
Z‘ So | //m M/]L & 56?5)
AN (%
/10 12 | 12 vtz | |
9% | Ao . o
= 2 il SR S
53" = | &
ke e | I
'3 F o |
ns 1% | | | |
. ‘ | |
' ST | | | |
72’ /4 AZ7i4 ! o
Ao | Iy e, , - ;
' c . ,
i i _ : |
] ‘ SRR
- | o
; | ' ' (
| ! . ! ! i | | |
i ‘. , ! | ! i 1 ‘I
| ; 3 | | | 1107
APPENDIX B (cont*d)| | % :
! ? 1
S o
| ' |
i t ! | . f : ) B )
| H ; o — ~,1,":’f::- _L S e \[[ T
] -




' S
ORIGINAL PAGE |
OF POOR QUALITY

s | e
43 7ic f
I 3 9.
55 7 |
leg” ol / ‘
-3 = 5
2 =3 i
6/l /
| 4z 70 o
RES (7 7 A+ 17
T Libka | [/, g
vl LisT™ £ Wisd
% Rt &
17 i K
25" 77 Ant /a*aﬁ
19 FRT Jx/}“‘
43 /{cie |
o4 04 £
| s " :
140 4% Re .
& O % M
65 ' ;
43 Ke L
b 4 4 L%
AT 9s = |
| 4z 5;“0 |
| l5 /5 Ay -2 /5
: ! |
BRERE
| ; | | )
| APPINDIX B (gont'd)
. ’ i | ‘ |
SRR B ,

I K3 g41 oo PRI

E-f//%

3 ot Mfz.w....‘

i
:
l |
4,
£ )az
: |
| |
|
|
t
! |
1C8

1



ORIGINAL PAGE IS
OF POOR QUALITY

|
{
43 | A
| o5 1 3 i
(s 57 %
43 0 K
& ¢ ot %
45" X' |
43 e !
iy 14 14 A
95 =
42. Eyg
I / Ayp/i
44 ;} _SL(‘;//'}’/ v
leo ] o2 )
43, Ret-
17 /5 o X
4;:] Sityiy ;
| of Al
leZ71 43 HEL
14 A Az
44 éu‘;/n
1 3 | ¢ |
| 4 i |
170 li " %%
| bs X
| 4% L
; o /b A4
| 7%5' - |
s 9 R | au
| I 10 24|
! 415’ X! :
| 4 Re & |
, 14 /4 A2
(8 95 =] !
o i
. LM %?PEI_DILX B (cont'd)
| i | : !

Tk
|
|
!

2= ()%
I

g7 rad
|

| !

) |
X*= XI&K
Z =29 «bz:

H i ‘

1 ' !

|
|

| i

| |

109

i i«

e s o e —



ORIGINAL PAGE IS
OF POOR QUALITY

55 D
4 ReL
07 o7 W
v B
SR
1% /?’ : /_.(“‘”/2'
4% Rle o
69 69 &
T A 2
{72 4% R
4 14 Ao
L‘g’ -
4% RO 7
1 ] Y
licy 1= X |
' a3 | Ao
Iz /% AX,
Y =
g -
J50 4% P
67 o7 I8,
94 = .
42 218 )
14 g 19620
‘{ !
] ﬂ
! ‘1 ! i
i
| APPENDIX B (cont'd)
‘ | '

"3/

110




ORIGINAL PAGE is ‘
OF POOR QUALITY ' !

i | ' I | |
| . | J
nel 45 | fe | : '
b5 X , i |
4% fret. | o
153 /5 AX , :
20} I8 ; | 07’5‘ :
4% Rad 1 ., ;
R I A R (350~ %)"9]
(1925; ’( | ! | . I ‘
4% 1 Reg | f
21 b /& Bl
: q= = J !
55 r :
473 [CGTR 5
&) 677 A,
2o dSs | = |
. 4z 570
do 2 ”%g!’”a
93 RetL . K
' Op “ n.
| jp e | -
9 | A | Ty o
: 5 —| | | l
‘ 4% | Ret ; o
230| d5 | os i i
; bs X ! |
1 ‘1 i el 1 | | |
| 901 /51.2.1 f |
| I
RS 44 U KT ; A=ty du@
I qq Q‘T t ‘ i ]
, | | | ' !
: | APPENDIK B (cont'd) | | | 111
_ }
i ] i ] ; -, P S S “l

I | !

i
e eV



ORIGINAL PAGE 1S
OF POOR QUALITY

% RCL
Oﬂ [;)II, »’/

| ‘ |

{ ‘
Lo

4 »
.

A Y ~
240 ‘; % R I
! 1
o 2 S :
, s/ B R B
i ’ 3 /e( L J 1
B 1 cb A, M’!}M /&/&; -
Ij‘,, =, [0'5 }{1 . j |
‘ A% R j
4 18 /6 /L '
:%5" j | (//g.% ‘
> O DE ' i .
" = ; Wik oms ey
8| A | .
e | °F & -
] ‘ )/E | I
. 4z | o | o
s - An, =hne
4s | Kew | Al
64 ¢4 A | !
260 > ! l
47, ot |
L0 by |
I 4'4 .5‘/4‘;?) : = '
| | o "l
: : | ! 4 |
| o o 5
o . o
; ] R . | I ] i [
; A{PPAI\D‘IX B (cont'd) ‘ | 112




| ORIGINAL PAGE IS

)
765
710
275
i
A“Se)
258
’!
o
|
o
. !
' |
} :
{
]
— + b

. OF POOR QUALITY
4, ¢ L |
I / 7
Ll Pz .
55 - 1
ol l !
o= =
4z 370
i o .
G ST |
G AisT |
“1¢ Lrad, Nesiwitz
99 Fug | Oisply
a3 | AL |
Q | o/ A,
44 aes 1
43 | ReL B
1o Y2 J,
4y Rls
e /i
o: *y O % 2
9 /s |
4% 1¢L ?
ﬁq 04 /P
T Sle 1
43 /e L
Ol Xy m
q ‘ﬂ@z |
4% Ree |
o |oe |
Vic WAL |
| b
.»;}?;E"Iif.l\mlxl B (cont'd?
' -
| | e

£6/

i
l i
| |
L 113

E




The Oriel Minipoint Collimators project a colli-
mated beam from a small circular aperture and
condensing lens. The entire unit is housed in an ex-
tremely compact cylindrical housing only 3 inch
diameter 4 inch length.

The Model 6545 Minipoint Collimator has an inter-

o

Minipoint Collimator
with Adjustable Mount.

e tlon ~
® —
I

- 4.625

N (17)
T {
1312
(33) - e o0

| !
SPECIFICATIONS

Housing diameter: 0.75 in. {19 mm)

Housing length: 4.0 inch
Lamp: 6 volt, 1V2 ampere
Color temperature: 2750°K
Lamp life: £00 hours

Focal length: 50 mm (2 inch)

Beam Diameter: 15 mm (.59 in.). Can be stopped down
with optional aperturesto 10, 5, or 2 mm
(0.39, 0.20, or 0.08 inch).

Interchangeable Beam Divergence Inserts

Angular Divergence Approx. Light
Model Beam Power*
No. Arc Minutes Milliradians Microwatts
6546 75 218 3500
6546-1 30 8.7 720
6546-2 15 4.4 190
6546-3 6 1.75 45

*At full 15 mm beam diameter.

LIGHT SENSING MINI PROBES: These high sensi-
tivity silicon probes measure reflected or emitted
radiant power within small fields of view,

Near Field Probes: measure a field 1.5 mm (0.060
inch) diameter at a working distance of 254 mm
(1 inch).

Far Field Probes: measure an angular field of 3°
See Page F-20 for details.

ORIEL CORPORATION

15 MARKET ST., STAMFORD, CON
(203) 357-1600 TWX 710~

ORIGINAL PAGE IS
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ORIEL. MiNIPOINT COLLIMATORS

changeable internal aperture allowing a trade off of
beam cdllimation angle with light output. The larger
apertures provide more light output but create
beams with greater divergence angies. An optional
filter holder mounts onto the output port and ac-
cepts any 1 inch or 25 mm diameter filters up to
0.375 inch (9.5 mm) thick.

ORDERING INFORMATION

6545 Minipoint Collimator with lamp without transformer
Beam Divergence Inserts and Beam Diameter Ap-
ertures not included - order from below. $518.00

Beam Divergence Inserts

Model No. Divergence Price
6546 75 arc min. $72.00
6546-1 30 arc min. $72.00
6546-2 15 arc min. $72.00
6546-3 6 arc min. $72.00

Beam Diameter Aperture
Model No. Beam Diameter Price
15 mm None required
6549 10 mm $13.00
6549-1 Smm $13.00
6549-2 2 mm $13.00
6552 Optional Filter Hoider: This holds $39.00

1 inch or 25 mm filters up to 33 inch (9.5
mm) thick. It mounts onto the beam port

6532 Variable Transformer for the Mini $ 95.00
Collimator with meter and controi knob.
Output: 4.5 to 6.5 volts
Input: 115 or 130 volts, 50/60 Hz.

6553 Adjustabte Mount for Mini Collimators $59.00
and Light Sensing Probes.
-~ Rod mounted. Order rod below.

1231 Rod - 14.3 mm dia., 41.5 mm long $ 575
1232 Rod - 14.3 mm dia., 70 mm long $ 650
1233 Rod - 14.3 mm dia., 98.5 mm long $ 7.00

APPENDIX C

shown are for U.S. only. Prices for export are slightly higher.
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0.002 inch) diameter at a 25 mm (1 inch) working
distance.

In addition three fixed aperture sources produce
projected points of 0.050, 0.025 or 0.01 mm (0.002,
0.001 or 0.0004 inch) diameter at a 3 mm (0. 1278
inch) working distance.

Adapters are available to mount these sources in
rod mounted X-Y adjustable mounts.

APPLICATIONS

# Highintensity point illumination

B Artificial star for optical testing

8 Critical alignments

B High resolution position measurement or control
B Optical scanning

The Oriel Minipoints create extremely small, highly

}mtense spahally stable “point” sources of light.
The source image is actually projected in front of
the housing by an internal optical system.

The 6530 source consists of a small low voltage
tungsten lamp, an imaging optical system and in-
ternal interchangeable aperture inserts. Inserts are
available to produce projected “points” of 1.0, 0.4,
0.2, 0.1 and 0.05 mm (0.040, 0.016, 0.008, 0.004 and

(3) (38)
N I
s |
.25‘0 (6.4} 3'12 {8) Minipoint Sources in

Precision Centering Mounts.

SPECIFICATIONS

Model 6530 MINIPOINT SOURCE with Interchangeable Inserts
Worklng distance to point: 25 mm

Beam 1/no: 3.5

Lamp: 5 volt, 0.75 ampere filament lamp

Color Temperature: 2525° K

Lamp Life: 5000 hours

interchangeable inserts: produce projected points of these ‘di-
ameters and these approximate beam power levels.

FIXED MINIPOINT SOURCES

Working Distance to point: 3 mm

Beam f/no: 2.7

Lamp: 5 volt, 0.11 ampere filament famp
Color Temperature: 2100° K

Lamp Life: 40.000 hours

These three fixed models are available:

Insert Diameter of Approximate Diameter of Approximale
Model Projected Point Beam Power Model Projected Point Beam Power

No. mm (inches) microwatts No. mm (inches) {microwatts)
6531 1.0 (0.040) 750 6537 0.05 (0.002) 2

6531-1 0.4 (0.016) 140 6538 0.025 (0.001) 0.5
6531-2 0.2 (0.008) 32, 6539 0.01 (0.0004) 0.1
6531-3 0.1 (0.004) 9

6531-4 0.05 (0.002) 3.5

ORDERING INFORMATION
&83C I!nterchangeable Minipoint Source $278.00 6532 Variable Transformer for any of the . $ 95.00

with lamp-without transformer.
Insert not included. Order from list below"

interchangeable Inserts for the Minipoint Source

Minipoint sources above with meter and con-
trot knob.

Output: 4.5 to 6.5 volts, 3.3 amperes max.

Mode P giamte!;; of . Input. 115 or 230 volts, 50/60 Hz
lgo_e rn]:.:,: (?nch?'" Price 1733 Precision Centering Mount — rod $118.00
8531 70 (0,040 $72.00 mounted provides =+ 6 mm (0.25 in.} adjustment
6531-1 0.4 £0'016; 372'00 o with fine pitch screws in the plane perpendicular
6531:2 0.2 (0'008) 372.00 to the optical axis, page C-28. Order adapter and
6531-3 0.1 (0.004) $72.00 rod below.
6531-4 0.05 (0.002) $72.00 1231 Rod - 14.3 mm dia., 4.15 mm long $ 575
6537 Fixed Minipoint Source with 0.050 mm  $202.00 1232 Rod ~ 14.3 mm dia., 70 mm long - $ 650
(0.002 inch) projected point with lamp, 1232 Rod - 14.3 mm dia., 98.5 mm long $ 7.00
without transformer. . .
et . 1737 Precision Centering Mount — base mounted $139.00
6538 g"&% ?c“g"\')”‘:g.g&gaceo‘i”r::m?{gzémmm $218.00 similar to the 1738 above with base mount. See
~ without trans‘}or’m o p P page C-28 for details. Order adapter below.
6539 Fixed Minipoint Source with 0.010 mm $262.00 , 6541 Adapter for Precision Centering Mount $ 27.00
(0.0004 inch) projected point with famp, for 6530 Interchangeable Minipoint Source.
without transformer. 6542 Adapter for Precision Centering Mount $ 29.00
c for 6537, 6538 or 6539 Fixed Minipoint Sources.
APPENDIX C (cont' d) 11
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ELECTRICAL CHARACTERISTICS

TYPICAL CONNECTIONS FOR PIN-SPOT/4D

TO MODIFIED UDT 301A AMPLIFIER*

= SINGLE AXIS DETECTOR TO UDT 301A AMPLIFIER

TYPICAL CONNECTIONS FOR PIN-SPOT/2D

PIN-Spot/2D PIN-Spot/4D
PARAMETER AND (UNITS) MIN l TYP ] MAX MIN l TYP l MAX
Recommended Mode of Operation Photovoltaic/Photoconductive Photovoltaic/Photoconductive
Spectral Range @ 5% Peak (nm) 350—-1100 350-1100
Responsivity at Peak A (amps/watt) 04 0.5 - 04 0.5 -
Uniformity of Response (with 1 mm spot dia) - *2% 5% - +2% +5%
Dark Current per element (ua) @ 10V Bias — _0.002 0.05 — 0.002 0.05
@ 50V Bias - 0.006 0.15 - 0.006 0.15
Source Resistance per element (M) - 60 - - 70 -~
Breakdown Voltage @ 10 ua (volts) 50 100 — 50 100 —
@ QV Bias - 54 81 - 29 44
Capacitance per element (pF) @ 10V Bias - 15 22 - 7 10
@ 50V Bias — 6.7 10 — 4 6
?Sﬁ;:;’g;} 2;332‘8 nm @10V Bias | - 10.0 N _ 10 _
@ 50V Bias ~ 10.0 - — 10 -
o0 to @10VBias | - 106 S 10 -
_ @50V Bias - 10.0 — - 10 -
.Frequency Response at 632.8 nm @ 10V Biss - 35 ~ — 35 ~
into 50&2. Load (MH?z) . @ 50V Bias — 35 — — 35 —
Max. Qutput for @ OV Bias - 0.2 - - 0.5 -
10% Linearity (ma) @ 10V Bias - 0.25 - - 1.0 -
NEP @Peak A, 1 kHz, 1QV (w/Hz%) — 9x 1014 - — 9x 10714 -
Noise Current (rms amp/ @0V Bias —~ 2x 1072 — — 2x 107" —
Hz%) @ 1 kHz ) @ 10V Bias -~ 3x10714 - ~ 3x 10714 -
@ 50V Bias - 5x107!4 —~ - 5x10°t4 -
Forward Resistance (2) - 45 - - 55 -
MECHANICAL SPECIFICATIONS OUTLINE DIMENSIONS  MINDOW
- | _do— ' "
SPECIFICATION PIN-Spot/2D | PIN-Spot/4D PINSPOT/2D  ——] AREA 0109
- ACTIVE | e
Active Area/Element !
Area (cm?) 0.032 0.016 | |p=E=
Dimensions (in.) 0.05x0.1 0.05x0.05 | =
Package \
Type TO-5 TO-5 ~—= 182 @15
Window Glass Glass I
Field of View
960 960 =
Full Angle l =
Temperature Range
Operating (°C) -55 to +125 -55 to +125 ! =
Storage (°C) =55 to +125 ~55to +125 | ’ %Nfc?r":'VE
AREA 0.109"
Y> SCHEMATIC DIAGRAMS
3018 Y OUTPUT
Y SIGNAL
X
X SIGNAL

J

*AMPLIFIER BIAS POLARITY MUST BE CHANGED

[T UNITe

SPECIFICATIONS SUBJECT TO CHANGE WITHOUT NOTICE

sezmnix o (cont'a) HINOLOGY

D-017-0777

3939 Landmark St., Culver City, Ca. 90230 USA e Phone (213) 204-2250
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Hughes now offers OEM manufacturers the HPIN
series of photodetector devices featuring the highest
responsivity of any commercially available devices.
Because of their fast response time, this series is
effective over a broad frequency range. Hughes
HPIN Series Photodetectors have many applications
in instrumentation using lasers, as well as in fiber
optic communication and data links.

The p on n variety of PIN photodetectors uses intrin-
sic silicon grown and processed to provide uniform

carrier concentration levels throughout the active
volume The devices are ion implanted, for high
uniformity and response, low temperature process-
ed for high quantum efficiency, and silicon nitride
passivated for low leakage and stability

A complete range of custom PIN photodetector
devices is also available, and we will be happy to
provide customer assistance for evaluating proposed
applications. Contact us for your special
requirements,

CATALOG DEVICES FOR PIN COMPATIBLE REPLACEMENTS IN EXISTING APPLICATIONS
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N [ oss- o —t A f
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{ANooE) —t 1 aror NEGATIVE LEAD < R ol e 092" i
g 235 pa 335~ OIA {ANODE) ) 036
ot S X\x s | el Bz
3 E | 045" AN\ ’ _ ’ hooATVE LEAD AN CASE
<ﬁ FOSITIVE LEAD RV & ons —“\j-——-i ees (
fg;:': «:”:\Drs‘;gg) R?‘Z'XSELE"’ ' 028" NO CONNECTION
(CATHODE}
T0-18 PACKAGE T0-5 PACKAGE TO-8 PACKAGE 30-mm PACKAGE
HPINO0O2 HPIN100 HPIN200O HPIN444
HPINO040
ey wprraon; ; r SRR [ e 14 G} RN dadse B e - VYl
[ Part Number 10 HPiio02 ¢ HPINOAO ] HPINTOO V[ HPIN2G0  §f  HPINAdd o
f V 1 1 i 1 ey
Geometry {mils) X 2 {dia.) 40 x 33 100 {dia.} } 200 (dia.) ! 444 (dia))
Area (mm?) | 0025 .852 6.07 20.3 { 100
Responsivity {A/W) ! i i
' @ 00 nm ) 63 63 63 , 63 g 63
f Quantum Efficiency (%) . | N
@ 900 rm | 87 87 . 87 87 1. 87
Dark Current (nA) ! H !
@ 50V c7 ; 4 ‘ 20 ' 70 j 300
Capacitance {pF) 1 i . 1
@ 50V { 1 ! 3 ' 6 17 1 70
Rise Time (nsec) ‘ H Ix
@ 50V 50 ohuns 3 3 5 7 ; 12
NEP (Wry Hz) | i = .
@ 900 nm, 50V i24x10 . BTxI07 | {t 4x107 2.8x10 5.7x10"
\/{ Min Breakdown Voliage (volts) i t
% @10 A 200 200 200 200 200
J Package Type ; TO-18 70-18 T0-5 T0-8 30-mm
) gﬁ X 5 yi i:
s S i e e bl Mt et iy * i "5&:' kY stttz soial B e e i

APPEN3JIX E




RELATIVE DARK CURRENT
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Hughes supplies OEM manufacturers with dual, quadrant, linear,
and matrix PIN photodetector arrays which complement ils single
element pholodetectors. These high reliability arrays are made by the
advanced planar. techniques of the single element line, including ion
implantation processes and the use of silicon oxide and nitride layers
for maximum spectral response and low noise.e

While the widely accepted devices described below are represent-
ative of the Hughes capability, a complete line of custom arrays is
also available. We will be pleased to provide customer assistance
and alternate configurations to fill your particular application.

HPIN MONOLITHIC ARRAYS

DIMENSIONS
ARRAY HPINtOOD | HPINZ00Q | HPIN444AQ | HPINA44M | HPINT7O0L
Type dual quadrant | quadrant |5 x5 matrix{1x 16 linear
Number of
Elements | 2 4 4 25 16
Chip Size - )
fmi’ ; (130x 130 | 247 %247 | 499x 499 | 499 x 499 | 751 x 247
—clement Size h o
(mits) 100xs0 | 100R 222R ) g5yps | 18041
quadrant quadrant
Active Area
per Element
(in)2 005 0079 039 .0072 0074
{mm)2 3.2 5.1 250 46 4.8
Transition
Zone (mils) 5 4.4 ] 36 24

ORIGINAL PAGE IS rw-—~—~---~- _______

HPIN SERIES oF POOR QUALTY | WMUGHES
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ELECTRICAL SPECIFICATIONS N
All values are typical and measured at a wavelength of 900nm and at 50 voits. o « NO CONNECTION
P METER PINTO0D | HPIN200Q | HPINA44 HPIN444M IN700
{PARA HPIN100D | HPIN200 e HPiNToOL HPIN444Q HPIN444M
Responsivity 25mm package 44 pin package
{AW) 06 06 06 0.6 0.6
viusslalk (76) <1 <1 <t <2 <2 }
Quantum 100" J i OL
Efficiency (%) 87 87 87 87 87 o f——
s ;
Capacitance Saoors
{pF) per Element 28 4.4 220 4.0 4.2
Dark Current o x 02 1 T ot ¢ 007
{nA) per Element 16 50 125 50 50 1200 £ o018 ‘
RlseTime(ns) llllllT]lJll'erllll;ﬁl q‘ t )
(R, = 50) 0 6 -] 8 6 6
o . e
N )[ Hz) 12 15 33 14 15 H
Breakdéwn B 00 0 00 08 0 0 00 90 0 G 6200 104 0B 0 U0 Ay 4 f{
Voltage (V) > 200 > 200 > 200 >200 >200 ) -
Package Type T0S 708 25mm 44 pin  }24 pin DIP H?!N.’OOL
plug-in 24 pin package
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ISR IR R
IS

2
1

L

3
T
1

TYPICAL R 3PONSMITY (A/W)
¢ B -

F.1) IS TS AT, NN S R
400 500 600 700 800 900 1000 1100

WAVELENGTH {nm)
Fig. 1 - Typical Specirat Rasp

Ivity vs. W

1000 -"'llT‘lqllllll

T T yrres
Ll b iyt

100 Fo~ -
[ g 3 =
a E HPINGA4Q
w L ~
£ T i
Q - HPIN -t
£ -
< HPIN444M
O 4 HPINTOOL -

\ HPIN100D

'T'llll'
J.t ait rtt

N IPE BN IR SR AN T AR AT
0 2 40 60 80 100 120 140
DETECTOR VOLTAGE (VOLTS)

Fig. 2.- Typicel Capacitance vs. Voltage Curve for Es,
Elsment in the Specified Array.

L T

TS WO O N0 N R YU S 20075 S SO S A U

0 lew 200 300
OETECTOR VOLTAGE (VOLTS)

Fig. 3 - Typlcal Relativo Dark Current vs. Detector Voltages.

CELLA i CELL B
@ Y
E ol
g [') RSy . W <O
>
52 'E .
52 = i
e s P~
P 1
— R L raansimion
< I 20NE
ol
Fig. 4« Curve Depiciing Crosstalk (HPIN 2000, HPINAA4Q,
MPINTOOL),
SL11403

ORIGINAL PAGE IS
OF POOR QUALITY

- DETECTOR OUTLINES
(TOP VIEWS)

pos

HPIN100D PHOTODIODE
DUAL ELEMENT ARRAY
Modified 12.Lead
TO-5 package

itive

lead and
case

@Q‘WWWOOO

o}

_ & I 9 5

6§ s [7[s]|o|w0}—>a0

)

e 12 |13 | 14 15 p—21

) D14

16 &—]16 {17 ] 18] 19] 20} —a 20

5 i 3

7 To1|22|23|24]25] 21

21 - _J; O

case J‘/ L o)

oc;\@ ® 000
22 13 23 18 24 25

Pt
posttive lead
connection

HPIN200Q PHOTODIODE
QUADRANT ARRAY
Moditied 12.Lead
TO-8 package

case and positive
lead connection

O case/e
O O
B )
(Caml ==y L0
G =g -0
o T§ o
m
)

LY

A
oo b bbb

(

(

~Ccase

(KO

HPIN444M PHOTODIODE ARRAY
44 pin package

- - - . - —

HUGHES AIRCRAFY COMPANY

APPENDIX E (cont'd)

HPIN700L PHOTODIODE
LINEAR ARRAY
24 pin package

e

rision « Solid State Products Sales
4) 438-9191 » TWX: 910-322-1393

121

M472.80/1403

A
5'5



ceNERAL @ ELecTRIC

- SPACE DIVISION
PHILADELPHIA

PROGRAM INFORMATION REQUEST /RELEASE

PIR NO.

T%CLASS. LTR. lopzm‘non ‘PROGRAM lszau:—:ucz nO. REV. LTR.
1254 AGCE. 024

FROM

JW, C. Yager M9423 x4235

T0

Re J. Homsey M9415

*USE *'C’* FOR CLASSIFIED AND *'U'’ FOR UNCLASSIFIED

EFFECT OF TH:RMAL GRADIENT IN THE SAPPHIRE SHELL

DATE SENT DATE INFO. REQUIRED PROJECT AND REQ. NO. REFERENCE DIR. NO.
5/11/781 AGCE Task 4/5
SUBJECT

INFORMATION REQUESTED/RELEASED

See attached text,

Distribution: R, J. Homsey
G. Fogal
S. Nesnte

T. Scollen

We Y&gef

PAGE NO, _{_ RETENTION REQUIREMENTS
COPIES FOR MASTERS FOR
] 1 wmo. [] 3 mos.
r—l 3 Mos. [—I 6 MOS.
oF ] 6 wmes. 112 mos.
M Mos. 7] mes
a

‘ l DONOTDESTROY

FORM 10208 REV. (R7)




ORIGINAL PAGE IS
OF POOR QUALITY

EFFECT OF THERMAL GRADIENT IN THE SAPPHIRE SHELL

Introduction

This note considers how a thermal gradient in the sapphire
shell can perturb the AGCE by mimicking a thermal gradient in
the fluide The objective here is to establish the scale of the
effect and indicate in general how it can be compensated in
the experiment.

Analysis

The temperature distribution in thé sapphire shell was
studied for a number of cases in PIR 1R54-~AGCE-=023. The division
of the shell into cells is shown in Figure 1 (taken from this
PIR), and the calculated temperature distribution for a typical
cagse in Figure 2 (also from this PIR)., From Figure 2 we

can calculate the average gradient from cell 2 to cell 9 as

AT 541&4(”2{151 )
= = 768 Y.
A s, .
g~ Lexiem

For comparison, maximum and minimum gradients in this same vrange
are calculated as 1,00 and .593 °C/cm, respectively.

The thermal coefficient of refractive index for sapphire
averages 0,000013/°C over the visible range (Reference l). On
the other hand, the thermal coefficient of refractive index
for a typical organic fluid is =.0005/°C. In passing from
source to detector, light passes (in the present design) through

equal thicknesses of sapphire and fluid, GCradient effects in

e

(2. %!
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the two media can therefore be directly compared in terms of

temperature coefficient of refractive index., A gradient in

the sapphire will produce a signal that is ,000013/(-.0005)==,026
as great as the same gradient in the fluid would produce. The
average gradient in sapphire will therefore have the same

effect on the signal as would a fluid thermal gradient of
(-.026)(.768)= -,02°C/cm,

We have seen earlier that the AGCE scanner has the capability
of detecting a 0.01°C/em gradient in the fluid with a SNR of at
least 6. The gradient in the sapphire will therefore be detectable.
The resulting signal will be both small and systematic. It
should therefore be satisfactory to correct for this perturbation
by simply adding (or subtracting) calculated values to the raw
signale
References

l, I. H, Malitson, “Refraction and Dispersion of Synthetic Sapphire,"
JOSA 43, 1377 (1962),

2, G, Andres, "Task 6,2 AGCE Thermal Feasibility/Design Study,"
PIR 1R54-AGCE=023,
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EFFECYS OF BIREFRINGENCE IN THE SaPrHIRE SHELL.

SUMMARY

INTRODUCTION

BASIC rHYSIGS OF REFRaCTION

RAYTRACING THE EXTRAORDINARY RAY

PRELIMINARY ESTIMATE OF BIREFRINGENCE EFFECTS
COMPUTER RAYTRACE

Co : .‘? P \
o 4 3
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Tie siznificince of birefringence in the
szpoanlire shell 1s ccusicersed in this note., It is
shown tact this oirefringsnce <111 prodace iaxge
311ifts at .he detector thet c.n wmimic large 1lndex
gradients, These 1lmage snifits are completely
pr-dictanle functions of latitdde and longltude,
aowever, and cin be resmovea throagh a calibration

procedure,
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INTRODUCTION

The sapphire sphere in the .GCZ apparatus
is birefringent, sapphire being physically a negative
unlaxial crystal. Unpolarized light incident on
the sapphire shell will therefore be separated
on éntering the crystal into two rays of orthogonal
polarization; the ordinary ray and the extiraordinary
ray., BSince this separation 6f btays in the crystal
can lead to two separate images at the detector, one
of walch may be displaced from the other, and since
image displacement 1s what 1s being measured in the
FS5, 1t 18 evlident that birefringence can to tals
extent mimie index gradients, and must therefore
be eliminated or accounted for. In the baseline design
birefringence was sidestepped by re.uiring the
optical axls to be parallel to the axls of rotation,
then polarizing the incident light so all rays
would be ordinary rays. For technical rsasons a
sphere made with this orientation is limited in size.
A sphere made with the optical axis in the e uatorial
plane can be made larger, however, and since a larger
test cell 1s generally desirable, this mnethod
of construction will be preferred, provided the
effects of birefringence can be dealt with.. It is

the purpose of this note to examine these effedts

dualitatively and quantitatively and assess the

problem generally. ) !
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3A3IC PHYSICS OF RAFRaCTION

A conventlonal approach to understanding the
propagation end rafroctin 37 71 _ht vavz23 1s Lo
apply Huygens' pPrinciple. This principle states
that if the locus of an advancing wavefront 1s known
at time t, 41its locus at a sabsequent time (t A77 ),
wnere T! 1is very snort, xay vs found by regarding
each point on the wavsfront as a soarce of
gecondary wavelets th-t co =gnce at time 1t and
2ipand for ths time T1 at = veloeity c¢/n, where
¢ 1s tus velocity of lizht and n 1is the local
index of refractlon. Ths wavefront at time (t+77 )
is then taken to be the snvelope of tnose secondary
wavelets in the forward dirsction. shen the medium
i3 isotropic, thnese wavelets are spherical, as shown
in Pigure [ . In the case of a uniaxlal crystal,
however, the wavelstis are sphsrical for the ordinary
ray but ellipsocidal for the extraordinary raye.

Figure Z_ 1lluastrates the application of Huygens'
Principle to e-wave rsfraction in a negative unlaxial
crystal (e.g., sapphire), Illustrated is the speclal
cagse for which the optical axis lies in the plane

of incidence, ™he 2-ray % 1is sefinsd as that

-

ray from the origin of ths ellipsoldal wavelets to
the point of tangsney with the wavelet envelope. Tae
wave normal 4; is that vector perpendicular to the

envelope.
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The na, or and winor axes of the elliptical
section of the ellipsoidal wavelet are proportional
to (1/n,) and (1/ny), where n, and ng are
respectively the ordinary and extraordinary refractlve
indexes of the crystal. The effective refractive
index for the e-ray is derived in Figure % from the
basic analytic geometry of the sllipse and ls there

shownn to be glven by

()
where Igg is the angle between the e-ray é\ and the

optical axis 4\ The wavefront normal ‘& at the

P i ? 2
M = ¥, + /hawf’i’iz)wgﬂ

point of tangency to the ellipsold must of course
be normal to the elliptical éection at that point.
The relation between @ and % is derived in Figure 4,

where 1t is shown that
2
[ ez B
/ka 0‘ - (/I/(g /

the angle A now being the angle betwesn the

g-wave normal é> and the optical axis %,

Given this relation between ¢ and /5 , 1t 1is
then possible to calculate the effective index for
the e-wave normal 4& This 1s derived in Figure 5 and

shown to be given by

M/\ /Vé/f'/ﬂ.

it 2 ) S 2
M, 4-5”%—¢%ﬁ/¢034
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We have considered hére wnat we described
as the special case of the optical axis in the plane
of incidence, Textbooks usually stop thelr dlscussiocn
of birefringence at this point, This same analysls
can be shown to be much more general than 1s usually
implied, however, To illustrate: in Figure &,
holding o( constant, let the optical axis % be
rotated about the e-wave normal 8. Clearly the
wavelet envelope and the e-wave normal are unaffected,
We may conclude, then, that the e-wave normal % always
lies in the plane of incidence, its orlientation in
that plane depending only on the angle <« and not
on the position of % relative to the plane of
incidence. We may further conclude that as the
optical axis rotates about s, holding « constant,
the vectors /a\, /s\, and % remain coplanar and
in the same relation to seachother as optains in the
elliptical section of Figure £, representing the
speclal case of optical axis in the plane of 1n9idence.
We conclude that the direction of the e=ray '3 does
depend on the direction of the optical axis 4&,
end that in fact %' 1s a representable as a linear

combination of @ and Q} speciflically,

2= (5’—7@—)3‘— ) ) A

B177 K

{o

)

Nedsges
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¥e tay furtansr conclude fro: the above that
the e-wave normal ‘8 obeys Snell's Law, since it
lies In the plane of lnclidence and since 1ts direction
in that plane 1s determined by a formula edulvalent
to 8nell's Law:

M, Sl = ﬁé&k}jﬁ ad

We may also conclude that the e-ray A always
lies in the principal plane containing the e-wave
normal ‘8, and that 1ts direction 1n that plane
13 determined by a r=lation that for small angles,

at least, has a formal similarity to sell's Law;

Z
e /”}}/5 = 15 &

(2.
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RAYTRACING THE EATRAORDINARY RaY

The geowetrlcal optics of the extraordlnary
ray in a unlaxlal crystal may be understood in
terms of the dlagram of Figure ] . The incldent ray
2 and the surface normal A define the plane of
incidence. The extraordinary wave normal (e-wave
normal) B 1ies in this plane and is refracted

according to 3Snell's Law, the crystal refractive

index being taken as

/MQ/ﬂi

\V//%92‘+ ﬁ”kfwﬂ%f)cfiﬁ

in which ng 1s the ordinary refractive index,

Mmls)=

n, is the extraordinary refractive index, and

cos(d ) = a-@; 2 being the optical axis of the

crystal., The position of %A is determined iteratively,
since it depends on the index n, which in turn

depends on the position of ‘. The e-wave normal %

and the optlcal axils ) together define a principal

plane of the crystal, The extraordlnary ray 2

(e=ray) will lie in this principal plane, adisplaced

2 by an angle /_), such that

"L””/z = (ﬂio) Fror 4

)

from

1%
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The es-ray ‘3, since 1t lies in the (3;@) plane,

is expr=ssible as a linear comblnation of £ and %.

The e-normal €, since it lles in the (?, ) plane,

is itself expressible as a linear combination of

£ and #i. Hence the e-ray €, as well as all other
vectors in this problem,must be expressivle in
terms of the triad (F,},8), whic: represents a
natural basgewvector set for this problem,.

Once both € and 4 are found, raytracing
proceeds by projecting the ray © until it
intersects the next surface, At that point the
e-normal ‘8 1s substituted for %€ and refraction
out of the crystal executed using Snell's Law, the

erystal index n(4) being the same as that used for

refraction into the crystal. C(Cutside the crystal,

A A A Y —— -
of course, ¢ and 8 become ldentically r', which

1s traced further by conventlonal means,

s
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. RELIMINARY ESTIMATE OF BIREZFRINGENCE EFrECTS

Before embarking upon a general raytraclng
exercise, it i1s possible to get a good idea of
what to expect by rslatively slmple msans. we
can do tanls by taking advantage of the fact that
in the FS3 all rays are incident very close to
normally on the sapphlre sphere. Because of
this the gensral vVector diagram of Figure 7 1n
tae present case looks like Figure § . 35ince
the incident ray ’?, the e-wave normal ‘@, and
the surface normal /o are all very close together,
it follows that (except when o is vsry small) the
(Q;@) principal plane +ill be very neaély coincident
With the (Q:ﬁ) plane, which is culled the principal
szction, &xcept for o very $uall, we may tasrefore
to a zood approxzimaticn consider the e~ray ‘3‘ to
lie in the principal section, displaced from the
normal 4 by the angle § =[B—4) . For a
veakly birefringent crystal like sapphire, we know
this angle S must bs small, From the argument of

Figure 4_we deduce that for sapphire this angle

is ziven by

S=.00911 Sim4 cos 4

in which o way now bs taken as the angle between

49 and éh.

le
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In a centered optical system a ray deflection
in the (&;Q) plane can be expected to produce an
image saift parallel to that plane. The 1nage
at the detector plane formed by e-rays can therefore
be expected to be displaced along the cirection
of the opticz2l axis as projected into the (x,y) plane,
3uch displacement is illustr2ted in Flsure /0,

Je now know the gener 1 natare and direction
of ths 1mage 37ift: it remnains to determine 1ts
nmagnitude., We can do this sasily by considering
the pzrtlcular czse in which the optical axls
lies in the meridional plane, then perforaling
a paraxlal raytrace. 3uch a raytrace 1s shoan
in Figure {] . For tals example the optlcal
axls was taken to be

Zi\‘r- ..(.707)j‘ + /-70‘7,)-"?

and the calculated imaze deflection was=0,16 um,
We deduce, then, that in general the lmage deflection
will be in the direction of the optical axis as

projected into the detector plane and of a magnltude

A= 0,32 (5/4"4 Ceao() i

SubseJuent computer raytracing has confirmed this
to be a very accurate estimate of image displacement,

except for very small wsalues of the angle d\.

'
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For a rotating sphere with an optical axis in
the e.wuatorial plane, this deflection formula is
sas8lly expressed in terms of latitude 90 and

longitude G~ , as saown in Flgure [Z.

D>
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L
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Ax= 032 (cos&cas) smb
Aj: 0.32 (cos & Cw«/’) Cfsé‘émsﬂ
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When the angle « 1s small, the deflection
is still ~iven correctly by the above expression, Sut
thlg deflectlon may no longer with accuracy bs
assumed to lie in the principal section., For of
swall, the index n(K) & n,. The s-wave normal 2
beconss colincident #ith the ordinary ray fl and
the deflection of =sach e-ray will be in the
prinecipal plane definsd Ly ‘Q énd ths ordinary ray 2.
Tue .agnitude of the shlft now becones A 0.1&& M.
where o 18 now to be taken angle between the
optical axis 1; and the ordinary ray ’%.

In the FS53 the lower limit for accurate
neasurement 1s a deflsction of (.32 microns,
An e-ray 1lmage shows this much deflection at only

K = .00l. 3ince the o-ray in the F3S averages

about .00 from tne normal, it apyears lmpossible
to avold significant e-ray image displacement at
the detector no matter how the optical axis is

oriented, if unpolarized light 1s used,

\ l’:;j\;
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SOMPUTER RAYTRACE

To vz ify the forepoing wnaulysls and the
exzpectations derived from 1t, a simplified verslon
of the FS3 was raytraced, taking into account the
birefringence of the sapphlre shell. The same
program used earller to raytrace the baseline
deslign was used here, except that the program was
modified to trace the e-ray as well as the o-ray.
An explanation of the system parameters 1s given
in Pigure /5. The system description in terms of
these parameters is givern in Figure (4. The basic
algorlitnm for accommodating the e-ray in the program
1s described in Figure /5. -

The particular csses studled are tabulated
in Pigure [/p . For each of these cases rays were
traced from eight points around the periphery of
a 2 x 2 um target to the image plane. All results
conflrmed the dlsplacement expectations described
earlier, Typlcal of these results 1s the case shown
in Figure LZ. The entire e-ray image translates as
a whole; the translation 1s in the directlion of the
X,y projection of the optical axis £ and is of a
magnitude accurately representable by the relatlon

derived eabller:

A= .f32\6ﬁum4 &w;x) mm

44
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A FURTHER NOTE ON 3ALPHIRE 3IREFIINGENCE

In Figure 9 of P2IR 1254-AGCE-027 the angular
deviation of the e-ray was calculated using a

differential zpproximation and shown to be
5 = 009G Bird (05 A

It 1s the purpose of this note to polnt out that
a differential approximation is not necessary and
that an exact solution 1s easily obtalned. The
exact analysis, shown here as Figure 9A, reveals

that for sapphire

004982 smzd £ S & 0045 Sz

and furthermore that if the effectlive index for
the e-wave normal is simply tdken as the mean of

ordinary and extraordinary indices, the result
§’= co0d59 S 24

can never be more than 20 microradians in error,

or about O.4%.
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3.3 THERMAL ANALYSIS AND DESIGN

Task 6.1 - Parametric Heat Flow Analysis

Task 6.2 - AGCE Thermal Feasibility Design Study
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TASK 6.1 PARAMETRIC HEAT FLOW ANALYSIS

INFORMATION REQUESTED/RELEASED

1.0 SUMMARY

Heat flow from outer to inner hemisphere through the dielectric Tfluid was estimated
for various parametric combinations of radial temperature difference, Musselt number,
and sphere size. Results indicated heat flows somewhat higher than anticipated and
verified the need for the more refined study of Tocalized thermal loading on the
inner sphere which is planned for Task 6.2.

2.0 BACKGROUND

The feasibility of AGCE depends in part on the ability to establish certain desired
temperature profiles on the inner and outer spheres while the fluid between them
is flowing in closed convection cells. As a first step in this thermal evaluation,
gross heat flows must be estimated for expected ranges of the variables involved.

10 TASK IMPLEMENTATION

The problem involved modeling the heat flow through the AGCE cell as radial conduction
between two hemispheres (each assumed isothermal) and using the specified Nusselt
numbers to determine the magnitude of the convection coupling between them. Conduction
between concentric hemispherical shells is a one-dimensional steady-state problem

if the interior and exterior surface temperatures are uniform and constant, and the
intermediate substance is considered homogeneous. Note that fluid motion effects

were not modeled explicitly, but were superimposed by using Nusselt pumber scaling of
(stagnant fluid) conduction couplings.

The AGCE cell model is illustrated in Figure 3.1. The heat flow from the outer-to-inner
hemispherical surface is calculated from EQ(1). The results are listed in Table 3.1.

Q=27 N, K AT r; s EQ(1)
rb - Iy

4.0 RECOMMENDATION

/

The detailed heat flow calculations planned for Task 6.2 should be initiated immediately.
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TABLE 3.1 HEAT FLOW RESULTS

HEAT FLOW (WATTS)

r; (cm) K, (cm) AT=5°C  AT=100C  AT=200C
2 3 .196 .391 .783
5 6 .978 1.96 3.91
4.5 6.5 477 .965 1.91
2 3 .391 .783 1.57
5 6 1.9 3.9 7.83
4.5 6.5 .954 1.91 3.82
2 3 .978 1.96 3.91
5 6 4.89 9.78 19.6
4.5 6.5 2.38 4.77 9.54
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TASK 6.2 AGCE THERMAL FEASIBILITY/DESIGN STUDY

INFORMATION REQUESTED/RELEASED

1.0 SUMMARY

The localized thermal loads at the outer sphere pole, outer sphere ecuator, and all
latitudes of the inner sphere surface are defined using computer analysis to simulate
the effects of a flowing fluid in a closed convection cell. Various velocity profiles
and temperature distributions are considered to determine the worst case design con-
ditions. Results yield a 5.0 watt cooling load at the outer pole, a 2.5 watt cooling
load at the inner sphere and a 16.0 watt heating load at the equator. TEM heat
exchangers, requiring 145 watts of power, will provide or remove the heat Toads at
these locations. The total AGCE heat dissipation, approximately 277 watts, will be

rejected to an avionics air supply of 57 kg/HR.

The feasibility design study concludes that the proposed thermal system can maintain
the desired temperature distributions. Recommendations are made for further in-
vestigation into certain aspects of the proposed design in the next phase of study.
The details of the design are as follows:
Blowing 500 FPM of N2 gas at a circular finned heat exchanger enables the outer
sphere pole TEM to maintain a cooling load of 50 watts and a 25°C outer pole

temperature.

The outer equator can be held at 35°C by providing a 16.0 watt heat load from
12 aph of 38°C water pumped around the equator surface.
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The Tocalized loads on the inner sphere are maintained by trim heaters off-
setting the bias of an 8°C chiller dome heat sink. A total load of 9.5 watts
is removed from the chiller dome by 22 gph of 7.5°C water pumped through tubes
soldered to the inner surface of the chiller dome.
In both loops, heat is either removed or supplied to the water by single stage
TEMs mounted to the rotating platform of the AGCE assembly. The rotating plat-
form heat load is removed by a 45 kg/HR avionics air supply through concentric
finned rotating and stationary heat exchangers.

2.0 BACKGROUND

The Earth's gravitational force is modeled by holding a dielectric fluid between

two concentric spheres and subjecting the fluid to a radial electric field in the

form of a spherical capacitor. The fluid will simulate the large-scale circulations

of the Earth's atmosphere.

A feasibility design study is required to determiné if a thermal system is able to

3

maintain the specified temperature profiles on tﬁevinner and outer spheres while
the fluid between them is flowing in a closed convection cell. The outer sphere
will be maintained warmer than the inner sphere, with latitudinal temperature

i

gradients on the spheres.

In Task 6.1, 1254-AGCE-010, heat flow from the outer to inner hemisphere through

the dielectric fluid was estimated for various parametric combinations of radial
temperature difference, Nusselt number, and sphere size to predict the expected

ranges of the variables involved. Fluid motion effects were not modeled explicitly
but were superimposed by using Nusselt number scaling of stagnant fluid conduction
couplings. An explicit analysis of the fluid motion effects, incorporated into a
model of the sphere assembly is necessary to accurately define the system's heating
and/or cooling requirements at the outer sphere pole, outer sphere equator, and all
latitudes of the inner sphere. Full thermal performance can only be attained if heat
can be provided or removed locally at these Tocations to maintain the desired tempera-

ture profiles on the two spheres.




3.0 TASK IMPLEMENTATION

- 3.1 DESCRIPTION OF AGCE MODEL

Based on the parametric heat flow analysis, Task 6.1, the inner radius of the outer
sapphire sphere was selected as 6.0 cm and the outer radius of the inner sphere was
selected as 5.0 cm. A 1 cm. thick outer sapphire sphere is assumed. The sphere
assembly is modeled as 53 nodes as illustrated in Figure 3.1.1. Of the 53 nodes,
40 are active and 13 are boundary nodes. Node divisions occur every 10 degrees
from -10 degrees latitude to 90 degrees latitude. In Table 3.1.1, the nodes are

defined and a 1ist of their physical and thermal properties is presented.

Table 3.1.1
Node Description and Properties
Active p Cp K AL
Nodes Description (g/cm3) (cal/g-°C) (cm-SEC-°C)  (cps)
1 —>10 Sapphire 3.98 0.10 .065 N/A
Outer Sphere
11— 40 Silicone 0il 1.101 0.47 .00025 1.98
Dielectric Fluid
Boundary
Nodes Description
41—> 50 Inner Sphere
51 Outer Sphere Equator
52 Outer Sphere Pole
53 Ambient Nitrogen Gas

3.2 COMPUTER ANALYSIS TO SIMULATE CONVECTION CELL

Incorporating a simulation of the effects of a flowing fluid into a previously
developed computer program (MSTTR) enabled the modeling of a closed convection cell.
The fluid was divided into three layers of nodes (Figure 3.1.1) to represent the
flowing fluid. Meridional flow only occurs in the outer layers, nodes 12 thru 20

and 32 thru 40, while radial flow only occurs in the middle layer, nodes 22 thru 30.
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The fluid is restricted to flow in the northern hemisphere of the model, thus nodes
11, 21 and 31 are modeled as stagnant nodes. Positive meridional flow is in the
direction of the pole and positive radial flow is in the direction of the inner
sphere. By specifying the total mass flow rate of the circulating fluid in the
convection cell, and the percentage of radial flow at each middle layer node,
various velocity profiles can be established. The mass flow rate at each node is
determined by applying the principle of conservation of mass flow. For example,
examining Figure 3.1.1, with zero radial flow in node 26, the mass flow rate in
node 16 equals that of node 15 (assuming positive meridional flow). If node 27
then has 30% radial flow, the mass flow rate in node 17 is 70% of that in node 16
and node 27 has 30% of that in node 16.

The turnaround zones for the convection cell may be concentrated at the pole and
equator by making all middle layer nodes except 22 and 30 have zero radial flow.

It may also be spread out by only specifying zero radial flow at a few of the central
latitude middle layer nodes. The overall size of the cell is reducible by specify-
ing no flow in nodes at the pole and equator. The velocity at each node is deter-

mined by assuming a constant density fluid and an average cross-sectional flow area.

Because of the relatively low velocities of the circulating fluid, it is assumed
that heat is transferred from the fluid to the spheres' surfaces by both convection
and conduction. A1l nodes are radially and laterally (meridionally) conductively
coupled as if the fluid was stagnant. The outer layers' convection coefficients are
determined by analyzing the meridional flow as flow over a cylinder. The total
couplings from the fluid to the inner and outer spheres' surfaces are the effective

couplings of conduction and convection couplings in parallel.



The nodes in the sapphire outer sphere are also coupled to the boundary nodes 51,
52 and 53. Nodes 1 and 2 are conductively coupléd to node 51 and node 10 is con-
ductively coupled to node 52. Nodes 1 thru 9 (10 is covered by the outer pole TEM)
are convectively coupled to node 53 by assuming a nominal convection coefficient of

.7 BTU/HR-FT2-°F,

The couplings between nodes are input to the computer program MSTTR which solves
transient thermal problems using a fourth order Runge-Kutte technique. The program
is modified by superimposing the effect of the energy carried with the fluid as it
circulates throughout the convection cell. The ‘increase in temperature of a down-
stream node due to the flow from a warmer upstream node is calculated as the product
of the temperature difference between the nodes, and the percentage of flow which
enters the downstream node in one time step. Thé percentage of flow entering a node
equals the ratio of the volume flow rate of the upstream node multiplied by one time
step, to the volume of that node. This is showﬁ py EQ (1),

ATy = ¥ ar (T - Ty | EQ (1)

Vd

where d represents the downstream node, u is the upstream node, and At represents
the time step used in the Runge-Kutte calculations. When the radial flow from a
middle layer node flows into one of the outer layer nodes, the change in temperature

of that node occurs from the mixing of the two fluid streams.

3.3 CASES STUDIED

The four ;;;;;;;EUFe\distributions that were examined are listed in Table 3.3.1.
These temperatures are understood to be the most demanding on the system. Several
velocity profiles are used in conjunction with these temperature distributions to
define the system's thermal loading requirements. Flow field information sent to

the Valley Forge Space Center from Dr. Fowlis of NASA/MSFC, AGCE P.I., included




Boundary Tem

Table 3.3.1

perature Distributions

Boundary

Node

Inner Eq.
Inner Eq.

Inner Pole

OQuter Eq.
Quter Pole
Ambient

Temperature °C

Case
I I1 IT1 IV
25.0 25.0 15.0 15.0
25.0 25.0 15.0 15.0
23.75 23.75 15.0 16.25
22.50 22.50 15.0 17.50
21.25 21.25 15.0 18.75
20.0 20.0 15.0 20.0
18.75 18.75 15.0 21.25
17.50 17.50 15.0 22.50
16.25 16.25 15.0 23.75
15.0 15.0 15.0 25.0
35.0 35.0 35.0 25.0
25.0 35.0 25.0 35.0
18.0 18.0 18.0 18.0



velocity and temperature profile mappings for Case I (Appendix). The velocity at

each node latitude was determined by the average of that shown on the meridional

flow velocity mapping. The thicknesses of the fluid meridional flow iayers were

also obtained from this mapping. By iterating to determine the correct percentages
of radial flow at each node in the middle layer and the total mass flow rate to be
used as input to the computer program, the velocity profile obtained from the mapping
was approximated. The volume flow rate and velocity profiles for this case are

illustrated in Figure 3.3.17.

Other profiles were derived from the Case A profile to determine the velocity profiles
that defined the maximum thermal loading requirements. Case B considers the case

where the turnaround zone for the convection cell is concentrated at the pole and

equator while Case C is the opposite extreme, where the turnaround zone is concen-

trated in the central latitudes. The stagnant flow situation, Case D (not shown),

was examined to compare with Task 6.1 stagnant flow results. Using the same volume }
or mass flow profile as in Case A, the velocities were doubled to determine how

sensitive the heating and cooling loads are to the velocity of the fluid (Case A').

For the first three temperature distribution cases, the fluid is expected to flow
in a counterclockwise manner (positive meridional flow in the outer layer, nodes 12
thru 20, and negative meridional flow in the inner layer, nodes 32 thru 40). A
simplified reason for this is that as the fluid is heated at the outer equator it
will rise toward the outer pole, cooling along the way. The cooled fluid at the
pole then flows back toward the equator along the inner sphere, heating as it
approaches the equator. Once the fluid reaches the equator it has been reheated,
thus it cycles back toward the pole creating the counterclockwise circulation. In
the fourth case the temperature gradients on the inner and outer sphere are in the

opposite direction of those in Cases I thru III. Thus a clockwise circulation is

-



Fig.3.3.1 VOLUME FLOW RATE AND VELOCITY PROEILES

<«—— POSITIVE MERIDIONAL FLOW (TOWARDS PoLt)

l POSITIVE RADIAL FLOW (TOWARDS INNER SPHERE)
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expected in the convection cell. Case A- has the same velocity profile as Case A

except that the flow is reversed to correspond with the reversed temperature gradients

of Case IV.

3.4 HEATING AND COOLING REQUIREMENTS

The results of the computer runs for the four temperature distributions with various
velocity profiles define the heating and/or cooling requirements at the outer sphere
pole, outer sphere equator, and all Tlatitudes of the inner sphere. The results are
summarized in Table 3.4.1. Each case is referenced by a number and a letter. The
number refers to the temperature distribution from Table 3.3.1 used in that case and
the Tetter refers to the velocity profile from Figure 3.3.1 thru 3.3.5. It was

not necessary to run cases for all the velocity profiles with each temperature
distribution. After running each velocity profile with the Case I temperature

distribution, and each temperature distribution with velocity profile A, it was

apparent how the thermal Toading is affected by the different cases.

There is minimal difference between the thermal loads of Case IA and IA', where the
velocity is doubled. Even with the increase in velocity the convection coefficients
remain small, and thus the heat transferred by convection is minimal compared to

that by conduction.

The thermal requirements are more dependent on the particular velocity profile or
temperature distribution than the velocity magnitude. The largest total inner
sphere cooling load is approximately 7.5 watts, when the entire inner sphere is
held at 15°C, Case III. This is also when the greatest heating load is required,
approximately 14.0 watts, because the equator must be held at 35°C while the inner

sphere is 15°C. Figure 3.4.1 presents the temperature profile and the thermal loads

-12-
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TABLE 3.4.1 - HEATING AND CPOLING LOADS

TOTAL INNER
SPHERE COOLING

~N~

—t

.49
.41

.90
.31

TEM COOLING
OUTER POLE
(WATTS)

w W

-5

(D REFERS TO THE STAGNANT FLOW CASE)
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3.72
3.72
4.
3
3

05

.52
.81

11

.30
.20

.90
.28

OUTER EQUATOR
HEATING
(WATTS)

10,52
10.56
9.58
10.94
8.49

7.04

13.90
13.23

-1.86
-1.86
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for Case IIIA. The inner sphere cooling loads per 10° latitude are also shown. The

- €001ing required at the outer pole reaches a maximum of 4.05 watts when the turn-

: around zone is concentrated near the pole and the pole must be cooled to 25°C
(Case IB). Case 4A- illustrates the maximum pole heating required when the pole
temperature is 35°C and the flow is reversed. Fo; this case the system must be
designed to provide a cooling load of 1.86 watts at the equator. The AGCE thermal
system is designed in the following sections considering worst case conditions at

the outer equator, outer pole, and inner sphere.

The total inner sphere cooling from Case ID can be compared to the heat flow cal-

culation results made in Task 6.1 for r. = 5 cm., r

j 0= 6 cm., and Nu = 1.0 (stagnant

flow). With an approximate temperature gradient of 10°C from outer to inner sphere
for Case ID, the inner sphere cooling load is 2.54 watts as compared to 1.96 watts
at AT = 10°C between the isothermal spheres in Task 6.1. 1In Task 6.1 lateral con-
. duction was not considered. In this model the inner sphere must be cooled to
create the same 10°C radial gradient as in Task 6.1, in addition to a 10°C negative
gradient from the equator to the pole, thus increasing the inner sphere cooling
load. Considering this difference, the results df Task 6.1 are confirmed and con-

fidence is established in the model.

3.5 POLE HEAT EXCHANGER ASSEMBLY

Figure 3.5.1 presents a simplified schematic of a pole heat exchanger assembly that
could be incorporated into the AGCE hardware. With a maximum cooling load of 4.05
watts at the outer pole, assuming a maximum internal heat generation of .5 watts
from the circulating dielectric fluid, and appling a margin of safety of 10%, the
system is designed for a pole cooling load of 5.0 watts. This cooling load can be

obtained with the use of a single stage thermoelectric module (TEM). GE-VF has
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both analytical and empirical experience with this TEM which was planned for use in

, Similar spacelab applications. A circular, 1.0 in. Dia., custom manufactured TEM

is used at the pole to fit within the existing optics hardware. This is a reduced
version of the standard 1.2 in. x 1.2 in. square TEM, hence performance is sacrificed

to obtain this reduction in size.

By fastening the TEM to the outer sapphire sphere surface with 10 mils of epoxy

(h = .136 W/cm2 - °C), assuming a worst case pole temperature of 25°C, the 5.0 watt
cooling Tload is maintained by blowing 500 FPM of 22°C N2 gas over a circular finned
heat exchanger (HX) mounted on the TEM hot side surface. The circular finned HX
consists of 1.0 in. 0.D. fins (approx. .04 in. thick, 16 fins/in.) extending from

a .75 in. 0.D., 1.5 in. high, solid aluminum cylinder, creating an effective thermal
conductance of .41 W/°C from the TEM hot side to the N, gas. The outer sphere pole
TEM is cooled by forced air to avoid obscuration of a portion of the sphere assembly

surface by coolant tubes needed in a Tliquid cooling application.

For the circular finned pole HX to be effective it is necesary that the 500 FPM N2
gas stream flows around the contour of the HX. To accomplish this a 1.5 in. x

2.0 in. (height x width) duct outlet must be located so that the HX is centered at
the duct outlet. A 2.0 in. width duct is necessary for the outer stream lines

of the flow to act as a boundary wall forcing the flow around the HX contour (See
Figure 3.5.2). The size of the duct is limited by the space available between the
UV optics assembly and the Scanner optics assembly, because of which a 2.0 in. wide
duct may not be possible. In this case a shroud should be mounted on the side of

the duct to force the path of flow.

If insufficient spacing exists to position the duct outlet for the N2 gas to flow

horizontally at the circular finned HX, then an alternate design is to blow the air

-17-
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vertically down from above the TEM. Radial fins extending from the cylindrical HX
| base, would run the length of the HX in the vertical (axial) direction. A shroud
f could be placed around the HX to force the N2 gas through the fin channels until the

flow reached the end of the HX, the TEM surface, where it would be radially exhausted.

A power load of 4.84 watts is required to supply the necessary pole cooling, result-
ing in 9.84 watts rejected to the air stream. Assuming one-quarter of the total
optics assembly dissipation (19 watts) is rejected to the circulating N2 gas and

1.4 watts is dissipated from the inlet fan in Figure 3.5.1, results in a total
dissipation of approximately 16.0 watts. This load must be removed from the N2 gas
within the outer shell of the AGCE assembly. The one-quarter heat rejection for the
optics assembly is a conservative estimate, the major portion of the heat dissipated
from the optics assembly will be conducted through the bulk of the optics hardware

to the outer shell.

'The 16.0 watt Toad is rejected to an Avionics air supply of 12.2 kg/HR by the four
TEM HX assembly illustrated in Figure 3.5.1. An air flow of 12.2 kg/HR 1is available
to the external HX, with 56 watts total heat dissipation, from the standard Avionics
air flow allocation of 21 kg/HR per 100 watts dissipation. An axial flow fan is
mounted in the inlet duct to supply 10.4 CFM of N2 gas at .20 in. w.g. to the
internal HX. Four 1.2 in. x 1.2 in. TEMs are mounted to create a 2.4 in. x 2.6 in.
(width x length) heat exchanger mounting area on the inside and outside of the AGCE
upper structure outer shell. Each heat exchanger consists of .008 in. thick, 1.25 in.
high, aluminum firs placed between two plates at intervals of 11.11 fins per inch.
This results in an effective thermal conductance between the N2 gas and the TEM
cold side of 3.0 W/°C for the internal HX, and 2.72 W/°C between the TEM hot side

~

and Avionics air supply for the external HX.
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3.6 EQUATOR HX ASSEMBLY

The worst case condition for heating at the equator is a 13.90 watt heating load
with a 350C outer equator temperature (Table 3.4.1). Designing for a 16.0 watt
heating load, a single TEM is used with 12 gph of water pumped in counterflow
through two .25 in. I.D. tubes soldered to the TEM hot side, Figure 3.6.1. For

this design, the effective thermal conductance between the water and TEM hot side

is 3.71 W/OC, a value obtained from previous programs' test results. Leaving the
TEM HX at 38.39C, the water then flows in a .75 cm x 1.2 cm duct mounted to a flange
at the equator of the sapphire sphere, Figure 3.6.2. The duct is mounted to the
flange using 10 mils of epoxy resulting in an effective thermal conductance of

5.12 W/°C from the flange to the water.

From the equator duct inlet to outlet, the water temperature drops .30°C as it
rejects 16 watts to the equator. For the AGCE model to function properly, the
equator must be held at a specified uniform temperature. The increased cross-
sectional area of the sapphire at the flange will create sufficient conduction

around the circumference of the equator to maintain a uniform equator temperature.

Certain situations arise when cooling is required at the equator (see Table 3.4.1).
Designing for a 3.0 watt cooling load with an equator temperature of 250C results
in approximately 10 watts total heat rejection from the TEM hot side. For this
condition, water is supplied at the inlet to the equator duct at approximately
249c. A single TEM proves more than adequate to supply the necessary equator

cooling load.
3.7 CHILLER DOME HX ASSEMBLY

The inner sphere is cooled by positioning a hemispherical heat sink inside the inner

-20-
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? sphere, with a gap between the inner sphere and the heat sink. The gap provides
partial thermal isolation between the heat sink and the inner sphere. By operating
the heat sink at a temperature somewhat lower than the minimum desired for the
inner sphere, the heat sink applies a bias cooling to the inner sphere. This
bias cooling is offset as desired at each latitude by feed-back controlled trim
heaters on the inner sphere (every 100 between 5° and 850 latitude). Thus the
heat sink serves to cool the inner sphere below the temperature desired at any
latitude and the trim heaters provide local heating at each Tatitude (partially
offsetting the heat sink bias) to achieve the desired local inner sphere temperatures.
If the trim heaters are to provide local heating, conduction in the inner sphere
must be Timited to the radial direction (negligible lateral conduction). This is
accomplished by using a material with a Tow conductivity and the minimal allowable
kthickness. The inner sphere must have sufficient thickness for strength and
Arigidity considerations. Fabricating the inner sphere from stainless steel sheet,
20 mils thick, will meet these requirements. This concept has the capability to

provide all desired temperature profiles (constant, linear in either direction,

discontinuous) on the inner sphere.

The cooling loads on the inner sphere must be examined in terms of the individual
latitudes as opposed to the total inner sphere cooling load. A breakdown of the
inner sphere cooling loads per 10° latitude is provided in Table 3.7.1. The heat
sink is designed to bias each latitude by at least the maximum cooling load at that
latitude. Cooling Toads will be hardest to maintain at the upper latitudes because
of the reduced heat transfer area. The worst case temperature condition for the

inner sphere is when the entire inner sphere is held at 159C. These conditions can

-23-
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‘Pe met by using a material with a k/t of 10.30 Btu/Hr-Ft-OF per inch for the

%herma] gap, and a 80C cooling dome heat sink. This value is determined assuming

the material is fastened to the chiller dome with 5-mils of epoxy (h = 480 Btu/Hr-th—oF),
a contact conductance of 100 Btu/Hr—FtZ-OF exists between the material and the inner
sphere, and a percentage of each 10° latitude is used to mount the trim heaters. It

is important that the material has enough flexibility to form to the inner sphere
interior surface, providing a contact conductance of at least 100 Btu/Hr-Ft2-OF,

Also, the gap must be at least 90-mils to provide the necessary spacing for the trim

heaters and thermistors which will be mounted on the inner sphere.

These specifications are met using CHO-Seal 1215, a gasket material used between
surfaces requiring an electrically continuous interface for purposes of RFI protection.
CHO-Seal is cured silicone rubber having a filler of silver plated copper granules
with approximate diameters of 0.5 to 5.0 mils. Using a .125 in. thick CHO-Seal

éasket and compressing it to ensure good contact results in an effective thermal
conductance of 4.20 W/°C from the inner sphere to the chiller dome. This value is
contingent on a good contact existing between surfaces. Table 3.7.2 presents the
percentage of the inner sphere surface area necessary for CHO-Seal gasket contact,

the resulting cooling load due to this reduction in surface area, and the heater

power for each 100 latitude to satisfy the maximum and minimum cooling loads presented
in Table 3.7.1. The remainder of the inner sphere surface area not used for gasket

contact is available for mounting the trim heaters and thermistors.

As the inner sphere is designed to prevent lateral conduction, the chiller dome
should be highly conductive and of sufficient thickness to maximize the lateral

conduction, thus creating a uniform temperature heat sink.

Frt
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LATITUDE
-10-0
0-10
10 - 20
20 - 30
30 - 40
40 - 50
50 - 60
60 - 70
70 - 80
80 - 90

TABLE 3.7.2

INNER SPHERE COOLING LOAD BIAS

GASKET CONTACT COOLING BIAS
AREA (%) (WATTS )
15 77
25 1.28
15 .74
15 .70
20 .84
35 1.27
55 1.62
55 1.20
55 .73
80 .35

9.50

TOTAL INNER SPHERE COOLING LOAD BIAS

OVERALL EFFECTIVE CONDUCTANCE
(100% CONTACT AREA)

INNER SPHERE TEMPERATURE
CHILLER DOME TEMPERATURE

9.50 WATTS

4.02 W/°C
150¢
89¢C

-26-~
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b,

A .75 cm thick copper chiller dome is recommended for this purpose. The chiller
dome is cooled to 8°C by pumping 22 gph of 7.59C water through approximately

25 inches of % in. I.D. tubes soldered to the inner sphere of the chiller dome.
This design produces an effective thermal conductance between the water and the
chiller dome surface of 22.5 W/°C. The chilled water is pumped to the inner pole
of the dome, then it spirals around the dome surface in the tubing to the equator

where it is returned to a TEM heat exchanger assembly (Figure 3.7.1).

A four TEM heat exchanger is designed to remove 9.5 watts, the total jnner sphere
cooling load bias (Table 3.7.2), from the 22 gph chiller dome water supply. The
water is pumped in counterflow through two % in. I.D. tubes soldered to the cold
side of four TEMs in series (see Figure 3.6.1). This yields an effective thermal
tonductance between the water and the TEM cold side of 20.4 W/OC, based on previous

programs' test results.

The four TEM chiller dome heat exchanger and the single TEM equator heat exchanger
are mounted to the rotating platform of the AGCE assembly. To remove the 9.5 watt
inner sphere cooling load bias, 107 watts must be rejected at the TEMs hot side.

The two pumps used in the coolant loops, also mounted to the rotating platform,
operate under a maximum pressure drop of 3 psi and have a combined dissipation of
approximately 40 watts. Table 3.7.3 lists the worst case AGCE heat dissipations for
all the sources considered in the model. The total heat dissipation of all the
components mounted to the rotating platform or base structure, 207 watts, is rejected
to a 45.0 K9/Hr. (based on standard Avionics air allocations), Avionics air stream

through the rotating platform HX and the stationary platform HX illustrated in

—27-
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ﬂfigure 3.7.3. The heat rejected at the rotating platform is conducted through

the Ny gas to the stationary platform creating an effective conductance between
platforms of 42.9 W/0C. The heat is then rejected to the Avionics air stream
flowing between the concentric fins of the stationary platform HX resulting in

an effective conductance of 25.3 W/0C from the stationahy platform to the Avionics
air. The overall effective conductance from the rotating platform to the Avionics
air supply is 15.9 W/0C. Assuming 35°C Avionics air enters the heat exchanger,

the rotating platform temperature is 56.0°C.

-29.



TABLE 3.7.3

AGCE HEAT DISSIPATION

(WORST CASE CONDITIONS)

SOURCE ESTIMATED WATTS HARD MOUNT LOCATION

1. Fluid Pumps 3* Rotating Platform
a. Dust Dome
b. Chiller Dome

Coolant Loop 25 Rotating Platform
c. Outer Equator
Heating Loop 15 Rotating Platform
2. Water Loop TEM HX
a. Chiller Dome (4 TEMs) 107 Rotating Platform
b. Outer Equator (1 TEM) -13 Rotating Platform
3. HV Transformer Assembly :} Rotating Platform
60
4, Misc. Electronics Rotating Platform \
5. Rotating Platform Drive Motor 10 Base Structure
TOTAL 207 .
6. Scanner Optics Assembly '
(Drive Motor, Lamp, Electronics) 19 Upper Cover Structure
7. UV Optics Assembly Outer Shell
(Flash Lamp) dokk {Upper Cover)
8. Dielectric Fluid Heating** .5

9. Pole HX Assembly

a. Pole TEM HX 9.84 Outer Sapphire Sphere
b. Inlet Fan 1.4 No Duct (Outer Shell)
c. 4 TEM HX
(Power Supplied) 40 Outer Shell
— (Upper Cover)
TOTAL 70

TOTAL DISSIPATION TO AVIONICS AIR: 277 WATTS..

* 35 WATTS @ 5 MIN/HOUR MAX.

** FLUID SELECTED SO THAT EFFECT OF DIELECTRIC HEATING IS BELOW
0.001°C/SEC. (REF. PIR 1254-AGCE-006), INCLUDED IN 2a. AND 9a. TOTALS.

**% 10 WATT/SEC. PER FLASH; FLASH AT 60 SEC. INTERVALS.

-30-



ORIGINAL PAGE 1S
OF POOR QUALITY
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PLATFORM HEAT EXCHANGERS
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4.0 CONCLUSIONS/RECOMMENDATIONS

A schematic diagram of the recommended AGCE thermal system is presented in

Figure 4.1. Worst case individual design temperatures and component dissipations are
shown. Presented is a feasible design concept, further refinements are necessary

to optimize the system for the most efficient design. The Spacelab coolant loop
could be used as a heat sink for the pole HX assembly (directly at the pole or at

the upper structure outer shell), and to replace the stationary platform HX. Spacelab
coolant improves heat transfer (for a given geometry) and thus increases TEM
operating range and efficiency, but does require another interface with the Spacelab.
This additional interface will Timit the application to missions where the coolant
loop is available. The outer sphere pole TEM is cooled by forced air to avoid
obscuring a portion of the sphere assembly surfaces with the required Tiquid cooling
tubes. Avionics air is used whenever applicable because of its easy accessibility

and use.

Temperature sensors are required on the inner and outer spheres to control the
heating or cooling at the outer pole, outer equator and inner sphere. In all three
Tocations the thermal loading can be regulated by temperature sensor feedback to
adjust the voltage or current to the TEMs as required. By reversing the polarity

of the voltage and current input to the TEMs, they can function in either the heating
or cooling modes. This will be necessary when the convection cell circulation is
reversed, Case IV temperature profile. Cooling will be required at the outer equator
and heating at the outer pole. These conditions are well within the operating range
of the TEMs in the proposed design. Control of the TEMs surface temperature is

based on the premise that they will function in either the heating or cooling mode.
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Previous programs' results have shown that precise temperature control (+ .01°C)
becomes a problem when operating around the transition point from one mode to the
other. Control of the TEMs in the range of the transition point is complex. This
problem is alleviated by altering the heating or cooling reéquirements, and thus the
desired temperature profile, to prevent operation in these problem areas. Precise
temperature control of the chiller dome heat sink is also not required; the trim

heaters simply provide more or less bias.

Another aspect of the design to be considered is the combination of the chiller

dome coolant loop and the equator heating loop. This will result in the reduction

of hardware, one of the pump/accumulator combinations could be omitted. The

chiller dome coolant loop operates between 7.59C and 7.6°C. The equator heating

loop operates between 38.0°C and 38.39C. This large temperature difference between
loops makes a combination of the systems impractical. A large increase in TEM

power would be necessary to raise and lower the water temperature from one temperature

range to the other.

In the next phase of study, it is recommended that the following areas of this
feasibility design are further investigated: The application of a material to provide
the k/t requirements for the thermal gap and the effective thermal conductance of

the circular finned pole HX. For the CHO-Seal 1215 gasket material to be an effective
thermal gap between the inner sphere and chiller dome, good contact must exist

between the gasket and the inner sphere surface. The gasket can be epoxied to the
chiller dome surface. The compressive pressure necessary to produce this contact

and implementation of that pressure should be investigated.
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The pole HX will only be effective if the flow doesn't detach from the HX surface.
The N2 gas duct's outlet width and orientation with respect to the HX must be
determined considering the space limitations placed upon the system by the optics
hardware. If insufficient space is available for a 2.0 in. wide duct outlet, then
the application of a shroud used to force the flow around the HX should be examined.
One part of the AGCE outer shell upper structure cannot be used for hardware because
the space is reserved for the possibility of television cameras. Thus the N, gas
duct must approach the HX horizontally from the opposite side of the AGCE assembly
upper structure. If this is not possible, the duct outlet should be placed above
the pole HX, blowing air over radial fins running the length of the HX. In any
situation, for full performance capabilities of the sphere assembly heat must be
provided or removed from the pole, and thus the effective conductance of the pole

HX must be determined to design for this load. It will be necessary to conduct tests

to determine this effective conductance for the forementioned applications.

-35-



APPENDIX

S



ORIGINAL PAGE IS
OF POOR QUALITY
TEMPERATURE PROFILES

(°¢c)

10«1 25,53 3,37 20,11 20.30 BT T o N R ) 71 34,91
20«11 27.11 23,327 30,01 20,13 [T 2ELTE fR.El Z2.E0 71 33,097
30«21 3.2 22,83 22038 22026 12 2e.20 25.81 26.345 g1 z0.21
40«31 26031 22.71 25.18 24.04 IV EE. 14 pE.ET 2424 4% 2é.e24
So«Y) 15,00 146,85 IF.30 13,75 oo F1LEs TO2R.TE SO0 S, 00

&

A]

29

1] [:I"I
[

[ory

.10

R

(Y}

6,58 £2.97 20 < 31.96 P10 3E.96 33.81 34071 34,91
STLI0 FR.2E 0 I0.00 0 BO.1D 29093 S8.78 29081 T2.S0 0 3E.TE 5397
22,97 2E.E1 PE.¥0 FR.24  AT.1T 86,17 2S.TR 26,95 FELE1 0 s0.Et
ZE.E0 FELTD O 2S.04  25.97  23.90 23,09 FE 24.2% 25.45 PE.E4
15.00 16,25 17.50 18,75 20.00 21,85 SnO@3.TS 2S.00 0 25,00

E

z 29,38 31,39 32.10  3T.74 4,01 24,74 34,91
2 29, 98 20,93 21,50 31.98 IELIE O OFLL09 0 3D
& oa. 03 27,04 IT.19 E7.54 SE.IT 2E.S9 29,98
= 25,79 zE.22 21.96  28.39 24,14  24.8F  2ELAT

16.25 18,75 20.00 21.85 22,75 25.00 25,00

%

]

S3.TE 29,88 30,88 31.22 0 LIS OZELTR 0 OZERLVE 34.700 Za, 30
2,86 29.AT 29,82 22,31 Sélbe ZELAD F2.ES ZR.42 E4.01
ST EE.ER EE.51 EFL.O00 25034 250200 EF.VE 23,5V En,a%
12,31 24,47 2T7.33 24,75 23047 Zz.23 g4.80 Ze.03 2o, 40
15.25 17.50 13,75 20,00 21.85% 28.%0 223,795 25.060 0 25,400

E

2 29.0% 20,32 32l.20 IZ.ES 0 32,34 ¥R 24, FT 0 34,52
Taoo2a.01 9.8z In.i14 H.em 7041 533090 34,06
11 23.e6 24.8% 25,87 ZV.7T60 2E.eS S0 30,44 20,82
a0 12,12 19,40 20,59 22,97 24,09 5 26,37 PA.494
an 16,259 17.50 12,79 Z1.25 &2.50 S ES.00n 0 25,010




ORIGINAL PAGE IS
OF POOR QUALITY

34.534 22,33 Z 33,81 2RLE1 34028 34,310 24,33
A4.017 0 33.0% 0 3 23,12 20,15 2R.3F7 0 32.E0 34,00
2,34 31,34 3 BR.TFY BR.OZ2 ET.Ee 2a.2a 3n.23
.4 24039 2 SRLTE O22.54 0 24,37 25.4% 2e.24
15,00 1e.25 1 21.85 22,30 23.F5  85.00 25,00
CASETTC
g P L = 318 In.a8 31.5 IE.43 0 B33 24,64 34,22
SE.AE ZRLIT EE. 25, ETL.ER 24074 2F.41 0 31,82 32034 FEO1E
EELAED 2E.41 0 28, SE Z4.T0 BE.ET OSE2.35 24092 24070 2.3
gloead 12,71 23, o5 21.44  13.3% 17.31 17.32 17.32 17.42
15,00 15,00 15, 15. 15,00 15,00 15,00 15,00 15,00 15,00
CASE IVA- )
IELTE 2.8 EBT.TE Ee.ER 26031 2% 25,58 £25.29 25.05 25.00
an.8d ZELES 24093 24,29 25.15 T 25,83 24,88 24.59 24,210
ZILTI O OPELAS 2E.S0 0 28.92  2E.ET 42 23.64 ZB.82 gE.42 20.86
23,17 2E.eE 21 21,31 21.04 21.83 20.320 1F.82 17,87 1£.45
2500 2a.7S 2 21,85 2n.00 12,75 17.S0 16.2% 15,00 1S.00
CASE I¥D
e SR.FE 0 2ELET 2F.IR 0 2EL.TO O2EA.16 2372 23.346 0 23007
ae 2R 24 ETLEE Eh.8A Ba.lE 230532 23001 240532 24.22
ot SF.NE E23.72 2d.64 SE.FI OE2.3% 220100 21,386 20.73
= 24,52 2R.EF 2e.07 0 200300 13,75 180451 1v.48 1&.41
Z3.73 0 22,30 21,83 20000 12.7%  17.50 0 14.283  15.00

e

4 -



FLoW FIELD INFDOIMATION
- ORIGINAL PAGE g
OF POOR QuaLITy
(A Hb\.q_,( }.‘25

Nasa/msEc (AGCE PL.)
T - &l

FROM DR. FowLIS OF

A/ (ro‘fa”(.'..« vaXe )
= NaAd/sec
N ( v-Sr 0:'7‘7)
w:"/S |
V9= .o ¢ J(,,C.(urr'v.*«,>
K = Lcbo07lb c.m"/s ( ) o V\\
< =3 e (u,c%j Ak k J{s %.Mw
(7( - 1. 3% %10 C

o
5\ = 480 3" " (3 . |
i AN h) l\ - I'S‘Cf
o P - h(?\‘::.ﬁf/(\r \\_—_ '3.7.%] \{’%*}? ] -_'
/(: ,_'_Vgl\: duo™ co<— £
AT



2 C

“ (oa.r se

L
-

Crk‘fd{

[/100 s C

n,
\.
.\\
~
\ »
v\
A
> ™.
\\
™ \
\
N\
\\
\
\ r
)»
v
g \
> \
y
I's
’
»
L4
4
»
I
EY
L
»
3
» »
s 3
&
s IS
13
3 s N



24°C
T T
; ;/ *\\\ Qéj%%@@m&m PAGE 18
. | ~—. OF FOOR Quagry
BT
\
AN
—
\‘
- e i \

[-FIELD DELIRA = 2.00C

COAERATRE -

[TME = <00 .000



OF POOR QUALITY

2]
1L
g
o
ot
<
=
o
[
Q

J2C

CM}‘;

0

DELTA =

FIELD

(ARIAVTHAL. /Lo\,d\

-



ORIGINAL ppgp g
OF POOR quaLiTy

LD CELTA = 0-01¢
V-FIE

e s

(AL Foo)



. \\ ORIGINAL PAGE IS
=~ oF POOR QUALITY,

\-F TELD DELTA = 0-u10

(RAMAL Aeovs\ /
Cim S



OF POOR QUALITY

|

ORIGINAL PAG

\_.\\ i / 7 L\\\\\ \‘\\\\
! /
it 7 /1)
i \_ ?~ \\ \ \_
__. _W\\ _\ /\ — \V\{l - \\
’ ~ , ‘._ .
*\;__ﬂ N w e
SRR W}rb I/ Vs
I e st IS o

0.001
A

DELTA -

STREAM FUNCTION



[y

Y S SR

-+
-
.
r
k4
4
1
-
-
'
<

/7

Fa'ne

-
A
5 Tk
; e
g )
4
: ¥
' +
-
-
¥
+
b3
B v
b
- g
7
”
¢
; +

tr
riefl

e c

ORIGINAL PAGE IS
OF POOR QUALITY

¥
+
-
]
-
Py
Ls b
1. ¢
L4 -
2
- 1
-
-
- A
v
0 -
-
R
i, &
>
"
L
3
t
% P
o . T
IR
L
3
%
t

e
i

B

vad




T-FItLD

(4 ,,»xoe«AKUsz\

ORIGINAL PAGE ig
OF POOR QuaLITY

g
20

26
@

32

]
. ’, \ '
| | .' ) 1
“! !i | '. L ] .
'-' ?i T i 'i "
o 1, \ ! ‘ ]
. i i ! : 3
i ‘. - l ' |
' i 1 .
] ' l' : ‘
‘ i i b )
; ’X " !
| i l I
" : A
[ t i. {X ‘i 1?
i ; x * ‘
! t
| b b
. l ' | 2
| L L
,(a
18

2 .O‘ Y

‘<,

B0+



ORIGINAL PAGE IS
OF POOR QUALITY

-..-.,1‘_.‘
- - e,
—— el
- T
- - T
- - - "--_-'-__:‘\._
- ) - e Teel T T
- -~ - TN
- el
- = —‘-__ _-‘\"
- - - - LI
. - -
1

-F1ELD

LA aMoTHAL Loo

- Obp

"y N
~
. A
™
Rl
o ™
*
. L " .
ey ‘ -i' ) ‘.L'
. - 1 (3
" 1 IS
, \
v N
T g -
B - T A Y Y
I OF L N
g Y
. Y
.
¥
.
N, .
- [} S
T ‘ ‘I. kY
..‘\ ! . ’4’ '. .( ItA
,\ A
A . OL* '
\\t ',!
T, )
B )
3 ¥ p \
3, i % 1
".5 : i 4
oo '
\ by h,
z’. i N 5
K ) i i .
V- Y H
J i - ¥
k] i - . Y
\ i . oili
(2 i -,
) . "
) i 1]
Y \ o 3
[ D : !
i 4 ! ]
¢ -
%
"
V!
b
!
)
1

et e apprmma P

g

O .041,31_~

emls



28

ORIGINAL PAGE IS
OF POOR QUALITY

0]

b - —
- PR o S
v e - »

DELTA =

/-1-TELD

(MELT Y ionAL {u\u\



J

FIELD
(RANIAC  fon

ORIGINAL PAGE IS
OF POOR QUALITY

.
i
1
= O?. 1
l.
i {
i A
1 :
Yy A
Ld “
& H
l' ]
; i
! 1
; i
4 3
F
H i
4 t
i
i
a
i
]
:

oL

00 Oy

DELTA =
.

>6

0.02:7

Ch/y



e X S e
3 E

N "

£ '.'- .‘~

~N ' ‘I
, ! ’
i ! }
i !
¢

§

-“;

TREQM FUNCTION

ORIGINAL pagr IS
OF POOR QUALITY

r
N
N
4
v ol i
, \) y
1, N I
.1' ] . H
"y . kY .
. 3
+, / .’
Y
3

DELTAR =

“

()
AN

H

; “ e

! L]

= [
— [

'
1
{

o
iA
L
i i
. [}
- [
: t
S 1
H
A ' ]
_ i
1
1
i
|
) ;






Sl

3.4 HIGH VOLTAGE POWER SUPPLY

Task 2.1 - High Voltage Source Requirements
AGCE High Voltage Specifications - Telecon
AGCE High Voltage Power Supply

PIR NO.
-012
-013

-029






*CLASS, LTR. OPERATION >PROGRAM SEQUENCE NO. REV. LTR.
ceNERAL @D ELECTRIC | | |

SPACE DIVISION PIR NO U — 1254 __ AGCE . 012
PHILADELPHIA ' ,

PROGRAM INFORMATION REQUEST / RELEASE *USE *'C'" FOR CLASSIFIED AND *'U"’ FOR UNCLASSIFIED

FROM 7o

) L. R. Eaton DISTRIBUTION
DATE SENT DATE INFO. REQUIRED PROJECT AND REQ. NO. REFERENCE DIR. NO.
2/25/81
SUBJECT '

TASK 2.1 - HIGH VOLTAGE SOURCE REQUIREMENTS

a

INFORMATION REQUESTED/RELEASED

The following AGCE high voltage source requirements have been documented as
baseline for a feasibility design study.

TASK 2 - HIGH VOLTAGE AND HIGH FREQUENCY SOURCES

1

1
2

.0 SCOPE

The high voltage source design requirements are intended as guidelines to be

used in performing a feasibility desigh of the equipment necessary to generate
and insulate AC rms voltages of 20 to 30 kV in a frequency range from 60 to

,000 Hz.
.0 GENERAL

The high voltage requirements are based on GFFC hardware design and develop-

ment experience and a current estimate of the AGCE flight design.

3.0 PERFORMANCE REQUIREMENTS

3.1 General

The primary goals for this feasibility design study are:

1. Extend the GFFC voltage generation capability from 10 kV rms to 20 or
30 kV rms.

2. Provide insulation and isolation concepts for this increased voltage.

3.2 High Voltage Magnitude

A nominal range of 0-20 kV rms voltage will be assumed. [The basic design

PAGE NO. _L RETENTION REQUIREMENTS
G. Fogal COPIES FOR MASTERS FOR
S. Neste n 1 Mo, r_l 3 mos.
L. Eaton ] 3 wmos. ] 6 wmos.
1 oF 3 ] 8 mos. (7] 12 mos.
| MOS. [T mos.
1 [7] oonorpEsTROY

FORM 1020 B REV, (§10)
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for GFFC high voltage power supply will be reviewed with due consideration given
to simple design extension. Comments will be provided as to the impact of a
larger upper voltage Timit (i.e., 30 kV rms). Due to potentially excessive power
dissipation in the high dielectric fluid and anticipated increased electrical
jsolation problems, emphasis will be placed on the 20 kV rms upper limit.]

3.3 High Voltage Frequency

The GFFC nominal value of a 300 Hz sinewave will be assumed. [General comments
will be provided as to the impact of higher and lower frequencies between 60 and
1,000 Hz on the power supply design (e.g., size, EMI).]

3.4 High Voltage Waveform

The following GFFC requirements will be considered.

A high voltage power supply shall be provided whose output can be varied from
0 to 20.0 kV rms with a dynamic range of at least 200 to 1. Departure from
Tinearity shall be less than 3% and stability of the high voltage power supply
shall be less than 2% of the set point voltage. Frequency of the power supply
shall be 300 Hz 5%, and the output shall have a wavefront distortion of less than
4%. The dynamic response of the high voltage supply shall be such as to achieve
a settling time of less than 10 seconds for any step change in voltage.

3.5 High Voltage Insulation

The high voltage will be coupled from the power supply to a hemispherical
"capacitor" with the following general characteristics.

The outer conductive coating of the outer sphere, as well as the surface inner
sphere, shall be maintained at ground potential, while potentials of up to a
nominal 20 kV AC shall be applied to the conductive coating of the inner surface
of the outer sphere.

The AGCE shall have a spherical convective cell consisting of an outer sphere
made of sapphire, having an inner radius of 6.0 *0.01 cm, and an inner sphere of
stainless steel, having an outer radius of 5.0 +0.01 cm. The region between the
spheres shall be filled with a working fluid with a dielectric coefficient of
about 40 and a dissipation factor of about 0.001. The outer sphere, which has a
thickness of approximately 1.2 cm, shall have transparent conductive coating on
both its inner and outer surfaces.
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Appropriate insulative considerations are to be considered which will avoid
electrical breakdown at the sphere as well as at the power supply.

3.6 Dielectric Electrical Power Dissipation

The dissipation of the dielectric fluid heating effect is covered in PIR No.
U-1254-AGCE-006.

4.0 INPUTS REQUIRED

Design details for the high voltage power supply will be taken from the GFFC
CDR data package. This data is to be supplemented by any additional GFFC test
information and results that are available through NASA/MSFC.

5.0 SAFETY

The power supply will be Tocated within the confines of a gaseous nitrogen
filled sealed enclosure.

s
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*CLASS, LTR. OPERATION [PROGRAM |SEQUENCE NO. REV. LTR,
GENERAL @ ELECTRIC } | |

SPACE DIVISION - - -

PHILADELPHIA PIR NO. U 1254 — AGCE 013
PROGRAM INFORMATION REQUEST /RELEASE *USE ''C’’ FOR CLASSIFIED AND *'U’’ FOR UNCLASSIFIED
FROM TO

S. L. Neste L. R. Eaton
DATE SENT DATE INFO. REQUIRED PROJECT AND REQ. NO. REFERENCE DIR. NO.
2/26/81 ;

SUBJECT ‘

AGCE High Voltage Specifications - Telecon

INFORMATION REQUESTED/RELEASED

The following specifications on the high voltage power supply for AGCE were
provided by W. Fowlis on 25 February 1981.

1) Harmonic content <4% (i.e. sum of all harmonics) to minimize dielectric
fluid heating.

2) Voltage accuracy *3% after warm-up period. This allowable variation
includes drift with time during an experiment scenario (v~ 2-3 hours).

3) Noise TBD

4) Multiple settings (100-200) of the high voltage level are required
and should be controlled by the micro-processor.

PAGE NO. » __L RETENTION REQUIREMENTS
L. R. Eaton COPIES FOR MASTERS FOR
i 1 Mo, 3 mos.
G. Fogal tl C
] 3 mos. r] 6 Mo,
S. Neste 1 oF 1 [] 6 wmos. ] 12 mos.
1 MOS. ™1 mos.
[—l r"l DO NOTOESTROY

FORM 1020°B REV. {R-15) e






GE“ EI]AL @ El‘ GTB ' c 1 ‘CLASS%‘LTR'. IOPERATION lPROGRAM ISEQUENCE NO. REV. LTR.
e PIR HO. U — 1254 — AGCE— 029
PROGRAM INFORMATION REQUEST /RELEASE *USE *'C’* FOR CLASSIFIED AND *'U’* FOR UNCLASSIFIED
T 3 )
L. Springer/J. Barney Didtribution
DATE SENT DATE INFO. REQUIRED PROJECT AND REQ. NO. REFERENCE blR. NO.
6/11/81

SUBJECT

AGCE HIGH VOLTAGE POWER SUPPLY

PIR No 1254-AGCE-029

INFORMATION REQUESTED/RELEASED

REQUIREMENTS

The AGCE power supply is required to deliver a 15 kV RMS sine wave voltage,
with an amplitude accuracy of +3% and a waveform distortion of less than 4%.
Multiple settings (100-200) of the high voltage level are required and should
be controlled by the microprocessor. These specifications are defined in
PIR No. U-1254-AGCE-012 by L. R. Eaton.

DESIGN

The large step-up ratio (28 volts to 15 kV) is best handled by employing

a series resonant circuit, thereby taking advantage of the resonant rise in
voltage.

The capacitance and parallel resistance of the sphere can be calculated

as follows: ,
Z(/ ///// Ry /// 7 cm

-

R ' 6 cm

R3
SAPPHIRE 0IL

bpi] = 4 x10° 2 - m epl0il) = 40 c, = 8.85 x 10712 farads/m
: o =10"%g-m e, (sap) = 10
sap R13aP
Distribution: J. Barney S. Neste PAGENG. | LRETENTION REQUIREMENTS
G, Foga] L . Spr‘inger‘ COFIES FOR MASTERS FOR
. ™1 1 mo. ] 3 wmos.
R. Homsey File (2) S T s,
1 oF 7 [T] & wmos. [ ] 12 mos.
Im| Mos. ] Mos.
M [T} oonoroesvrov

10208 1-81 ’
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oo Poit R " Rs) 40107 (0.06 - 0.05) | 4 g6 10% g
0il I R2 R, I [{0.06)(0.05)] '

R = Lsap (Ry - Rp) _ 10" (0.07 - 0.06} 1.895 x 10'3 @
sap 4 Ry R, 4w [(0.07)(0.06) ] )

4w ep(oil) ey (Ry Ra) 40y 40 x 8.85 x 10712

C . = = X (0.06 X 0.05)

0il (R 5 - 3) (0.06 - 0.05)
C..= 1.3346 x 107 farads
oil :
-12
- A4r x 10 x 8.85 x 10 x (0.07 x 0.06) _ -10
CSap (0.07 - 0. 06) 4.6709 x 107" farads
R .y xR
Re = 22 = 1.0612 x 107 @
oil sap
= - -9
CT Coi] + CSap 1.8016 x 10 ° farads
The series inductor necessary to resonaée at 300 Hz is:
= 1 - 1 .
L= 7 = T 9 2
C (fr 2m) 1.8016 x 10 7 (300 x 2 x w)
L = 156 henries

=

preliminary design of this inductor has been completed and is shown in
Figure 1. The electrical properties of the inductor are given below.

Tape Core B = 15,000 G : u 6000 W/air gap
10,000 turns of #32 wire

100 layers distributed between two windings
5.5 mil porous layer separation

Minimum HV-Gnd separation 5/8"

Urethane potting

WT: 3.5 kg

R = 1260 Q

coil
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These properties produce a Q-value of:

_ "L _ 2r(300) (156) _
Q= 565 233.37

The design of this inductor has taken into consideration the waveform linearity
necessary to meet specifications.

Writing the equivalent circuit for the sphere yields

R =C
or
— G :r —juC
Y =6 - juC
Y=09.43x 1010 - j 3.393 x 107°

To determine the RMS current necessary in the series resonant circuit to
develop 15 kV across the capacitor, one can write

I = VY = 15,000 [9.43 x 10719 - j 3.39 x 107%]
I=1.41 x 1072 - j 5.00 x 1072
or 3
I =50.89 x 10 ~ amp .- 89.98°
Then substituting the equivalent circuit for the entire resonant circuit yields
Reoil Juwl
AAA r\rwfw’tL ;
VSGC ZT - T wC
Z. =R+j (wl - —=—)
T wC

wl = —l—-at resonance
wC

o

2 .
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SlpE R
Ly = 1260 @
and -8
Veae = IR = (50.80 x 10 ~)(1260) = 64.12 volts

Since we need 64.12 volts RMS to excite the series resonant circuit, it will
be necessary to use a small step-up transformer between the driver stage and
the resonant circuit.

CIRCUIT DESCRIPTION

The conceptual circuit is shown in Figure 2. It consists of the following:

a series resonant circuit, a driver stage, a voltage controlled gain amplifier,
a VCO, and feedback signals to maintain the proper frequency and amplitude of
the voltage.

The VCO, which is part of a Phase-Lock Loop (PLL), generates the 300 Hz
signal. Its output is fed into a multiplier which is used as a voltage con-
trolled gain amplifier, the function of which is to control the output signal
level. The output of the multiplier is then fed into a signal conditioner and
onto the driver stage. The driver stage contains a small step-up transformer
whose secondary is used to drive the resonant circuit. A current signal is
generated in the primary of the transformer and fed back to the input of the
PLL. This assures that the circuit will be operated at resonance at all times.
A tap on the inductor is used to monitor the H.V. output. This signal after
proper conditioning is fed back to the multiplier to maintain the proper output
level. It seems possible to obtain the 100:1 dynamic level adjustment by using
only the multiplier as the control device. Some testing will be necessary to
confirm this. If this method proves too noisy at lower level settings, then
other means will be employed to meet requirements. Information to set the
desired voltage level will be obtainéd from the on-board microprocessor. This
information is fed to a D/A converter whose output is summed with the error
feedback signal and presented to the multiplier, which in turn regulates the
high voltage output. Up to 256 voltage levels are possible with a single 8 bit
D/A converter.
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PHYSICAL DIMENSIONS

The physical dimensions of the inductor and the electronics package are
given in the table below.

L W H voL. WT.
Inductor Plan 1 8-3/16"  4-3/8"  5-1/4"  188.0 ind 3.5 kg
Plan 2 8-3/16"  4-7/8"  4-3/4"  189.6 inS 3.5 kg
Electronics 4-3/8"  4-3/8"  2-1/2"  47.8 in° 0.9 kg

Package
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3.5 EXPERIMENT CONTROL AND DATA HANDLING

Task 7 - Feasibility Guidelines
Task 7 - AGCE Feasibility Study Final Report
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TASK 7- CONTROL OF TOTAL APPARATUS, FEASIBILITY GUIDELINES

1.0 SCOPE

The apparatus control requirements are based on the experience
with GFFC and the current estimate of AGCE subsystems needs .
These requirements are intended as guidelines to be used in the
assessment of the feasibility of the AGCE.

2.0 GENERAL

Many of the requirements are stated in terms of capabilities that
were provided in the GFFC design but are not specifically
discussed or described in the literature available to this study
effort. Other requirements arise from the SLP/2104 or from AGCE
unique features.

3.0 PERFORMANCE REQUIREMENTS

3.1 General

Provide a microprocessor type , centralized controller that
implements the experiment scenario as expressed in a Problem
Oriented Language (POL) similar to that used in the GFFC design.
The control subsystem shall be programmable when in a ground test
or software development configuration and yet provide capability
to "burn" the experiment scenarios into a non-alterable memory
and execute from this memory in the flight configuration.

3.2 External Interfaces
3.2.1 Inputs

At the Spacelab interface the AGCE must receive timing
information as represented by UTC and UTC Update (described in
SLP/2104). The presence of these inputs imply that the AGCE
contains or shares a RAU (Remote Acquisition Unit). For purposes
of this study effort a RAU is assumed available and UTC and UTC
Update are received through this path.

Primary experiment power will be supplied by Spacelab through the
Experiment Power Switching Panel (EPSP) in the form of +28 VDC.

L
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3.2.2 Outputs

The output requirements are those associated with either an on-
board display or telemetry through the HRM. No decision has been
made concerning these system features. 1If it is decided to store
experiment data within the experiment until Spacelab's return to
earth, then it may be that no telemetry is necessary, but a
display would be required to inform the PS of the experiment
health and status. On the other hand, if it is decided to
telemeter the experiment data to earth, then there may not be a
need to provide the on-board display.

The display could be one provided by Spacelab or one contained in
the experiment. It would be used to indicate the position and
movement of the marker dots.

The telemetry would consist of both experiment data and
housekeeping information. Assume one dedicated HRM channel is
available.

3.3 Internal Control Requirements

3.3.1 Thermal Subsystem Control Requirements

Thermal control 1is exersized using two different types of
elements, heaters and Thermoelectric Modules (TEMS).

The surface of the inner sphere will contain up to nine heater/
thermister pairs for implementing closed 1loop temperature
control. These nine loops will require that the microcomputer
acquire the sensor data, operate on it in some prescribed manner
and command the appropriate voltage to the heating element. In
performing this function the thermister calibration curve will be
stored and used.

There are four areas requiring TEM control.The first is on the
pole of the outer sphere. The second is a liquid heating/cooling
loop around the equator of the outer sphere. The third is on the
cell shell, to cool the gaseous nitrogen. The fourth is the
inner sphere heat sink. In the TEM cases the controller
requirements will be similar to those of the ACPL program except
they are not required to be nearly as accurate and regulation
through the TEM crossover region is not necessary. For purposes
of this study an accuracy of +/- .1 degrees C. is assumed in all
thermal control instances.
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In addition to the closed loop control requirements there will be
additional requirements for passive temperature monitoring.
Provide for an additional eleven thermister inputs for this
purpose. Seven of these are located on the outer sphere and four
are miscellaneous.

3.3.2 Optical Subsystem Control Requirements

The UV flash lamp will be controlled by the microcomputer.Both
the flash timing and duration must be controlled.Accuracy and
range information is TBD.

3.3.3 Power Supply Control Requirements

Setting of the magnitude of the high voltege will be under the
control of the microcomputer.There is an approximate 100 to 1
dynamic range requirement but actual magnitudes are TBD.

3.3.4 Turntable Subsystem Control Requirements

The microcomputer will be the controlling element for automatic
or manual (as in test) setting of the turntable rotation rates.
These rates are to be adjustable within the range of .025 to 3
radians/sec. This will be accomplished via a digital command
issued over a programmed I/0 channel. Detailed control
requirements are TBD.

3.3.5 Timing Control Requirements

The microcomputer will receive timing information from the
Spacelab and will utilize it in time tagging of experiment data,
in execution of experiment scenarios. Accuracy requirements are
consistent with the Spacelab UTC and the resolution requirements
are TBD.
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3.3.6 Experiment Scenarios

Scenario requirements are assumed identical to those of the GFFC
as far as complexity is concerned.There are:

. 24 scenarios.
. 16 segments/scenario.
. roughly 150 bytes/segment.

Scenarios are timelines, permanently stored in a read only
memory, that are executed by the microcomputer and cause the AGCE
to conduct a specific experiment. Scenarios will consist of up to
16 segments that specify experiment parameters such as
temperature, voltage and rotation rate settings and timing
information. The AGCE must provide & method of permanent
scenario storage on-board (ROM) and yet imake it possible for the
AGCE to perform experiments using a soft memory (read/write)
during the scenario development or software development phases
of the program. This capability is also expected to aid in the
test and troubleshoot modes of operation as they become necessary
during the program, -

o+
4
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3.3.7 Housekeeping Data Acquisition

The following is a partial list (as complete as possible at this
time) of the specific housekeeping measurements to be taken:

FRAME #

SCENARIO #

TIME WORD

HV SETTING ,

Ti.e. -~ INNER SPHERE EQUATOR TEMPERATURE
Ti.p. - INNER SPHERE POLE TEMPERATURE
To.e. -~ OUTER SPHERE EQUATOR TEMPERATURE
To.p. — OUTER SPHERE POLE TEMPERATURE
INNER SPHERE TEMPERATURE - 9 SENSORS
OUTER SPHERE TEMPERATURE - 11 SENSORS
A/D CONVERTER CALIBRATION READINGS

DATE - DAY/MONTH/YEAR

TURNTABLE TEMPERATURE

AVIONICS AIR TEMPERATURE

COMPUTER TEMPERATURE

UV FLASH PERIOD

These housekeeping measurements will either be stored on-board
and retrieved post-mission or telemetered to the POCC via the
Spacelab HRM. Additionally, they may be displayed on-board for
use by the Payload Specialist. These factors depend on the
resolution of Tasks 7A and 7B,

3.3.8 Display Subsystem Control Requirements

The display control requirements are dependent on the resolution
of the telemetry/on-board recording question. If on-board
recording is selected, the display will be used by the Payload
Specialist to follow the movement of the marker dots to insure
that the experiment 1is progressing as desired. This will
necessitate a CRT type display. Additionally, a control panel
similar to that used on GFFC will be required. If the telemetry
alternative 1is selected, the display will probably be completely
eliminated except for a power on indicator and a run light.

Ly
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3.3.9 Data Storage Subsystem Control Requirements

The data storage control requirements are dependent on the
resolution of the storage/telemetry gquestion of whether or not it
is more cost effective to telemeter experiment data to the POCC ,
locate all the data processing there and provide essentially no
on-board data storage or to provide on-board data storage
capability sufficient to cover the whole mission and remain
virtually autonomous with respect to Spacelab and POCC?



3
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1.0 SUMMARY

This study has shown that the on-board apparatus control of the
AGCE facility can be accomplished in an efficient and cost
effective manner. A preliminary design, presented here, provides
for several thermal control loops, two motor speed control loops,
control of the high voltage power supply, data acquisition, data
formatting and delivery to Spacelab for telemetering to the

Payload Operations Control Center (POCC).

Additionally, the preliminary design includes the Ground Support
Equipment (GSE) required to test the apparatus, to develop

software and to support mission operation at the POCC.

Considerable simplification of the design was accomplished
through a process of questioning the original quidelines. The
resulting system is much more flexible than was anticipated,
however, the design can be expanded to include any of the
features omitted in the simplification process, if that is

desired.

The design, as presented here, makes maximum use of program

resources by using the test equipment as the support equipment at

POCC.



WCM
agcefr
05/81

2.0 BACKGROUND

The objective of the AGCE is to study the fluid circulation and
thermal properties of a test facility that models the earths
atmosphere. 1Its predecessor, the Geophysical Fluid Flow Cell
Experiment (GFFC), consisted of a test cell controlled by a
microprocessor and used a photographic data recording technique.

One of the AGCE Task 7 objectives is to provide an electronic
recording technique that will be cost effective and actually

result in improved data quality.

Task 7 is the study task in which an apparatus control concept is

to be developed and shown feasible.

3.0 TASK IMPLEMENTATION

3.1 Concepts

Like its predecessor, the GFFC, AGCE will be microprocessor
controlled. Experiment operation can be under the direction of
timelines, the Payload Specialist (PS) or the  Principle
Investigator (PI) at the POCC. GSE will be provided to assist
in the integration and testing of the facility in the
contractor's domain as well as after delivery to NASA., For
maximum utilization of resources and thus cost effectiveness,
this equipment will also provide the capability to develop

timelines/software and to support operations at the POCC.
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3.2 Tradeoffs
3.2.1 ON-board Storage vs. Telemetry

Essentially this trade is one that rests on the Pl's need for the
data (how immediate is it?), how much data there is involved, the
desired level of experiment autonomy, the technologies available
to provide the on-board recording function, and the cost

effectiveness of the two approaches.

Based on the GFFC method of recording and discussion with the
AGCE customer, it appears that there is no immediacy attached to

the data , that is, it could be processed totally post-mission.

At the maximum turntable rotation rate, the minimum data

requirements would be:

180 degrees rotation
x 90 degrees scan

16,200 pixels
x 8 bits

129,600 bits
X 3 channels

388,800 bits/sec.
x 72,000 20 hours operation

10
2.8x10 mission capacity required not including
housekeeping data.

As for experiment autonomy, if data is not telemetered, then

except for the PS who is in voice contact, the experiment must be

=
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autonomous with respect to the experimenter at POCC. The PS
involvement can be a planned aspect ¢f the experiment, but of
course, this means that the facility must provide some means of

informing the PS of the status of the experiment and a means for

him to interact with the experiment as required.

Another form of autonomy that may be desired is with respect to
Spacelab/Space Shuttle. While in many instances this may be a
worthwhile goal, it certainly is not always cost effective. No
assumptions have been made reguarding this type of autonomy in

study Task 7.

The most viable current technology available for wuse in this
experiment, that offers the storage capacity required, is video
tape recording. A cassette recorder that has been ruggedized for
airborne applicatons is available from TEAC Corporation of
America. Appendix A contains performance data on this recorder.
Addressing the cost effectiveness of the recording approach,

these points seem to be the more significant ones:

1. Using a video recorder one would hope to record the raw
video data, but the AGCE data is not acquired in a
continuous fashion. Actually, three channels of ~data are
acquired simultaneously during 90 degrees of an apparent 360
degree scan for each degree of turntable rotation. In order

to make this data appear continuous, two of the channels
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would have to be stored so that the recorder could receive
three contiguous segments during the inactive portions of
the scan. This effect could also be achieved through an
interleaved sampling technique. This 1is not unlike the
problem of multiplexing the acquired data into a single
downlink telemetry channel. In either case, specially
designed hardware will be required and for the purposes of

this tradeoff, it is assumed to be equal in complexity and

cost.

The video recorder is powered by 120VAC at 60Hz which is not
available on Spacelab. This would involve vendor
modification of the equipment and would increase the
experiment complexity by requiring 400Hz power £from the
EPSP. The appropriate EMI protection requirements of the

SLP/2104 would also apply, again increasing the complexity.

If no POCC involvement is possible (POCC would have no data
if it is recorded on-board), the PS must initiate the proper
experiment segment, monitor its progress and interact as
necessary, maintain the cassette supply and
terminate/restart, as necessary, those experiment scenarios
that do not perform as planned. It has been determined
elsewhere and given to Task 7 as a requirement that, if the
data is recorded on-board, the PS must be able to observe

the marker dot movement within the fluid surrounding the

S
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inner sphere in order to determine that experimentation is
progressing satisfactorily. This involves provision ,on-
board, of a CRT type display. ACPL experience has shown
that CRTs are extremely expensive devices to try to flight
qualify for use on Spacelab. Other alternatives are to
utilize the Spacelab CDMS CRT display or use a plasma
display similar to that planned for use on ACPL. These three
alternatives were weighed with the following results. The
experiment CRT option was eliminated as the most costly and
representing the most program risk. The plasma display was
judged the most expensive of the remaining two options based
on our ACPL experience. The use of the Spacelab display is
not without cost, however. It will involve establishing
interfaces that would not otherwise exist and a sustained
effort over the life of the program to integrate with the
Spacelab and other user organizations. The PS will also
require some LED numerical displays that indicate the values
of the high voltage, the pole and equator temperatures and

the turntable rotation rate.

In order to downlink telemetry an interface with the
Spacelab High Rate Multiplexer (HRM) must be established.

Additionally, an adapter module that meets the electrical
interface requirements must be designed and used. There is
also a cost associated with integration with the customer
and the integrating contractor over the life of the program.

6
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Note that, the telemetering of data does not necessarily
imply a presence, during the mission, of PIs or of other
mission support personnel at POCC. 1f control is left on-

board with the PS, support may not be required.

It was decided that the on-board recording would be the more
costly of the two alternatives as well as the more risky.

Telemetering of the experiment data is the recommended approach.
3.2.2 On-board Control vs. POCC Control

Starting with the assumption that control actually resides with
the moving dot display, this trade resolves to the question of

where the display is to be located, on-board or at POCC.

In addition to the problems with locating it on-board that were
discussed in the above section, the issue of PS training comes
into the picture. Does one assume he is trained in atmospheric
physics? 1f not, he may need support from the PI which implies a

program presence at POCC.

The only additional POCC involvement necessitated by a program
presence, would be to provide a data spigot to equipment,
supplied by the program, that will support operations. This is

much less than will be done for other Spacelab payloads.

Assuming that the functions performed by the equipment at POCC

would be 1limited to displaying the moving dots and the normal

g



i

WCM

agcefr

05/81

housekeeping data at a rather leisurely pace (3 or 4 seconds
between updates), the same equipment that is used for integration

and test could be used at POCC.

Again, it is felt that the on-board display represents
considerable cost and risk and the reduced flexibility resulting
i

from control of the experiment by an untrained (in atmospherics)

PS forces the conclusion that control must be exersized at POCC.
3.2.3 Experiment Data Recording By POCC vs. GSE at the POCC

Now that previous trades have established that the experiment
data will be telemetered to the POCC and that the project will
have a presence there, this trade consists of deciding if the
data recording capability should reside in the GSE, for if it did

the POCC involvement could be reduced, thus reducing costs.

The contractors responsibility is understood to be to deliver a
facility that will support experimentation without the obligation
to deliver the ground test experiment data in some predefined
format on a preselected media. This is important because it means
that beyond verification that data does exit the facility in the
designed format, there is no requirement for recording of data.

As for verification of the telemetry output, this can be
accomplished in a very modest recording facility. The gquestion
then becomes, should a recording capability be provided in the

GSE to relieve POCC of this task?
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In view of the fact that there is no need for extreme haste in
the delivery of the data to the PIs, the recommendation is that
POCC perform the recording function. If special processing is
required on the resulting tapes it can be performed by the PI or

if need be, by GE, but in no instance is the GSE currently

required to support that activity.

As for the GSE recording capability, for the purposes of this
study it will be assumed to be the minimum possible, however,
this will not be a sufficient capability if the contractor is
responsible for providing experiment data to the PI during ground

testing.
3.2.4 Stored vs. Realtime Control

It was a "given" to Task 7 that the PS be able to command values
for the inner and outer sphere's pole and equatorial

temperatures, the high voltage and the turntable rotation rate.

GFFC utilized stored control in the form of experiment timelines
and provided an operator's panel from which timelines could be
initiated and experiment parameters monitored. Since there are
only seven parameters that need to be controlled, why must they
be controlled in a stored fashion? Given that the must be, why

must a subset be controlled in a manual,realtime fashion?

Inquiries led to the conclusion that even at the high rotation
rates the equivalent to a GFFC segment would take 20 to 30
9
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minutes. Presumably, at the 1low rates they would take even

longer.

One must ask, why not give the PI (via voice 1link to the PS)
realtime control of the seven experiment parameters and omit the
stored timelines altogether? The PI has all the data displayed,
in near realtime, in front of him and the PS to act on his behalf

in the Spacelab.

Because this approach is the simplest and most cost effective and
because of customer encouragement to do so, the recommended
approach makes use of realtime control. In actual implementation
of other elements of the apparatus control, there will still be
an 1issue of read only memory (ROM) and random access memory
(RAM) and execution from each at various phases of the program,

These issues will be addressed in theé following section of the
report. It is still possible, with little impact, to opt for
stored control or some reasonable compromise between the two

extremes.
3.2.5 RAM/ROM/Combination

An approach that allowed functions that would be stored in ROM
operationally, to be executed from RAM during ground test and
development, was an explicit requirement of Task 7. This feature
should still be of primary concern even if stored control is

replaced with realtime manual control, because control functions

10
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still remain that demand that kind of flexibility. For example,
all of the closed 1loop temperature controls will need that
flexibility in the software development and ground test phases of

the program.

This trade concerns how this 1is to be accomplished. Several
possibilities exist:

1. ROM in the apparatus and RAM in the test equipment. The

microcomputer would be forced to execute from the test

equipment when it is plugged in. Problems may arise due to

long wire lengths involved unless special precautions are
taken.

2. ROM in the apparatus and RAM on the front panel connected to
the test equipment. Operation is the same as described
above but the wire problem only exists in the test equipment
end. This approach is similar to GFFC's.

3. ROM and RAM are located in the apparatus. Both memory types
are carried in the apparatus and the microcomputer executes
out of the ROM when the test equipment is not plugged in.
This method will only be practical for relatively small
amounts of memory.

Because of the small amount of memory involved, even including
the timeline storage, it is recommended that the RAM board be
included in the experiment hardware. The RAM can be loaded by
the test equipment over the serial interface. The microcomputer
will execute from either the RAM or ROM as commanded by the test
equipment when it is plugged in, otherwise it defaults to the
ROM. When satisfactory results have been obtained from the
software stored in RAM, it can be downloaded to a file within the
test equipment which is in turn used to "burn" the ROM memory.

This feature can be provided at almost no cost with the approach
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described here.
3.2.6 Telemetry and the Rotational Rate Dynamic Range

With the turntable rotational dynamic range required for AGCE, a
problem arises with respect to telemetry downlink rates. If one
assumes that the data is downlinked at a fixed rate, equal to the
rate at which it is acquired at the high§st rotation rate, then
at the 1lowest rotation rate, the £ill data outnumbers the valid

data by a factor of 125 to 1.

The alternatives examined here were, a fixed downlink rate equal
to the highest acquisition rate encountered, a variable downlink
rate within the range from 4,128 to 518,400 bits per second and

temporary on-board storage for smoothing.

The maximum acquisition rate 1is 518,400 bits/sec. If the
downlink rate was only 1 kbits/sec slower, in a typical
experiment scenario of 20 to 30 minutes, 1.2 to 1.8 megabits will
have to be stored wuntil it can be downlinked. This large a
smoothing buffer is not practical to offset 1lKbits/sec additional
bandwidth. Smoothing buffers were eliminated as viable

solutions.

The variable rate telemetry does not appear to be at all
practical with the information available concerning the types of
experiment scenarios to be used during the mission.

/

12



WCM

agcefr

05/81

A downlink rate, fixed at the maximum acquisition rate, is
recommended as a result of this tradeoff. Other methods could be
used but not without additional cost. This method does, however,
introduce additional complexities in geherating the £fill data
required at the various rotational rates below the maximum. The

proposed solution will be discussed in the appropriate design

description section of the report.
3.3 Preliminary Design - Functional Description
3.3.1 Electrical System Overview

Figure 3.3-1 shows a functional block diagram of the AGCE
Electrical System. This system will be described functionally
within this section. The overall, end-to-end data flow will be
described in a discussion of the data system, Other

portions/functions of the system will be described individually.

13
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3.3.2 Temperature Controllers

The AGCE contains nine heater control loops and three TEM control
loops. Philosophically, it is preferred that the control loops
be autonomous with respect to the on-board data system, except
that it 1is through this system that they receive the control
setting., In the case of the heater based temperature controllers
this is possible, but in the case of the TEM based loops, it may
not be possible because of the non-linearity that occurs at the
crossover point from heating to cooling operation. However, 1if
continuous control can be exersized by electronics with only the
crossover "work-around"” under the control of the computer, the
philosophy remains reasonably intact. This is the recommended
approach. Figure 3.3-2 depicts the computers relationship to the

temperature controllers.

The computers sole function in the temperature control task is to
receive the setting commands from the Operator's Panel and pass
them on to the appropriate controller. As for telemetry, the
sensor outputs are conditioned appropriately and acquired by the

microcomputer as part of the telemetry function.

It should be noted that the calibration of sensor data could be
factored into the command side if it is determined to be
necessary. In fact, that 1is the recommended "work-around"

proceedure for the TEM controllers. A cross-over is anticipated

15
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and movement through the cross-over region controlled via

commanding the necessary settings.

Other miscellaneous elements within the Thermal Assembly require
mentioning; one TEM operates whenever the power is applied, open
loop, on the protective cover and so presents no control task.

Assorted blowers also operate as power is applied and so are just

wired in,
3.3.3 Motor Speed Controllers

There are two similar speed control loops that are crucial to the
operation of this facility. They are the turntable motor and the
scanner motor, As in the case of the temperature controllers,
speed control will be accomplished by the electronics. The
scanner motor will run at a rate derived from a precision
oscillator that will not be alterable, so there is no
microcomputer involvement on the control side. The shaft of this
motor must be encoded in one degree increments and must also
deliver an electronic pulse for every degree of turntable
rotation. These signals are used to time the telemetry
acquisition function and by the microcomputer to maintain a scan
counter in software. The scanner apparently rotates 360 degrees,
but not actually. There is 360 degrees of rotation of the motor

shaft but only 90 degrees of active scan.
The turntable motor is driven at wvarious rates between 3.1416

17
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radians and .025 radians per second. The rate 1is not
continuously variable; there must be an integer number of
complete scans per degree of turntable rotdtion. Further, to
simplify ground processing, it is recommended that there be an
even integer number...... Additionally, each of these discrete
rates, within the range cited, are also derived from the
precision oscillator. Picture a countdown from the scanner motor
rate, whose length is determined by the turntable rotation rate
selected by the PS. The shaft of this motor will also have to be
encoded to yield position in one degreé increments and to deliver
a pulse for each degree of rotation. These signals are also wused
by the telemetry acquisition function and by the microcomputer to

maintain a rotation counter in software.

Other miscellaneous elements within the Turntable and Scanner
Assemblies require mentioning; there is one pump that is powered
for a short time after power application that is therefore under
control of the microcomputer, there are two other pumps that are
powered when AGCE power is applied, there is a light source and

optical detectors that are also powered when the AGCE is powered.
3.3.4 Other Non-Data System Elements
3.3.4.1 Power Supply

The Power Supply utilizes a fairly standard approach; a DC to DC

converter which will provide the ground isolation required in
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SLP/2104 and convert from 28VDC to +5, +15 and -15 VDC. It is
expected that the primary input current will not exceed 20 amps
which is well within one of the EPSP DC outputs. The appropriate
suppression will be provided to allow the AGCE to meet the EMI

requirements of SLP/2104.
3.3.4.2 HV Power Supply

The HV Power Supply steps up its input voltage to correspond to
some commanded level. This commahd is entered £from the
Operator's Panel by the PS and is passed to the HV Power Supply
by the microcomputer. Range of settings are described in the HV

Power Supply section of the final repdrt.
3.3.4.3 Optics Assembly

This assembly £free-runs, that 1is, when power is applied the
ultraviolet flash lamp flashes at a predetermined rate, position
and duration. The assembly contains a flash lamp, a power supply

and the necessary timing and positioning elements.
3.3.5 End-to-End Data System

3.3.5.1 Overview

The on-board data system consists of the elements shown in Figure
3.3-3., This, in conjunction with Spacelab/Space Shuttle, the
communication links , POCC and the AGCE GSE makes up the total
end~to-end data system depicted in Figure 3.3-4. This section
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will discuss the data flow and the various configurations of this
system, but first, think of the on-board system as having three
mission tasks:

To accept and interpret the experiment control parameters
as entered by the PS.

To provide conrol information to those elements under
control of the microcomputer.

To take measurements and acquire housekeeping data to be
included in the downlink telemetry.

Experiment control 1is accomplished by the PI via voice link to
the PS, who enters the experiment parameters via the Operator's
Panel shown in Figure 3.3-5. The experiment data is provided to
the Spacelab HRM and transmitted to the earth where it goes to
POCC. At POCC, the data 1is recorded for post mission use, A
portion of the data is routed to the AGCE equipment at POCC,
where displays are provided for use by the PI, who is in voice

contact with the PS, thus completing the loop.
3.3.5.2 Data Acquisition

There are two different data sources within  AGCE. The
housekeeping data is taken from virtually every subsystem of AGCE
and can be wused to determine the status and health of the
facility. This is a very small amount of data and changes so
infrequently that it can be collected by the microcomputer for
transmission. However, the high speed video data is generated so
fast that the microcomputer could not keep up, so special data
acquisition hardware is recommended. A possible data profile is

22
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shown in Figure 3.3-6. As can be seen, at the maximum turntable
rotation rates, 330 degrees of rotation data is downlinked in
approximately 2 seconds. There is about 15 degrees worth of time
and storage devoted to housekeeping data and another 15 degrees
worth for £ill data that can be used to simplify the ground
processing algorithms. As the turntable rotation rates are
decreased, more scans per degree rotation are taken. This is a
nice £ill data generation scheme because each of those scans,
after the first, is redundant and the information can be
discarded on the ground. At the maximum rotation rate, there is

one scan per degree of turntable rotation; at the minimum

rotation rate there are 126 scans per degree rotation.

Figure 3.3-7 is a block diagram of the acquisition hardware. It
can be explained with the help of Figure 3.3-8 which depicts the

data acquisition time profile.

Working back, from the output to the HRM, there 1is housekeeping
data, £ill data and scanner data input to the multiplexer. The
data selection is tied to the position of the turntable shaft as
suggested in Figure 3.3-6. The scanner data is made up of four
channels called the preamble and channels A, B and C. Channels A
and B are identical in function and hardware; each is the
difference of two detectors, amplified and converted to a digital
quantity for each degree of scan. Channel C is the

differentiated sum of the four detectors that yields the dot

24



ORIGINAL PAGE 18
OF POOR QUALITY

WM
aacéfr
patA  vorume (Kcbits) 05761
’L
Y3 ﬂ?' ﬂq 5\2'}\’ ]ijg
360 |
500 -
2404
\
3
N
[y °
¢| 21
N
]
§
| 120°
N
g
S 600 A
: i SCAN DATA
F'ﬂ- }7kﬂ§hﬁﬂyﬁﬁs DATA
oo ]? Fiie DATA i
0 A 2-

me (- SE‘COA/DS)

Fisure 3.3-6 AGLE Telemetry Data Profile

25

i



¥ e

g <

G ¥

== {5

W m

2

s bl

o
I

vivg < 7t

> <

«uﬁ\oou\w

Awikgd] 3cyy DR IR

9

weJsELd 300 (g WAISAS UOTITISINEDY BIBJ IOV L-E°C P4NETS

Wy sT°

A:,E&\sav ey W DNEGIAIUL

<
:
Wod 05 < _

42.\5 I3
S 10490

_sm
(o1t o) g e < 2 1
ET AN U - PRI A|_
ﬁm.... ETY]
L ' AIOHSIYHL.
e sk b»\ouﬁm L [\—, qerigHy
S < v i)
L “avix
Opntwil ”
. YRS
2 roguned < 2 k] TP
NOUING) SIS AyoudwW
g 1INNUHD _ D
- alr
4 rl_ 4ig & a- v’
s Ayonaw
| @ AN j<- _
Sviwll
chwt:cw
“2
N9 ln@vl sfs xw%*coi
X1} v YINPWHD A-l— WanND
= AN HD afv
w CROTE) ) 8 o T_ pgg | 8V
sis
iyt W V AN Y 3ANvHD , »
B topain) Fowvayy H¥IS
R
Gyt L 1P "
. & Sk (YOI
X u o 213wV J
vo < Ny _ dag) &
o . 1 o/T
i WO dsaz < —MM‘U\. /s xuawai e /
¢l A o3y VA 319wV
AN Su e €3 4TINS

e

INO: -
NeD A!.\Q «.
avrws | N\
Sarmiad

qnoP A \~¢
IWNUS -

vzl

R
e Almmv
VNS

Feiiid

07\
G
H

‘qog ml@

s suaa]

s g AR g e

o e



YT T

ORIGINAL PAGE IS
OF POOR QUAltlTY

| ¥ uaw |
g | o]
7 W “ ~ _ v wry |
NRZER <o
guow | _ vuow | _
—\
_mg\s\ i 370wy |
gwiw | v uaw |
- = = — = = = = = = = — e — -
NYIS XN 20
vos Uxay yod |
t&ﬂwmm\woxmwi | 7 e foouu o
_ cous2y 1908y |
AU - TIOWHTYS < <
*llll\lll.l Tq.ll
G INVKE (DoAY N QTPRIS oIeH2 v MVVE KAouIW N dIyeLs oo
B QoY vive { [ gwens B3 02310897 6uvd [ gmmn |
ol Alllllllll.ll.
¥ NvHD %
nors NS
oS stacled YIS M LIPS Y IR Mg
\\l'llllll\{i\l} \l\'}.\r\‘l\\l}
o onN N2 006 0@ v ol7T 298/ o& %
SrOLLHLOY Vaal2878>7 YLyl
ZeU o +U o

— — — — toLSindoy — —

Profile

23 Acquisition

:3 L

Fiaure



WCM

agcefr

05/81

positions. As shown in Figure 3.3-8, channels A, B and C are
acquired simultaneously for 90 degrees of the apparent 360
degrees of scan and placed in one bank of memories. At the
conclusion of this active scan period, that same data is
downlinked over the next 360 degrees of apparent scan. During
this time, another active scan will occur and that data will be
placed in the other bank of memories. During the 270 degrees of
non-active scan, within the apparent 360 degrees, the micro
computer will f£ill up the appropriate preamble memory with either
the major or minor frame headers, whatever data is deemed
necessary to help in the ground processing and the remaining £fill
necessary. Basically, three channels are acquired
simultaneously, the fourth almost, and put in one bank of
memories. While these memories are emptied, one at a time
(preamble, then A, B and C), data from the next scan is filling
the other memory bank. This arrangemént is often called a

"swinging door" or "ping-pong" memory.

A possible telemetry format is shown in Figure 3.3-9, As the
rotation rate is decreased the effect is to add more minor frames

of redundant data.

28



ORIGINAL PAGE IS
OF POOR QUALITY

WCM
ascefr
05/81
MATOR  FRAME DETA 1L / MAX RoiA rron/ /QAIE)
MINGR
FRA
& :
S FIT MDI FILL DATA
/ S F M Rl ____ Fir bATA
Z S FIiR E?I Fiet DArA
3 S Fi|s SOl_ e DATA
4-G s |F Fitl DATA
7 FiLL DA7TA HOUSE KEELPING DATA
S- 14 HOUSE KEELING DATA
15 -179 SCAN DATA
S = syae (3 8y7S)
= F
Erreme enr oo, qurnc ss_war
s 7o SCALE . JINOR. FRAMES
MD = ExP Mode O—3 ARE yrE MAToE.
M = MISSION T D FRAMEHEADER.
R= Rr47170n # .
S = SCAN #= s
SO = SCEVARLIO
SCAN DATA DETAHL
m : SCAN n DATA SCAN n+ry Dard
me/ scAN Ntz DATH Sedn nr3 Dars
Mt siFl Fied  DATa DATA DATA seAaN nys DATA

| e N s
prenmple] CHAN - cHIN . cuan
C.

Fisure 3.3~% FPossible AGCE Telemetrv Format

[y
£



WCM
agcefr
05/81

3.3.5.3 Ground Support Equipment

The GSE is multifunctional in that it 1is designed to service

three distinct phases of the program;

Software development.

Ground testing for verification of equipment function.

Operations support at POCC.
Figure 3.3-10 provides the GSE block diagram. It consists of a
stand-alone software development systém pgrovided by the £flight
microcomputer vendor, Spacelab resource Ssimulators and a
minicomputer based data processing system. The equipment

recommended is the Digital Equipment Corp.'s PDP-11.

A video terminal acts as the operator's console and will be
manned by either a Test Conductor (TC) or a Pl depending on what

phase of the program is being supported at the time.

The Spacelab resources that are simulated in the ground test
environment are the HRM and the primary power supply. At POCC,
the HRM simulator will be bypassed to receive data directly. A
specially designed piece of hardware will provide the

synchronization and decommutation functions in either case.
3.3.5.4 End-to-End Data System Configurations

Figure 3.3-11 shows the ground test/software development
configuration. The Operator's Panel is manned by a Test Man (TM)
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who is wunder the direction of the TC who mans the GSE console.
Operational scenarios can be requested by the TC, by voice, which
are input by the TM through the AGCE panel. Results are
monitored by the GSE and displayed at the GSE console. During
software development, the additional dotted lines apply and the
SW console is manned by a Software Engineer(SE) who determines
what functions are requested by the TC. It should be noted that,
if a cross assembler exists for the on-board microcomputer that
is resident on DEC equipment, then the software development
system could probably be eliminated and the remaining GSE could

provide that function. The equipment is so inexpensive that it

would not pay to write the cross assembler.

Figure 3.3-12 shows the operatonal support configuration. In
this configuration the GSE extracts the housekeeping data and the
dot movement data and displays both to the PI who is manning the
GSE console, He 1is in voice communication with the PS who is

interacting with the AGCE panel in Spacelab.
3.4 Preliminary Design - Electrical Subsystem

The functional block diagram of the recommended design of the
electrical subsystem is shown in Figure 3.3-1. It is to this

diagram that this section is written.
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3.4.1 Power Supply

The AGCE input powér requirements are estimated to be
approximately 520 watts. At 28VDC input, the current
requirements would be in the order of 20Amps. This 1is well
within the capacity of an EPSP. Of course the power supply must
provide the three way ground isolation required in SLP/2104, as

well as supply to AGCE the various voltages required.
3.4.2 Flying Spot Scanner Assembly

The Flying Spot Scanner Assembly contains the scanner drive motor
and its associated control, a shaft position encoder, a

rotational counter, the light source and the optical detectors.

Input power requirements are +28VDC Isolated, +5VDC and +/-15VDC.
Signal outputs of this assembly are the detector outputs, the
scanner rotation count and the incremental position encoder. All
of these signal outputs are utilized in the Data Acquisition

System.
3.4.3 Turntable Assembly

The Turntable Assembly electronics consists of the drive motor
and its associated control, a shaft position encoder and a
rotation counter, three pumps and a pump drive module that

controls the duration of operation of one of the pumps.

35



WCM

agcefr

05/81

Input power requirements are +28VDC Isolated, +5VDC and +/-15VDC.
Inputs to the assembly are a pump drive pulse from the
microcomputer and the turntable rotation rate command £from the

microcomputer. Outputs are the rotation count and shaft

position, both to the microcomputer.
3.4.4 Thermal Assembly

The Thermal Assembly electronics consists of 25 (23 + 2 spare)
thermistor temperature sensors and their associated signal
conditioning circuits, 9 heater controllers and 3 TEM

controllers.

Input power requirements are +28VDC, +5VDC and +/-15VDC. Signal
inputs to this assembly are the temperature commands to the
controllers. These come from the microcomputer and are conveyed
over a 12 bit data bus. Signal outputs of this assembly are the
outputs of the analog signal conditioners that receive the
thermistor inputs. These outputs enter the microcomputer analog

front-end where they are converted to digital quantities.
3.4.5 High Voltage Power Supply

The High Voltage Power Supply is described under another task
elsewhere, the only purpose in discussing it here is to identify
a control input that is provided by the microcomputer in the form

of a voltage setting.
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3.4.6 Optics Assembly

The Optics Assembly electronics consists of a flash lamp power

supply and a flash lamp timer.

Input power requirements are +28VDC Idolated, +5VDC and +/-15VDC.
There are no control inputs since the UV lamp flashes at a fixed

rate once power is applied.
3.4.7 Operator's Panel

The Operator's Panel electronics consist of 18 ten position
decimal switches with BCD outputs, 3 lighted push button
switches, one indicator 1light, a microcomputer adapter in the
form of a digital input multiplexer 1/0 controller and a test

connector input.

Input power requirements are +28VDC Isolated, +5VDC and +/-15VDC.
Other inputs to this function are on the test connector that
connects the GSE. Outputs from this function all go to the
microcomputer and are settings of the experiment variables

entered by the operator.

3.4.8 On-Board Data System

-

The On-Board Data System consists of a microcomputer based on the
1802 microprocessor, RAM and ROM memory, digital input and output
modulés, 12 bit a/d converters and interfaces to the control
panel and the data acquisition system.
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Input power requirements are +5VDC and +/-15VDC. Other inputs are
from the Operator's Panel, Turntable, HV Power Supply, Optics,
Scanner and Data Acquisition assemblies. These inputs are
primarily sensor data. Outputs are directed at mainly the

Turntable, Scanner and Thermal assemblies and consist of commands

for rates and temperatures.

On-board memories are estimated to be 1k RAM and 2k ROM. Another
2k of RAM, that is used in the ground test configuration, will be

flown but will not contain useful code.

An estimated 3K lines of code (software) will be required to

manage the AGCE facility.
3.4.9 Data Acquisition System

The Data Acquisition System consists of three analog front-ends
for conditioning analog data, two 8 bit a/d converters, one
threshold detector, one computer 1/0 port, four pairs of
"swinging door" memories, the HRM adapter, two byte wide
multiplexers, a £fill generator and the scanner and turntable

motors count down string.

-

Input power tequirements are +5VDC and +/-15VDC. Signal inputs
are the four optical detector outputs and the housekeeping data
from the microcomputer. Output is to the Spacelab HRM in the

form of a serial data stream.
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3.5 Equipment Recomendations

Equipment recommendations are made for the on-board microcomputer

system and for the GSE in Tables 3.4-1 and 3.4-2 respectively.

Appendix B contains information on the recommended £light
hardware. It is assumed that, as in other Spacelab payloads,
commercial or near-commercial quality hardware is useable and
that only minor modifications, if any, will be required to make

it flight worthy.
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FUNCTION RCA TYPE
MICROCOMPUTER CDP185602

SYSTEM MEMORY

ROM CDP185625
RAM CDP18S620
DIGITAL OUTPUT CDP18S660
DIGITAL INPUT CDP18S660
A/D CONVERTER CDP18S643
CONSOLE CDP18S640
1/0 TEST ADAPTER CDP18S659

3.5-1 ON-BOARD MICROCOMPUTER RECOMMENDATIONS

FUNCTION DEC TYPE
COMPUTER PDP 11/34
MEMORY 128 KB MOS
DISK RLO1
LINE PRINTER LP11lAa
VIDEO TERMINAL vT100
PRINTING TERMINAL LA36
OPERATING SYSTEM RT~-11

RCA TYPE

SOFTWARE DEVELOPMENT

SYSTEM CDP18007 DEV. SYSTEM
CDP18S030 MICROMONITOR
CDP18S831 MICRO OS
CDP18S840 PROM BURNER

TABLE 3.5-2 GSE EQUIPMENT RECOMMENDATIONS
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Training

Debriefing

Reconnaissance and
Surveillance
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Immediate reinforcement and correction is
an important factor in the learning process
and is well known by educators. "t won't make
that mistake again” is easy to say but does
the erring student clearly recall the conditicns
which lead up to the error? Was proper
performance the result of a newly acquired
skill or of a sequence of rote memory steps,

soon to be forgotten unless immediately
reinforced?
Videotape evaluation of student per- <

formance in the classroom has again proven
the benefits of immediate feedback. More
recent experience in the USAF's Tactical Air
Command has added an extra dimension to
that technique by recording pilot performance
during training missions. One experiencéd
pilot commented that he “learned more abdut
the use of an F-15 System observing and
debriefing with the VTR during the test

. TEAC Airborne Video Tape Recording (AVTR")

use the AVTR to record flight display data
and externally observed conditions. Im-
mediately upon landing he reviews the fiight
he's just experienced, with or without
an instructor's comments.

Photos Courtesy of: Cassna Aircraft Co.,
McDonneit Dougias Corp. and Hughes
Helicopters.

period than ¢he) had in (his) previous 250 hours

in the F-157 The VIR he used was TEAC's
Airborne Video Tape Recorder (AVTR).
Typically, a studerit pilot (at any level) can

Visual information almost overwhelms the
pilot or operator during a mission. What he
needs is a “video note-book” to bring back
the information to his debriefings. Here the
AVTR can make a valuable contribution to
mission effectiveness.

Operation and reconnaissance debriefings
can now be performed with vivid video
display rather than reliance upon man’s
meager memory. Whatever the crewmember
saw during the mission can be reviewed by
others immediately during debriefing.

Often things which he didn't see
are there to observe as well.

With such heavy reliance upon electro-

optical sensors and displays in today's aircraft

systems, debriefing for maintenance can

be a time consuming and often ineffective
procedure. Visionic systems recordings during
malfunctions provide an ideal troubleshooting
tooi, especially for those pesky problems that
don't occur again untit the next mission.

Intelligence data-the facts displayed
however briefly to a pilot or operator-can
now be economically recorded as they
appear during a mission. This means that
the analysts can quickly review more data
from the mission than the pilot could ever
remermber to bring back. More accurate than
memory alone, faster than film, video tape
is the ideal tool for intefligence gathering.

Whether carried on an arcraft, ground
vehiclz, sea vessel, or a scout's back, the
AVTR will bring back the desired video
images. Troop movements, transmitter
patterns, mission effectiveness, or whatever
the sensors detect for video recording is
supplemented by concurrent voice com-
mentary on one or both audio tracks.

Other reconnaissance applications include

traffic How. forestry. fish or crop conditions,
nollution contrnl hareier natral Aicactor

assessment, and many more. The AVTR can
be adapted to most any rugged environment
for obtaining the immediate data so vital to
decision makers.
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System

X

Typical Instaliation

Camera head
for instruments

Camera head for

HUD and/or horizon

HUD

—AVTR

TEAC has made video tape recording in
airborne and other rugged environments
more than just a “possibility.” Recording with
the AVTR system is so convenient,
economical and practical now that a pilot

Head down video display
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y
~—— AVTR control switch

E-O sensor —

Helicopters, and many others have proven
the reliability, the desirability and even the
necessity of TEAC's AVTR for .a variety of
applications.

The AVTR was selected as the VTR for

—FLIR or other operator's mission is handicapped ~ evaluation and acceptance flights of the F-15,
without the AVTR F-16, F-18 and AH-64. It was chosen for
After extensive testing to MIL Spec and installation in thousands of aircraft by the
MIL Standards, the AVTR was determined USAF Tactical Air Forces. And, the AVTR will
qualified by the US Arr Force for use in be used in NASA's Shuttle Orbiter spacecraft
high-performance jet aircraft. It is the first flights. These and many other important
videocassette recorder to be so qualified. applications demonstrate the experts’ con-
Hundreds of thousands of hours of actual fidence in the AVTR because of its con-
use by the US Air Force, Army and Navy, venience, economy, practicality and proven
McDaonnell Douglas Corporation, Hughes performance.
Convenience Videocassettes bring no problems in higher video quality is demanded. System
. loading, changing, storing, dupiicating or compativiiity with the exiensive inventor
? procuring tape. Available worldwide for the of 3/4” equipment in the field is also an
o AVTR and other systems, these U-Matic 'S'  important consideration. Two audio tracks,
= tapes were conceived for and are extensively handy size, and error-proof loading make
. used by professionals—in the TV broadcasting  them an 'deal format.
ﬁ industry, education and in the miiitary. Al- The AVIR itself is remotely controlled,
: though the 1/2” type cassettes for "home use” self-contained, and needs only a start/stop
are widely available today, the 3/4” U-Maltic ~ command from the operator.
B, system is still the professional choice when
Economy Unlike completely MiL-spec'd equipment  the related commercial recorder, parts logistics
with their attendant high costs, the AVIR is and maintenance methods are less costly
an adaptation from a commercial video- and more universally recognized than spe-
cassette recorder. Not only is initial acquisition cialized MIL-spec products would be. Im-
less expensive, but lead-time for production  portant, too, is the availability of technical data
is geared to commercial practices. Using and spare parts already in the USAF inventory
readily available parts, many in common with  for the AVTR and the Ground Playback Units.
Practicality TEAC's AVTR does meet all important minimal at around 30 watts.
MIL-standards for reliable operation in the TEAC offers several models of the basic
rugged airborne environment, Weight and AVTR to meet the specific needs of a given
size conditions seldom pose a problem with  instailation. TEAC gives personal attention to
this small unit. Operating from aircraft DC your video recording needs, both for air/mobile
power of 28 volts, power consumption is and fixed station equipment,
An Effective  Video is much more than “magnetic split-screen approach to share two or more
Alternative to The movies: From years of working with film cameras on the same picture.
Film Tradition recording in aircraft, some people might immediate playback of videotape, ever

try to impose the problems of filming onto inflight (with some models) is another ¢ ary
their concept of video recording. For example, advantage of video recording over film. No

~ data has to be displayed befcre it can be delays for developing, no danger of exposing
filmed, but video signals can oe recorded the film, no film lab and no development
directly from the source. Video can use a technicians are needed with video.
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¢ Five selectable speeds of playback

AArkAar § EiAlA | i
e Mochanical ficld uy fl‘C!u 'C“v’C.'S%ﬂg

® Guard-band noise-free picture during
still-motion
o EVENT MARKER (EMK) functions

¢ Slow moticn over-ride control

e U-Matic standard, Record and Playback
format

¢ Uses standard KCS or KCA type cassettes

¢ Scrafch resistant case

While many cassette-type formats have
recently been introduced, the 3/4” U-Matic*
type was the first successful method for
eliminating the hassle of tape handling by
the operator. Since its introduction in 1965,
videocassette resulted in extensive com:-
mitment 1o this format by industry. broadcast
and cable TV companies, education
institutions, scientific organizations, and
the government.

TEAC Corporation offers the only airborne-
gualified (Model V-1000AB-N, -R) 3/4” _
Videocassette tape recorder The V-4200G-N
also represents the nighest reliability in
convenient videocassetie reproduction with
the unigue features it offers and the quality
of the U-Matic format

The V-4200G-N is a high quality dual
purpose (Analyzer/Reproducer) Video-
cassette machine. While many of the 3/4”
videocassette units availabie today are
similar in appearance (a few may even have
some analysis capability), nane of them
have the combined features and the
performance capability of the V-4200G-N,
Most of the videocassette Analyzing-type

recorders operate under the closed-loop
system {non U-Matic standard format).
Tapes therefore. must be recorded and
played back on the same mode! unit. The
TEAC V-4200G-N conforms to the
STANDARD U-Matic format—so tapes
recorded by other U-Matic machines can
be played back or analyzed with complete
compatibility.

Video recording analysis can be laborious
and time consuming. The V-4200G-N is
specially geared for analyzing video
recordings. Time saving features like
EVENT MARKER function quickly take you
to the point of (predetermined) interest.

The SLOW MOTION CONTROL, the
FIELD-BY-FIELD REVERSING MECHANISM,
and the STILL MOTION PLAYBACK (with
no guard-band noise) feature give the
operator control during the analysis pro-
ceeding so that information can be quickly
and carefully studied and evaluated. Careful
design of the control functions, the com-
bination of features and the unmistakable
quality of TEAC make the V-4200G-N
unique —-a pleasure to operate and own.

This special lever, when in the Still
playback mode, is used {o “back-step” the
video scene field-by-field or for making

full use of the guard-band-noise elimina-
tion feature.

The V-4200G-N has a special “speed
ratio” contret knob which selects playback
tape speed. Selectable siow motion rates

are 1/80, 1/60, 1/40. 1/20. 1/10. Normal play
and noise-band-free stop-action mode are
also available,

This feature dentifies certain pre-set
{operator's choice) scenes during fast
forward or rewind mode When a designated

scene 1s reached, the recorder immediately
signals or stops (operator's option) at that
portion of tape.

During the slow motion mode, when the
"NORMAL" button 1s nushed, the tape speed
is quickly brought up to normal. Releasing

the button returns the speed to the pre-set
slow motion setting.

& Feather-touch function select keys,
offering “idiot-proof” seiection of any mode
(iIncluding EJECT) directly from any
other mode

¢ Remote Control {(optional) of any mode
except EJECT Audio Dub. or slow motion.

e Audio commentary or additional data can
be dubbed onto audio ~hannel one during
normal speed playback.

e ideo (and audio) recording levels are

controlied by AGC (automatic gain control).

e Color or B/W recording and playback
selection 1s automatic.

¢ BNC-type video input and output
connectors are standard, as is the 8-pin
multijack for TV manitor connection.

® Tape automatically rewinds to the
beginning after reaching the end-of-tape.

e Complements TEAC's Airborne Video-
cassette Tape Recorder (AVIR™) models
V-1000AB-N and -R.
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. and the type of mission, a typical scurce of
/ Py video can be a TV camera (including the
il ™ new CCD type) for recording the
( “~a  outside view from an arcraft,

-

e " y @ either directly or through the
é W Heads-Up Display (HUD)
Fairchild ™. 4 which would include the HUD
' Y

CCD camera symbology.

LALICTE DLUHLTCO Hllgl I 1 VOIUE Drauccu rauar,
Imaging Infra-Red (liR). Forward-Looking
infra-Red (FLIR), or Low Light Level TV
(LLLTV). Many other electro-optical (EO)
signals can also be recorded, such as those
from Mavenck (TV or IR), TOW, Walleye,
TISEQ, TRAM, Pave Tack, Pave Spike,
Enviropod, etc.

For the Mission In the air or for a ground mobile installation,
— TEAC Video V-1000-series recorders (AVTRS)
i are available in several different con-
" figurations to m2et your needs, All
4 have a common, proven methanism
& and are designed to give reliable
4 service under rLgged conditions.
Ease of installation 1s assured with
¥ a minimum of multi-pin connectors
and reliance upon the unregulated 28V
Wi, (or 12V) DC power source. MiL-standard
V-1I000AB-N w4 P CONnectors are used and contacts are pro-
vided for a variety of remote status indicators
and controls, Ease of operation is provided
by the simplest possible procedure: select
“Record” when desired and “Standby”
when recording is not required.
Status indicators for those conditions
as well as “End of Tape, “Power”
and “Accumulated Recording Time”
can be easily accommedated. Video-

cassette tapes can be instalied or replaced
within a few seconds.

All models perform with distinction under
rugged environments of acceleration and
shock. Stress levels and low temperatures
that would hait or even damage most VIRs
have no effect upon TEAC's AVTR.

These rugged recorders take the punish-
ment of life in a high-performance jet fighter
and deliver both excellent video and high
MTBF, asking only for conventional shock-
mounting. AVTR also meets EMI and explosion
protection requirements.

Other useful features include a color
recorder capability, an Event Marker system
for conveniently locating specific segments,
two audio tracks for flexibility and added data
capacity; and an ability to accept any TV line
rate such as 525, 625, 875, efc.

V-I000ABR' :
000 Back on the ground or at the operations

£ \ " center you will want the finest playback
After the Mission equipment for reconstructing the mission.
i TEAC Video's V-4000 series recorder/

reproducers are recommended as they are
optimized for play-back of videocassettes

V-4200G-N

recorded on the AVTR. The V-4000 series
offers many important features qualifying it
for the category of a video analysis too!

The 4200 type provides slow-motion
playback when desired for viewing ihe tape
at 1/10, 1/20, 1/40, 1/60 or 1/8C of the
originally recorded tape speed. Combine that
capability with its stop-motion pause control
and you can find the exact field you wish to
study. Or review a sequence of events field-
by-field to analyze the specific chronology.

A still-frame adijust lever assures completely
noise-band-ree stop-motion playback
when needed.

Event Marker recording and detection in
conjunction with the Memory Rewind function
and all-solenoid operation provide tremen-
dous control and fast-search flexibility in
performing playback/analysis functions. Only
a conventional TV monitor is required.

W TEAC VIDEO
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Montebello, California 90640 US.A. |
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Gl scan video recorders 1s dunng the still in the video. The video heads now track at
motion mode there (s that commaon but a gifferent angle (dingram 2). The engineers
rntating guard-band noise acress the at TEAC solved this problem by desigring
picture (picture 1) if the relative speed of in the V-4200G-N a special compensating
the tape and the head drum assembly 1s mechanism. This precision-built mecharsm
constant, then the viden hearls and video tilts the head drum assembly thus correcting
tracks are i sync {racking properny) thus any errors In tracking. The result 1s a stil

producing a normal picture. However ih the  motion picture without the guard-band
still motion mode the video tape s stopped noise (picture 3).
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GENEAAL ,
Format: 3/4 inch U-Matic cassefte l

Video Signal: NTSC Color or EIA B/IW

Power Requirements: 120 % volts AC, 60Hz + 0.5%

Power Consumption: 145 W

Storage Temperature: —20°C to 60°C
(—4°F 10 +140°F

Operating Temperature: +5°C to +40°C gren mm T momsee w m Ma
(+41°F to +140°F

Operating Position: Horzontal to 30°

Dimensions: 25-3/8 (w) x 9 (h) x 18-3/8 (d) inches
645 (2) x 223 th) x 464 (d) mm

Weight: 80 Ibs (35.5Kg)

[EPENEG

VIDED

Input: 1.0 +1.0 ~0.5V (p-p; 75 Ohms

Output: 1.0 £0.2V (p-p) 75 Ohms

Horizontal Resoiution: B/wW 320 fines or more

i —
Color 240 lines or mcre H f!
Signal-to-Noise Ratio: More than 45 dB {B/W) R N
AUDIO
Input: MIC —60 dB 600 Chms
Line -10 dB 100K Ohms
Qutput: Line —5 dB at 100K Ohm load, : 4
Output impedance 2K Ohms e e
Monitor —5 dB at 100K Ohms Load,
Output impedance 2K Chms
Signal-to-Noise Ratio: More than 40 dB
FUNCTIDNAL TENFQE w77
Tape Speeds: 3-3/4 ips {95.3mm/sec} +0.2% (normal)
1/10, 1/20, 1/40, 1/60, 1/80 of normal (slow play) Rewind Time: Less than 4 min (with KCA-60 tape)
Remote Controls: FORWARD. STOP. RECORD. Fast Forward: Less than 6 min (with KCA-60 tape)
FAST FORWARD, REWIND, PAUSE/STILL FIELD, Event Marker 1000 Hz Audible-tone and
EVENT MARK RECORD. 30 Hz Fast-search signal {composite)

Features and specfications sutyect 1o chanage wahout motets

© Copynght 1978 TEAC Corporation of Amenca

TEAC

TEAC Corporation of America, Indusrial Products Division
7733 Telegraph Road, Montebello, CA 30640 Phone: (213) 726-0303 Printec nUS A

V-GN 3-79
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AVTR SYSTEM
KEY FEATURES

o RUGGEDIZED FOR MIL-SPEC ENVIRONMENTS (MIL-E-5400N, MIL-STD-810C, ETC.)
 NON MIL-SPEC PRICE (COMMERCIAL EQUIPMENT)

o FULLY FLIGHT-TESTED, LAB-TESTED AND QUALIFIED BY THE USAF FOR USE IN HIGH
PERFORMANCE JET AIRCRAFT

e USAF CONTRACTS AWARDED FOR MORE THAN 2,500 UNITS

o WILL BE USED IN NASA SHUTTLE ORBITER

o EXCELLENT HELICOPTER AND GROUND VEHICLE PERFORMANCE RECORD
o OPERATES FROM UNREGULATED 28VDC

 WEIGHS LESS THAN 30 LBS.

» REMOTE CONTROL FOR RECORD/STANDBY

« CONVENIENT 3/4” U-MATIC VIDEGCASSETTE WITH TWO AUDIO TRACKS

» CCIR VERSION (625/50), FLIR VERSION (875/60) AND WIDER BAND VERSION
(ABOUT 5MHZ) AVAILABLE

 GROUND PLAYBACK ANALYSIS REPRODUCER ALSO AVAILABLE
o SATISFACTION GUARANTEED

3
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& The RCA CDP18S600 Series offers a line of single-bourd
computers plus a variety of expansion memory and I/O
boards and accessory hardware These boards may be com:
bined to provide customized microcomputer systems for
specific applications, RCA offers designers low-power
CMOS computer boards engineered and tested to reduce
the time required for the user to develop the over-all sys-
tem. These ready-to-use microboard modules provide the
following significant advantages,

: s« «—Simply sclect the 4.5 x 7.5-nch Micro-
board modules your system needs, plug them on to the
Microboard 5. or 25-card chassis with COSMAC Micro-
board Universal Backplane, and add a milliwatt power
supply  You are ready 1o begin the development of the
software for your application No hand-wired bread
boa: s no hardware headaches, no design delays.

Operation~Utilizing all CMOS components.
your RCA COSMAC Microboard system can be powered
v from a small supply. a wall supply, or even a battery
i The iutegral battery option of the Microboard 8K RAM
can be used to power the entire system.,

| of the Microboard modules coupled with their wide
|  operating-range capabilities allow use of low-cost power
supplies having extended regulation limits. No longer

-

OF POOR QUALITY

COSMAC Microboard Cori_uter S Syeiams

3

does thwe aower supply have to be bigger bulkier, and

hgavier +.5:: the entire system And vou climinate cooling

fans along with assoctated reliability hazards.

-With the COSMA( Microboard Uni-
versal Backplane, any Microboard module works in any
location 1 se the broad selection of readily interchange-
able Micraboard modules. Simply exchange or add mod-
ules to match your changing design requirements, Lots

of {lexibility without hardware design headaches.

(MOS8 t¢ hnology provides

relighler wennion in hugh or mocesscaninl automo-
tive and o oductionsmonitorine envi onneaa . No ground
plan or. decoupling o oo

v eoweind o
ules are gestaned to plug o : o Re v COSMAC
Develupr - 7 Syaems to fug B Pordw e and

softwaie wovelopment The RC A COSMAC DOS Develop
ment Sysiein CDP18S007 provides Editor, Macroassem-
bler, Utility, and many other programs for the neophyte-
to-expert software designer And RCA provides ample
technical literature and field engineering support.

810w (s Power Supply—The low power requirements =10 " wv and gurn-fn—All Microboard modules are

functimaily tested after manufacture, subjected to a 72-
hour, 5-volt burn-n at 70°C, and then functionally re-
tested to assure reliabie operation.

{ PARALLEL
{e]

10 ANALOG
DEVICES /0
DEVICES

L DEVICES
L-.ﬂ"‘

B L il =5 [ ) CONTROL -}
DISPLAY :
. . CDP 183640 i
COMPUTERS MEMORIES DIGITAL /0 ANALOG 1/O PERIPHERAL SERIAL ADGRESS  DATa
CDP18S60Y CDP18S620 WITH ROM CDP185642 INTERFACE PERIPHERAL r1r1
COP 185602 CDP185521 AND RAM CDP18SE43 CDP18S661 INTERFACE @’—1 bB
CDP18S603 CDP185622 CDP185660 COP185641
CDP188623 561 5C0 WY CLR Q AUN ;
23:1%% Rf’sn RUNP STEP (
1
g
AUNY CONT
y X IJJ SN L TTRURHITHH it
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Single Board Computers

ROM/
Clock EPROM Serial Paralle!
Freq. RAM {Sockets) 1/0 Lines 1/0 Lines
" CDP18S601 2 MHz 4K 4K/8K 1 25
¢ CDP185602 2 MHz 2K 2K/4K /8K 1 (UART) 21
\ CDP18S603 2 MHz 1K 4K /8K 1 25
!
b i !
% ; Memory
H
9 ! ROM/
’é RAM EPRCM Serial Parailel
* {Bytes) (Sockets) 1/0 Lines 1/0 Lines Other
A ‘ CDP185620 4K - - - -
3 i CDP185621 16K - - - -
; . CDP18S621V1 16K - - - -
; CDP18S622 8K - - - Battery Back-Up
N CDP18S623 8K - - - -
) : CDP18S624 4K - - - Battery Back-Up ;
: ¢ CDP18S625 - 8K/16K - - - 2
1. i
: 1/O Expansion Boards :
; CDP18S640,V1 256 4K8K -~ - Control Switches |
¥ 6 Digit Hex Display :
K CDP18S641 - - 1 (UART) - - i
; CDP185642 - - - - D/A Converter %0
| CDP185643 - - -, - A/D Converter } ;
: CDP18S660 2K 4K/8K - 40 - !
3 CDP185661 - - - - Video-Audic- i
by Keyboard Interface i
§ (40 Character t
1 Line X 24 Lines {
. or20X 12 '
N Programmable.)
Microboard Prototyping Systems
CDP18sSEMN ~Prototypiny System (Includes COPI856UT wuir 185640, COP125buY9 Monitor
Firmware. 5 Card Encased Chassts, Cabies, Documentation)
CDP185692 —Prototyping Sy.tem {Same as CDP18S691 Exnent Cantains COP185632

Computer Board)
N

Microbaord System Development Aids

3 CDP185023,V3 — 5-Volt Power Supply

. CDP18S659  — Blank Breadboard

i CDP18S670 — 25-Card Chassis with Power Supply
CDP18S675 — B-Card Chassis
CDP18S676 — 5-Card Encased Chassis
CDP185480 — PROM Programmer
CDP185502 -~ Extender Card

et s et e v AW e

For more infermation, request product description for specific Microboard modules, or the RCA COSMAC ‘
Microboard Computer Systems Booklet, CMB-250. e
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COSMAC Niicioprocessor

ORIGINAL PAGE IS
OF POOR QUALITY

® ) Development and Support Systems

[

The RCA CDP18S series of COSMAC microprocessor de-
velopment and support systems include an extensive line of
hardware, software, and accessory items. This series offers
the following basic features:

Full spectrum of design aids, including software, hard-
ware, support, and literature

Low-cost systems for complete system design and debug
ging functions

Readily available hardware and software applications sup-
port

~(Graduated steps” to microprocessor design

Complete series of technical manuals and other literature
that provide detailed explanations of the operation and
Lse of various hardware and sottware systems,

RCAs apprcach in the development of the CDP18S-series
hardware and software has been “graduated steps to micro
processing.” With respect to both function and dollar in-
vestment, the user is given logical steps that help him pro-
gress from a learning stage on through integral hardware/
software system prototyping. And for each step, he is pro-
vided with an appropriate tool, as shown in the chart be-
low,

s Govjes COSMAD R

Type No. Descriptive Title
CDP1859012 COSMAC Microtutor
CDP{8S005 COSMAC Development System 11
ChP18S007 COSMAC DOS Development System (CDS TiI)
CDP18S30S5 Floppy Disk System
CDP185020 COSMAC Evaluation Kit
CDP185024 EK/Assembler-Fditor Design Kit
CDP18S021 COSMAC Microterminal
CDP18S023,V3 Power Supply
CDP18S025 Evaluation Kit. Microterminal, and Power
Supply
CDP18S030 COSMAC Micromonitor
CDP185480 PROM Progrummer
CDP185831 Micromonitor Operating System
,-/ (MOPS)
CDP185826 Fixed-Point Arithmetic Package
CDP18S§827 Floating-Poiut Arithmetic Package
CDPIESE34 Basi. - € ampiler caterpreter
CDP18S837 CDOS Unerade Puckage (to CDSI

CHP18SE38
CDOPI8SR40 PROM Prswennun.cr

For mor information any of the hove o

o onenoessar Devalopmor?

PEM 1500 fhieh-Level Fanguage Coapnne

< apedific Produ,

As guidance for choosing appropriate equipment for your
specific needs, the following are some suggested RCA De-
velopment Systeins configurations.

PRSI P

This development system configuration provides an eco-
nomical tape-based system complete with resident assem-
blerfeditor for assembly language software development as
well as prototype system real-time hardware and software
debugging capability

N

The ¢ " i¥8007 is a complete W v stbased develop-
weripga b assis with

Kk BAM anda L e sk svstem for
n corage lis sorraere o ~ u Jisk-based
0 Macroasser o ctam, and a

nes Corpting system ({ DOS v . wdes the user

with a powerful disk file-management system

The Micromonitor and MOPS offer complete hardware and
software debug capability for prototype as well as program-
mable automated production testing.

SrT Systems (Ko bve g

Function

To learn about programming and microprocessors

For complete hardware and software system
development

For high-speed program development

Complete system for machine-language pro-
gramming and prototyping

Low-cost alternative for TTY CRT or other terminals
in a CDP1800-scries microprocessor-based system

Lightweight inexpensive system power supply

Combination package—unassembled

For in-circuit real-time hardware and software
debugging

For programming industry -standard PROM’s
Optional package for operating Micromonitor
with disk files

To ease programming of often used routines

Foosumplify prosron des -
Adds dizk file managoment © 5 <
systems

Acvelopment

To facilitate program der  n

BESSRIRIETE I

of

S,

(511



3.6 APPARATUS CONFIGURATION

PIR NO.
Task 9.1 - Configuration Guidelines -018
Task 9.2 - Interchangeable Fluid Flow Cell Assembly, ~022

Feasibility Report






SENERAL @ ELECTRIC ]'cus:i. um'. lomuﬂou lnoam ’s:cu:uct NGO, REV, LTR,

' SPACE DIVISION —_— _ 1254 _ AGCE __ 018
PHILADELPHIA :
PROGRAM INFORMATION REQUEST / RELEASE *USE *'C’* FOR CLASSIFIED AND "'U’* FOR UNCLASSIFIED
ﬁOM T0 "
G. L. Fogal Distribution
%T OATE INFO. REQUIRED PROJECT ANO REQ. NO. REFERENCE OIR. NO.
3/31/81°
(SUBJECT ¢

Task 9.1 - Configuration Guidelines
INFORMATION REQUESTED/RELEASED

1.0 SCOPE

The AGCE configuration guidelines are intended to be used, via preparation of non-
detailed assembly drawings and assembly/disassembly procedures, to assess the compat-
ibility of the AGCE system with a standard spacelab rack.

2.0 GENERAL \

The AGCE configuration guidelines are based on GFFC experience, installation requirements
as defined by the Spacelab Payloads Accomodation Handbook SLP/2104 and a current estimate
of AGCE flight design requirements.,

3.0 GUIDELINES

3.1 Mechanical

The AGCE shall be configured to be installed within a standard spacelab single rack
(or either side of a standard double rack) equipped with an RAU, EPSP and an intercom
station. Allowable use volume and mechanical interface details are shown on the
attached figures (from SLP/2104, Appendix B).

3.2 Thermal

The AGCE shall be configured to use available rack avionics air for heat dissipation.
The control electronics and mechanical assembly packages shall be connected for suction
cooling,

Rack front panel close-outs shall be provided as part of the AGCE system (to prevent
mixing of avionics and cabin air).

3.3 Electrical

The AGCE power will be provided via a spacelab standard EPSP, with voltage and allowable
power dissipation as specified in SLP/2104. Time reference data will be provided by

a RAU. If on-board recording is not provided, AGCE data telemetry shall be via the
Spacelab HRM. Interrack cabling between the AGCE and RAU and EPSP shall be supplied

as part of the AGCE system.

Distribution: | PAGE NO. _/ RETENTION REQUIREMENTS
COPIES FOR MASTERS Fa‘Q?_
R. Homsey ]t me. ] 3wmos.
S. Neste ] 3 wmos. "] 6 moa.
G. Foga'l or [T] o mos. ] 12 mos.
] mes. {71 mes.
M [~} comorocarnor

FABL 1090 oEv QA / - /‘
-

\
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3.4 Assembly/Installation

The AGCE shall be configured for ease of assembly and ease of installation into the
spacelab rack under KSC Phase IV integration constraints.

3.5 Operator Interface

Operator interface for control and monitoring of the AGCE shall be via the AGCE
control panel only.

3.6 Weight/Safety Constraints

The AGCE shall be configured to be consistent with safety and weight constraints as
defined in SLP/2104,
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- APPENDIX B DA ‘
SECTION C-C -J!) ORIGINAL PAGE IS
] OF POOR QuALITY
i {7/ K7 7
oon i/
039 1
7,
17
e Vs
12Z%
//IN/’Vg
451 E451—j .
—_ ! ] S
e
C D
Front Panel Mounting Plane ;
SECTION D-D
Explanations see Fig.3.2 - 5o
‘ v see Fig. 3.2 - 3za
7 N icremote station
s only for
/“ /ﬁ Rack 4, 7 and 10
oy
A F ALTERNATIVE -
' e
E?/m//%/}/ _ﬂ
. — e 7 | S
iyl ] rL ~smsrsTEm 3 ”‘,‘;ﬁ:. ! 1
ol ACCESS —— ol T = b
09 b, el _Q; 5 —
o 5 |-ase i
EXP POWER SWITCHING ‘EXP POWER
; PANEL SWITCHING
EXP RAU. PANEL |
- L_ Figure 3.2 ~ 5a: Payload Envelope - Double Rack __J
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EUROPEAN SPACE AGENCY

ISSUE

: 1

ESA REF NO | cpacElAB PAYLOAD ACCOMMODATION HANDBOOK | REViSION : 3
SLP/2104 - 2 APPENDIX 8 | DATE : 31MAY 1080 |
) — |-
| " SECTION H-H  oRriGiNAL PAGE IS
> OF POOR QUALITY
]

FL' 7 S/ ~'_iF o DCN
/ A fovels ]
A ﬂ

GL- 1 -—&G o) ALTERNATIVE

g " TN
v e J‘l /; < . '/_ —
‘ B A e v ehab ]
| in _i_; Lo _ 4l access = % "//d___ = ~
. pae 3 (v) 4 ™~
E_‘-‘j & BT Hrez g ® @ L 8
451 $ - B 2® e L\ i
- 1 = § % ; s g.____\::.—_:;-_f.
l .ESJ \ \ FRONT PANEL MOUNTING PLANE grﬂm“uuu
-D‘ 2% £XP. POWER SWITCHING PANEL
" \

EXP.RAU

’////////, Nominal Envelope

W Envelope of 115 mm available for payload in

completely passive stowage racks which do

not contain cables, airduct, and fire

suppression tine.

This space is available for payload but

cannot be used for 19" type equipment.

Reduced Envelope

li

1

when Alrlock is flown in order to

allow clearance during inte-

gration of rack train with the air-

lock already installed (see also

Section 6.2 in the main volume)

Figure 3,2 - 5b:

B3.2-9

Payload Envelope - Single Rack.



ESA REF NO EUROPEAN SPACE AGENCY . ISSUE -1
SL¢/210§ 2 SPACELAB PAYLOAD ACCOMMODATION HANDBOOK | REVISION:1
- - APPENDIX B DATE -31 MAY 1978
g |-
SECTION. F~F SECTION B-8 " SECTION B-8
5635 1052 —— 1052
WA - [— - 940 U2 R R} J——
= s H >
—‘- - . WK K XXX - ‘ Q ’ ¥
~ NN ’ KKK
' «cl,rr; l l B ', N | &
ﬂ \ T :1 l \ \ |
"iA \]i" ‘1\ ; ' q{:; 1& i’ e {
AN NN NN
STANDARD SINGLE STANDARD DOUBLE RACK STANDARD DOUBLE RACK =
RACK (WITHOUT MIDDLE FRAME) .
SECTION G-G SECTION A-A SECTION A-A
5635 1052 1052
e §, §1 ——d g(.g po——057 e po—l 51 ey
- "‘3‘5
M H H IR TN L 1 P p
NN N
\\\ S \\ : NI
vl e~ T3 ‘ ~
o o o
\\ N \ 3
1 k ¥ ’i e - 1 4 & ‘&\ P
AT AN MAN
see Fig. 3.2 ~5a/b for definition of
cross sections ORIGINAEL PAGE 1B
OF POOR QUALITY
DCN
PRECEDING 006
PAGE BLANK NOT FILMED
L_ Flgure 3,2 - 5d: Payload Envelopes ~ Cross Sections _J

B3.2~- 11 s
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SLP/2104 - 2

EUROPEAN SPACE AGENCY

SPACELAB PAYLOAD ACCOMMODATION HANDBOOK
APPENDIX B

ISSUE -1
REVISION : 3
DATE -3

1 MAY 1980

Location of Exp. Vent Line see Fig. 3.2-8

ORIGINAL PAGE IS
OF POOR QUALITY

FINE SUPPRESSION LINE ~4

113,54 -

!-’

’ DCN
: | 039
T ot
| i
| ! T 1T
) 4 ih B Tl
d l: E y z et |
> :l #!Jk, | | |
< Hi ;’l , f ! |
! it ) Con]
o i b n } " T |
7 | sessat, 0 il | BRI
’ gix ACCESS *) |
.l l i WIDTH \ | | -
M FIY )
‘ & N Sy ‘
3 +
; 2
ol o~ . -REMOTE ACQUISITION
2% L Ry UNIT (RAU)
E
s |
4
<
3 v
A X 54
7 i’ EXP PANEL _
7 1 =
I e 37
) AR Dgc; W AIR oucy‘our
- J I4 -1 - ' -
. | — NS
EXP. POWER SWITCHING | =
PANEL (EPSP) - 760
l\ — 13 us
#) Cable tie struts required for fire suppression line and atrduct attachment DCN
R $/S PANEL
tn rack (exclusive lower tapered part) 039

12 cable tie struts delivered per single rack (see Table 3.2-1).

* %)

EPSP access panel 177 mm if no RAU is installed. RAU access panel 265.91 mm,

(see also Fig.3.2 -~ 13b)

Figure 3,2 - 8

PRECEDING PAGE BLANK NOT FILMED

e

e

Experiment Single Rack 5 ( same for Rack 6, 11 and 12 )

.

%
¥
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ESA REF NO EUROPEAN SPACE AGENCY ISSUE - 1
SPACELAB PAYLOAD ACCOMMODATION HANDBOOK |revisioN - 2
ORIGINAL PAGE IS
Location of Exp. Vent Line see Fig. 3.9-5 oF POOR QUALITY VIEW WITHOUT STRUTS 1
Aq 3
1csa— %= %
X = o E
Py 1 .
v | o
\\ i r . P
i g
‘ : %1
. | ’ {
v - 1 AN |
Sl iz
R | o]
zw - ']
N - ) 4 /ﬁ L‘: ‘E
OCN A -
N |
-4
Es AN 1
t1 = _‘J
2ix
5 ! By « \ )
§ > ! 813 B
o J;l '-n-: o ‘ i
> 1<+ 7 T|E
REMOTE ACQUISITION 4 = (I
access UNIT (RAU) 18 | Access wiDTH
JERN | ot
& b L\ h ‘F“ =\ /'“g f
2 : R Al MEri
3 ; , i it
i i bl
§ § > T T :‘r‘ .:....—‘— ey I
/ °f @ I[-.--{g—-;- o N ! i Y l f> g
] § P = 2
- - 7 E-Ra “ﬁsﬂ‘\ &3 {1
RIS ST FeaNexeranels N5 paner
see Fig. 3.2 -32a 7
* PSP access panel 177mm if no RAU is installed ,RAU access panel 265.91mm
OCN
038 (see also Fig. 3.2 - 13b) ‘
- e

Figure 3,2 - 7a: Experiment Double Rack 3 ( same for Rack 8 and 9)

L |
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EUROPEAN SPACE AGENCY ISSUE .1
Es‘: ,f‘%'; "io SPACELAB PAYLOAD ACCOMMODATION HANDBOOK | mevision 1
SLP/2104 - APPENDIX B _ |
3.2.2.1.1  Panel Size ORIGINAL page IS
OF POOR QUALITY
PU PANEL SIZES L mi-sto
keANEL UNIT A B C [¥] € . F G H TYPE
1 4365 | 31,75 R I e 1 A
2 18810 | 7620 I T . BC
132,55 | 57.15 L cc
4 177,00 | 101,60 DC
S 221_._45__ _44,:45____'__ §L1§____ 44,45 _ I R . _ _ EC
) 265,91 57,14, 76,20 57,15 ] FC
7 131036 | 44,45 1.146,05 | 4445 | A GC
8 354,80 | 8890 | 101,60 | 88,90 HC
9 39925 | 88,90 146,05 88,90 . Jc 011
10 443 7__| 88,90 | 190,50 | 88,90 KC
|11 [ 48816 | 13335 | 14605 | 13335 — | LC
12_ 153261 | 4445 | 13335 1 101,60 _| 13335 | 4445 Mc
13 577,06 | 133.35 44,45 14605 | 44245 | 13378 NC
14 b42.30 44,45_ | 133,35 | 190,50 | 133,35 44,45 PC
15 665,96 44,45 | 177,80 | 146,05 _ | 177,80 44,45 RC
16| 71041 | 4445 113335 | 8890 | 101,60 | 88,90 | 133035 | 44.45 sC
17 754,85 4445 113335 | 88,90 | 146,05 _| 88,90 | 13335 _| 4445 | TC
18 800,10 4445_ | 13335 | 8890 | 190,50 ;| 8d.90 13335 _|_44.45 uc |
o e 482,60
952 |, 463,55 T0.00
| 1 | SLOT DETAIL
b Y .
A 8 ( ™
\ = 7/
! @ ! - b
w
+ 6.35
9.52 463 55:3,,, 595 : ;
— ' {37.70)
0 i ,
) + f 5.16
-
H
‘é’“’ + 11.51-+
4+ + o524
;
* ...._.+ '.'
At
‘g—‘* + VERTICAL TOLERANCES BETWEEN EACH SLOT & 04 mm
: INOT TO BE ACCUMULATIVE)
2 L .
/ Torgue : 4,0 - 4.3 Nin
j———+ +
8 - \ A% = VERTICAL PANEL TOLERANCES 08 DCN
.'.___4. ( 4 -0 a1
3170 4
1

—"2%

Figure 3.2 - 12a : Panel Dimension (mm) MILL - STD - 189

For the front panels closed slots according to MIL-STD~-189 shall be used. The panel thickness

J
recommended shall be 3,2 mm, 4.8 mm, 6.3 rmm or 8.0 mm in accordance with referenced Ml L-Standard, Do

L -~

B 3.2~-23
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A REF N EUROPEAN SPACE AGENCY ISSUE ;1
g’zp ,;104 2° SPACELAB PAYLOAD ACCOMMODATION HANDBOOK |REViSioN : 3
- APPEND'X B TE : 31 MAY 1980
| ~ -
ORIGINAL PAGE IS
3.2.2.1.2  Box Size OF POOR QUALITY

The box width is defined in Fig. 3.2-12b, However, the box height and width, i.e. the recess of the box behind
the panel depends on the actual location in the rack and is defined in Fig. 3.2-12b. The recess is as follows:

+.4

= normally the recess is = 4.6 mm _ o
DCN
039

= at diagonal shear load struts where a front panel shall overtap

haif the strut clearance the recess is = 20 mm.

482.6

20£0.5 2040.5
—

|
< I //// 1 r‘:ce\ss for
// height clearance
// VA

T

/ANEL SIZE ACCORDING TO MIL-STD-189

i

v Figure 3,2 - 12b; Equipment Clearances ,

B3.2-24 .,
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_ EUROPEAN SPACE AGENCY ISSUE 1 ¥
ESA REF MO |SPACELAB PAYLOAD ACCOMMODATION HANDBOOK| Revision 1
SLP/2104 - APPENDIX B = -
™ r b

ORIGINAL PAGE IS
OF POOR QUALITY

SECTION A-A / B-8

o
] T |
T %
i 2 ;
35 ‘ ?
+0 \ :
Jvtm.zs », 1,25 %
,_____... . ;
813
z z
I g 8|3 8l El2 :
< 216 bIE = is g 4
z o8 =3 219 : lw
513 oy e wla Cie ]
s Wp cla o Yy 3
alg o Ll Wiw & ;
n "')‘, ? [ z‘, o) g g % - ‘
g b S al3 eview
Tl a ola o DCMN
w ] B T B R EY 3%
Zla Sle 22 013
313 cloe eiled {1
w fw ol &l® <18
E3t § b DL ~e
3,8 . I ols
N < 489.75 +0
! A2 g7 1.25
‘_,_ . 84286 £05| CLEARANCE -
! i
. \
' RN N \\}‘.\ \‘}\ B
.  SONOAINOAN N .
i N N | \1\‘ N \\ 7
OO MDY -
e ot TN T T ?l
i - . e
451 45 —— A
46570
4826 PANEL CLEARANCE ‘
526 _ 1
b~ 1052 N

MODULAR HOLE PATTERN
HOLES 529"

Figure 3,2 - 183d: Cross Sections - Double Rack Left Side
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\ (HOLES #5293
e
. I
| f
'_\ [o:]
\ 335 aes! | 496.5-01 . __.! .
NI, \
N J / Clce ;_
B 8 i3
¢ s g 4|
8z 818 £=  §3
I 8B |5 L
wly -~ ol g 818 Ny —
ik 88 R
/3 % . m{c:\: By '(‘3 =
i A% r——————«zs +05 CLEARANCE . ,i o .
g2 §§ F’_;'77_, 7T T e T
. . 7? F/ S N L
oeN R4 ., 7 7 - 9 .
013 )I VA ’l.‘l '.1_4_9__;_03;,
7z & !
7 .ﬂ"‘gla v ,,/ / i C
/ s s 4 ’ ,-‘ ‘ j
) s—
od e et b e
.l 451+ 1.45 — —_ /“V l l (] A
- e ol e
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7,r_f " i__ 1S -
' DETAIL V DETAIL IV '
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1 | ]
§

Figure 3.2 - 13g: Cross Sections ~ Detalls
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Figure 3.2 ~14a: Side Attachment - Outer Walls

8 3.2~33
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7 X .
& 2 e
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~o‘:’ ~ ‘ / ,_\ 3 %
/ y v TR | OCN
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j"/ (s.Fig. 3.2 - 14d)
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1 ‘R Attachment Holes
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o — -
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Z-Fitting Tyos 1
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-w / 8.2
‘f""

c.m.g' ' ? ORIGINAL PAGE IS
Ry ol OF POOR QUALITY

- ¥ powe
1840.18 7
Type 1 88 used at front center post +yp 1 a8 uses st rear conter post
2-Fitting Typs 2 ( nck Spaselab proviced ) Z-#itting Typs 3
®e
- . 3 . ‘
4 »! + - " %
- e ° = : §
| , Ti
e T vorman seuss O
09 ol e
1640, 18
a ie
2 e

. l J [ ] ZeFitting Typs 4 ( not S pacelab provided )
14
30

B ik

| = uooutan
2 P

038 ’ ~

Figure 3.2 = 18 : Canter Post Z-Fittings
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EUROPEAN SPACE AGENCY ISSUE 1

ESA REF NO |cprcELAB PAYLOAD ACCOMMODATION HANDBOOK |REVISION - 3
.. SLP/2104 -2 APPENDIX B DATE - 31 MAY 1980

I
- ) 1052 - K
\\\__/v
-\'
\ Standard Cable Tie Strut Attachment
puUcT \
3 -
10
20.:20.20 2o1go 26 .26 .rzo.eo.ao £20,20.20. 20
o N A 1 3 [ 1 1 i 1 ‘T T k
Lnlindie B Sl alek ink el it bl o IR
2+ ‘J g' o] \ -
k24 8 1
i el b o b b d S D H b S b0 D b AN
459
+0.2
ORIGINAL PAGE IS 455 e
OF POOR QUALITY Details see Fig. 3 2 - 17h P
n — e .. Y082 -
Modified Cable Tie Strut Attachment (54mm depth)
—— a———— 2 - &——’ ——T
P
20 2020 20,20 20, 20,20, 26 ; 26_ 20,20, 20,20,20,20, 20 - H DON
ll]l]iill Il]‘} X 039
e e L e e e i o i b e o = profile bracket
1 N 4
2“‘:_],,:1 o 0 USER PROVIDED
oo 24 8 10
J - o—b-0—0 40 & & 6 ¢ -0 0 ¢ ¢ W ¢‘{J
459 AN ]‘“
¢5.5+O.2
L 14 ol
r ® | e
~ N Y
Atr Duct/ i 7 OCN
¢ ]Cable Tie Strut mounted to Side Rails 039
HER §
3 {—T—.
o/
N il S
L - - — e ' \User provided
Side Rails
L, _ | 1| |
'E)'H.-. ? —¢—_ ¢ -0—\@—— b—b— o4 @—g 4 —4-— ! i g
f Reniin et BB, ’\ R = Smmmc R B S SRR P S DT S PR - N
User provided Tie Strut f
- T

-
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3.2.8 Rack L oad Carrying Capability

The dimensioning loads of the rack (para 3.2.7)are :

) bracket loads for the local carrying capability. These loads are applicable for the equip-
ments at the interface of the rack to the equipment (attachments).
Equipments must be attached to the rack in such a manner that a "hard-mounted" fundamen—

tal frequency above 35 Hz is reached -

) flight loads for the overall carrying capability,

The bracket loads and the flight loads can be independently determined because of the decoupling of the
equipment frequencies from the overall rack frequencies, .e. fo > 35 Hz for equipments and fg > 15 Hz

for the rack.

For certain mass configurations., it is possible to have the following rack configurations (see Tables
3.2-2 and 3.2 ~ 3):
L] double rack with lower center post and 4, 3, 2, 1 or O diagonal shear load struts, whereas

the number of diagonals depends on the masses to be accommodated in the rack.

e double rack without lower center post with 2, 1, or O diagonal shear load struts; however,
no sufitable diagonals are Spacelab provided.

e single rack with 2, 1, or O diagonal shear load struts

For the accommodation of payload equipment in the racks, three types of integration are standardized
as per para 3.2.6.2 :
e front mounted

e front mounted / back supported
® shelf mounted

% .
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3.2.6.1 Overall Rack Load Carrying Capability

The load carrying capabilitids quoted comprise payl oad and Spacelab mission dependent. equiprment
s

(EPSP, RAU, ICRS etc). Masses accommodated in experiment racks have to comply with the following
constraints:

~ The maximum allowable mass for the entire rack is

for double racks 580 kg total

290 kg each side
for double racks, lower center wall refnoved 480 kg (tentative value),
for single racks 290 kg

These values apply only as long as the ¢.g. s of the accommodated masses are within

the envelopes given in Figure 3.2~ 34 . For c.g.s outside these envelopes, the

maximum allowable masses will decrease and case~by-case analyses will be required,

= The maximum allowable mass for the upper part of the rack is 72,5 kg for single
racks and each side of double racks
“4
The allowable mass for the lower part of the rack depends_on the number and locations of the shear load

struts installed, and the mass distribution between the planes of the shear load struts. The allowable

masses for the lowar parts of the racks are given in Tables 3.2~ 2 and 3.2 - 3 as a function of these
parameters,

)
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TASK 9.2 - INTERCHANGEABLE FLUID FLOW CELL ASSEMBLY, FEASIBILITY REPORT

INFORMATION REQUESTED/RELEASED

1.0 SUMMARY

The basic AGCE system configuration can be designed to accomodate fluid flow cellg

of various diameters. However, the design of the scanning and UV irradiation optics,
the high voltage power supply and thermal contrbl interface elements must be scaled

to the requirements of each flow cell assembly. Thus interchangeability of flow

cell assemblies must also include the simultaneous replacement of other system

elements sized to match the new flow cell assemBly. Even so, time and dolTars can

be saved in development of subsequent experiments wherein different (from the initia §

AGCE) flow cell assemblies are required.

2.0 BACKGROUND

Task 9.1 is concerned with the overall AGCE system. A key design driver in generating
the overall system configuration is the physical size of the flow cell assembly.

Based on the size range specified for study by the program work statement, a 6.0 cm
radium was selected as the maximum expected size for the inner diameter of the flow
cell outer sphere. The assembly drawings generated under TASK 9.1 reflect this size.
The intent of TASK 9.2 then is to assess the feasibility of interchanging flow cell
assemblies (based on TASK 9.1 results and using modular techniques) to satisfy
potential requirements of subsequent AGCE flight programs. This feasibility assess-

ment is addressed below.
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3.0 IMPLEMENTATION

Two degrees of interchangeability are apparent. First, interchangeability wherein
only internal dimensions of the flow cell assembly have been changed and second,
interchangeability wherein both internal and external dimensional changes have
occurred. In the former case, the physical relationship and interfaces with surrounding
AGCE system elements remain unchanged whereas in the latter case, physical relation-
ships with other system elements will have changed even though some interfaces may
not be effected. However, in both cases, some of the surrounding system elements
must be modified to maintain optimum performance of the system. Thus a change in
external and internal diameters of the flow cell assembly impacts the scanning and
UV irradiation optics; a change in dielectric fluid volume and gap spacing effects
the load on the high voltage power supply; thermal control elements must be scaled

to fit the changed dimensions. Table 1 summarizes the potential impact of flow cell

gt

size changes on other AGCE system elements.

From the above, it is apparent that except for minor flow cell changes, many AGCE
system elements must be redesigned or relocated in order to accomodate a different
size flow cell assembly. However, the impact is minimized if the initial AGCE system
is configured for the largest size flow cell assembly expected in the future. With
this approach, sufficient mounting space will be available within the AGCE protective
outer enclosure and on the rotating turntable to accomodate the modified (and
presumably same size or smaller) components, consistant with a smaller size flow
cell; relocation of system components will not be required. From a modularity view-
point, this approach also permits the establishment of standard mounting interfaces
for the effected system elements. The system configuration being generated under

» TASK 9.1 is also consistant with this approach.



4.0 CONCLUSIONS/RECOMMENDATIONS

Flow cell assembly interchangeability is complicated by the need to also redesign
surrounding system elements to match the specific flow cell assembly selected. Even
so, development time and dollars can be saved on fiuture programs, particularily if
subsequent flow cell assemblies are smaller in size than that selected for the

initial AGCE system design.
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3.7 EXPERIMENT DESIGN

PIR NO.
Task 9.1 - AGCE Configuration -031
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~inner and outer spheres to simulate the earth's atmosphere. Thermal control
“;elements are provided to control the surface temperature of the inner sphere and
the pole and equator of the outer sphere. Thermal gradients within the dielectric
fluid are measured by means of a Rouchi ruling shadowgraph technique; flow rates
are measured by observing the motion of UV activated photochromic dye "marker dots"
within the dielectric fluid. This data, as well as other experiment data, are

optically recorded on film for post flight analysis, see Figure 5.

Operation of the GFFC hardware is controlled by a microcomputer located in the
electronics assembly. Via the control panel, the operator selects the desired
experiment scenario (one of 24 timelines stored in memory). The microcomputer then
executes the experiment as directed by the scenario instructions. The display

panel, figure 6, provides system status indicators as well as indications of computer
commanded vs. actual values for certain parameters. This permits the operator to

~monitor GFFC system performance.

As compared to the GFFC system, the basic thrust of the AGCE system is to enhance
experiment capability of the fluid flow cell by increasing the size of the cell and
by reversing the direction of heat flow thru the dielectric fluid in the flow cell
(outward for GFFC; inward for AGCE). The proposed implementation of the fluid flow
cell enhanced capability, which has been assessed under TASKS 1 thru 8, will result
in a AGCE system configuration exhibiting significant differences as compared to the
current GFFC system configuration. Thus, the larger flow cell requires a new optics
approach, a higher cell voltage and a Targer turntable. Reversing the heat flow en-
compasses cooling the inner sphere of the flow cell as well as cooling the outer
sphere pole. The new optics approach selected provides real time data in a form
suitable for telemetering to the POCC. This permits simplification of the system
control panel and enhanced PI participation at the POCC. These features have been

/incorporated into the AGCE system configuration as discussed in the following sections.
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TASK 9.1, AGCE CONFIGURATION

INFORMATION REQUESTED/RELEASED

ORIGINAL PAGE 1S
1.0 SUMMARY OF POOR QUALITY

An AGCE flight configuration has been generated which is compatible with Spacelab
installation and operational constraints. The configuration is based on accomodating

the largest size spherical capacitor specified by the contract work statement (5.0

cm inner sphere diameter), plus the optical, thermal control, dust removal and electronic
control concepts resulting from TASKS 1 thru 8 and assumed AGCE system performance
requirements. Sketches showing key dimensions as well as a full scale mockup were
generated to define and illustrate the AGCE flight configuration. Estimated total

system weight is 104.3 Kg.

2.0 BACKGROUND

A precursor to the AGCE system, the GFFC (Geophysical Fluid Flow Cell) experiment
system, is currently under development as a Spacelab experiment, and as such conforms
to Spacelab design and operational constraints and resource limitations. The GFFC
system is comprised of two major assemblies, a mechanical assembly and an electronics
assembly, plus ancillary elements such as electrical cabling, closeout panels and
support structure. Figures 1 and 2 show the GFFC system installed in a standard
Spacelab single bay rack. The heart of the system, the fluid flow cell, is located
in the mechanical assembly. As shown in Figures 3 and 4, the fluid flow cell is

configured as a spherical capacitor with the dielectric fluid confined between the
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3.0 TASK IMPLEMENTATION

Although the general requirements for the GFFC and AGCE systems are similar, the

g

approach recommended for acquiring and processing AGCE experimental data as well

as the approach recommended for providing the fluid flow cell temperature conditions
differ significantly from those used in the GFFC system. This, plus the need to
accommodate a larger flow cell, has resulted in a AGCE system configuration consider-
ably different in detail from that for the GFFC system. However, wherever practical,
the AGCE configuration is based on the corresponding portion of the GFFC system.

For example, both systems use an air to air heat exchanger to transfer heat from the
rotating turntable to the Spacelab's avionics air flow. Design details are similar
with the AGCE turntable/heat exchanger combination somewhat larger to accommodate

the larger AGCE fluid flow cell.

Thus, the general approach employed to generate the AGCE system configuration was to
retain as much of the GFFC system configuration as practical, consistant with the
recommendations of TASKS 1 thru 8. General configuration guidelines were also
generated, see PIR 1254-AGCE-018, to assure compatibility of the AGCE configuration
with the Spacelab. It should be noted that the AGCE system configuration described
below is intended only to demonstrate that a successful AGCE system can be developed;
the described configuration is not intended to necessarily represent in detail the
final flight design configuration.

3.1 System Description

For the purpose of this configuration study, the AGCE system was assumed to provide
the functions shown by Figure 7. As shown, the fluid flow cell is the heart of the
system, simulating planetary or star conditions depending on the direction of heat
flow. System operation is initiated by the operator who selects and starts the
desired experiment. The microcomputer then issues commands in the appropriate time
sequence to carry out the experiment. Periodically, or at the beginning of each

experiment, the dielectric fluid in the flow cell is filtered to remove particulates.
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The thermal control capability establishes the desired thermal conditions on the

inner and outer spheres of the flow cell (as well as transporting excess heat from

all system elements to the Spacelab avionics air). High voltage is applied %o the
flow cell to simulate a gravitational field. The UV optics generates marker dots

by activation of discrete areas in the dielectric fluid. The scanner optics generates
real time data (in electronic form) for thermal and flow mapping of the dielectric
fluid. This experiment data, and other housekeeping data, are formatted by the data

handling electronics for transmission to the POCC via the Spacelab HRM.

Figure 8 shows a full scale mock-up of the AGCE system installed in a simulated
Spacelab single bay rack. The mock-up shown is consistant with the system functions
noted above. Figure 9 shows the active interfaces with the Spacelab. Figure 10 shows
details of the mechanical installation in a Spacelab rack. The AGCE system is con-
tained within the dimensional envelope allowed by the Spacelab Payloads Accommodation
Handbook SLP/2104. Note that the AGCE system may be installed in either a single or
double bay rack. A right hand side installation is preferred if a double bay rack is
used. This is because the avionics air duct connections for the right hand side are
identical to those for a single bay rack. Figure 11 shows the cabling diagram for
the system.

3.2 Mechanical Assembly

The Mechanical Assembly contains the fluid flow cell along with most of the remaining
mechanical elements of the system. Specifically, the following major elements are
included:

Fluid flow cell assembly

Turntable

Turntable drive motor/encoder
Turntable slip ring assembly

High voltage power supply

Coolant Toops for inner/outer spheres

OO0 0O OO0

pump (2)
accumulator (2)
TEM cooler assembly (2)
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Dust removal assembly

Air to air heat exchanger assembly
Scanner optics assembly

UV optics assembly

TEM/blower assembly

Structure

OO0 O0OO0OO0OO0

enclosure
base

o Viewport

o Electronic driver circuits (TEM's/Heaters)
o Sensor signal conditioning circuits

Figure 12 shows a full scale mock-up of the Mechanical Assembly. Figure 13 shows

the relative location of equipments mounted on the turntable; Figure 14 shows the
installation of the scanner and UV optics assemblies and the TEM/blower assembly for
transferring heat from the flow cell pole TEM to the avionics air flow. Figure 15
shows overall key dimensions of the Mechanical Assembly. Figures 16 thru 21 show
installation of the scanner and UV optics assemblies, the viewport and the TEM/blower

assembly.

Figure 22 shows a cross-section thru the fluid flow cell. Figures 23 and 24 show
the overall configuration and construction of the inner sphere assembly. Note that
the inner sphere can be readily disassembled and repdired in case of damage or component

failure during assembly and test. (This is not possible with the welded GFFC design).

The overall size of the Mechanical Assembly was based on accommodating a flow cell
having a 5.0 cm radius inner sphere and associated supporting hardware. This accommo-
dation criteria plus the results from TASKS 1 thru 8 were used to define the dimensions
of the individual components. This dimensional data are reflected in the mock-up,

see section 5,1. However, in building the mockup, no attempt was made to show non-
critical detail or internal detail below the turntable. This latter was assumed to

be similar to that shown for the GFFC system (Figure 4).

3.3 Electronics Assembly

The primary requirement of the Electronics Assembly is to provide the system control

and data handling functions. Specifically, the following major elements are included:
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FIGURE 17 SCANNER OPTICS ASSEMBLY INSTALLATION
(DIMENSIONS IN INCHES)
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INSTALLATION
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Figure 25 shows a simplified block diagram of the Electronics Assembly; Figure 10(d)
shows installation of the 9 X 15.75 X 17.5 inch package. For more detail on the AGCE

electronics and control panel, see PIR 1254-AGCE-035.

3.4 Ancillary Equipment

In addition to the Mechanical and Electronics assemblies, other hardware elements

are needed to complete the AGCE flight system. These items are:

Electrical cabling between AGCE and the HRM and EPSP.

Hose connections between AGCE and avionics air return duct.
Rack front close-out panels.

Support structure elements.

O OO0 O

~ The support structure provides the mechanical interface between the AGCE Mechanical
and Electronic Assemblies and the Spacelab Rack. The front close-out panels are
required to isolate the rack avionics airflow from the Spacelab cabin airflow.

3.5 Ground Support Equipment

Figure 26 and 27 show the type of ground support equipment anticipated for the AGCE
system. This equipment is needed during the system development cycle as well as to
support ground operations at the POCC and pre-integration checkout at KSC. (See PIR
1254-AGCE-035 for additional discussion concerning the electrical GSE).

3.6 Mass Properties

Total weight of the AGCE system is estimated at 104.3 Kg. This compares with a
projected 108 Kg (including 22 Kg of film) for the GFFC. Table 2 shows the weight
breakdown for the AGCE system. Note that a growth weight contingency has been

included based on the contingency schedule of Table 3.
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Table 2(a) Estimated AGCE System Weight Compared with GFFC weight

SYSTEM ELEMENT AGCE FLIGHT SYSTEM GFFC FLIGHT SYSTEM*
Mechanical Assembly 58.9 Kg 66.6 Kg
Electronic Assembly 31.7 13.8
Ancillary Equipment 13.7 5.6
Expendables N/R 21.8

TOTAL 104.3 Kg 107.8 Kg

*Data from GFFC IIA of 10/14/80

Table 2(b) Estimated Weight AGCE Electronics Assembly

ELEMENT RAW ESTIMATED TOTAL
ESTIMATED GROWTH ESTIMATED
WEIGHT CONTINGENCY WEIGHT
PC board assemblies 5.22 Kg 18% 6.16 Kg
Enclosure 8.08 13 9.13
Power Supply 11.40 13 12.88
Control Panel Assembly 3.00 18 3.54
*
27.70 Kg 14.5% 31.71 Kg

Table 2(c) Estimated Weight AGCE Ancillary Equipments

ELEMENT RAW ESTIMATED TOTAL
ESTIMATED GROWTH ESTIMATED
WEIGHT CONTINGENCY WEIGHT
Support Structure (2) 3.02 Kg 18% 3.56 Kg
Close-out panels 3.65 ‘ 13 4.12
Avionics air connections 1.53 18 1.81
Cabling 3.60 18 4.25
*
TOTAL 11.80 Kg 16.45% 13.74 Kg

*
Composite value



Table 2(d) Estimated Weight AGCE Mechanical Assembly

¢

RAW " ESTIMATED TOTAL
ASSEMBLY ESTIMATED GROWTH ESTIMATED
ELEMENT WEIGHT CONTINGENCY WEIGHT
Flow Cell AssembTy 7.04 Kg 10% 7.74 Kg
UV Optics Assembly 1.41 13 1.59
Scanner Optics Assembly 2.75 18 3.25
Viewport 0.27 13 0.31
Enclosure 5.06 13 5.72
Baseplate 3.26 10 3.59
Lower Cover 1.04 10 1.14
Rotating Heat Exchanger 12.45 10 13.70
Turntable 2.26 10 2.49
Pumps (3) 3.72 3 3.83
Accumulators (3) 0.57 13 0.64
TEM/Heat Exchanger (2) 0.64 18 0.76
Filter 0.16 13 0.18 )
Drive Motor Mount 0.41 13 0.46 -
Shaft/bearing/slip ring
assembly 1.14 13 1.29
TEM/Blower Assembly 0.61 18 0.72
Drive Motor/encoder 0.46 18 0.54
HV inductor 3.50 18 4.13
Dielectric fluid 0.27 25 0.34
Coolant 0.23 25 0.29
Plumbing 1.29 18 1.52
PC board assemblies 3.96 18 4.67
TOTAL 52.50 Kg 12.29" 58.90 Kg

*
Composite value

S



TABLE 3 WEIGHT GROWTH CONTINGENCY SCHEDULE

(1)

% Contingency

ELECTRICAL AND
ELECTRONIC
DESIGN MATURITY =
= BOXES/COMPONENTS

o | ol u s

[HE] = — v (85

a4 [70] [aa] ul

- — = - -

= = (&5 [a T

S | £Elo | | & [0-10 | 11-30 |31 and Up

o2 () o - Ll

5l ElE |S | E | L Lb Lb
Conceptual Estimate 18 |18 133 |18 181 18 13 8
(Based on Sketches,
Description, Experience or
Finite Element Model)
Layout Calculation (Equivalent 13 {13 {18 |13 13| 13 8 3
to Major Modification of
Existing Hardware or Soft
Mockup)
Pre-released Drawings 3 3 8 |13 8 8 3 3
(Equivalent to Minor
Modification or Hard
Mockup Engineering Model)
Released Drawing 1 1 2 2 2 8 3 3
Actual Weight 0 0 0 0 0 0 0 0
Specified Weight not to Exceed 0 0 0 0 0 0 0 0
Value

(1) SOURCE - NASA SPACE TELESCOPE PROJECT OFFICE




Figure 28 shows the estimated center of gravity location for the AGCE system.

Both weight and center of gravity locations are consistant with Spacelab require-

ments, see PIR 1254-AGCE-018.

3.7 Assembly/Disassembly Sequence

It is anticipated that the AGCE system assembly sequence will be similar to that
shown in Figure 29. This sequence assumes that individual component/black box
assembly and checkout has been completed prior to entry into the system assembly
cycle. The assembly sequence appears to be straightforward and similar to that
for the GFFC system. Note that system software and GSE hardware must be available
on a comparable schedule in order to perform checkout and acceptance testing.
Disassembly will be the inverse of the assembly sequence and with the checkout and

acceptance test eliminated.

3.8 Safety

i
¥

The AGCE system configuration was reviewed for potential safety hazards utilizing

the hazard control categories of Table 4 (in the context of the AGCE system design

and operational use). Safety assurance has been implemented by use of the general
methods shown in Table 5. Table 6 shows results of the safety assessment. As shown,
all anticipated hazards can be controlled by design of the AGCE hardware. No caution
and warning sensor appears to be necessary. No trouble should be experienced in
making the detail flight design compatible with both the Spacelab Payload Accomodations
Handbook SLP/2104 and the STS Safety Policy NHB 1700.7.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The results of TASK 9.1 have established the feasibility of configuring the AGCE
system as a Spacelab experiment. The generated flight configuration is consistent
with the largest flow cell sphere radii combination as specified in the work
statement. Note that the configuration described is not necessarily optimum in

all details.

Although the AGCE and GFFC system configurations are fundamentally similar, imple-
mentation of some system features is significantly different. This is particularly
true in the following areas:

¢ Optics

o Flow cell construction

¢ Data Management

e PS/PI/POCC dnvolvement

The AGCE uses a flying spot scanner arrangement to generate thermal gradient and |
flow data. The scanner electrical output is digitized and formatted for telemetering

to the PQCC. The AGCE flow cell is configured for inward heat flow thus the thermal
control capability differs from that needed by the GFFC. Note that the AGCE may also

be operated in the outward heat flow mode required for the GFFC. The AGCE flow cell

may be disassembled for repair/replacement of heater/thermistor elements if required.
This repair capability is not possible with the GFFC flow cell design. Telemetry of
flow cell data to the POCC provides a number of operating capabilities, see Table 7.
These reduce the cost of the AGCE flight hardware while increasing PI control of the

experiment as compared to the GFFC implementation.

As previously noted, the flow cell dimensions were selected to conform to the maximum
noted in the contract work statement, i.e. an inner sphere radius of 5.0 cm and an

outer sphere inner radius of 6.0 cm. However, the mechanical assembly can accomodate

a somewhat larger flow cell, on the order of 9.0 cm outer radius for the outer sphere 3

(7.5 cm inner radius), with estimated relatively minor impact as shown in Table 8.

Figure 30 shows this larger configuration.



TABLE 7 AGCE DATA MGMT., PS/PI INVOLVEMENT

DATA MANAGEMENT

e DATA TO POCC VIA HRM; NO ON-ORBIT RECORDING
e LIMITED REAL TIME DATA AVAILABLE TO AGCE GSE FOR ACCESSING SYSTEM
PERFORMANCE AND CONTROLLING THE EXPERIMENT:
TEMPERATURES
ROTATION RATE
VOLTAGE
MARKER DOT LOCATION
SCENARIO NUMBER
e ALL DATA RECORDED BY POCC FOR POST MISSION ANALYSIS BY PI

PS/PI INVOLVEMENT

e PS SELECTS ALL EXPERIMENT VARIABLES AT START OF EACH EXPERIMENT
SCENARIO AND INITIATES EXECUTION; EXPERIMENT VARIABLES PROVIDED TO
PS IN AGCE FLIGHT INSTRUCTIONS DOCUMENT. NO S/W STORED SCENARIOS.

e PI MONITORS EXPERIMENT SCIENCE STATUS USING AGCE GSE LOCATED AT THE
POCC. PI CONTROLS DURATION OF EACH SCENARIO. SCENARIO TERMINATED
AND NEW SCENARIO START VIA VOICE INSTRUCTION TO PS FROM PI. PI MAY
DEVIATE FROM PLANNED SCENARIO SEQUENCE OR CHANGE SCENARIO PARAMETERS
BY VOICE INSTRUCTION TO PS (AS LONG AS PLANNED PEAK POWER, DATA RATES,
TOTAL EXPERIMENT TIME ARE NOT EXCEEDED).



TABLE 8

ITEM

Mechanical Assembly Size

Scanner Optics Assembly

UV Optics Assembly

HV Transformer Assembly

Thermal Design

Weight

LARGER FLOW CELL IMPACT

ESTIMATED IMPACT

Overall length increased an estimated
25 cm to accomodate larger scanner
optics assembly.

Overall size increased to match larger
sphere dimensions.

Redesign to eliminate interference
with rotating flow cell assembly.

Degrade Linearity, harmonic content
and/or lower voltage to maintain
present size (footprint on turntable).

Cooling/Dissipation requirements
increased; TEM/heat exchanger assemblies
and TEM driver circuits larger. May
offset by operating flow cell at

higher mean temperature.

An estimated 4 to 6 Kg weight increase

(primarily for the mechanical assembly)
may be anticipated.
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Substantially larger flow cell radii can be accomodated by designing the mechanical
assembly to fit within a double rack. With the double rack center strut removed,

the mechanical assembly maximum diameter can be increased to 612 mm (from the 451

mm 1imit for the single rack). This suggests a flow cell outer radius 1imit of about
15 cm. This size would require the more costly segmented construction of the sapphire
outer sphere. Also total weight and power of the mechanical assembly would be in-
creased substantially. For either of the above situations, impact on the electronics

assembly should be minor.

For a number of reasons, avionics air is used as the heat rejection media for the

AGCE. This use could be more efficient, i.e. less thermoelectric module power required,

if the flow cell operating temperature range were shifted upwards 5 or 10°¢ (or more).
5.0 APPENDIX
5.1 AGCE MOCKUP

The intent of the AGCE mockup is to show relative size and physical relationship of
the various AGCE system elements with each other and with a simulated Spacelab rack.
With the exception of the air to air heat exchanger and drive motor, which are similar
to that for the GFFC, all major system elements are included in the mockup. The
housing, with scanner optics and UV optics assemblies and TEM/blower assembly attached,

is removable to show turntable mounted components.

The shape of each system element portrayed has been simplified to reduce fabrication
cost, however, critical dimensions/details have been retained. Copies of the sketches
used to construct the mockup are attached (1 thru 21). Note that in some instances

(to simplify fabrication), part of one element has been incorporated into another
element. Thus, for example, mounting flanges which are normally part of the housing
(sketch 16) have been incorporated wit? the corresponding mounted element (sketches 10,
11 and 12). Also, some scanner assembly dimensions were modified to accomodate an

existing (albeit slightly smaller outer radius) glass outer hemisphere.
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