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FOREWORD

This Is an interim technical report for research on force balance
instrumentation to measure the skin friction of hypersonic vehicles at
extreme temperatures, high altitudes and in a vibration field. This
serves as a final report on one phase of the work, a motor-sensor system
which uses cobalt magnetic material. In addition, comprehensive Information
is also presented concern!ng counterbalancing of acceleration and a gas
bearing to support motor-sensor armatures. A later report or addendum
to this report will be published on the ceramic electrical-sensor type
system.

This report serves as a status report too because current research

effort is reported.
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CHAPTER |
INTRODUCT ION

The purpose of the research reported In this report on NASA Grant NGR
47-005-026 is to develop a system to aid in the measurement of skin friction.
It is a primary goal to develop instrumentation which will work over a
temperature range from near absolute zero to 2000°F at altitudes to 100,000
feet and in a vibration fieid. Instruments developed which do not meet the
specification end points are useful for measurements in more benign environ-
ments. In addition, it is anticipated that the motors and sensors developed
will find use in other systems which must work in very hostile environments
because, judging by the literature and availability of hardware, littie work
has been done on components which meet the specifications being used.

Three basic approaches have been worked on and all are of a force balance
type which employ feedback to minimize parameter variation: |) an electrical
system which uses a motor-sensor assembly which employs cobalt magnetic
material - cobalt was chosen because of its relatively high Curie temperature;
2) a system similar to the cobalt system except that the electrical coils are
wound on ceramic, l.e., it is an "air core" configuration; 3) a fiuidic system.
The electrical system requires an "electronic package" which must be placed in
a temperature environment compatible with Tran;isfors. The fluidic system is
completely self-contained except for the readout equipment which will probabiy
contain transistors.

The cobalt motor-sensor approach is being reported on in final form

because it is to be discontinued. The reasons for aiscontinuing this approach

i s i
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are mostly pragmatic in nature rather than due to known technical |imitations,
This work was started one year after the other electrical approach and it has
remained approximately one year behind. The "alr core" approach justifies
continued work based on actual high temperature data. Resources of research
personnel| and funds are not adequate to finalize more than two approaches.
Thus, the cobalt approach is to be discontinued even though the possibility
of useful results to approximately |1750°F may be possible,

The report on the "air core" system is to be presented as a masters thesis.
The chapters on gas bearings and on counterbalancing have already been accepted
as masters theses. This material is presented in thesis form for completeness
and to effect a significant saving in publication cost., This accounts for the
manner in which the material is presented, Final operational data on the
prototype systems will be in a more concise form,

The work on the fluidic system is only a summary. A doctorai dissertation
will be available in the near future which will contain the detaiis of this
work. The fluidic amplifier work is expected to lead to a masters thesis.

Present plans are to complete all effort to make the fluidic and "air
core" system prototypes operational within the next three years, The third
year will be devoted primarily to reports and assisting in operaticrnal problems.
If future work indicates that one of the two approaches will not be useful only

the most promising system will be pursued.

i
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CHAPTER |
COBALT MOTOR-SENSOR

Introduction

The cobalt skin friction sensor is composed of a motor-sensor assembly and
an electronics package. The motor-sensor assembly is mounted within the test
structure, and the test section is attached to the motor-sensor by a short

rod (sting). This places the motor-sensor in approximately the same environ-

ment as the test section whereas the electronics package can be remotely located

in a less severe environment, Because of the extreme temperature range
(z 0°K to 2000°F), the motor-sensor assembly is the mpsf critical component of
the measurement system,

The motor-sensor combination that employs cobalt as a magnetic core
material basically consists of two identical sets of opposing cobalt E lamina-
tions around which nichrome wire is wound and a core of cobalt I laminations.
The cere is free to rotate, and the test section of the skin is attached to
this core. The motor-sensor combination is shown schematically in Figure |,

The operation of this motor-sensor combination can be briefly explained
as follows: a force applied to the test section causes a rotation of the core
about the flexure, This rotation is converted into a proportional voltage by
the sensor, and the polarity of the voltage is determined by the direction of
rotation. This voltage is applied to two power amplifiers which increase the
current in one side of the motor and decrease the current in the other side.
This results in a change in the magnetic fields of the two coils which exerts

a force on the core. This force nulls the position error (within a specified

sdivis b ki
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nonzero tolerance), and the applied force is determined by measuring the
difference between the two coil currents.

There are two obvious advantages of this general method of measuring
skin friction. First, the position of the test section can be maintained
within close tolerances, and second, the force is measured by reading the
differential current. This second advantage facilitates remote readout of
the force.

0f the three approaches that have been considered, the cobalt motor-
sensor has the advantage of being potentially the most compact structure.

This is possible because the incremental permeability of pure cobalt is greater
than that of air thus requiring fewer turns on the coils to produce the re-
quired force constant., Furthermore, because the rotating element of the
motor-sensor is made of a magnetic material, there is no requirement to furnish
current to the rotor through the flexures, This simplifies the flexure design
problem considerably,

The primary disadvantage of this approach is the requirement that the
incremental permeability of the cobalt remain above a minimum value throughout
the specified temperature range. (This requirement is developed later.) Thus
the maximum operating temperature of this device is limited by the permeabiiity

versus temperature performance of magnetic material.

Cobalt Motor-Sensor System Equations

In order to specify the components of a system, an overall description of
the proposed system is aimost essential, In the skin-friction measurement

system the motor-sensor is the key component, and therefore, it serves as a
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good staring point for the description.

For a rigid body in rotation,

M=Ja ("
where M = vector moments acting on the body,

J = moment of inertia of the body,

a = angular acceleration of the body.

Referring to Fig. 1, the following equation can be written for the rotor

(assuming that the rotor is balanced)

daF + d1AF = Jo + ke (2)

where d, = distance from the flexure to the applied force (test section)

Fa = applied force

d; = distance from the fiexure to the position on the rotor opposite the
N center of the pole face

AF = force developed by the motor

6 = angular displacement

k = rotational spring constant of the flexure,

Taking the Laplace transform (assuming zero initial conditions) of Eq.

(2) and solving for 6(s) yields:

| dgFa(S) + d,4F(s)
8(s) = T (3)

s2 +.§




in deriving Eq. (3) friction (both static and viscous) has been assumed
negligible.
The motor current is given by (assuming negligible armature inductance)
ea(s) - sKlee(s)

Al(s) = (4)

R
a

where ea(s) motor armature voltage,

Kv = back emf constant of motor,
Ra = armature winding resistance,

and the motor force is given by:
AF(s) = KmAI(s) (5)
where Km = motor constant relating current to force.

If the power amplifiers and sensor electronics do not limit the system

response, the armature voltage is given by:

ea(s) = - Kadlee(s) (6)
where Ka = amplifier transconductance
KS = sensor constant relating displacement of the core to voltage.

Equations (3), (4), (5) and (6) can be used to draw the system block
diagram shown in Fig.2. This block diagram relates the input applied force

to the oufbuf differential armature current in terms of the system parameters.
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The loop gain and the closed-loop transfer function are:

el il i

X
>

2 [s + ==
kkd [P R
GH = =~ — M
RaJ s +T
and
1 i KoK .
= s + o
s
% Alts) d192K, v (8)
% Fate) Ra’ RS 62K K K
s +JW s+ Rk+
§ = a a =i
=
% Applying the final value theorem to Eq. (8) yields:
AL _. % (9)
Fa 41K
steady-state

where the applied force has been assumed to be a step of amplitude Fa’ and it
d1%K K K
mas
RaJ

has been assumed that Rak <<

Equation (9) shows that the readout gquantity, Al, is proportional to a
constant (the ratio of the moment arm'of the applied force to the moment arm
of the motor force) times the reciprocai of the motor force constant.

Another system specification that enters into the design is the steady-
state error or dispiacement. in order to prevent significant rotation of the
test section from introducing errors in the measurement, the steady-state

rotation must be kept below a specified value. In this case the design
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specification was one half thousandths of an inch at the end of a one Inch
support or 0.5 milliradian of rotation.

An explicit expression for the rotation as a function of the applied
force and the system parameters can be derived from Egs. -(3) fhrougﬁ (6).

This expression Is

8ls) __ da/ (10)
F_(s) deK
2, Lt mv k , d12K K K
S+—RT—S+ T"" ams
a ﬁaJ

if the appliied force is considered to be a step of amplitude Fa'

R.djy
gr_ - a (i
2
2 Isteady-state 917K, KnKs
dlzKaKmKs
where it has been assumed that T << R . The block diagram of the
a

system with angle considered to be the output is shown in Fig. 3.

Cobailt Motor Desigﬂ

The constant relating force to input current for the cobalt motor can be

derived by considering the configuration shown in Fig. 4. and considering first

only one side and the core. The force acting on the core due to current in
the coils of one side Is given by:
dE

F = = (12)
dxo
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Figure 4. Cobalt Motor-Sensor: Schematic of Top View



where

E = stored energy in the magnet

X, = iength of the air gap.

For a magnet with inductance L, the stored energy is

E = 5 LI2 (I3
}i Substituion of Eq. (13) Into Eq. (12) yields
[+] [o]
or
F=2'-12§’§:+LI§:—° (15)

The second term on the right of Eq. (I15) is negligible if the amplifier

driving the motor Is a good current source. Therefore

. | g2 db
F = 7.1 3§; (16)

o Mu;uuni~1.§&+;;"*mew:u«nmm;mmeﬂﬂlﬁWMﬁkﬁMﬂMﬂWﬂlﬁmmmﬂ'“’*‘""l!"l‘- o

The reluctance of the total magnetic path (assuming 'that the center pole

face has twice the cross-sectional area of the other two faces) is

P TR LIRS I

RT=2_11.+4x° aun
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where

2, = mean length of the path in the magnetic material encountered by flux ¢;

b4
]

cross-sectional area of the magnetic material

| =4
]

permeabi |1ty of the magnetic material

=
]

permeablility of free space.

Therefore, the inductance is given by

§

= 2 2 2

e nNi.sN =N =N 8)
sk ¥
%

= or

= u_AN2

: L= O (19)
% .‘2‘."_1.+4x°

= r

i§

%% where . = relative permeability of the magnetic material.

E Substitution of Eqs. (19) and (13) iInto Eq. (12) gives the expression

for the force developed by one side of the motor.

- 2u A(ND)2

F = L) (20)
‘-zil + 4x )2
L Dr [

Equation (20) shows that the force of a single magnet motor is a noniinear
function of the current. This is an undesirable feature because it unneces-

sarily complicates system stabiliity and force readout. The motor constant

can be linearized by adding a second magnet which acts in opposition to the

force of the other magnet. The sum of the two forces Is

15
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(I + a2 (1, - aD?
AF = F) = Fy = quN2 . —- 21
B4 2xy + 402 (B4 2y - 402
Ur. ur

where

L = Io + Al = current in one side of motor = quiescent plus differential
current

I, = I° = Al = current in other side of motor = quiescent current minus
the differontial current

X3 = X] + X3 = total air gap

x
n

relative position of the armature

5% + x = air gap of one side

X1

X3 =<§1 = x = alr gap of the other side

If the system gain Is high (resulting in a small steady-state displace-
ment), the change of the core position is small compared to the air gap, and
Eq. (21) simplifies to

4y ANZ? I Al
[«} o

V2 (E-L + X3)2
ul"

F =

(22)

From Eq. (22) it is apparent that the force developed by the two magnet

motor is linear with respect to the differential current,
Equation (22) also makes apparent one of the most Important motor design

considerations - the relative permeabi!ity of the core material, |f the cobalt

16
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motor sensor is to satisfactorily operate over the specified temperature range,

then the inequality

%L << X3 (23)

must hold over the entire range. |[f this inequality is not true over the range,
then the force reading will be affected by the temperature because the per-
meabi lity of any magnetic material is a function of temperature - particularly
in the vicinity of the Curie temperature. The above inequality therefore
provides a specification for the minimum reiative permeability for the core
material at the upper end of the temperature range. Assuming a magnetic path
length of 1.9 inches and an air gap of 0.025 inches, a relative permeability

of 380 will satisfy the inequality by a factor of ten,

A literature search for properties of high temperature magnetic materials
resulted in the choice of pure cobalt (at least 99% cobait) as the only known
magnetic material which would operate in the vicinity of 2000°F (1093°C). The
Curie temperature (the temperature at which the relative permeability becomes
unity) of pure cobalt is 2050°F (112i°C) according to Young [R. S. Young,
COBALT, its Chemistry, Metallurgy, and Uses, Reinhold Publishing Corp.,

New York (1960).] Unfortunately this |iterature search failed to provide a
reliable profile of permeability as a function of temperature. Therefore the
exact maximum operating temperature of the cobalt motor cannot be predicted,
but extrapolation of available data indicates that this maximum should occur

at 1600 - |800°F (871 - 982°C),




In order to test the feasibility of this type of motor for the skin
friction application, a low temperature mode! was constructed utilizing brass
for the housing, 14% vanadium supermendur for the magnetic material, 12 turns
of #22, B & S 80-20 nichrome wire with Hi-Temp Wire Company woven quartz
insulation on each magnet and two Bendix free-flex cantilever pivots type
5006~600 for the flexure., Furthermore, the model incorporated Tefion insula-
tors which determine the mode! temperature Iimit of approximately S00°F (260°C).

Static data at room temperature was taken using the experimental apparatus
shown partially assembled in Fig. 3. This apparatus with its precise adjustments
for positioning the balance and centering the LVDT body with respect to the core
was necessitated by the problems encountered in taking data with a less sop-
histicated balance. All of the motor data was taken by loading the balance
and then increasing the motor current until the motor force equaled the applied
force. This null was detected by reading the LVDT output voltage.

Figure 6 shows the force curves obtained when only a single electromagnet
is energized. Curve I is the force cur ‘= for an air gap of 0.050 inch and
curve Il for an air gap of 0.025 inch. These curves clearly show the non-
linearity predicted by Eq. (20), and they corroborate the Iinverse square
dependence on the size of the air gap.

Figure 7 shows the force curves when two opposing electromagnets were
energized. Again curve I is for 0.050 inch air gap and curve Il for a 0,025
inch air gap. These curves ciearly show the linear relationship predicted by
Eq. (22), and they corroborate the inverse square dependence on the size of

the air gap.
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Cobalt Sensor

The type of motor-sensor structure that has been described can be realized
In several configurations. For example, one configuration uses the lower
coil pair and core as two elements in a bridge. The signal from the bridge
can be amplitude or phase detected, This configuration is shown schematically
in Fig. 8.

The bridge Is balanced when the core is centered between the two electro-
magnets (null position). A movement of the core in either direction from the
null position will result in a bridge unbalance, and the voltage on the output
will increase from the null value. This output voltage can be amplitude
detected to give a dc voltage that is proportional to the distance of the core
from the null position; however, this does not provide information that in-
dicates the direction of displacement. |f mechanical stops are provided to
Iimit motion to only one direction, the directional information is not necessary.

Alternatively, the output of the bridge can be phase detected. This pro-
vides directional information because the sign of the phase reverses as the
null is traversed. Therefore in order to provide a more generally usatul instru-
ment which could balance férces in either direction, phase detection was chosen.

In order to minimize adverse temperature effects, the two added bridge
elements should be identical electrically and mechanically to the sensor
elements except that the core of the added elements will be fixed‘in position.
The added bridge elements then become a part of the motor-sensor structure and
are subjected to the same environment., In the prototype that has been built,
the external bridge elements have been simulated by slug tuned inductors and

variable resistors in order to obtain preliminary ciosed loop data.

22




DU Gl L L Gl L L A LR ML

AR it

=
z
]
g
z
%
E
5
:
'z
¥
g
E
£

Rt tame . pmpe - eSS CIomeee | om oprFes i Fel S WL TS

~

Sensor

Carrier Elements

Generator
(Floating)

External
Elements

To Preamplifier
And Detector

A

Figure 8. Cobalt Motor-Sensor: Sensor With External Bridge Elements




Lo LA B AR R

SRR L

il H R R R e S

The schematic diagram of the electronics package given in the next section
shows the associated sensor driving and detection circuits, The sensor bridge
is driven by the output of a differential amplifier. This allows one side of
the output of the bridge to be grounded. The output signal is ampiified by a
preamplifier with a gain of 1000 and passed through an adjustable phase shifter
to the signal input of the phase detector. The reference input of the phase
detector is driven by the output of one side of the differential amplifier
through a gain 20 preamplifier. By deriving the reference from the signal
that is actually drivihg the bridge (as opposed to using the output of the
20 kHz generator), the effects of phase and amplitude distortion by the bridge
and driving amplifier are minimized.

The transfer characteristic of the sensor is given In Fig. 9 for two
amplitudes of carrier generator voltage. This is the voltage measured at the
output of the carrlier generator as shown In the schematic. The dashed lines
indicate the specified maximum steady-state angular displacement and the re-

sultant output.

Contro! and Sensing Electronics

The electronics package for the sensor basically consists of four sections:
carrier section, demodulator section, gain and compensation section, and the
power amplifiers. The complete schematic Is shown in Fig., 10 with the major
sections outlined,

The carrier section consists of the 20 kHz sine wave'genera*or (hp 651A),
emitter follower buffer stage, and current source stabilized differential ampli-

fier. The differential amplifier is provided with balance and bias level! controis.
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The demodulator consists of a preamplifier with a gain of 1000, an ad-
Justable unity gain phase shifter, an untuned phase detector, and a reference
preamplifier, Adjustments are provided for signal level, phase and reference
jevel,

The type of phase detector shown in the schematic was chosen for expediency
and did not exhibit amplitude rejection as gocd as can be obtained, This caused
a problem because changes in the carrier generator amplitude vary the nuill of
the system. This phase detector should be replaced by a tuned phase detector,

The power amplifiers that have been used in all testing to date have been
hp-Harrison 64338 dc power supplies connected in a master-slave configuration
with the master remotely programmed by the ampiified error signal. The pro-
gramming connections are shown on the schematic. These power supplies are
suitable as power amplifiers as long as relatively fast response is not necessary.
The bias necessary to establish the quiescent motor current is provided by the
single transistor output stage of the gain and compensation section,

The gain and compensation section embodies two stages of combined gain and
frequency response shaping, a third stage of gain, and finally a stage providing
gain and bias ‘o set the quiescent current ievel, The total required voltage
gain Is dictated by the steady~state displacement specification and the sensor
sensitivity of Fig. 9. The power amplifiers have unity voltage gain.

A plot of the uncompensated open-loop frequency response is shown in Fig.

I 1. This data was obtalned with the power amplifiers described above, Qnd it
is believed that they primarily establish the frequency response although no

data was taken to confirm this, The asymptotic approximation to a frequency
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response that will be stable is aiso shown in Fig. 1l. This requires a
compensator with a double pole at 0.06Hz, a zero at 0.4 Hz, and another zero
at 0.6 Hz, The compensation shown in the schematic was inserted and stabilized

the system,

Closed Loop Data

=
£
s
Z

The cobalt skin friction sensor was operated closed loop with the proto-
type motor-sensor and electronics package. The results of the room temperature
tests were encouraging, but extensive high temperature tests were not conducted
for reasons to be discussed.

Calibration curves for two different values of quiescent motor current are
shown in Fig. 12, and the corresponding values of steady-state deflection are
shown in Fig. 13, The calibration curves exhibit good linearity and a maximum
experimental deviation of less than 5%.

The experiments were conducted with a maximum applied force of 1400
miligrams (3.08) millipounds) which is slightly less than half the specitied
maximum force because of power amplifier limitaticns. This can be overcome by
decreasing the motor air gap by a factor of Y2 and retaining a quiescent
current of 2.0 amperes. This would double the system gain and further decrease
the steady-state displacement. Even with the 0.025 inch air gap and 2.0
ampere quiescent current, the steady-state displacement is within the speci-
fications.

It has been.previously mentioned that minimization of adverse temperature
effects requires that all of the bridge elements of the sensor should be

identical ly constructed and subjected tfo the same temperature environment.
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in the prototype this was not done in order to expedite obtaining closed-ioop
data, Therefore, when the motor-sensor structure was heated, the null shift

was too large to obtain meaningful high temperature data.

Temperature Effects

The extreme temperature environment in which the skin friction sensor must
operate creates several problems, In addition to the error caused by per-
meability change In the magnetic material of the stator and rotor, the following
areas should be examined for the effects produced by the wide temperature
variation:

I. Flexure spring constant and nuil position variation

2. Coil winding resistance variation

3. Structural dimensional variation.

Flexure spring constant and null position variations are still a subject of
study and are considered in the flexure section of this report, |t can be said,
however, that the spring constant variations will have little effect on the
operation of the cobalt motor-sensor as long as the inequalities given below
Egs. (9) and (11) continue to be satisfied.

The effects of changes in *he coil winding resistances can be held within
acceptable limits with proper electronic package design. The motor force
constant is proportional to differential current, and the calibration of the
instrument can be maintained if the power ampiifiers are good voltage to current
transducers rather than just power amplifiers, Furthermore resistance change
effects on the sensor can be minimized by using the configuration proposed in the

next section.
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Structural dimensional changes probably produce the most significant errors
except those introduced by permeability changes. Linear and volumetric expansion
of the core and pole material will produce changes in the gap and area of the
motor and sensor. Operation of the motor-sensor in the configuration of the next
section will tend to minimize the sensor errors, but the motor force constant
will be changed. Furthermore, there is a discontinuity in the magnitude of the
error when the structure of the metal changes from hexagonal close-packed to
face centered cubic at a temperature in the range of 752 to 842°F (400-450°C).
The coefficient of linear expansion for temperatures below the transition is
12,6 x 10-6/°C and for the higher temperatures is 14.2 x |0-6/°C [R. S. Young,

COBALT, Its Chemistry, Metallurgy, and Uses, Reinhold Publishing Corp., New York

(1960).] Even within the iwo ranges (below and above the transition), the co-
efficients are weak functions of temperature.

Some idea of the change in the motor constant can be obtained by assuming
a "worst case" in which all of the expansion of the poles is in the direction
of decreasing gap. Over the range of room temperature to 2000°F (1092°C), each
gap will change by almost 0.009 inch or from 0,025 to 0.016 inch. The motor
force constant is inversely proportional to the square of the gap, and for this
temperature range, the motor constant increases by a factor of 2.75. The force
readout can be calibrated to read the correct force despite this change if the
motor temperature is monitored.

This discussion points out the necessity for very careful design of the
high temperature version. |t shouid be possible to mount and constrain the
pole pieces wifhin the structure such that their expansion will be fully or
partially offset by expansion of the structure. The expansion of the core itself
would remain, but for the previous range, this amounts to only a 0,002 inch

change in each gap.
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Suggested Improvements for the Cobalt Motor-Sensor

The motor force constant for a given cobalt skin friction sensor can be
doubled and the temperature characteristics and sensitivity of the sensor can
be significantly improved by operating the same motor-sensor assembly in a
somewhat different configuration. This configuration is shown schematically
in Fig. 14, In this figure L, & Ry, Ly & Ry, L3 & R3, and L, & R, represent
the four coils of the motor-sensor, and Lg through L;g are external chokes
added to decouple the high frequency carrier path from the low frequency motor
path. The capacitors are for dc blocking.

The motor force constant is doubled in this configuration because the torque
on the rotor is produced by an opposing coi!l pair on the top and an opposing coil
pair on the bottom. In order to accomplish this, diagonally opposite coils are
driven in series or parallel by the same amplifier while the other diagonal pair
is driven in series or parallel by the other amplifier.

In this configuration the sensor consists of a bridge formed by the four
coils with appropriate decoupling elements to prevent the power amplifiers from
affecting the bridge. If the force on the test éecfion moves the section to the
right, the inductances of the top right and bottom left coils increase, and the
inductances of the top left and bottom right coils decrease. This change will
unbalance the bridge, and the signal can be phase or amplitude detected as before.
Héwever, in this case, the sensitivity should double because ail four elements
of the bridge are changing. Furthermore, changes of inductance caused by temper-
ature variations should be minimized by the self-compensating nature of the
bridge because al! four coils are identical and are subjected to the same temper-

ature environment,
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This method of operation of the skin friction sensor requires the addition
of the chokes and they must be rated to carry the full motor current of a few
amps, This makes the external electronics package significantly heavier, and

this might |imit the applicability of this configuration in some cases.

Conclusions

The data and developments that have been presented in this chapter indicate
that the cobalt motor-sensor approach could be developed to produce an instrument
which would be useful over the temperature range from near absolute zero to
approximately |750°F (954°C). in order to extend its operation to cover this
range, the motor-sensor structure and the electronics package would have to be
modified as discussed in the previous section,

It was stated in Chapter | that the cobalt motor-sensor approach to the
skin friction measurement probiem was started one year behind the other electrical
approach and that it has remained approximately one year behind. This is the

primary reason for discontinuing this approach,
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CHAPTER |11
PNEUMATIC SYSTEM

A high temperature breadboard model has been built and tested to 2000°F.
Figure |5 contains a picture of the breadboard model. The picture was taken
after the high temperature test, Figures 16 and 17 show the schematic and
biock diagrams of the system respectively.

The complete experimental setup is shown in Figs.!8 and 19. A Bendix
5/8 inch diameter flexure is used as the frictionless pivot for the force
applicator, The sting is made frem lava and a metal spear head is attached
to the end of the lava sting by a high temperature ceramic adhesive Ceramabond
503. In order to reduce the stiction between the sting and the flapper arm,
sonic vibrations were applied to the force applicator by a speaker. Reduction
of the stiction to a negligible amount was possible.

Data were taken at seven temperatures (75,400,800,1200,1500,1800, and
2000°F). For each temperature three sets of open loop data (data on pneumatic
damper alone) for different damper supply pressures (PO =5, 8, and 12 psig)
were obtained. Three sets of closed loop data were obtained by changing the
flapper-nozzle vaives supply pressures (P; = Py' = 5, 10, and 15 psig). The

damper supply pressure P° for the closed loop test was a constant of 8 Psig.

Data on Pneumatic Damper

Taking the applied torque, t, as the input and the angular deflection of
the flexure flapper, 6, as the output, the experimental results can be plotted

as a family of curves with respect to temperature for a constant supply
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Figure 15.

Pneumatic System: Breadboard Model of The Skin-Friction
Meter After High Temperature Testing
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pressure Po' Figure 20 shows the load versus deflection relation for a damper
supply pressure of 8 psig. it Is interesting to note that the relation between
input and outpui is nearly linear. A least square straight line fit is used,
which shows that all the data points are within 6% error’ of the straight Iine.
The value t/8 decreases with temperature. This is predicted by the theory.
Table | summarizes the straight line load sind deflection relations for all the

tested data.

Closed Loop Data

Three different supply pressures for the two identical flapper-noczie
valves were used: 5, 10, and |5 psig. As mentioned before, the damper supply
pressure is 8 psig for all the closed loop experiments. Figures 21 and 22 show
the relation between input torque and angular deflection, 6, for room temperature
and 2000°F respectively. Three important points should be noted. First, if Tthe
test element is mounted on an arm having an effective radius of one inch (from
the surface of the floating element to the rotation center) and a one inch
square surface area is assumed, the angular displacement is timited to 0.5 x IO'3
rad for the full load of 7 x 10~ in-ib., It is shown in Figs.2! and 22 that
all the closed loop data meet this specification. Second, temperature has a
definite effect on the system gain. This is partially due to the gain increase
of the air damper for higher temperatures and partially due to the static
characteristic of the flapper-nozzie valve unit. The temperature effects will
be discussed further in the following section. Third, with only a few exceptions

the data can be considered to be linear. The straight !'ine representations were

#*

. . tual e - desired va
error is defined as jactua valu S fue

desired value
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Figure 20. Pneumatic System: Load Versus Deflection Relation for
a Pneumatic Damper With Py, = 8 psig
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p

o 5 psig 8 psig I2 psig
Temperature
o' T - in"‘b

75°F 7" 4,603 T 6.614 9,522
400°F 5.896 7.959 11,148
800°F 6.765 10,454 13.478
1200°F 8,612 10.823 13.929
{500°F 9.239 12.313 15,776
1800°F 10,983 14,266 19.432
2000°F 13.461 19.251 23.545

Pneumatic System:

TABLE |

Slopes of the Load and Deflection Relation for Different Supply

Pressure Po and Temperatures
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Torque 10~3 in-1b

p;= 15 psig P,= 10 psig P,= 5 psig

1 1 1 i | |

Figure 21,

0.2 0.3 0.4 0.5 0.6 0.7

Pneumatic System: Load Versus Deflection Relation for the
Closed Loop System at Room Temperature
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Figure 22.
for the Closed Loop System at 2000°F
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obtained by a least squares fit., The slopes of the lines are shown in Table
.

The output of this breadboard model is the differential pressure AP,
from the flapper-nozzie valve unit. Figures 23 and 24 show the relation
between input torque and differential pressure for room temperature and 2000°F
respectively, Since applled torque is the actual input and differential
pressure from the flapper-nozzle valves is the actual output, the relations
shown in Figs. 23 and 24 serve as calibration curves for the system. Again,
linear least square curve fitting is employed. The siopes are shown in Table

Temperature Effects

Temperature effects can be emphasized by plotting the straight line
slopes of the torque versus AP, relation as shown in Fig. 25 and torque versus
0 relation as shown in Fig. 26 , in which both open loop and closed loop data

are included.

Conclusions

All the vital parts of the breadboard model system are made of RA 330
stainless steel while all the tubing and fittings are made of 316 stainiess
steel. Thébbreadboard mode! system has been tested to 2000°F. After the
system cooled little oxidation showed on the RA 330 stainless steel but some
oxidation was on the tubing., It was not possible to take data from 2000°F
back to room temperature because some oxide clogged the jets. It is believed

that the oxide was from the 316 stainless stesi +ubing,
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Py = P! 5 psig 10 psig 15 psig
Temperature
o 1_ in-lb
75°F 5 = 28,10 “Tad. 46,42 63.80
400°F 30.47 44,80 64.05
800°F 35,35 53,18 74.58
1200°F 38.45 50,33 71.99
1500°F 38.45 55.35 78.35
| 800°F 43,92 64.95 80.50
2000°F 48,52 69.52 85.20
TABLE |

Pneumatic System: Slopes of the Load and Deflection Relation of the Closed Loop

System for Different Supply Pressures P, and Temperatures
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Figure 23. Pneumatic System: P_ Load Versus Differential Pressure
AP, for the Closed 8oop System at Room Temperature
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AP, nsi

1.0
0.9~ 1 psig
0.8 0 psig
0.7 - Pl 5 psig
0.6} p
0.5
0.2}
0.
| | | I | | | i | | ] 1 1
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Torque 10"34n-1b
Figure 24. Pneumatic System: Load Versus Differential Pressure

AP, for the Closed Loop System at 2000°F
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Py=Py* 5 psig 10 psig I5 psig
Temperature
o 2Py, y
75°F *2 = 48,18 mgw 52.19 54,52
400°F 45,88 51.51 52.76
800°F 43,12 49,07 52.45
1200°F 42.09 49,47 51.314
1500°F 41,15 48,33 49,39
1800°F 39,17 45,07 47.22
2000°F 36.56 42,06 46,19
TABLE |11

Pneumatic System: Slopes of the AP, and Load Relation of the Closed Loop System

for Different Supply Pressures P, and Temperatures
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Figure 25. Pneumatic System: Input-Output Variation Due to Temperature
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Figure 26. Pneumatic System: Input-Displacement Due to Temperature -
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Based on the high temperature experimental results and previous research,

3
£

development of a skin-friction meter which will work in temperatures to 2000°F

appears to be practical.
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CHAPTER IV

HiGH TEMPERATURE PROPORTIONAL FLUIDIC AMPLIFIER

The vented jet proportional amplifier shown in Fig.27 is being developed
to use In the fluldic system. |t has been tested at 2000°F, It is made of
RA 330 stainless stee! (AMS 5592) produced by Rolley Alloy, Inc. Tests per-

formed after cooling indicated that groove dimensions were not affected by

%
i

iy

corrosion. Most of the corrosion was found in the 316 stainless steel pipes

and unions.

b L B e T

Dimensions of channels and the angle between the two output ports were

limited by the facilities available for machining. For the same reason it was
necessary to make the center dump, In order to avoid any internal or external
leakage, both plates were:lapped and brazed together. A vacuum oven at NASA

Langley Field was used for this purpose.

Supply fiow was measured at different temperatures and Fig. 28 shows its

variation.

gt R Bt

Static response normalized data is presented in Figs.29to 34, From these

data it is not possible to predict accyrately the output characteristics for

_’% other temperatures than those given. Input characteristics are much more
. predictable,

From the amplifier gain, Figs. 35 to 39, it is apparent that the gain
was affected by temperature, varying from 5.18 at 70°F down to 2.90 at 2000°F.
An explanation for this decrease in gain is available from Fig. 40. |t shows

_§; how the output load decreases as temperature increases.,
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Left Control Port

Left Output Port

Right Output Port

Nomenclature
= Supply Flow
= Supply Pressure
PcL = Press., Left Control
PcR = Press. Right Control
PoL = Press. Left Output
PoR = Press. Right Output
QcL = Flow Left Control
QcR = Flow Right Control
QoL = Flow Left Output
QoR = Flow Right OQutput

AP = Pey = Per

%
Ps

Supply
Port

we = 0.021
w, = 0.032
w- = 0,032
L° = 0,240
s = 0.037
21 = 0.250
2o = 0.180
h” = 0.046 (depth)

Aspect ratio = h . 2.19
Ys

Figure 27. Fluidic Amplifier: Schematic
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Figure 28. Fluidic Amplifier: Supply Flow vs. Temperature
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Figure 29: Fluidic Amplifier: Normalized Characteristics - 70°F
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Figure 30, Fluidic Amplifier: Normalized Characteristics - 500°F
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Tests were also performed for different supply pressures at room tempera-

ture, 1000°F and 2000°F. Increasing the supply pressure increases both the
gain and the |inear range. The pressure ampiification factor Kp, defined as
the ratio of the change in output pressure to the change in contrul pressure
when the output flow Is constant, increased from 3,70 at 70°F to 4.70 at
2000°F as shown in Fig, 39.

Null shift, 1s defined as either the differential output pressure required
for zero control differential pressure or as the differential control pressure
for zero differential output pressure. Null shift is shown in Fig. 4l as a
function of temperature.

The amplifier Iinear range is neariy constant over a realtively large
temperature range. |ts largest change is in the range from room temperature
to 500°F. These data are In Fig. 42,

Test results show that control resistance increased with increasing tempera-
ture. Output resistance behaved in the same way for temperatures to 1800°F;
beyond |800°F, output resistance decreased at a large rate.

The frequency response has been calculated from theoretical Considerations
of the system, Work is in progress on a pneumatic sinusoidal signal generator

which will be used to obtain experimental frequency response data.
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CHAPTER V
GAS BEARING SUPPORT

This chapter contains a complete reproduction of a Masters Thesis
pt"esenfed to the School of Engineering and Applied Science by Andrew Ludwig
Schiibe, June 1969,

74



L N70-13077

DESIGN AND EVALUATION OF A GAS BEARING
SUPPORT FOR A SKIN FRICTION METER

A Thesis
Presented To
the Faculty of the School of Engineering and Applied Science

University of Virginia

In Partial Fulfillment
of the Requirements for the Degree

Master of Mechanical Engineering

by
Andrew Ludwig Schilbe, Jr.

June 1969

AR R ek R R ML

I




APPROVAL SHEET

This thesis is submitted in partial fulfillment of
the requirements for the degree of

Master of Mechanical Engineering

Author

Approved:

Faculty Adviser

Dean, School of Engineering and
Applied Science

June 1969

ii



ABSTRACT

A gas bearing support system for a skin friction meter to operate
in an extreme temperature environment is presented. Restrictor fed
hemispherical bearings with three symmetrically located pads are employed
for support of the moving elements of the meter.

An experimental investigation was performed to determine the static
stiffness of the gas bearing system. The influence of temperature on
the stiifness and load carrying capacity of the bearing was determined
experimentally. The entire system was successfully tested at ambient
temperatures up to 2000°F.

Finally, recommended design changds to increase the stiffness,

based on the experimental analysis, are suggested.
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CHAPTER I

INTRODUCTION

This thesis concerns the development and evaluation of an exter-
nally pressurized gas bearing support for a skin friction meter. The
support system mus: be able to operate in a hostile enviornment consist-

ing of extreme temperatures and large vibration and acceleration fields.

-

Background

In the development of a high speed rocket or jet engine, the
direct measurement of aerodynamic skin friction drag is necessary in
order to determine the in-flight thrust. During the past year, a joint
research effort by the Electrical and Mechanica] Engineering Departments

at the University of Virginia has been undertaker to develop an instrument

to measure skin friction drag at high Mach numbers. Sponsorship of this

research is by the Force Measurements Group of NASA at Langley Research

Center, Hampton, Virginia. The purpose of the skin friction meter will
be to measure the thrust of a hypersonic ramjet engine that will be
mounted below a high speed aircraft. These measurements will be made at
altitudes up to 123,000 feet and Mach numbers up to 8.0 (1). The meter
will also be generally useful for wind tunnel experimentation at high
temperatures.
Guidelines for the development of the meter are as follows (1), (2):
1) The meter must operate at temperatures up to 2000°F.

2) Forces due to acceleration, g units:




z

f g'g g longitudinal
+ 1.0

- 1.0 8 transverse
f g'g g normal

3) Accelerations: The maximum acceleration in the direction

of flight in 3.5 g.
4) Space requirements: The height is to be no greater than

2 inches. The other two dimensions could be somewhat larger.

5) Vibration: Environmental levels of 0.06 inch double

amplitude from 10 to 55 H; and 10 g vibration from 55 to

2000 Hz are possible.

6) TForce measurement range: The instrument is to be capable

of measuring a force of 0.7 to 7 millipounds.
7) The maximum deflection of the target shall not exceed
0.0005 inch. The target is a small area of the aircraft

skin which is free to mov. when acted upon by a friction

drag force.

Three approaches to the development of the meter are being investi-

gated. Two are primarily electrical and the other is a pneumatic system.

A schematic of the pnematic system is shown in Figure 1 since that is

the approach that will best accommodate the gas bearing support. The

flapper valves sense the deflection of the arm by a differential pressure

output. The pressure difference will be fed through a fluidic amplifier

to the air motor thus applying a restoring force to the arm to make a




Target Aircraft Skin
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FIGURE 1

Schematic Diagram of Pneumatic Skin Friction Meter
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4
closed loop position control system. The skin friction force readout
will be proportional to the pressure differance sensed by the valves.

Since the flexure pivot used in Figure 1 adds a constraining force
to the system, a pivot of zero starting friction (stiction) with no
constraining force would be desirable. This can be realized by replacing
the pivot with a gas bearing.

The entire system is subjected to large accelerations. Ashby (2)
had developed a means to counterbalance the skin friction meter against
the effects of the accelerations. These accelerations cause high inertia
loading on the flexure or the gas bearing which will replace it. There-
fore, a high stiffness in the direction of loading is necessary to insure
minimum displacement of target. The stiffness of the bearing is therefore

of particular interest in this work.

Scope

This thesis covers the development of a set of two hemispherical

gas bearings and the mating target carrier or rotor. A brief survey of

the pertinent literature on externally pressurized gas bearings is
presented. A simplified analysis of the bearing lift and its dependence

on various system parameters is included. Other factors which influence

the design of the bearing system are considered. The experimental
investigation, including the design and construction of the apparatus

is presented with special emphasis on the bearing system stiffness results.
The 1ift results are compared with the simplified analysis. Recommendations

are given for possible improvement of the overall system performance.




5
Conclusions are stated as to the feasibility of applying the described

bearings in the hostile environment.

Literature Survey

The literature available on externally pressurized gas bearings
is much too great to list here. Only those of particular interest or of
notable use in preparation of this thesis are cited.

A book by Gross (3) deals entirely with gas lubrication, both
self~acting and externally pressurized. However, the treatment of the
externally pressurized bearings is limited. Relationships for pressure
distribution and load for a hemispherical bearing are presented. Appli-
cation of these equations will not hold for the present design, since
coincident centers or symmetrical eccentricity about the line joining the
center of the sphere and source are assumed.

A paper by Lsub and Norton (4) deals with the analytical and ex-
perimental study of externally pressurized spherical gas bearings. Corey,
et al. (5) presented experimental work on spherical bearings from which
some empirical equations are derived. Both of the systems mentioned above
support loads along a limited number of axes (i.e., a sphere in a single
mating bearing).

The load carrying and operational properties of a multiple pad
sperical bearing support system are dealt with by Speen and Grant (6).
Six circular concave spherical pads support a sphere in all directions by
orienting pairs of opposed pads at 90° to each other in three mutually

perpendicular directions.
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An extremely informative survey on the design, construction and
use of fluid film bearings has been compiled by Geary (7). Many design
suggestions are cited along with an extensive bibliography.

Boyd, Kaufman, and Raimondi (8) have presented design and reference
data for simple as well as opposed pad bearings. A design manual by

Rippel (9) is available which lists many bearing configurations and related

design factors.

Gas lubricated bearings as applied to instruments are dealt with
in a paper by Denhard and Pan (10). A thorough list of references that
covers three types of lubrication (Self-Acting, Externally Pressurized,
and Squeeze Film) is given.

Finally a survey on gas bearing technology since 1959 is given by
Gross (11). A discussion of the major changes in gas bearing technology
is presented along with numerous references.

No reference was found that considered the particular geometric

configuration that is dealt with in this theeis.




CHAPTER II

BEARING SUPPORT SYSTEM

General Considerations

In developing a support for the target area, the following objectives

are considered.

1. Sufficient load carrying capacity

2. Maximum stiffness

3. Minimum flow (gas consumption)

4. Maximum clearance between surfaces

5. Zero stiction

6. Freedom from instabilities

7. Zero turbine torque

8. Materials to withstand 2000°F

9. Minimum alignment problems
The above objectives are liable to conflict, so that design compromises
must be made in order to obtain a practical design.

Gas bearings are classified as self-acting, if the lubricating
film exists because of relative tangential motion, squeeze, if due to
relative normal motion, and externally pressurized, if due to an external
pressure source (3). In instrument design, externally pressurized gas
bearings have proved particularly useful when applied as supports for
null devices, as is the case in this study. This is due to the very low
frictional resistance to rotation and zero starting friction (stiction)

(6). Other advantages include no wear, relatively large film thicknesses
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(on the order of 5 to 20 x lO—q inches), and a viscosity inérease with
increasing temperature.

To minimize gas flow and increase stiffness of an externally
pressurized bearing, a restriction such as an orifice or a capillary can
be added between the supply and the bearing surface. Increased load
capacity and alignment capabilities are consequences of providing pads
or pressure zones separated by grooves on the bearing surface. The
grooves are fed from the aforementioned restrictors. In this way the load
capacity is provided without large volumes of gas as would be present in
recesses. Recesses are commonly used in liquid lubricated bearings to
maximize the load carrying efficiency and to avoid pressure peaks by more
evenly distributing the pressure over the bearing area. Instabilities
in the gas film are less likely to occur with grooved pads since the
smaller volumes of gas indicate increased stability. To insure proper
gas flow, exhaust grooves can be placed between each pad. This esséntially
isolates the effects of each pad, thereby eliminating any cross feeding

between the pressure zones.

Support Configuration

The support system consists of two hemispherical bearings, a
nmating target carrier (rotor), and bearing holder structure. The bear-
ing holder was used for stationary fastening of the bearings and for
positioning the bearings relative to one another in the experimental set-
up. Accurate positioning was accomplished by eﬁploying a differential

screw mechanism on one bearing while fixing the other. The hemispherical
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beariﬂg mounted in the holder structure is shown in Figure 2.

The pad orientation and hemispherical bearing geometry are shown
in Figure 3. Detail sections for the exhaust and pad (grid) grooves are
also given. There are three pads located symmetrically with respect to
the line of centers of the bearings and separated by exhaust grooves.

The pads are fed from 0.0135 inch diameter capillary tubes of length
0.375 4inch.

The rotor was made cylindrical in shape with hemispherical cavities
in each end. Many trials were necessary to achieve a rotor configuration
that was free from any instabilities. The most successful is shown in
Figure 4.

The hemispherical bearings and cavities are lapped to 1.0015
inch and 0.9980 inch diameters, respectively. Bearing diameter was
measured by a micrometer which would read to the nearest 0.0001 inch.
After assembly, the rotor cavity diameter was measured with a 0.0001 inch
dial indicator by determining the total clearance between the bearing and
cavity.

Selection of the bearing dimensions was dictated by the maximum
height specification of 2 inches and also the availability of 1 inch
diameter spheres. The rotor wa: constructed so as to mate with the
bearings. Its' length was chosen from the standpoint of ease of manu~

facture and consideration of existing experimental apparatus.

Material Selection

ince one of the objectives of this study was the operation of
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the system at temperatures up to 2000°F, materials that would withstand
this environment must be employed. Some of the criteria that was follow-
ed in selection of the materials are listed below.

1) Oxidation or scaling resistance at extreme temperatures
2) High melting point
3) Sufficient strength at temperature and resistance to creep
4) Resistance to thermal shock
5) Resistance to furnace atmospheres containing nitrogen
6) Thermal expansion rates of differing materials should
be similar
7) Weldability
8) Ease of fabrication

The hemispherical bearings were made from AlSl 613 bearing steel.
This is a Martensitic secondary hardening steel that is commonly referred
to as M-50. This choice was dictated due to the ready availability of
1 inch diameter M-50 spheres.

The rotor and bearing holder was made from AMS 5592 stainless
steel (RA 330). Selection of this material was made after careful
consideration of the aforementioned criteria. Data available on RA 330
confirm service temperatures up to and including 2300°F with good oxida-
tion resistance up to 2100°F.

The nominal percent compositions for M-50 and RA 330 are-listed

below for comparison.
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RA 330
C Mg | s8¢ | 2 | s |Felece | Ny
0.05 | 1.5 | 1.25 | 0.015 | 0.015 | 42 | 19 | 36
M-50
Cr My | v

O
o
e

38.3 | 40 | 9.4

TABLE 1
CHEMICAL COMPOSITION BY PERCENT
OF RA 330 AND M-50

In Table 2 some selected properties of RA 330 and M~50 that proved
useful in preparation of the bearing system and experimental apparatus

are listed (12), (13).

A 3 B T I A AT
R R T AT o

Gas supply lines and tube fittings that were to be subjected to
extreme temperatures were type 316 stainless steel. Type 316 was used
since a local supplier could provide quick delivery and also the appli-
cation was less critical than for the bearing and rotor.

To insure that the system could be dismantled easily after the
experimentation, an anti-seize and lubricating compound ("Never-Seez")

was used on all screw threads. This was also used on the structure,

excepting bearing surfaces, to help decrease any corrosion or oxidationm.
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CHAPTER III

FLOW AND LIFT ANALYSIS

General Discussion

Flow through the bearing can be separated into three distinct
regions. The first region being the gas flow from the source to the
pad through a restrictor. This can be thought of as orifice flow since
experiments on short tubes show that the orifice pressure-flow law
applies (14). Then the gas flows from the exit of the restrictor to
extremities of the bearing pad. Radial and longitudinal flow occur in
this region simultaneously. Finally, the flow from the bearing pad to
the exhaust over lands will be primarily longitudinal. No attempt will
be made to determine the distributed pressure distribution over the
spherical pad since this is beyond the scope of this thesis. This

pressure will be assumed to be uniform over the entire pad area.

Restrictor Flow

The mass flow rate through the restrictor can be written as follows,

if subsonic adiabatic gas flow is assumed (15).
k+l

2/k
M, = Cp AP I G- ’T s) RT ( ) <—L> (3-1)

where T is the absolute temperature of the inlet gas at pressure Ps’

Sonic velocity at the orifice occures when Pl/Ps is leas than the
k

————

critical pressure ratio, (2/1+k)k-1. The flow is then said to be choked

16
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and the mass flow rate becomes

2 K+
k=1 k-1
M "Cp AP G 1) RT 1+k 1+k (3-2)

k-
The above equation holds for /P S I +k> and is independent

of downstream pressure, Pl.

Bearing Land Flow

If the bearing land flow is considered to be longitudinal and the

following assumptions made:

1) The flowing gas film obeys a polytropic relation

2) Fully developed laminar flow

3) Viscosity is independent of pressure

4) Steady flow

5) No body or inertia forces

6) Isothermal flow

then the mass flow rate can be written as (16),

b

- 2
ML 24uLRT,

1

®2-22 . (3-3)

In addition to the above analysis, the flow through the lands could
be considered as orifice flow. In this case, Eqs. (3-1]) and (3-2) could
be used. The only problem would be the determination or choice of a
discharge coefficient.

The choice of equations is dictated by the flow regime. If the

Mach number is less than 0.3, the laminar longitudal flow equation can
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be used with an error of less than 15% (16). For Mach number greater
than 0.3, Eq. (3-1) would be applicable. When the flow velocity reaches
sonic velocity, (Mach number = 1), the use of Eq. (3-2) is necessary.
Both Eq. (3-2) and Eq. (3-3) will be compared with the experimental
data. A rough velocity computation has shown that choked flow could

exist, thus Eq. (3~2) will be compared with experimental results.

Lift

Neglecting the land area, the load carrying capacity or lift of
the opposed pad bearing system is given by

A =|p, -2 | A, (3-4)

where Pz is the assumed uniform pressure over the lower pads and Pu is
the pressure over the upper pad. Since the pads are located symmet-
rically, the projected area, Ap, in any plane parallel to the line of
centers of the bearings is the same. Determination of' each pressure
and the projected area will then yield the total lift provided by the
bearing system.

Assuming constant and equally distributed mass flow through the

tubes, the pressure in each pad can be found from Eq. (3-3) as a function

of h.

24yLR
P -/ :ML + Paz (3=5)
1 bh
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Using subscripts L and u, the pressure difference becomes

; T A e L O S RN A A i
TR LT R P el P, : LA

AuLRT™ 2 24uLR
L

If one of the gap heights and the total clearance are kaown, then

the other gap height can be calculated from
l\g + h“ aC o (3“7)

This assumes that the curvature of the bearing can be neglected in com-
parison with the gap heights as is true in the laninar flow analysis.
However some radial flow may take place and the gap height will then be
a function of the spherical shape.

An alternative method of calculating the pad pressures is to use

the orifice equation as stated before. Then the appropriate values can

be substituted into Eq. (3-6)'to yield the total liftc.
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CHAPTER IV

EXPERIMENTAL INVESTIGATION

In order to ascertain the bearing system lift and stiffness as a
function of temperature, a model of the system was constructed and tested.
Supply pressure, gas flow, applied load, rotor displacement and oven
temperature were monitored. A related task was to observe for any
instability of the system. High temperature experimentation required
means external to the oven for gathering data and special consideration

of the materials used to build the bearing system.

Apparatuc

In Figure 5, a schematic of the gas flow and pressure measuring
set-up is shown. The gas used was untra-high purity (UHP) nitrogen so
as to eliminate the need for filtering the working medium. Also, the
nitrogen will help prevent oxidation on the surfaces and may nitride
the materials. Each bearing received the gas from separate sources.
Supply pressures to each bearing were regulated with KGM single stage
nitrogen flow regulators. These pressures were measured with Bourdon
tube pressure gages having 2 psi graduations. Both gages measure from
4 - 400 psi. Manostat Predictability Flowmeters were used to measure
the volume flow rates to each bearing. With the Predictibility Flow-
meter, a calibration curve can be calculated directly eliminating the
need for experimental calibration. The calibration curves for the flow-

meter and pressure gages are presented in Appendix A.

20
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FIGURE 5

Schematic of Gas Flow and Pressure Measurement System
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The bearing lift and vertical gap height measurements were made

using the balance system shown schematically in Figure 6. A balance arm
was mounted on a Bendix 'Free Flex' Pivot which was in turn mounted to
a rigid base that could be accurately positioned in three mutually per-
pendicular directions. On one end of the balance, a viscous damper was
used to damp out the oscillations that occur due to the application
and removal of the applied loads. To compensate for the unbalanced arm
and the damper force, an adjustable counterweight was added to the balance
arm opposing the damper. The bearing rotor and lava sting were connected
to the balance arm with a short length of nichrome wire at a distant of
1 inch from the flexure pivot. The wire was used to allow the applied
force to remain in a constant direction and thereby eliminate the
possibility of cocking the rotor. Weights were applied to the balance
arm at a distance of 10 inches from the flexure pivot. Therefore, the
effective force on the rotor would be magnified by 10. This will be
explained in the next section,

Displacement measurements were obtained using a Wayne Kerr vibration
and distance meter. Maximum rotor displacements of the order of 0.001
to 0.002 inches were to be measured; thus, an amplification of this
displacement was necessary. To accomplish this, the Wayne Kerr probe
was positioned over a smoothly ground surface on the balance arm at a
distance of 9 inches from the pivot. The displacement of the rotor was
sensed at a 1 inch moment arm from the pivot; tﬁerefore, the Wayne Kerr
measured 9 times the actual displacement, assuming small angular dis-

placement for the balance arm.
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Wayne-Kerr Probe C was used. The calibration curve for Probe C
is given in Appendix A. The full scale range for this probe is 0.010
inches. A requirement for distance measurement is that the two surfaces
that form the capacitor be parallel, However, if the angle between them
is less than 5° the distance measurement will be in error by 0.4 percent.
If the angle is as great as 8°, the error will be 1 percent. By visual
inspection alone, the angle can be kept less than 8°, thus imsuring an
error of no more than 1 percent (17).

To determine contact between the rotor and bearings, an electrical
circuit across the gap was formed using a 3 volt D.C. source and a pen-
light lamp. When contact occured, the circuit would be completed and
the lamp would light. Sensitivity of this set-up was improved by placing
a voltmeter across the lamp terminals. When the surfaces were barely
contacting, the lamp would not light; however, the voltmeter would indi-
cate a slight voltage drop. A zero voltage reading meant complete
separation of the surfaces.

A photograph of the entire test apparatus is shown in Figure 7.

The bearing system (rotor and hemispherical bearings) along with
the sting, bearing housing and gas supply lines were placed in the oven.
At temperatures above the ambient room temperature, insulation was placed

on the oven in an attempt to decrease thermal effects on the balance.

Analysis of Balance Arm

1. Rotor Displacement

Displacement of the rotor was to be measured. The rotor and sting




FIGURE 7

“xperimental Apparatus
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were connected to the balance arm by a flexible wire which was atle to

wrap around a machined radius on the arm. The deflection of the rotor

was then the arc length,~sB, as shown in FPigure 8, This arc length can

be expressed as follows:

(4-1)

Assuming no bending of the balance arm, the angle a; is then equal

to 91. The deflection indicated by the Wayne Kerr meter is A1 - Ao
As long as a, is less than 5°, SA will be A1 - Ao within 0.4 percent (17).

Let A1 - & equal A. Therefore the deflection SB becomes:

SB =rg o (4=2a)
since,
a, = el
and,
S
a, = r—A - ;A; (4-2b)
A A
then,
Y
B
SB =(5;>A . (4-2c)
s
The ratio of the radii, /rA, were made 1:9. Thus, SB was one-ninth of

the measured deflection.

Using the values of SB maximum and Tps the angle al can be calculated

according to Eq. (4-2a) as,

o000
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S = (0.002 inches

Bmax

Ty = 1.00 inches

- 0.002 - °
cl 100 0.002 radians or 0.115°.

Therefore, SA will equal A with an error less than 0.4 percent.

2. Bearing System Lift

Consider the free-body diagram shown in Figure 9. FB is the load

transmitted from the balance due to the applied load. The weight of the

rotor, sting, and associated fasteners are designated as W. The lift
provided by each hemispherical bearing is L/Z. For equilibrium the

summation of forces in the y-direction must be zero, assuming all

members are rigid, e.g.:

ZFy=0

therefore,
FB-%-%~W=O (4-3a)
or,
L=F_-W. (4-3b)

Next consider the free-body diagram of the loaded bLalance arm as

shown in Figure 10. The arm was originally balanced with respect to the
damper force and balance arm weight. Therefore; these forces will not
be considered in the analysis of the loaded arm. This assumption will

Al
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FIGURE 9

Free-Body Diagram of Rotor and Sting

—_—

FIGURE 10

Free-Body Diagram of Loaded Balance Arm
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hold since angular displacements are very small as stated in the discuss-
ion of the balance arm.
The load, FA’ is applied at a distance, L from the flexure pivot

center, p. The load transmitted from the sting is F The flexure pivot

Bl
produces a restoring moment, Mp' when the arm is deflected. The summation
of moments about point p, set equal to zero, yields the equilibrium con-

dition, e.g.,

ZMP = (0, assume clockwise positive

hS - - ) e
dp + FB e FA r cos a 0 (4-4a)
then,
M +F_r
F, =2 B3 (4-4b)
A rc cos al

In the previous section, the maximum value for a, was 0.115°.

The cosine of 0.115° is 1.0000. Therefore Eq. (4-4b) becomes:

F, = : + FB<%i> . (4-5)

The moment produced by the flexure pivot, Mp, can be calculated
knowing the torsional spring constant and the angular deflection. The
torsional spring constant is 13.3 lb.-in./radian (18). Angular deflec~
tion reaches a maximum of 0.092 radians. Therefore, the flexural pivot
moment is a maximum of 0.026 1lb-in. The magnitude of r. in the experi~
mental apparatus is 10 jnches. Then the force, p/rc, in Eq. (4-5) 1is

approximately 0.003 pounds. This force is negligible in comparison with

il
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M
the term FB(rB/rc). Rearranging Eq. (4-5), neglecting the term, p/rc,

yields:

r
C
Fp = FA<1~‘D . (4-6)

Subsituting Eq. (4-6) into Eq. (4-5), the lift becomes,

T
L= ng;i) - . (4~7)

The balance arm was constructed with the ratio of the radii r. ¥y equal

to 10:1. Therefore Eq. (4-7) becomes,

L =10 FA -W . (4-8)

Results
Prior to the high temperature stiffness tests, the tube flow at

room temperature was investigated. The supply pressure and mass flow

rate were monitored. The mass flow rate dependence ou supply pressyre

is shown in Figure 11. This is the mass flow through each restricting

tube exhausting to the atmosphere. For comparison, Eq. (3-2) is also

plotted on the figure. Values of the various constants used are listed

below.

k = 1.40
fe-1b

T = 535°R
A= 1.431 x 107" 4n
G, = 0.68

2

=
=
=
=
=
=
=
=
=
g
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TUBE MASS FLOW — Ib,/sec

FIGURE 11

Supply Pressure versus Mass Flow Rate for Tubes



33

At supply pressures above approximately 50 psig, agreement between
the orifice equation and the results is very good. As long as the
pressure at the exhaust remains less than 0.53 (critical pressure ratio)
times the supply pressure, the equation for choked orifice flow is appli-
cable.,

The bearing system was assembled and placed in the oven for the
next phase of the investigation.

The balance arm was loaded until contact was established between
the lower surfaces of the bearing and rotor. Then, the load was removed
in increments and the corresponding deflection was measured. The plots
of reduced lift versus rotor displacement (vertical gap height) for
various ambient temperatures up to 2000°F are presented in Figures 12,13,
14, 15, 16, 17, 18, and 19.

All of the aforementioned plots are for a supply pressure of 100
psig. At room temperature, 1000°F, and 2000°F pressures of 80 and 120
psig were used in addition to 100 psig. The 80 psig supply pressure
provided only approximately 1.65 pounds maximum lift at 75°F. At 120
psig, the 1ift was approximately 10% greater than that for 100 psig,
however the mass flow rate was also greater. A value of load carrying
capacity of about 2 pounds and minimum flow rate were desired. A com-
promise was made in selection of the supply pressure and 100 psig was
selected.

The maximum load carrying capacity was approximately 2.5 pounds at
75°F and 100 psig. At 2000°F and 100 psig, the load carrying capacity

was reduced to approximately 1.8 pounds. This was due to the decrease
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in mass flow rate and the increase in clearance as the temperature in-
creased. A plot of mass flow rate versus oven temperature is shown in
Figure 20. This is the total mass flow rate supplied to one bearing.
Thus, the flow through each restrictor will be one-~third of this total,

For comparison purpcses, the lift as a function of gap height at
75°F was calculated from the laminar longitudinal flow analysis and also
from the choked orifice pressure-flow law. The following values were
used.

uel.06 x 1000 P®/gecste

N, @ 446°R

. £t -1b
Ry, 55.16 TF%
T = 446°R

-6
M, = 203.7 x 100 b, .

b = 2 inches

L = 0.125 inches

k = 1.40

Ap = 0,125 in2 per bearing, normal to applied load direction

Cp = 0.61
The results are shown plotted in Figure 12. Agreement between the choked
pressure-flow law theory is within 151 for values of upper and lower gap
heights that are within 0.001 inch of one another. When the lower gap
height is 0.0008 inches or less the theory does not agres. Better agree-
ment between theory and raesults in the range, 0.0008 < hy < 0.0017 inch,
could be achieved by modifying the discharge coefficient. The laminar
longitudal flow analysis yields results which are in poor agreement with
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with the experimental results.

As the temperature increased, the clearance betwaen the bearing
and rotor also increased. This was due to different coefficients of
thermal expansion for the rotor and bearing materials. These coefﬁ}cien:s
are listed in Table 2. No attempt will be made to calculated the change
in clearance, since the exact tempe;ature gradient across the bearing
and rotor materials in unknown, and insufficient thermal expansion co-
efficient data is available.

A least squares curve fit was made on each of the lift versus
deflection curves. The slope is therefore the static stiffness of the
bearing system. This stiffness is plotted versus oven temperature in
Figure 21. The stiffness ranged from 1520 to 850 pounds per inch over
the temperature range of 75°F to 2000°F.

No instabilies were observed throughout the entire test. However,
there could have been some turbine torques developed in the film which
would not have been detected by this apparatus. The determination of
any turbine torques will be left for further study.

After the tests were completed, the bearing system was disassembled
and the bearing and rotor surfaces were inspected. These surfaces ware
found to be in excellent condition except for discolored spots that were
due to the hot gas. In Figures 22 and 23, the rotor and bearing condition
after being heated to 2000°F are shown. All other surfaces had a slight

scale due to the oxidation.
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FIGURL 22

Rotor Condition After 2000°F Test

FIGURE 23

Bearing Condition After 2000°F Test
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Discussion of Results

As has been stated previously, the system stiffness is of consider-
able importance. The stiffness decreased as the clearance or gap betwaen
the bearing and rotor increased. This clearance increase was caused by
the larger coefficient of thermal expansion of the rotor in comparison
to the bearing. The static stiffness is defined as dL/dh. Using the
choked orifice equation, the lift, X, is inversely proportional to h.
Therefore, the stiffness is inversely proportional to hz. For an in-
crease in the clearance, a corresponding decrease of stiffness occurs.
The exact value of this decrease can not be calculated since the pro-
perties of the film are also changing with increases in film temperature.
The film temperature was not measured in this experiment.

The maximum percent deviation from linearity is 8% and occurs
at low lift values. At 1600°F and 2000°F the deviations are the greatest.
A notizable drift was present in the Wayne Kerr meter at 1600°F and
could have been the major cause of the deviation. Drift was so excessive at
2000°F that a limited amount of data was taken. The standard error inm
the slope was calculated for each plot of lift versus deflection and was
found to be less that 1% in all cases.

The gap height at zero lift shifts a small amount. This is due
to the controller on the oven which allows the temperature to range from
+ 10°F to - SO°F about the preset desired value.

The maximum load carrying capacity required can be estimated from
an analysis of the applied forces. These forces are due to the large
accelerations to which the skin friction meter is subjected. The maximm
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value for the acceleration is 10 g as spacified in the design guidelines

listed in Chapter I. If the mass of the supported menbers (target,
counterweights, and rotor) is constructed to be 0.18 1b,, then the load
carrying capacity must be at least 1.8 lbg. This can be shown from an

analysis of Newton's second law.

ma
F= ” (4~9)

whera,

F = force, lbg
m = mass, lby
a = acceleration, ft/sec?

Ibm - ft

gc = 32.2 lbf —ec?

Substituting m = 0.18 lbm and a = 10g f%/sec? yields F = 1.8 1bg.
The undamped natural frequency of the bearing system can be cal-

culated from the following equation.

o =/ ¥a (4-10)

where K equals the system stiffness. For a mass of 0.18 lb- and a
stiffness of 1520 1b/in, wy becomes 1805 radians/sec or 288 Hz. At
2000°F the stiffness is 850 1b/in and w, becomes 1330 ra:dians/uc or
215 Hz. |

The devigtion between the experimental and calculated curves in
Figure 12 was excessive at values of small gap height. One of the
assumptions made in order to calculate the bearing system lift was that
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the mass flow was equally distributed through each of the restrictors.
As the gap height becomes smaller the pressure will increase at the exit
of the restrictor, thus allowing the flow regime to change from choked
to unchoked. This will cause an unequal distribution of the mass flow;
therefore, the analysis used in this thesis will not be applicable for
small gap heights. The matching of flow through the tubs, Eq. (3-1),
with the flow through the lands would be necessary; however, this was
beyond the scope of this thesis. '




CHARTER Y
CONCLUSIGNS AND RECOMMENDATIONS

Based on the sxperimental investigation presented in Chapter IV,

the following conclusions are made.

1) The bearing system derign is adequate, with respect to
the load capacity, temperature, and space limitation
specifications, for support of the skin friétion target
area and counterbalancing components.

2) With use of the proper materials, extreme environmental
conditions can be tolerated.

3) Stiffness of the bearing system is not optimal and could
be improved. Maximum s;iffneu is obtained with minianwm
c¢learance. The limiting factor in decreasing the clearance
is the degree of lapping accuracy obtainsble. Stiffnesses
ranged from 1520 Ib/in to 850 1b/im over the entire
temperature range considered.

4) The mass flow was within 6 x 107 1h,/sec with a supply
pressure of 100 psig.

S) The lift of the bearing aystem ranged from 2.5 1b to 1.8
Ib. To increase the liit, a higher supply pressure could
be used. But this would also increase the flow rate which
was kept to a minimum because of the amount of gas needed
over the entire test period. A compromise was made concern-

ing these factors. Anothsr alternative would be to in-

50

HABE M P R MU SRR R S (RU B DL




51
crease the effective pad area.

6) Theoraetical analysis of the Iift proved to be inaccurate
for certain ranges of the gap.

Modifications of the dasign are recommended as follows:

1) Separate the pad areas more effectively by enlarging the
exhaust grooves and making a circular exhaust groove to
connect the three existing ones.

2) Construct bearing and rotor from the same material; thus
eliminating the differing expansion rates.

3) Coat all surfaces except the lubricating surfaces with an
oxidation resisting material such as a ceramic.

4) Increase the supply pressure up to the value that yields
the maximum allowable flow, This will increase the lift
and stiffness.

Recommendations for further study include:

1) Theoretical determination of the pressure distribution
over the entire surface of the bearing will lead to a more
accurate determination of the 1lift ‘and stiffness.

2) A means for direct measurement of the pressure at various
points over the pad would be extremely valuable.

3) Measure the film terperature as function of smbient temper-
ature.

4) Theoretical and experimental determination of the optimun
tube and bearing land q:l.nmionn for maximum stiffness will
provide much needed duisn information.




52

5) Develop a means to accurately lap spherical surfaces.
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ARPENDIX A

Flowmeter

Calibration of the Monostat Predictability Flowmeters was obtained
using predictability charts (19). A calibration curve for the conditions
of flow (T = 75°F, P = 100 psig) is given in Pigure 24. The accuracy of

these meters is within 2% full scale.

Pressure Gages
The pressure gages were calibrated using a standard dead weight

tester. Calibration curves are given in Figures 25 and 26 for the two
gages used. Note that there is some hysteresis present,which is due to

the internal friction and slack motion of the pressure gage components.

Wayne Kerr Meter

The "C" probe was calibrated using grade B gage blocks. For this
grade gage block, the tolerance is 8 x 10-6 inches. The calibration

curve is shown in Figure 27.
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CHAPTER VI

ACCELERATION COUNTERBALANCING

This chapter contains a compliete reproduction of a Masters Thesis
presented to the Schoc! of Engineering and Applied Science by Richard Grant
Ashby, August 1968,
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ABSTRACT

Design considerations for an acceleration insensitive skin
friction meter are described. The meter, which is to be mounted in a
free f'ight aircraft, is made insensitive to accelerations by using
a counterbalancing technique. The counterbaianced system consists of
two components which are free to rotate and are connected by crossed
metal bands. ' ¢

A theoretical and experimental analysis.ls performed to deter-
mine the effects of any existing rotational spring rate of the crossed
metal bands.

Finally, recommendsd band sizes, which are based on a stress

analysis, are given,
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CHAPTER |
INTRODUCT ION

This thesis deals with the development and analysis of a
technique to counterbalance a skin friction meter so that it will be
insensitive to the vibrations and accelerations of a high speed aircraft

during flight conditions.

Background

Currently, much research work is being done to find the correia-
tion between the theoretical parameters and the actual aerodynamic skin
friction drag of an aircraft. Also, work is being done to determine the
in-flight thrust of a rocket or jet engine. To soive the above problems,
the direct measurement of aerodynamic skin friction drag is necessary.

Research work dealing with the development of a system for the
direct measurement of skin friction drag is presently being conducted as
a joint effort between the Electrical and Mechanical Engineering Depart-
ments at the University of Virginia. The research is being sponsored by
the Force Measurement Group of NASA at Langley, Virginia.

The skin friction meter is to be used to make thrust measurements
of a ramjet engine mounted below a high speed experimental aircraft at
altitudes up to 123,000 feet and at speeds up to Mach 8. The specifica-
tions used to guide the development of the skin friction meter (1) will
be listed here since they wiil be referred to several times in this

thesis.

W



) Force measurement range: The meter is fto be capable of

measuring a force in the range of 0.7 to 7 millipounds.

2) The meter must withstand sustained ambient temperatures of
2000°F.

3) Vibration: The meter is to be capable of operating in en-
vironmental levels of 0.06 inch doubie amplitude at 10-55
cps and 10 g vibration from 55 cps to 2000 cps.

4) Acceleration: The maximum transiational acceleration attained
in the direction of flight is 3.5 g.

5) Space requirements: The limiting dimension is the height
(distance from skin to jet nozzle) which is 2 inches., The
other two dimensions may be somewhat larger,

6) Availabie power: The power supplies available in the X-15A-2

airplane are as follows:

a.c.: 3 phase, 1I5V(x 1V), 400 cps (+ 4 cps)

g d.c,: 28 volts nominal, varies from 24 to 3| volts, ripple
is £ 0.5V at 2400 Hz, maximum of 10 amps availabie
from each source.

7) The maximum deflection of the "target" must not exceed
0.0005 inch. The target is a small area of the aircraft skin
which is tree to move a small amount when acted upon by a
friction drag force.

A schematic diagram of the system being developed is shown in

Figure 1(1), The system utilizes the floating element technique in

which a small portion of the aircraft skin is suspended so that it will

move when a drag force is present. The flioating element (or target) is
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FIGURE |, Schematic Diagram of Closed Loop System for Measuring Skin
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supported by a flexure which provides a frictionless support and which
has a linear constraining torce. A-friction drag force will displace
the arm of the meter. The displacement transducer produces an elect-
rical signal proportional to the displacement., The electrical signal

is amplified and used to drive a motor which returns the arm to the

nuil position. The closed loop system is used to minimize the effects
of variations in the fiexure spring constant and dispiacement transducer
constant caused by temperature changes. Force measurements are ob-
tained by monitoring the armature current of the motor.

Research is presently being conducted to develop a gas bearirg
which will repiace the flexure described above. The gas bearing will
provide a nearly frictioniess support without adding a constraining
force to the system. Some of the analysis presented later will be
based on the assumption that the flexure is to be replaced by a gas
bearing.

Since the mefer described above must operate while mounted in
an in-flight aircratt, the accelerations and vibrations of the aircraft
will cause force readouts due to the inertias of the flioating element
and support arm. These extraneous readouts may mask the readouts of
the drag force to be measured. Thus, the meter must be made insensi-
tive to both linear and angular accelerations of the vehiclie. This

can be achieved by using counterbalancing techniques.,

Literature Survey

Figure 2 shows a technique developed by Weiler (2) for counter-

balancing a skin friction meter simlilar to the one described above.
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The system Is an open loop one in which force measurements are obtained
by measuring the deflections of the springs, k. The mass, m;, corres-
ponds to a fioating element which is constrained to linear motion by
leaf springs (k in Figure 2). The masses; mz, m3, and m,; are counter-
weights used to complete the counterbalancing technique.

The two component assemblies, miym; and mim,, rotate about the
pivots 0, and 0, respectively and are coupled together by thin metal
bands wrapped around cylindrica! surfaces fastened to each of the two
arms connecting the counterweights. The bands are crossed in the middle
s0 that rotation of one is accompanied by rotation of the other in the
opposite direction. By proper proportioning of the masses, the system
was found to be highly insensitive to accelerations and capable of
withstanding the vibrations of an in-flight aircraft (2).

However, no design analysis or procedure was used when designing
the bands. The bands were made thin enough so that they would not be
overstressed as they were wrapped around the circular surfaces, but no
force or stress analysis was performed to determine the band sizes.
Band sizes that were considered large enough were used. Also, the
possibility that there might be a rotational spring rate associated
with the metal bands was not investigated. In other words, there may
be a relationship which relates the torque which must be applied for
rotation and angular displacement due to the action of the metsl bands.

From the design specitications for the skin friction meter being
developed, the force range to be measured is 0.7 fo 7 millipounds, and
the maximum height of the meter is fo be two inches. Assuming the

pivot point to be in the center of the meter, the moment arm of the




drag force will be one inch, The torgue input fo the meter due to the
drag force w{ll range from 0.7 to 7 x IO'3 in-1b., Also, the maximum
displacement of the target is to be 0.0005 inch, For a turning radius
of one inch, the linear displacement of the target corresponds to an
angular displacement of 0.0005 radians for the pivot arm. For a linear

measuring system, this means that the output of the torque motor will

be 14 in-ib/radian. Thus, any rotational spring rate of the connecting

bands will have to be small or at least known when designing the control

elements of the closed ioop system.

Scoge

This thesis will cover the development of a system configuration

which will counterbalance the skin friction meter against the effects of

accelerations, An analysis of the crossed metal bands used in the
counterbalancing scheme will be performed to investigate the existence
of a rotational spring rate. An experimental verification of the
analysis will be given. Also, other criteria which will influence the
design of the control elements will be considered. Recommendations will
be given for the band sizes based on a stress wialysis so that the
design specifications can be realized. A preliminary evaluation of

the proposed system configuration and band design is also included.




CHAPTER 11
SYSTEM CONFIGURATION

The system used to counterbalance the skin friction meter is
shown schematically in Figure 3, The mass, mj, represents the floating
element, Directiy coupled to mass, m;, is an arm, %;%3, pivoted at 0;
to which mass, my, is fastened. The mass center of the compiete com=
ponent; including the masses of the counterweights, arm &£;%;, and the
circular sectors; is at the pivot 0;. I; is the total mass moment of
inertia of the mymy component about 0; (inciuding moment of inertias
of counterweights about 0;). The m;m; component as described will be
insensitive to |inear accelerations if the component is perfectly
belanced.

To render the meter insensitive to angular accelerations, the
member mim, is added. |t is pivoted at its mass center, O, and has
a mass moment of inertia I,. The construction of the msm, component
has the same features as described for the mym; component. As In
Weiler's system, the two component assembiies are coupled together by
crossed thin metal bands wrapped around cylindrical surfaces fastened
to each of the two arms to which the counterweights are fastened.

in the analysis to follow, the weights of the metal bands will
be negiected and any friction in the pivots is assumed to be negiig-
ible.

Figure 4 shows them;m; component set in a two-dimensional
frame of reference. The pivot, 0}, restrains the component so that
it has linear motion in two directions only. The masses, m; and mp,

8
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FIGURE 3, Schematic Diagram of System Configuration for
Acceleration insensitive Skin Friction Meter




FIGURE 4. Component mymp Set in a Two-Dimensional Frame
of Reference




are shown as point masses located at the exfremities of the arm, 21853,
The mass, mg, represents the combined masses of the circular sectors
and connecting arms and is located at the pivot, 0;. The accelerations,
; and ;, are the accelerations of the pivot center in the two-dimen-
sional reference frame. & represents the angular acceleration about
an axis through 0; and perpendicular to the xy plane, The accelerations
are consequences of changes in the vector velocities of the masses
due to forces transmitted through the pivot, 0;.

If the mass center of the m;m, component is to be located at

the pivot, 0;, the following relation between m; and my must be

satisfied
my&y =implis, (2-1)

For a rigid body in plane motion and constrained to rotate about
its center of mass, the linear and angular accelerations of the body
can be treated separately (3). The equation governing rotation is of

the form
M = Id, (2-2)

The top diagram of Figure 5 shows the free body diagram of the mym;

2

component with the angular acceleration and the force, F;, of the metal

band restraining the arm from rotating, The equation for the rotation

of the mym; component Is
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-Firy = L&, (2-3)
The bottom diagram of Figure 5 shows the free body diagram of the mamy
component. The center of mass of the mim, component is to be located
at its pivot, 0y. Thus,

m3l3 =myly. (2-4)
The equation for the rotation of the mam, component is

sz‘z = Iz&'z. (2-5)

The forces, F) and F,, of Figure 5 are equal in magnitude but have

: opposite directions, thus

‘Fl = Fz = F, (2-6)

Equations (2-3) and (2-5) become

Fri = 11& (2-7)
Fro = 1232. (2-8)

Equations (2-7) and (2-8) can be soived to give

I]&'] - 125"2
r ra2
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or

1, = (%) (g%)lz' (2-9)

For positive connection between the cylinders, the angular dis-

placements are related by the expression
riay = raoz. (2-10)
Differentiating equation (2-10) twice with respect to time, the equation

becomes

or

%y =(" 8. (2-11)

Substituting equation (2-11) into equation (2-9), the equation becomes

2
I, = (% I,. (2-12)

For insensitivity fo both {inear and angular accelerations, the

system must be designed so that

mly = malz

m3l3 = myly
= |L2)2
I, {rl) 1. .




Equation (2-12) shows that the mass moment of inertia of the mamy,

component can be smaller than the moment of inertia of the mym, com-

ponent if the radii of the cylindrical surfaces are properly chosen,

Thus, the weight of the system can be reduced if desired.




CHAPTER |11

ANALYSIS OF METAL BANDS TO

DETERMINE THE ROTATIONAL SPRING RATE

As described in Chapter 1|, the two main components, miym, and
mam,, of the acceleration insensitive skin friction meter are connected
by crossed metal bands (Figure 3), Figure 6 shows the proposed band
configuration. The bands are made from material which is initially
straight and wrapped around the cylinders as shown in Figure 6, Screws
are used fo fasten each of the bands %o the cylinders, During assembly,
the bands are put in tension to insure "positive'" motion between the
cylinders., The two outside bands have a combined width equal to the
width of the "inside" band, and all bands have the same thickness o
give the system symmetry. As angular displacement is induced, the
angle of wrap of each band is increased on one cylinder while the
angle of wrap on the other cylinder is decreased.

Due to the wrapping and unwrapping of the bands on the cylinders
during rotation, there may be a rotational spring rate associated with
the bands which may be either positive, negative, or zero. This rota-
tiona! spring rate will affect the readouts of the meter which measures
the applied drag force. A positive spring rate will resist the rotation
of the cylinders, and the drag force will have to overcome this effect.
Thus, for a positive spring rate, the resulting force readouts will be
too fow. A negative spring rate will make the system open ioop unstable,

and a zero spring rate for the bands wiil have no effect on the system.
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To investigate the rotational spring rate, the ftwo cylinders are
isolated as free bodies as shown in Figure 7. In the free body dia-
grams, the reactions at the pivots have been neglected. Mn represents
an applied torque which will rotate C; in a counterclockwise direction;
thus, C, must rotate in a clockwise direction. P1 and P, are the ten-
sions in the crossed metal bands which act toward the node or line of
intersection of the bands. With no external torques applied to C;,

Py must be greater than P, for C,; to rotate.

Next, consider the top band from cylinder G;. The upper diagram
of Figure 8 shows the orientation of the band when the system is in its
initial position. This diagram shows the length of the center band
from the point of attachment to the {ine of intersection of the bands.
P represents the initial fension in the band, while & represents the
transition length between the curved portion and the straight portion
of the band, Since the thickness of the band will be very smali com-
pared to the radius of the cylinder, the length, &, will be small and
will depend on the tension in the band. However, if the bands are
designed so that any changes in the initial band tension due to applied
and inertial loads are small, then, the effect of varying & can be
neglected. The angle, 9,, represents the angle of wrap of the band,
and L is the length of band contacting the cylinder.

The middle diagram of Figure 8 shows the sirip after the cylinder
has rotated through an angle Aa;. The tension, P;, Is the tension in
the band due to the ioading which produces rotation. L + AL is the

iength of band contacting the cylinder after rotation through the angle

Aay.
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Since the bands are made of material which Is initially straight,
a moment must be applied to the band to bend it to the shape of the
cylinder, As the cylinder is rotated, the net effect on the band is
to transform material from the straight portion to the curved portion,

The length of band curved during the anguilar displacement, Aaj, Is

AL = (R)(4a;) (3-1)

The lower diagram of Figure 8 shows the section of the band which is
curved during rotation.

The applied torque, or torque of the force to be measured, must
supply the moment to bend the band. Using elastic theory for beams (4)
and referring fo Figure 8, the moment required fo vend a length, AL,

of the band through an angie 4a; is

AalEIA
M= — (3-2)
Since AL/Aa; = R; from equation (3-1), the required moment Iis
El
= A -
M= = (3=3)

Equation (3-3) shows that a constant moment will be required to bend
the band around the cylinder. The moment is not a function of angular
displacement but a function of the constant parameters; E, Ip and R;.

However, energy is stored in the band as it is curved to the

radius of the cylinder, and the energy is increased as the angle of
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wrap in increased. The increase in band energy, which is absorbed

from the applied drag moment, is

AE, = Mag,. (3-4)

Next, the lower band of cylinder C; (see Figure 7) must be
considered. The two bottom bands acting together will have an area
moment of inertia equal fto the top band, and the two bands can be
treated as one band in the analysis to follow.

The upper diagram of Figure 9 shows the initial orientation of
the bottom band while the lower diagram shows the band after the cylinder
has rotated through the angle aa;. The same notation has been used
in Figure 9 as was used in Figure 8.

During rotation, the decrease of the angle of wrap of the bottom
band will equal the increase in the angle of wrap of the top band on
C;. Energy wili be released from the curved portion of the bottom band

as the band straightens and is equal to

AEZ = MAa;. (3-5)

The net change in the energy of the system as a result of the

motion of cylinder C; is then

AEy - AE, = 0, (3-6)
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Thus, the motion of the cylinder, Cy, will have no effect on the sys-
tem.

An analysis of the bands wrapped around cylinder C, will yield
the same result as reached above. As discussed in Chapter i1, it may
be des’rable to have different radii for the c¢cylinders, C; and C;.

The above analysis shows that different radii for the two cylinders
will not affect the system. Thus, the operation of the skin friction
meter is not dependent on any rotational spring rate of the bands used
to connect the principal components.

In the above analysis, the band was treated as a beam subjected
to pure bending only. Hcwever the bands of the actual system will also
be subjected to tension forces. But as long as the elastic limit of
the band material is not exceeded, the effects of tension and bending
can be treated separately and superimposed (5). The tension forces
have no influence on any existing roftational spring rate, and they were
neglected. The effects of the tension forces will be considered in

the actual design of the bands in Chapter V.




CHAPTER IV
EXPERIMENTAL INVESTIGATION OF RCTATIUNAL SPRING RATE

To check the analysis presented in the last Chapter, a mode! of

the proposed band configuration was built and tested.

Agearafus.

A schematic diagram of the experimental system is shown in
Figure 10. A band configuration, similar tfo the one to be used in the
counterbalanced skin friction meter and discussed in Chapter {1|, was
mounted on cylinders so that forques couid be applied and resulting
angular displacements measured. Using this information, the analysis
presented in Chapter il can be verified. As discussed in Chapter 111,
the rotational spring rate of the bands should be zero. Thus, friction
in the experimental system was kept fo a minimum so that any existing
rotational spring rate could be distinguished.

Since the skin triction meter will have a maximum height of two
inches, it was decided to test a system which will be comparable to
the one used in the final design. To leave space for the mounting of
other necessary components, the maximum diameter of the cylinders can
be about one inch. The bands will have to be thin enough so that they
will not be overstressed as they are wrapped around the cylinders,
and yet, strong enough to insure positive motion between the cylinders.
in the experiment fo be described, only static tests are made to test
the rotational spring rafte of the bands. Thus, the governing criteria

for the band design is to avoid overstressing the bands.
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An equation relating radius of curvature and the physical prop-
erties of the band material to maximum thickness for bending without

overstressing (6) is

t= ) (4-1)

1+ was decided to use 0.00! stainless steel shim stock for the band

material. Using the foliowing values for stainless steel (7) in equa-

tion (4-1):
t+ = 0.00! inch
= 27.6 x 10° psi
S = 32.5 x 103 psi
b

The minumum value for the radius of each cylinder was found to be 0.425
inch, Using a small factor of safety, the diameter of each cylinder
was made 0.9 inch. The cylinders were made of aluminum because it was
readily available and easily machined,

The center band was made 0.25 inch wide while the width of each
"outside" band is 0.125 inch. Screws were used to fasten the bands to
the cylinders at the positions shown in Figure 10, and Figure || shows
the relative positions of the bands on the cylinders. Since the screws
will create an unbalanced moment about the pivot, the cylinders were
statically balanced by in=erting steel plugs opposite to the screws
(see Figure 10).

The cylinders were mounted on small conical pivot bearings to
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FIGURE 1. Positions of Bands on Cylinders
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give the system rigidity while keeping the frictional torques exerted
on the system to a minimum. The pivots and the pivot seats of the
bearings were made of ool steel, and the pivot seats were Inserted
into each end of the cylinders. Molybdenum disulphide was used to
lubricate the bearings to reduce friction., A more detailed discussion
of the pivot bearings will be given later In this Chapter.

To reduce the reaction forces at the pivots, the cylinders were
mounted so that the clearance between them was 0.045 inch. The pivot

reaction forces due to the tensions in the connecting bands is de-

creased as the clearance Is decreased., The clearance chosen allowed
enough space for accurate adjustments during assembly of the apparatus.
Torques were applied by using the string network shown in Figure
10. The strings were attached Yo cylinder C;, by looping their ends
over the screw fasteners. The angles of the support strings, ¢; and
é2,4were set up so that the angles ¥, and ¥, were bisected respectively.
wffh the angles set up as shown, the forces fransmitted to the cylinder
through the strings will be equal to the weights pilaced in the weight

pans, When equal weights are placed in the weight pans, the forces

acting onthe cylinder by the top and bottom strings will be equal. Thus,

a pure torque wili be applied to the system without adding a resultant
force which would increase the reaction forces at the pivot. Any in-
crease in the reaction forces will increase the friction of the pivot
bearing, and this result should be avoided. Since the sffects of contact
friction and string bending stiffness of a thin, static, hanging string
are negligible, the method of appiying torques described sbove will not

induce any frictional forces on the system. An analysis of the errors
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in the applied torque due to improper string angles will be discussed in
Appendix A,

A capacitance type vibration meter was used to measure the |inear
displacements of a reference platform attached to cyiinder Cz. The
meter is discussed in detail in Appendix B, The angular displacement
of the cylinders can then be caiculated knowing the |inear displacement
and the radius at which the linear displacement was obtained.

One requirement for using the capacitance type meter s that the
probe and test surface must be paraliel. However, for an angle of
inclination between the surfaces of five degrees, the reading of dis-
tances will be affected by less than 0.4 per cent (8). During assembly
of the apparatus, the angle of inclination between the surfaces can be
adjusted so that it Is much less than one degree. This means that the
rotational spring rate can be studied for angular displacements through
the range of four fo five degrees without sacrificing the accuracy of
the |inear measurements. Also, as discussed in Chapter |, the maximum
angular displacement of the skin friction meter will be 0.0005 radians
or about 1.75 minutes. Thus, a study of the rotational spring rate
through a range of four tc five degrees should aiso well dafine the
rotational spring rate, if it exists, for the range of interest.

The positioning arm, shown In Figure {0, provides a means to
adjust the Initial distance between the probe and reference platform,
and also, to "hold" the system while making weight changes on the weight
pans. The arm is pivoted at its center on a ball bearing and one side
is weighted. Before each trial, the positioning arm was secured. Then

weight changes were made and initial deflections noted. The arm was




released and the weighted half dropped clear to allow rotation.

Figure 12 shows the experimental system used to study the band,

Exparimental Results

First, cylinder C; was rotated in a countercliockwise direction,
A plot of Applied Torque versus Angular Displacement is shown in Figure
13. The data points for this curve are designated by circied points.
As seen from the plot, the curve is noniinear and approaches an asymptote.
When a forque corresponding to the asymptote line Is applied to the
system, the system will rotate until the limit of rotation is reached
(approximately 90 degrees).

To check for non!insarifi#s in the system, a forque was applled
whicﬁ would rotate cylinder C; in a clockwise direction., The data
points for the Applied Torque versus Angular Displacement curve are
designated by squares in Figure |13, As seen from the plot, there is
very close agreement between the two curves. Also, the curves approach
the same asymptotic line.

At this stage of the testing, no definite conclusions could be
reached regarding a rotational spring rate of the bands. As will be
explained later in this Chapter, the shape of the curves presented
appeared fo be governed by the friction of the pivot bearings.

To reduce the effects of friction in the pivot bearings, the
system was excited with sonic vibrations of 1ow amplitude and high
frequency. This method is discussed in detal! in 2 paper by Fridman
and Levesque (9). Their results show thet static friction can bs

greatly reduced and will approsch kinetic friction,
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o utilize this method, a regular audio speaker was mounted under
the base plate of the system as shown in Figure 14, The speaker was
driven by a power amplifier in series with a signal generator. After
trial and error testing, it was found that the bt>st results were ob-
tained when the base was excited at a frequency of 300 Hz. For any
given weight in the weight pans, the maximum angular displacement was
obtained at an excitation frequency of 300 Hz, The amp!litude was
limited by the power output of the speaker and also the dynamics of
the system. The cylinders were statically balanced but not dynamically
baianced. Thus, if the ampiitude of the exciting vibrations was too
large, the system would tend to become unstable due to the dynamic
unbalance. No data was recorded for<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>