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PREFACE

The topics discussed in this fourth Aero-Astrodynamics
Research Review cover a variety of subjects. Included
are Fluid Mezhanics, Aerothermodynamics, Structural
Dynamics, Instrumentation, Selenography, Space En-
vironment, and Orbit Theory and Prediction. It should
be noted that no single review treats all subject areas
being investigated by the Laboratory. Further, these
reviews are not progress reports; rather it is attempt-
ed here to publish works of a research nature which
have reached a milestone worthy of note, Other sub-
jects will be discussed in forthcoming reviews.

It is hoped that these reviews will be interesting and
helpful to other organizations engaged in space flight
research and related efforts. Criticisms of this re-
view and discussions concerning individual papers
with respective authors are invited.

E. D. Geissler
Director, Aero-Astrodynamics Laboratory
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I. AEROTHERMODYNAMICS



CONVECTIVE HEAT TRANSFER IN TURBULENT, SUPERSONIC BASE FLOW

By

F. R. Krause, W, K, Dahm, R, E. La.rson*, and A, R. Hanson’ﬁ<

SUMMARY

Turbulent, tonvective base heating has been
studied in a Mach 3 wind tunnel utilizing a two-
dimensional model with a blunt trailing edge. Meas-
urements of heat transfer and base pressure, along
with probings of total pressure, total temperature,
mean and fluctuating velocities, and flow directions
were performed inside the recirculation area behind
the base. The results show that the base approaching
recirculated flow establishes a 'base boundary layer"
which provides 86 percent of the heat flow resistance
and therefore dominates convective base heating.
Furthermore, the plumes between clustered rocket
exhausts produce extremely high fluctuations through
impingement shock and free shear layer interaction,
These fluctuations are then convected or radiated
backwards towards the vehicle subjecting the base
boundary layer to turbulence levels exceeding 100
percent. These levels suggest that worse problems
may be on the upper stages and that turbulence
parameters may have to be considered when scaling
base heating results to full scale conditions.

LIST OF SYMBOLS

Sy mbol Definition

A Amplitude parameter or ordinate inter-
cept in King's law

a Local sound speed

cp Specific heat °

dA Differential area

dv Differential volume

Eb Mean hot-wire bridge voltage

eb' Fluctuating hot-wire bridge voltage

eRMS RMS of fluctuating voltage, (eb'z) 1/2

Eb
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Total hot-wire bridge voltage, Eb b

Frequency
One-half model base height
Transfer function

Heat transfer coefficient or probe face
height

Thermal conductivity

Mach number, fJ’/a

Pressure

Total heat flow rate

Heat flow rate per unit area

Reynolds number

Stanton number, h/cp p U

Model length

Temperature

Temperature difference; e.g. , ATH, w.
- Tw B Te

Time

Mean total velocity

Fluctuating component of total velocity

RMS of fluctuating velocity, U
1/2

RMS

(U'?)

e 2, 2,1/2
Total velocity, U=U+ U'= (u°+v")

Mean velocity components in x, y direc-
tions

% Litton Systems, Inc., Applied Science Division, St, Paul, Minnesota




LIST OF SYMBOLS (Concluded)

Symbol Definition

u', v! Fluctuating velocity components

u, v Tota_l velocity components, u=1u+u',
v=v+v'

X,y5, Z Coordinates

& Boundary layer or shear layer thickness

u Dynamic viscosity

v Kinematic viscosity

p Density

o Spreading factor

w Specific weight

SUBSCRIPTS

A Area-averaged value

B Recirculation zone value

b Base value (usually at center of base
plate)

e Equilibrium (recovery) temperature of
hot-wire

H.W. Hot-wire value

i Uncorrected value

T Recovery value

s Wetted length, shoulder value

t Tunnel total (stagnation) value

u Upper frequency limit

w Average hot-wire heated temperature or
wall value

| Outer edge of forebody boundary layer

2 Outer edge of free shear layer

1., INTRODUCTION

The bases of launch vehicles and reentry bodies
are exposed to hot gases recirculated from the bound-
aries of adjacent burning or ablating flows. The at-
tendant high base heating rates have been the cause
of mission failures. Accordingly, during the last
five years we have conducted some simple base heat-
ing experiments designed to afford direct insight into
the convective transport processes.

The need for a simplified physical model of base
heat transport was established in early attempts to
scale the results from tests of small models to flight
conditions. Today base heating predictions still uti-
lize small scale tests since neither the high flow en-
thalpies nor the low pressures that cause recircula-
tion through plume impingement shocks can be real-
ized on a large scale.

Any analysis of convective transport in recircu-
lation zones, such as base heating, requires a knowl-
edge of the flow properties inside the recirculation
region. Most published experimental results concen-
trate on the adjacent jet boundary areas instead of
the base approach flow, since this is sufficient for
the accepted base pressure theories in which the
recirculation zone is replaced with a "dead air"
region. Our experiments are an attempt to elucidate
features of the flow within the recirculation region.
The flow toward the base is compared with a two-
dimensional stagnation point flow. In analysis of
possible effects of the high turbulence levels, the
Hiemenz-Sutera [1-3] solutions of the Navier-Stokes
equations were used as a laminar reference.

Mean velocities, root-mean-square velocity
fluctuations, total temperatures, base pressure dis-
tributions, and heating rates have been measured in
the recirculation zone downstream of the blunt trail-
ing edge of a two-dimensional model in a Mach 3
airstream (Fig. 1).

The measurements proved to be extremely dif-
ficult because of the low densities (0.01 of atmos-
pheric) and high turbulence levels (in excess of 100
percent). Moreover, the geometry is different from
that of actual engine clusters or reentry bodies.
Therefore,the results cannot be used quantitatively.
However, they do allow interesting qualitative con-
clusions about heat transfer characteristics of the
base boundary layer and the occurrence of heat
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FIGURE 1. WIND TUNNEL MODEL AND

FLOW FIELD

transfer effects arising from intense turbulence. In
addition, the flow field is a special case of supersonic
flow separation and reattachment, and our results
might therefore be utilized in other fundamental

studies of supersonic separation bubbles, flow over
protuberances, wake flows, and cavity flows. .

II, EXPERIMENTAL EQUIPMENT AND
TECHNIQUES

A, TEST FACILITY

The two-dimensional base flow experiments
were conducted at the University of Minnesota Aero-
Hypersonic Laboratory in a continuous -flow wind
tunnel [4,5]. Air at room temperature (Tt =509° R)

can be delivered at a maximum continuous rate of
23. 2 1b/sec at stagnation pressures up to 100 psig.
The test channel in which the experiments were
carried out consists of a 54-inch diameter stagnation
chamber with provisions for flow straightening and
reduction of turbulent velocity fluctuations. Mach 3
steel nozzle blocks produced uniform flow within a

6 x 9-inch test section.

B. WIND TUNNEL MODEL

Figure 1a shows the model installed in the
wind tunnel. The model is two-dimensional, spans
the test section, has a forward portion whose cross
section is a tangent ogive, and has an 8. 19-inch chord
(Fig. 1b). Separate bases and afterbody components
were used for the pressure, heat transfer, and prob-
ing runs. The base plates for all configurations have
dimensions of 1.5 X 6 inches.

The base of the pressure model is a polished
nickel plate, 0.018 inch thick, instrumented with
eleven pressure taps and thirteen thermocouples
(Fig. 2a).

The heat transfer base is made of pure nickel
0.018 inch thick. Copper-constantan thermocouples
and pressure taps are imbedded in the base at se-
lected locations. TFigure 2b illustrates the complete
instrumentation on the base. The base and coolant
passages are housed in a micarta afterbody to isolate
the base thermally from the model and improve the
accuracy of the heat transfer data.

Although the micarta afterbody effectively iso-
lates the base from the forebody, the possibility of
conduction effects on the base itself had to be con-
sidered. Bench tests with a small replica of the
base plate showed that slots 14 mils wide, filled with
Armstrong cement, formed an effective barrier to
conduction heat transfer. Following these tests, the
thermocouples on the base plate were insulated by
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means of the cement-filled slots shown in the figure.
The vertical slots were added to minimize horizontal
transfer of heat across the base plate by conduction
through the brass pressure-tap extensions.

The base of the probing model is of highly pol-
ished stainless steel, 0.062 inch thick (Fig. 2c).
In addition to the nine probing openings there are
fourteen static pressure taps. These consist of a
vertical centerline array of ten taps, with four ad-
ditional taps on the horizontal centerline. Included
also are several thermocouples attached to the inner
surface of the plate.

C. HEAT TRANSFER TECHNIQUE

The transient technique was used to obtain
base heat transfer values. In this method the model
is initially cooled below the equilibrium wall temper -
ature to rise toward the equilibrium value.

Cooling lines were installed inside the model to
bring the base down to 140°R at the start of a run.
A shield was placed behind the model to retard aero~
dynamic heating until proper flow had been established
in the tunnel.

If heat conduction through the model skin and
radiation effects are neglected, the rate at which heat
is transferred from the boundary layer at any point
on the model surface may be equated to the rate at
which heat is stored at the same location, or

] BTb
qdA = wcpdV—aT‘- (1)

where the notation is the following:

g = Rate of heat flow (Btu/ft? hr)

dA = Differential area element of base (ftz)

w = Specific weight of base material (1b/ft)

cp = Specific heat of base material (Btu/1b°F)

dV = Differential volume element of base
material (ft3 )

Tb = Base temperature (°R).

The Newtonian heat flow equation

q = h(T, -T) (2)

combined with Equation (1) gives
ve ’
h = b dA ot (3)
T -T ‘
r b

The heat transfer coefficient h can then be obtained
by measuring the instantaneous wall temperature and
its rate of change. The wall recovery temperature
Tr can either be calculated or measured as a function

of the tunnel total temperature,
D, HOT-WIRE EQUIPMENT

Probe calibrations and mean velocity meas-
urements in the base recirculation zone were initially
performed with a constant-temperature hot-wire
anemometer [6] which was manually balanced.

Fluctuating velocities were measured with a
DISA type 55A01 constant-temperature anemometer
without linearizer. A simplified circuit diagram of
this anemometer and associated apparatus is shown
in Figure 3a.

The sensing elements were made either of
0.00025-inch diameter platinum-iridium (80 Pt. 20Ir)
or of platinum plated tungsten wire with a 0, 0002-inch
diameter (Fig. 3b). They were always aligned in the
spanwise flow direction; that is, parallel to the z axis.

The use of hot-wire anemometry proved to be
difficult because of the low density (0.01 of atmos-
pheric) and the very high turbulence levels (= 100
percent). For our flow conditions the calibration
results are believed to be representative of what can
be obtained with commercial constant-temperature
hot -wire sets at the present time.

The presence of a wall increases the heat loss
from the wire through conductive and other transport
phenomena. Close to the wall the corrections are very
large, as the heat loss to the wall overpowers the con-
vective loss to the air. Furthermore, the usual pro-
cedure of measuring the wall effect in still air as the
difference between the readings, [Eb (x)} 2 (close to

the wall) and [Eb (x— °°)]2 (far from the wall),

yielded inconsistent results. Therefore, we estimated
the wall effect from the difference between the indi-
cated mean velocity profile and an extrapolated mean
velocity profile, Figure 4 illustrates the procedure
and shows typical results. The following adjustment
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(parallel shift) was used for all static hot-wire cali-
bration curves:

AA = [E ()] -[E (x==]°

= 1.3x 10 4 (V? -in. ) /x (in.) (4)

Oifference of Squored Bridge Output [Ebm]?.[ihu -.ml]? w2)

Reg 4 x 108

Pyt 213 % 10" sugsst®
BT

(ATH,750° F

Distance from Woll, x {in)

208+ T
007 o -

0.06

0.05

0.04

003 1 {
0.02 ‘[Eb (n)]z—[ﬁb(x—.m]z
6.0 41 [

re: L
82 84 86 88 90 92 94 936 98
Squored Bndge Qutput, £,7(v?)

0 0.004 0008 0012 0016 0020
Distonce from Wolt, x {in}

FIGURE 4. WALL EFFECT CORRECTION
PROCEDURE

The wall effect correction was applied at all
probing stations; it was also used to correct the RMS
fluctuation readings, even though the wall effect had
been obtained from mean values.

The low density in our tests not only produced
an unusually large wall effect, but it also limited
the frequency response severely. This was revealed
by dynamic calibration tests. The hot-wire was
placed in the smooth flow of a calibration duct and
excited by a square or sine wave of heating current
to simulate fluctuating velocity effects in the ane-
mometer circuit. The hot-wire voltage transfer
function was obtained over a frequency range utiliz-
ing the circuit and equations described by Janssen,
et al [7] and Fingerson [8] for the sine wave meth-
od. The circuit and equation employed are shown
in Figure 5b (See following page). The voltage
transfer function was measured over a range of den-
sities, mean velocities, and wire overheats. The
best estimate for the reference density of Py~ 0.01

atmospheric and zero velocity is given in Figure 5a,
which shows the sine and square wave results for a
platinum-iridium probe. Included also are square

wave and estimate sine wave responses for a
tungsten probe. Additional sine wave measurements
for tungsten probes are now in progress.

A detailed square wave response over a density
range of zero velocity for a tungsten probe is shown
in Figure 6a, and Figure 6b describes the measure-
ment procedure,

sec
At (usec) = B8x (cm) - Sweep Rate (ch )
|
LTy

1, (ke/sec)

00002 in Tungsten Wire
(AT yw = 392°F

B 3quare Wave Excifation |

{(b] Actuol Wave Form

nsity : 0.0

o

atmos

0 0.2 04 06 08 10 Patmos 0374

Ax

(o) Zero Velocity Cutoff Frequency (3db down)

ot Various Densities (c) Idealized Wove Form

FIGURE 6. SQUARE WAVE TEST

Tests performed over a wide velocity range
(up to 800 ft/sec) show little improvement in fre-
quency response at our low test density. This is in
contrast to the marked improvement obtained at
ambient densities.

The differences (up to 100 percent) between the
sine and square wave tests indicate that the measured
power transfer function may be correct in order of
magnitude only. Further comparisons of these two
methods are required. However, it indicates clearly
that the range of usable frequencies extends only to
approximately 4 kc/sec, whereas the wind tunnel test
data show fluctuations above 30 kc/sec. This indi-
cates that caution must be shown in interpreting low-
density hot-wire measurements of velocity fluctua-
tions containing frequencies beyond 4 ke/sec.

I, BASE APPROACH FLOW

The base approach flow has been studied with
and without base cooling over a range of forebody

*
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Reynolds numbers. Hot-wire, pressure, and tem-
perature measurements were performed at various
locations in the shear layers and recirculation zone.
The location of these various probings are shown in
Figure 7. The early measurements were performed
by insertion of probes either through the wake throat
or across the shear layers. However, this method

Free Stream
M, = 2.95

Forebody boundary

disturbs the flow field; therefore, later meas-
urements were performed by insertion from the base
plate. Some probings extended deep into the jet shear
layers and the ''subsonic hole' between the plume
impingement shocks. All hot-wire traverses have
been restricted to our reference "test conditions";
that is, to the uncooled base at Res =4 x 108,

Jet boundary {as indicated by impact pressure traverses)

Jet boundary {as indicated by wind vanes)

Outer edge of shear layer

Inner edge of shear layer
0.75

Plume impingement
shock wave

0,000
1.50
Subsonic hole

Approximate location of
rear stagnation point

Position
No.

EXxpansion fan

/

Lip shock wave

<+ Start of trave
.

'
"‘/Direction of traverse

Posltions referenced
to sensor location

FIGURE 7.
A, HOT-WIRE MEASUREMENTS

Mean velocities and RMS velocity fluctuations
along the centerline are shown in Figure 8. Con-
trary to a two-dimensional stagnation point flow, the
mean velocities are not constant outside the boundary
layer but show a broad maximum at about 0. 35 in,
from the base plate. The RMS velocities are com-
parable to the mean velocities; thus, we have an ex-
tremely high local turbulence level, which makes the
hot-wire measurements questionable. However, the
absolute magnitude of the velocity fluctuations along

10

Location Type of Measurement

T Forebody Impact pressure, temp. probe

Shear layer
Shear layer
Shear layer
Shear layer
Shear layer
Recir. zone
Base b. 1.
Base b. 1.
Base b. 1.
Base b. 1.
Center line
Base Hhoo

Impact pressure probe

Impact pressure probe

Impact pressure probe

Impact temp. probe

Impact temp. probe

Impact temp. rak:

Hot-wire (prob:

Hot-wire {prob. station 4P)
Hot-wire (probe 1 station 6F)
Hot-wire {probe in station 81)
Impact p- static pressor
Irpa.ct

LOCATIONS OF PROBING MEASUREMENTS

the centerline are still considerably smaller than the
velocity fluctuations in the free shear layers, which
are estimated at 20 percent of the free stream ve-
locity, or 420 ft/sec.

Oscilloscope traces of typical hot-wire output
voltages eb‘ are shown in Figure 9, where narrow

band components are evident. The amplitudes of the
peaks are of the same order as the mean bridge
voltages, indicating the possibility of flow reversal
or negative velocity across the hot-wire, although
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the anemometer cannot discriminate between velocity
directions. Consequently, all mean velocities are
probably overestimated while RMS velocities are un-
derestimated, even if one would correct for frequency
response,

In spite of these difficulties, we attempted a
spectral analysis of the hot-wire output fluctuations
e, 'to obtain a confirmation of the narrow band com-
ponents shown by the oscilloscope traces. To obtain
longer records of the fluctuations and allow accurate
calculations of power spectra, a traverse through the
approach flow region and base boundary layer was
recorded on a Hewlett-Packard/Sanborn Model 3900
magnetic tape data recording system. The data were
analyzed with a third octave filter and yielded the
power spectra shown in Figure 10. An approximate
correction of the amplitudes for the limited frequency
response was performed utilizing Figure 5a. The
power spectrum reveals five distinct peaks at f = 0, 2,
0.4, 1, 6, and 30 ke/sec. The higher frequency
peaks do not normally occur in low velocity recir-
culation areas. We surmise, therefore, that they
reflect acoustic transport of high frequency
phenomena from the adjacent high speed points.

Although somewhat speculative, there appear to
be two possible sound radiation phenomena which
could account for the narrow band frequencies ob-
served. The first is connected with reverberating
waves. Subsonic velocities have been indicated by
pressure probings, interferometer evaluations, and
wind vanes between the roots of the two plume im-
pingement shocks. The associated region of sub-
sonic flow extends downstream of the stagnation point
that terminates the dividing streamlines and provides

a ""subsonic hole.'" Sound may be radiated backwards
through this hole toward the base. These sound waves
will then be reflected at the base and might support
waves reverberating between the base and the "sub-
sonic hole." The occurrence of standing acoustic
waves would then lead to isolated peaks of the pres-
sure power spectrum which should be centered ap-
proximately at the resonant frequencies of the
corresponding "'open pipe, "

%
£~ (2n+1) (5)

wheren=0, 1, 2, . . denotes the fundamental and
higher harmonic frequencies, L is the distance be-
tween the base and downstream stagnation point, and
a is the speed of sound in the base region. Substi-

tuting the experimental values
L = 1.3in.

a, = 1070 ft/sec

we obtain
fy = 2.5 ke/sec
fy = 7.4 ke/sec.

The second harmonic f; is fairly close to the middle
peak which was observed at 6 ke/sec. This frequency
was found throughout the recirculation zone, which
also substantiates the speculation of standing sound
waves.,

The second type of sound radiation would origi-
nate in the free shear layer. For example, Ffowcs-
Williams and Maidanik's description of Mach wave
sound emission [9] might indicate a mechanism by
which the high frequency fluctuations of the free
shear layer could propagate into the recirculation
zone, In free shear layers a broad maximum in the
power spectrum is centered around a Strouhal number
of 0.2. This would lead to a frequency of

f~ 02— (6)

where U, is the velocity at the outer edge of the free
shear layer and 6, is the average geometrical shear
layer thickness. Substituting the measured free
stream velocity, I_Iz = 2100 ft/sec, and the stream-
wise average of the geometrical jet shear layer
thickness, 63 = 0.2 in, , one obtains f = 25 kc/sec.
This agrees roughly with the highest observed peak
in the spectrum of f = 30 ke/sec.
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RMS = 56 ft/scc

a) x = 0.155in. b) x =0.078 in. Probing Base Plate at
Position 9. See Figure

2c and Figure 7.

._
v
>
T
BE#

) ||
|| |

/
.

u
-\
A
—

|

= 17 ft/sec
RMS ~ 24 ft/sec ]

]
c o

. < = 0.004 in.
¢) x=0.019in.  vertical Sensitivity, 0.05 V/cm 4 x

Sweep Speed, 5 x 104 sec/cm

FIGURE 9, OSCILLOSCOPE DISPLAYS OF NARROW BAND VELOCITY FLUCTUATIONS

If these speculations are borne out by future ex- B. TOTAL TEMPERATURE MEASUREMENTS
periments, we may have serious noise problems on
the upper stages, partially produced by plume im- The total temperature in the approach flow
pingement effects (subsonic hole) such that they can was measured with a thermocouple rake inserted
not be studied by full-scale static firings or single from the tunnel side wall. The wires were aligned
jet experiments. in the spanwise direction (z) to minimize conduction

errors,

The low -frequency peaks cannot be explained by
the sound radiation sources just discussed. Other The total temperature distribution in the approach
simple or plausible explanations, such as the re- flow was measured for several base cooling rates, and
circulation of a "'frozen" flow pattern, were not shown in Figure 11. Even for large amounts of cool-
fruitful. ing the base thermal boundary layer thickness is less
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than 0.10 in, In spite of this, the approach flow
senses the depression in base temperature to some
extent, resulting in the creation of an approach flow
which has a constant temperature below the free
stream recovery value ( = 0,90 Tt) . This is due

partially to the recirculating flow motion which trans-
fers cool fluid particles from the immediate vicinity
of the base plate to other portions of the recirculation
zone, We have, thus, the unusual situation that the
effects of wall temperature are felt outside the ther~-
mal boundary layer. This is not a heat conduction

effect, since the temperature gradients are zero
outside the base boundary layer. Rather, it must
result from a turbulent convection process that mix-
es the "cooled" particles homogeneously within the
recirculation zone, thereby creating a region of
constant total temperature,

Temperature, T (x,0, 0} °R
Scaie Change
600

| COC00D0G ' °

! ¢

400 4 + Solid Symbol: Base piote thermocouple, Th—

300 f

200

Open Symbol: Thermocouple , T
Reg = 411108
© 508°R
v, .| 0384
b7 | o261
2182
Ty = 536°F

From Roke, Corrected for Different Ty

} } } }
0.04 o 02 03 04 05 0.6 07 08
Distonce from Well, 1 (in)

e e —— - -

100

0 0.02

FIGURE 11i. TEMPERATURE IN APPROACH
FLOW AND BASE BOUNDARY LAYER

To show the interdependence of base plate tem-

perature Tb and recirculation temperature TB =

TB(x,y,z) more clearly, the latter has been replotted

as a function of the base temperature (cooling rate).
Three curves are shown in Figure 12, with position
as a parameter. The data which average out to the
upper curve were measured throughout the recircu-
lation zone. The fact that they fall on one curve
demonstrates once again that the total temperature
is constant throughout the base approach flow. The
second curve shows a location close to the wall and
here the scatter of the points is probably caused by
a slight misalignment of the total temperature rake.
The point of intersection at the three curves indicates
the recirculation zone and base recovery temperature,
which is approximately 95 percent of the free stream
stagnation temperature Tt'
The coupling between the base temperature and
the "remote" approach flow is one effect which can-
not be treated by a stagnation point analysis where
the upstream conditions are unaffected by wall cool-
ing. Furthermore, the "base boundary layer" is
affected at the shoulders, since the cooled particles
must be turned back to be recirculated. However,
the hot-wire and total temperature traverses show
that both a velocity and a thermal boundary layer
exist at all probing stations,

13
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FIGURE 12. TEMPERATURE DISTRIBUTION
IN APPROACH FLOW

IV. THE BASE BOUNDARY LAYER

A. VELOCITY BOUNDARY LAYER

The measured wall pressures are summa-
rized in Figure 13, The existence of a stagnation
point is shown by the pressure maximum around the
centerline, However, the pressure also varies in
the horizontal z direction. Accordingly, we observe

14

deviations from a two-dimensional behavior. The
decrease of the wall pressures along the two-
dimensional "stagnation point line"y =0, x = 0 in-
dicates that the deceleration of the base approach flow
resembles that of an axisymmetric flow instead of a
two-dimensional flow. The following discussion of
the pressure measurements is limited to the plane of
symmetry z =0,

Falkner and Skan [10] have shown that in bound-
ary layer theory, the existence of an outer "'potential"
flow, which follows from the wall pressures, can be
extended to stagnation point flows if one compares
the calculated velocities with the tangential velocity
component, The wedge solutions of Falkner and Skan
for stagnation flow coincide with Hiemenz' exact so-
lution of the Navier-Stokes equations. In laminar
stagnation point flows, the wall pressure distribu-
tions can thus be used to calculate the tangential ve-
locity components at the outer edge of the base bound -
ary layer. This has been done assuming the following:

a) The stagnation pressure along the edge is
constant and equal to the wall pressure at
y =0.

b) The Bernoulli equation may be used along
the outer edge in spite of the high local
turbulence levels.

Within these assumptions the mean tangential
(vertical) velocity component at the outer edge
follows from
(0,0,0) - p(0,y,0)]%,(7)

= 2
V03,0 = 255 [P

The results of this calculation over a Reynolds num-
ber range are shown in Figure 14. For Reynolds
numbers of 2.78 x 10% and larger a linear velocity
variation exists up toy = 0.3 in. This is slightly
below position number 9 (probing station 4P) shown
in Figure 7. The scatter at the lower Reynolds
numbers is attributed to pressure measuring errors
and transitional flow conditions.

The consistent trend of increase in the stagnation-
point velocity gradient with Reynolds number is also
shown in Figure 14, A comparison can be made
between these data and values obtained from cen-
terline hot-wire probings, utilizing the continuity
equation, From Figure 8, at ReS =4 x 108 the

centerline velocity gradient 9U/dx is approxi-
mately equal to 6 x 10® sec 1, which compares
with 7. 4 x 10% sec ! shown in Figure 14.
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FIGURE 13. BASE PLATE PRESSURE DISTRIBUTION

90 /8x is approximately equal to 6 x 103 sec -1,
which compares with 7.4 x 10° sec~! shown in Figure
14,

Comparing the "outer edge" velocities deter-
mined from the wall pressure distribution with mean
velocities measured by the hot-wire, one apparently
finds little agreement, However, if one interprets
the non-zero value at y = 0 as resulting from the
axial velocity component U, reasonable agreement
exists up toy = 0.160 in, Consequently, the usual
boundary layer assumptions seem approximately
justified up to this position. The strong disagree-
ment at higher stations cannot be presently ex-
plained. However, because of the extremely high
local turbulence levels on the base approach flow,

one might expect the base boundary layer to exhibit
some new or unexpected characteristics,

Some qualitative features of the adjustment of
this boundary layer to the high turbulence levees of
the base approach flow can be inferred from hot-wire
traverses. RMS velocity profiles are shown in Fig-
ure 15. The absolute values show the usual "hump"
attributed to turbulence amplification near a solid
wall, Sternberg [11] has analyzed this amplification
in terms of "image" vortices which replace the wall
in potential flow theory; whereas Sutera, et al. [2,3],
have studied the growth of vorticity which attends the
selective stretching of vortex lines in a two-
dimensional stagnation point flow. This vortex
stretching hypothesis is supported by the measure~
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ments of Kuethe, et al, [12], in the stagnation region

of a sphere, and also by traverses of the flat plate
boundary layer (Townsend [13] and Sternberg [11]).
However, the turbulence levels in the base boundary
layer are much higher, In flat plate boundary layers
they reach about 60 percent, whereas our measured
values go up to 200 percent. The actual levels are
probably even higher owing to insufficient frequency
response and the hot-wire's inability to distinguish
flow direction,

We have tried to assess the possible effects of
turbulence by comparing hot-wire and total temper-
ature traverses with the laminar stagnation point
solutions [1-3], These solutions depend on an em-
pirical parameter, the velocity gradient 9u/dy at the
outer edge of the stagnation point boundary layer.
This gradient was obtained from the wall pressure
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measurements as shown in Figure 13. A strong
Reynolds number dependence is evident, leading to
the suspicion that it is also dependent on the turbu-
lence level.

The chosen velocity gradients therefore reflect
the turbulence of the actual flow such that the lami-
nar stagnation point solutions are automatically ad-
justed to give the full turbulent shear stress.

The "adjusted" laminar mean velocity profiles
were calculated for these traverses where the meas-
ured streamwise gradient of the outer edge velocity
remains approximately constant (Fig. 14). Figure
16 shows a comparison between these calculated mean
velocity profiles and hot-wire results. Included at
positions 9 and 10 (see Figure 7, probing stations 4P
and 6P) are calculations based on Sutera's solution
for various values of the amplification parameter A.
The agreement is rather poor,

One may tentatively conclude, therefore, that
turbulence can appreciably change the shape of the
non-dimensional mean velocity profiles.

B. THERMAL BOUNDARY LAYER

Total temperatures were measured with a

miniature thermocouple probe (0.004-in. face height).

The results are shown in Figure 17, which includes
the adjusted two-dimensional stagnation point solu-
tions from the theory of Livingood and Donoughe [14].

The theoretical profiles assume laminar flow and
apply the same empirical velocity gradient already
used in the calculations for Figure 16. The wall gra-
dients are less than the measured profiles, indicating
that the high turbulence level changes the shape of the
non-dimensional temperature profile. The dashed
curves were obtained from measured heat transfer
values, showing good agreement with the experimental
points. The temperature gradients at the wall are
higher than those predicted by the "adjusted" laminar
stagnation-point analysis, even though the full velo-
city gradient (and shear stress) of the turbulent flow

was taken into account.

The theoretical and experimental temperature

gradients are replotted in Figure 18 as a function of
the temperature difference between the base approach

flow and the base, Both gradients increase faster

than linearly with this temperature difference; how -

ever, the measured gradients exceed the estimated

ones by a factor of 2. The same is true for the heat

transfer rates which are shown in the lower part of

Figure 18, They were obtained from the temperature
gradients by multiplication with the thermal conduc-

tivity k of air. The difference in shape of the heat
transfer and temperature gradient curves is caused

by the temperature dependence of k which was evalu-

ated at the base plate temperature.
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VI. HEAT TRANSFER

Heat transfer rates were measured as a function
of location (coordinates 0,y,z), the base plate tem-

perature Tb’ and the forebody Reynolds number Res.

All measurements utilized the transient technique
discussed in Section HI C.

A typical area distribution of the heat transfer
rate is shown in Figure 19, The measured values
vary between 1900 and 2400 Btu/ft? hr, or within
+12 percent of the mean. The heat transfer rates

reach a maximum at the stagnation point (thermo-
couple 3), and fall off in both the y and z directions,
except for the vertical traverse through thermocouple
positions 7 and 9. This behavior is to be expected
because of the deviations from two-dimensional stag-
nation point flow, although the adjusted laminar
stagnation-point calculations predict a constant heat
transfer rate if a linear velocity variation exists.

The total heat transfer coefficient

h . A (8)
tot T -T
r

17
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is shown in Figure 20. We have tried to suppress
dependence on position by using the area-averaged
heat transfer rate q , only. The effects of base plate

temperature are eliminated by replacing the heat

transfer rate with the heat transfer coefficient htot'

If the heat transfer rate q A increases linearly with

increasing temperature difference (Tr - Tb) , htot
shouid be independent of the cooling rate. Actually,
the variation with base plate temperature T, is
slightly nonlinear as shown in Figure 18, which
explains the cluster of points at each Reynolds
number,

hiot © T“_AT Heat Tronsfer Averaged Over
r b Instrumented Arec
T, = 60°F
520° R
o Smooth Rough 0
T, =.95 Tot( R) Surface Surface | (R)
M, = 2.95 —=—  --o-- 260
2 - ——- 210
Tot‘ol Heat Transfer Coefficient, h,, (Btu/ft®hr °R)
12
.
10 o /r‘i
- :,. / .
8 — o = 0— ——
g — e _—1
6 ”’,,=4Ff’
T
4
2 >

5 20 25 30 35 40 45

5.0 5.5 60 65 10
Reynolds Number, Reg X 10-6

FIGURE 20. VARIATION OF TOTAL HEAT TRANSFER COEFFICIENT WITH REYNOLDS NUMBER

A, HEAT FLOW RESISTANCE OF FREE SHEAR
LAYER AND BASE BOUNDARY LAYER

All of the heat flowing into the base plate
must come from adjacent jets. The transport of this
heat is by conduction through the free shear layer,
conduction through the base boundary layer, and con-
vection in the recirculation process. However, the
conductive transport can be analyzed separately if we
let the dividing streamlines define the boundaries of

a control surface for heat transfer "through' the jet
shear layer. Since the net mass transfer across
each surface element is zero, there is no net con-
vective transport. Consequently, the convective re-
circulation process operates only internally to create
a base recirculation zone of constant temperature;
that is, it establishes a region of a very high "appa-
rent'" heat conductivity. The heat which flows into
the base must also be conducted through the two di-
viding streamlines. We can draw an analogy to
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electrical current flow by assuming the jet shear
layer and the base boundary layer act as two heat
flow '"resistances' in series, connected by a region
of high heat conductivity whose resistance may be
neglected. To estimate the magnitude of these two
resistances,we define new heat transfer coefficients,

hSL and hBP’ for the jet shear layer and the base
plate boundary layer. Then
Ay = bgp, (T, - Tp) =hgp (Tp-T))

- htot: (Tr - Tb) (9)
where

Tr = recirculation zone and base recovery

temperature
TB = recirculation zone temperature
Tb = base plate temperature.

This concept of two heat flow resistances in
series has also been used recently by Page and
Dixon [18], although they refer to the second re-
sistance as that provided by the "recirculating flow. "
In a mathematical description, the term '"resistance’
is now identified with the reciprocal of the heat trans-
fer coefficient ('conductivity'),

1/h

tot (10)

= 1/hSL+ 1/hBP s

which uses the additive property of series resistances.

A comparison between the resistance of the base
boundary layer and the total resistance is then given

by

%ot _ 5" Th
hgp T T,

(11)

To obtain an average value, independent of the base
cooling rate, we shall approximate the measured de-
pendence of TB on Tb (Fig. 12) with the straight line

aT

B
= +
TB Tr BTb

(T, -T)

= T, +0.143 (T - T ) (12)

22

for Res = 4,5 x 10%, Substitution into the previous

equation gives

htot aTB
hyp - 1T
BP b _
TB - Tr

=0, 857, (13)

Accordingly, 86 percent of the total heat flow re-
sistance can be attributed to the thermal base bound-
ary layer, which clearly indicates its dominance in
the base heating process. The remaining heat flow
resistance is provided by the jet shear layer, such
that

h h 3T
htLt=1——hi‘lt—=(aT ) = 0.143. (14)
SL BP b
T =T
B T

The foregoing results. have been obtained for one
reference Reynolds number, ReS =4,5x 105, To

show the heat transfer coefficient of the base bound -
ary layer and the free shear layer as a function of
Reynolds number, we have repeated this calculation
for other test conditions, converting to the non-
dimensional Stanton number

h

St = ——ﬁtzt ,
m e,

(15)
where the density, velocity and specific heat (p,,
U,, sz) have been evaluated at the outer (high speed)

edge of the jet shear layer. This enables us to com-
pare our free shear layer heat transfer coefficient
with those of Korst, et al. [19].

The expansion process of the forebody boundary
layer is known to be essentially isentropic [20,21],
at least in the supersonic portions; so the calculations
of the properties at the outer edge of the shear layer
were based on the measured base static pressure
ratio pb/ p1, using the assumption of constant total

pressure p; = py. This also assumed that the lip
shock wave is of negligible strength,

The static-to-total-pressure ratio

(16)
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can thus be calculated; and the Mach number M;,
density p, and velocity U, at the outer edge follow
from isentropic flow tables and the known stagnation
temperature Tt'

The results of the free shear layer heat transfer
data are summarized in Figure 21, which also shows
Korst's semiempirical results depending on the
choice of the spreading parameter 0. The plotted
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values take account of the fact that Korst based his
transfer coefficient hSL on the area of the dividing

streamline, whereas we utilized the base area. The
data agree fairly well for ¢ = 12, the incompressible
value. Korst recommends that ¢ be calculated from
the formula,

o = 12.0+2.76 M, = 24, 2, (17)

suggested by Tripp [22] and based on values for jets
exhausting into still air; but this evidently leads to
large discrepancies. Because of the differences in
the flow fields this value may not be applicable to
our case.

BASE PRESSURE VARIATION WITH REYNOLDS NUMBER

B, REYNOLDS NUMBER EFFECTS

The predominant heat flow resistance of the
base boundary layer and the extremely high @bu-
lence levels have been found at comparatively s
Reynolds numbers. In order to draw conclusions on
base heating and acoustical loads in flight one would
like to extrapolate the result to full scale Reynolds
numbers., A first step in this direction is to con-
sider the Reynolds number dependence over the tested
Reynolds number range. Additional measurements
at higher Reynolds numbers are presently prepared.

The measured total, Stanton humbers appear to
decrease slightly with an increasing Reynolds number,



as shown in Figure 22. However, this trend is barely
recognizable within the measuring accuracies and

any extrapolation of flight Reynolds numbers is very
questionable.

Stanton Number, St

.

In view of the extremely high turbulence levels,
one might argue that an increase in Reynolds number
should not affect the heating rates very much. The
Reynolds number independence of highly turbulent
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FIGURE 22, VARIATION OF TOTAL, SHEAR LAYER, AND BASE PLATE HEAT TRANSFER
COEFFICIENTS WITH REYNOLDS NUMBER

flows has been established for mean velocity profiles
in true shear layers and above rough walls. In
such cases the shear stresses are directly propor-
tional to the dynamic pressure pﬁ?. The linear
variation of the stagnation point velocity gradient
with Reynolds number (Fig. 14) now suggests that
the shear stress in the base boundary vanes with the
stream density pu rather than the dynamic pressure.
The base boundat‘y layer therefore exhibits an un-
expected Reynolds number dependence and any ex-
trapolation beyond the tested Reynolds number range
remains questionable, even if one uses physical
analogies.

The dimensional heat transfer rates (Fig. 2) do

show a significant increase with Reynolds number.
This Reynolds number dependence is provided almost
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entirely by the Reynolds number dependence of the
recirculation base density, since the Stanton number
itself is almost independent from the Reynolds num -
ber. For the uncooled base the density and pressure
are directly proportional. The Reynolds number de-
pendence of density may therefore be evaluated from
the plot of base pressure versus Reynolds number,
which is given in Figure 22. The measurements
indicate the typical "jump' which is known from
laminar turbulent transition and may be attributed to
transition effects of the forebody boundary layers.

In actual flight, the forebody boundary layers
(nozzle shear layers) are far from transition. This
is an additional reason why the heat transfer rates
from small scale model tests should not be extra-
polated to full scale Reynolds numbers, in spite of
the light turbulence levels.




V. CONCLUSIONS

Heat transfer processes in a two-dimensional 1.
recirculation zone behind a blunt trailing edge in a
Mach 3 wind tunnel have been studied by hot-wire and
total temperature traverses combined with wall pres -
sure and heat transfer measurements. The results 2.
indicate:

1. The recirculating flow is subjected to ex-
tremely high local turbulence levels of ~ 100 percent,
which makes a quantitative hot-wire interpretation

difficult, 3.

2. Oscilloscope traces and a third-octave fre-
quency band analysis indicate at least five narrow-
band frequency components in the base approach flow.
We speculate that one of these is connected with
sound radiation emanating from the subsonic hole
between the plume impingement shocks and the jet
shear layers, while another arises from noise gen-
erated by the shear layer.

3. Cooling the base plate produces a constant
total temperature throughout the recirculation zone,
which is below the recovery temperature. The asso-
ciated influence of the wall on the remote base ap-
proach flow can not be duplicated with a stagnation
point analysis.,

4. Turbulent reattachment produces thermal
and velocity base boundary layers of approximately
the same thickness.

e

5. The high level of turbulence affects both the
shape of the mean velocity and the total temperature
profiles., Heat transfer rates are correspondingly 7.
increased by a factor of 2.

6. The velocity of base boundary layers exhibits
an unexpected Reynolds number dependence.

7. The total heat transfer coefficient can be re-
lated to the heat transfer coefficients of the base
boundary layer and the jet shear layer, which act
like two heat flow resistances in series. The ther-
mal base boundary layer contributes 86 percent of
the total heat flow resistance and, therefore, domi-
nates convective base heating.

8. The shear layer heat transfer coefficient
agrees with Korst's theory when the incompressible

=12 is utilized. This indicates that spreading 10,

factors obtained for compressible exhausting jets
may not apply to our flow field.

REFERENCES

Schlichting, H.: Boundary Layer Theory.
Fourth Edition, McGraw-Hill Book Company,
Inc., New York, 1960,

Sutera, S. P., Maeder, P. F., and Kestin, J.:
"'On the Sensitivity of Heat Transfer in the Stag-
nation Point Boundary Layer to Free-Stream
Vorticity." Journal of Fluid Mechanics, Vol.
16, pp. 497-519, 1963.

Sutera, S. P.: "Vorticity Amplification in
Stagnation-Point Flow and its Effect on Heat
Transfer." Journal of Fluid Mechanics, Vol. 21,
pp. 513-534, 1965,

Larson, R. E., Scott, C. J., Elgin, D, R., and
Seiver, R. E.: Turbulent Base Flow Investiga -
tions at Mach Number 3. University of Minnesota,
Rosemount Aeronautical Laboratories, Research
Report No. 183, July 1962,

Domich, E. G., Jantscher, H. N., and Olson,
D. N.: Aeronautical Research Facilities.
University of Minnesota, Rosemount Aeronautical
Laboratories Research Report No. 152, Sep-
tember 1958.

Hanson, A. R., Larson, R. E., and Krause,
F. R.: Hot-Wire Techniques in Low Density
Flows with High Turbulence Levels. NASA
George C. Marshall Space Flight Center, TM
X-53295, April 1964, :

Janssen, J. M. L., Ensing, L., and Van Erp,
J. B.: "A Constant-Temperature- Operation
Hot-Wire Anemometer.'" Proceedings of the
IRE, Vol. 47, pp. 555-567, 1959.

Fingerson, L. M.: A Heat Flux Probe for
Transient Measurements in High Temperature
Gases. Ph. D. Thesis, University of Minnesota,
1961.

Ffowes-Williams, I. E., and Maidanik, G.:
""The Mach Wave Field Radiated by Supersonic
Turbulent Shear Flows." Journal of Fluid
Mechanics, Vol. 21, pp. 641-657, 1965,

Falkner, V. M., and Skan, S. W.: '"Solutions
of the Boundary Layer Equations.' Philosophical
Magazine, Vol 12, pp. 865-898, 1931,

25



11,

12,

13.

14.

15.

16.

26

REFERENCES (Cont'd)

Sternberg, J.: "A Theory for Viscous Sublayer
of a Turbulent Flow.'" Journal of Fluid Mechan-
ics, Vol. 14, pp. 241-271, 1961,

Kuethe, A. M., Wilmarth, W. W., and Crocker,
G. H.: '"Stagnation Point Fluctuations on a Body
of Revolution, " Physics of Fluids, Vol. 2, pp.
10-12, 1959.

Townsend, A. A.: The Structure of Turbulent
Shear Flow. Cambridge University Press,
Cambridge, 1956.

Livingood, J. N. B., and Donoughe, P. L.:
Summary of Laminar Boundary Layer Solutions
for Wedge-Type Flow over Convection and
Transpiration Cooled Surfaces. NASA TN 3588,
1955,

Van Hise, V.: Investigation of Variation in Base
Pressure over the Reynolds Number Range in
which Wake Transition occurs for Two-Dimensional
Bodies at Mach Numbers from 1.95 to 2,92,

NASA TN D-167, 1959,

Holder, G. W., and Gadd, G. E.: Interactions
between Shock Waves, Boundary Layers and
Wakes. Symposium on Boundary Layer Effects
in Aerodynamics, National Physical Laboratory,
Teddington, England. Philosophical Library,
Inc., New York, 1955,

17.

18.

19.

20.

22,

REFERENCES (Concluded)

Charwat, A. F., and Yakura, J. K.: "An In-
vestigation of Two-Dimensional Supersonic Base
Pressures.'" Journal of the Aeronautical Sciences,
Vol. 25, No. 2, 1958,

Page, R. H.,and Dixon, R. J.: Base Heat
Transfer in a Turbulent Separated Flow. The
Boeing Company, Document D2-20191-1, 1963.

Korst, H. H., Chow, W. L., and Zumwalt,

G. W.: Research on Transonic and Supersonic
Flow of a Real Fluid at Abrupt Increases in Cross
Section. University of Illinois, Engineering Ex-
periment Station Report NE 392-5, 1959,

Murthy, K. R. A., and Hammit, A. G.: In-
vestigation of the Interaction of a Turbulent
Boundary Layer with Prandtl-Meyer Expansion
Fans at M = 1, 88, Princeton University, De-
partment of Aeronautical Engineering Report
434, 1958,

Morkovin, M, V.: Effects of High Acceleration
on a Turbulent Shear Layer, Proceedings of the
1955 Heat Transfer and Fluid Mechanics Institute,
Stanford University Press, Stanford, 1955.

Tripp, W.: Analytical and Experimental Investi-
gation of the Base Pressure behind a Blunt Trail-
ing Edge for Supersonic Flow. Ph. D. Thesis,
University of Ilinois, 1956.




FLUID MECHANICS

27




FLUID MECHANICS REGIMES RELATED TO PROPELLANT OSCILLATIONS
UNDER LOW GRAVITY CONDITIONS

By

Harry J. Buchanan

SUMMARY Qw Slosh wave amplitude at tank wall
w First mode slosh frequency
This paper presents a discussion of the basic
regimes of fluid mechanics pertinent to propellant
oscillation problems. In particular an explanation
INTRODUCTION

is given of some of the fluid phenomena observed
under low gravity conditions in terms of certain
dimensionless products which are used to define the
regimes of fluid behavior: ordinary high gravity
sloshing, ordinary low gravity sloshing, low gravity
sloshing predominated by liquid moving along the con-
tainer surface, and sloshing involving breaking of

the surface by splashing or spraying.

LIST OF SYMBOLS

a Tank radius

Bo Bond number

F Force

Fr Froude number

g, Acceleration due to gravity at sea level
g Vehicle acceleration prior to main

engine shutdown

g Vehicle acceleration after main
engine shutdown

L Characteristic length

r Radius measured from tank center-
line

A% Velocity of fluid elements at free
surface

We Weber number

P Fluid mass density

o Fluid surface tension
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In the past, problems relating to propellant
oscillations in the tanks of launch vehicles have
been concerned primarily with the boost phase of
flight where body forces due to vehicle acceleration
are fairly large. Recently, with the advent of
liquid fueled space vehicles designed to restart after
an extended period in a near weightless condition,
interest in problems involving low gravity propellant
oscillations has increased. As of yet little progress
has been made toward solving these problems. One
of the specific problems to which considerable
attention has been turned involves the dynamic be-
havior of liquids following a large reduction in
vehicle acceleration.

At main engine shutdown the space vehicle ex-
periences a transition from a high forward acceler-
ation to a low deceleration resulting from aero-
dynamic drag. For ordinary tanks the fluid will then
reorient to a position of minimum potential energy.
Since the fluid will move to the other end of the tank
when this acceleration sign change takes place, one
design philosphy has been to prevent this by applying
sufficient thrust to insure a small forward acceler-
ation. Under these conditions, if the fluid were
initially at rest, the free surface would merely ad-
just its slope to minimize the potential energy.
While the resulting motion might require consider-
able time to damp out, it is not particularly violent.
On the other hand, if the fluid is sloshing initially,
which is certainly the most likely case, a consid-
erable amount of energy is possessed by the fluid.
How this energy will be divided into potential and
kinetic energy depends upon the phasing of the main
engine cutoff. If this event takes place when the
kinetic energy of the fluid is large, a particularly
violent motion can result.




FLUID DYNAMIC REGIMES

In order to examine qualitatively the dynamic
behavior of the liquid for the case described above,
consider four basic fluid mechanics regimes for
describing sloshing phenomena. Figure 1 illus-
trates these regimes in terms of the Weber and

2
Froude numbers. The Weber number (We =M)

o
represents the ratio of the inertial forces to the

V2
capillary forces, and the Froude number (Fr = Ei:"

is the ratio of inertial forces to body forces. The

Bond number (Bo = gL%p/0) is equal to the Weber
number divided by the Froude number.

",
4
High Gravity Sproying
Sloshing or Splashing
1.0
Low Gravity Flow
Sloshiag Up Taak Well
D 1.0 "’

FIGURE 1. SLOSHING FLUID MECHANICS
REGIMES

A. HIGH GRAVITY SLOSHING

This is the familiar case experienced in tests
conducted at 1 g and in flight tests at several g's.
Here the body forces predominate over inertial
forces, and inertial forces are very large compared
to surface tension forces. In terms of the above
dimensionless products, this regime is defined by:

Fr<1,0, We >1.0, Bo >1.0.

The resuliing fiuid motion in this regime has been
thoroughly treated, both analytically and experi-
mentally, by a number of investigators {1-4]. The
slosh wave is essentially planar as indicated in
Figure 2.

L~ Planar Slesh
Wave

~— High Gravity

Equilibrium Surfece

FIGURE 2. HIGH GRAVITY SLOSHING

B. LOW GRAVITY SLOSHING

In this regime capillary forces and body forces
both are greater than inertial forces. In terms of
the dimensionless products this condition can be
described by .

Fr <1.0 We <1, 0.
For these conditions the fluid oscillates or sloshes,
but the resulting wave shape is entirely different

from that for high gravity sloshing, as shown in
Figure 3. A detailed solution for this motion is not

\ /
N 7/

: ~ _ \

\ Low Gravity

Slosh Wave Equilibrivm  Surface

Low Grovity —/

FIGURE 3. LOW GRAVITY SLOSHING
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yet available although a method for determining the
natural frequency was developed [5]. This region
can be divided into two subregions by detailed con-
sideration of the restoring mechanism. In one case
the body forces provide the most important restoring
force; however, capillary forces cannot be entirely
ignored. This regime is described by

We > Fr Bo >1.0,

In the second case capillary forces supply the primary
restoring mechanism, for this situation

We < Fr Bo <1.0.

C. FLOW UP TANK WALL

This is the regime which is apparent in the drop
tests; it occurs where inertial forces predominate
over body forces; however, capillary forces remain
stronger than inertial forces. For this case

Fr >1.0 We <1,0 Bo <1.0.

In this regime the fluid climbs the container walls,
while the surface is prevented from spraying by the
surface tension forces.

D. SPRAYING

This last regime is characterized by liquid
spraying or splashing., This occurs when the capil-
lary forces can no longer resist the inertial forces
which already exceed the body forces. For this
condition

Fr >1.0 We >1,0,

The Bond number for this case can be either high or
low, For high Bond numbers the spraying criterion
has been derived [6] and is consistent with the
criterion put forward here.

EVALUATION OF DIMENSIONLESS NUMBERS

Figure 1 and the suggested regimes are of little
practical significance unless expressions for Fr and
We can be derived which correspond to the ratios
described.

30

_ FInertial _pvlal _ V*

Fr F ag (1)
Body  pa’g
Flnertial pVia®  pVia
We =4 = e - 4 . (2)
Capillary

In order to evaluate the velocity, V, let us assume
that we are interested only in the main engine cutoff
phasing which produces the maximum kinetic energy.
Since this corresponds to the maximum velocity, it
will also produce the maximum inertial force, If
the slosh wave prior to main engine cutoff can be
assumed to be planar, the velocity of the fluid par-
ticles at the surface becomes

V=f,w r/aw (3)

and, since the maximum velocity is at the wall,

\Y% =4 w . (4)

Fr = (5)

ag
and, in like manner, the Weber number

pt % wla
W

We=—"". (6)
g

By setting Fr = We = 1. 0 in (5) and (6), itis pos-
sible to arrive at the equations for the lines dividing
the various regimes in Figure 1.

From (5)
Fr=1.0 r = N2 (7)
w w
From (6)
We = 1.0 t = N . (8)
w apw
RESULTS

In order to compare the above explanation with
the observed phenomena, consider the case shown
in Figure 4. This sequence of photographs was




a. High Gravity Sloshing b. Slosh Wave at Drop
Prior to Drop -Maximum Kinetic
Energy

| c. Flow up Tank Wall d. Flow around Tank
| Completed

FIGURE 4. FLOW UP WALL
TANK DIAMETER: 3 INCHES
FLUID: CARBON TETRACHLORIDE
FACILITY: w«ORTH AMERICAN
AVIATION DROP TOWER

taken from a drop tower test conducted by North
American Aviation and shows a model of one of the
Apollo Service Module propeliant tanks. The test
procedure was to establish an initial slosh wave at
1 g and then to release the package to produce the
maximum kinetic energy. Since this tank is nearly
cylindrical, the natural frequency prior to drop is
given [ 1] by

(9)

t =.74Na? — (10)

 =.7anZE (11)

Using equations (10) and (11) it is possible to de-
fine the four regimes in terms of ;w and g. Figure

5 was constructed using the dimensions and fluid
properties for the model shown in Figure 4. The
shaded region indicates the acceleration level ex-
perienced in the North American test facility. From
the photographs it appears that the wave height is
sufficient to initiate spraying. However, these
boundaries define only the onset of each of these
regimes. Actually all the fluid participating in the
motion must have a velocity equal to or greater than
that associated with this wave height. Therefore, the
wave height required to produce the motion pictured
in Figure 4 would probably be greater than that indi-
cated by Figure 5. It appears that the value of the
Bond number determines which flow regimes will be
possible regardless of wave height. Thus, according
to Figure 5, flow up the wall is not possible if Bo> 1.0.

The effect of tank size on the phenomena is
demonstrated by considering a much larger tank
such as the Saturn S-IVB liquid hydrogen (Fig. 6).
The current plan for propellant control requires

that an acceleration level of 5 x 10_3 m/sec2 be
applied to the vehicle for 77 seconds following main
engine cutoff [7]. Figure 6 indicates that the
phenomena involved here include spraying or splash-
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FIGURE 5. SLOSH REGIMES FOR APOLLO
SERVICE MODULE PROPELLANT
TANK MODEL

ing but not flow up the tank wall as pictured in Figure
4, Theneforei it would seem that in large tanks (large
Bond numbers) the spraying or splashing phenomena
would be more prevalent than that described as flow
up the tank wall.

CONCLUSIONS

From the discussion it seems possible to explain
for at least some cases the mechanism which pro-
duces the flow up the tank wall, Although the method
for evaluating the dimensionless numbers is based
on several simplifying assumptions, it does offer a
means of estimating the possible flow regimes and
of scaling experiments., Some subjects for future
investigation include the effect of viscous forces and
the influence of contact angle or adhesion between the
fluid and wall.
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REMOTE SENSING WITH OPTICAL CROSS CORRELATION METHODS

By

*. R. Krause and M. J. Fisher

SUMMARY

Our basic concept is to employ the cross corre-
lation of two narrow light beams for remote sensing.
The problem with most optical methods such as schlie-
ren, shadowgraph systems or spectrometers is that
the received signal is always integrated along the line
of sight. However, we want information for a partic-
ular spot along the line of sight. To this purpose we
adjust a second beam to intersect the first at the point
of interest. The integration along the two beams is
then eliminated by a cross correlation of the detected
fluctuations, This paper indicates how this new con-
cept of combining standard spectroscopy with a statis-
tical cross correlation analysis might be used for
turbulence investigations in model tests and in the
atmosphere.

The concept has been demonstrated success-
fully by comparing hot wire measurements with opti-
cal cross correlation results. Since remote sensing
methods are not limited by scale, AAP applications
are conceivable. The main problems in atmospheric
and AAP experiments are formulated in terms of
questions, such that the background information be-
comes apparent which is needed to establish the
feasiblity of particular experiments.

I. INTRODUCTION

The cross correlation of optical signals has been
used for remote sensing in jet shear layers [1]. Con-
centration fluctuations of a water vapor fog could be
resolved with good accuracy in space and time [2].

In principle, the method should also work on an at-
mospheric scale. Experimental investigations about
the generation and motion of atmospheric constituents
such as clouds, nuclear debris, ozone, radiation belts,
etc., offer an exciting challenge. We will now give a
simplified version of our new remote sensing concept
and outline some of the problems, which one would
have to overcome in atmospheric applications,
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IO. THE CROSSED BEAM CONCEPT

Remote sensing of distant light sources like
planets is based on a fundamental theorem of geo-
metrical optics, which states that the spectral radi-
ance, I, of a source and its image are equal, if one
neglects light extinction and emission along the line
of sight. The spectral radiance of a distant source
is therefore accessible through the spectral radiance
of its image on the exit slit of a monochromator, as
shown in Figure 1. Source area, AA, and wave
length interval, AX, are set by the optical filter. The
solid angle, A3, into which the exit slit radiates, is
set by the photodetector. Therefore, the received
radiative power is directly proportional to the spec -
tral radiance, I, of the distant source:

AyAz

Apporent Light Source with
Spectrol Rodionce I =

AAMIAS Telescope ?
Ea{gnm ¢
4
V]
[N %
Ak ¢
Detected A
Radlath:
Power Exit
As St
Vi
Optical Filter {Grating)
re——— Effects of Motier ond Rodiation Neglected ——=

FIGURE 1. REMOTE SENSING OF DISTANT LIGHT

SOURCES

I(x = -, t, A) = I ()

_wE—he, 6N
T AA A3 A - Id' (1)

However, if the line of sight goes through the atmos-
phere, the detected spectral radiance Id(t, A) is
changed due to the light extinction or emission in the
detector's field of view, In the two limiting cases of
dominant extinction or dominant emission, the change
in spectral radiance




Lt = IX =+, t, 1)
400

-[ K&, t, 0 dx
=LtNe - (2)

may be expressed by integrating the extinction or

emission coefficient

Ka,t, )= &+ 2L k&, N +k(E 6 A). (3)
b ] 3 I ax ’ ’ k] .

In astronomy and optical communication, these ef-
fects are a nuisance. From an atmospheric science
point of view, they can be used to study the thermo-
dynamic properties of the atmosphere, since the ex-
tinction coefficient K is uniquely determined by the
thermodynamic properties,

The problem with local measurement of atmos-
pheric properties is how to retrieve the local infor-~
mation that is buried in the integrated signal, A so-
lution is possible only by repeating the remote sensing
as a function of the remaining independent variables,
such that some mathematical transformation can be
used to extract the local extinction coefficient,

Several authors [3 - 8] used the remaining space
variables y and z and had to assume axial sym-
metry. This assumption can be made in the study of
single rocket exhaust and flames but not in the atmos-
phere. Another group [9 - 15] used the dependence
on optical wave length A, They subdivide the line of
sight into as many zones as there are isolated mole-
cular bands, and need some advance knowledge about
the spatial distribution of temperatures and concen—
trations. The method worked on a package of con-
trolled burners [16]}. In the atmosphere, a larger
number of isolated bands which are free from scat-
tering and the advance knowledge are hard to find,
However, the "zonal approximation' should be con-
sidered as a backup of our cross correlation method
since it does use the same test arrangement,

We use the time aspect to retrieve the local in-
formation. Consider the experimental arrangement
on Figure 2, Two lines of sight intersect in an at-
mosphere-fixed point. These lines define a plane
which we shall call "turbulence wave front'" and a
normal in the intersection point (x, y, z) which is
called the wave normal, We then measure the spec-
tral radiance I(t, A) (radiative power/solid angle,
area, and wave length interval) along both fields of
view, split off the time average signal, T, cross
correlate the fluctuations, i(t), and calculate the
quantity, G, as described in Figure 2. Let us assume

that the two detecting telescopes have been aligned to
the y and z axis of a Cartesian, atmosphere-fixed
coordinate system. Each line of sight is denoted by
a y or z subscript and each point on the line of sight-
by the distances n or ¢ relative to the intersection
point. The quantity G is then equal to

L (t, ) i (t, )

G()—(., A) = — . (4)
I .1
y z
Detector 1 Detector 2
I=(Ip i) Iy= Iy +iylt)

¢ Wave Normal

Turbulence
Wove Front

>=-Continuous Sources of White Light

The Crossed Beom Technique Arec Integrates the Cross

Correlation Function of Light Extinction Coefficients,

K=K+k
(gt i (1441 53
| ] T
-’—’———=s({,r,x)_=ﬂux,y,z+g,:,x,)k(x+{,y+1,,z,:+r,x2) dndl
(I (1) 54

FIGURE 2. REMOTE SENSING OF LOCAL
TURBULENCE THROUGH CROSS CORRELATION
OF OPTICAL SIGNALS

The interpretation of the measured quantity G
follows by relating it to the local fluctuations, k, of
the extinction coefficient. We have shown that G is
equal to an area integral over the space time corre-
lation function [17],

G(¢, T, A)i-

+00

=[] kix,y, 2+, t, A) k(x+E, yn, 2, 47, N) dndg,  (5)

—00

provided that the following assumptions are met:
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1. The number of statistically independent at-
mospheric disturbances is small enough to
avoid a cancellation of the integrated fluc-
tuation,

2. The integrated fluctuation of the extinction
coefficient is small enough to permit linear-
ization.

3. The light source fluctuations and the atmos-
pheric fluctuations are statistically indepen-
dent,

4. The fluctuations of the two light sources are
uncorrelated,

5, Either extinction or emission dominates the
change of the detected radiative power.

The second assumption is not very restrictive since the
integrated mean value would still be large. Further-
more, the local fluctuation, k, does not have to be
small; only the integral over statistically independent
fluctuations is assumed to be linearized. In the very
few cases where these weak restrictions are not met,
one can possibly choose another wave length, A, where
the second assumption is met, The other assumptions
can mostly be met by a suitable experimental arrange-
ment. Therefore, the result of equation 5 appears to
be sufficiently general for atmospheric applications,

Two important conclusions can be derived from
equation 5:

1. For a pair of statistically independent light
sources, the source characteristics do not have to be
known. The method would work for any source, such
as ground beacons, the sun, or reflected sunlight,

2. The random nature of turbulent fluctuations
assures that integrand drops to zero over distances
which are comparable to a typical eddy size. This
explains, qualitatively, why the cross correlation
partially eliminates the usual optical integration along
a line of sight.

According to equation 5, the crossed beam corre-
lation works whenever the wanted signal is common to
both lines of sight. The way in which the wanted sig-
nal is then pulled out of the integrated signal may be
described best by splitting each of the integrated sig-
nals in two parts. The first describes the contribu-
tion of the ""correlated volume' where the integrand
of equation 5 does not vanish, The second part de-
scribes the rest of the integrated signal. Multiplying
the fluctuations of the two integrated signals then leads
to four products. Three of these change between
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positive and negative values in a random fashion. If
we now average these products over time, their mean
value will go to zero, whereas the deviation from the
mean will increase with the square root of time.

The fourth product describes the contribution of
the correlated volume, which is common to both lines
of sight, The associated product is always positive,
and its summation over time should increase linearly
with time. Therefore, it will be the dominant one,
if one goes on adding long enough. Even small con-
tributions at the beam intersection can be pulled out
provided (1) the integrated signals show detectable
fluctuations and (2) the combination of light source
fluctuations, shot noise and instrument noise is not
orders of magnitudes larger than the root mean square
value of the integrated signal.

II. MEASURABLE TURBULENCE PARAMETERS

The optical integration is restricted to the wave
front. Along the wave normal, no integration takes
place and local information inside a correlated volume
may be obtained by repeating the crossed beam ex-
periment for several beam separations along the nor-
mal as shown in Figure 3. The space separation, £,
describes the minimum beam distance, which defines
the wave normal. Also a time separation is intro-
duced electronically by a time delay unit. As will be
discussed later, the measured signal, G, then ap-
proximates a two-point product mean value, which
would have been measured by point probes on the
wave normal.

66 T Vg LOLED ),
G0, 0, N GOL®), Q)

k(x,y,2,t, A) kixtg, y, 2, t+7, A

(6)

k(x, y, z, t, A) k(x, y, z, t, A)

The position of these imaginary point probes is
indicated on Figure 3 by two dots. Thus, all turbu-
lent properties, which are commonly derived from
two -point product mean values, may also be approx-
imated with the crossed beam method,

The local integral scale of turbulence is defined
by averaging the area under the covariance curve
G(¢, 7=0) and its graphical evaluation is illustrated
on Figure 3.
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FIGURE 3. TURBULENCE SCALES AND
INTENSITIES FROM CROSSED BEAM
COVARIANCE MEASUREMENTS

Plotting the beam correlation coefficient against
the time separation instead of the space separation
(Fig. 4) allows bulk convection speeds to be read.
For a given space separation, the correlation will
reach a maximum at the time that the turbulent eddies
need to travel from the upstream to the downstream
beam. The time lag, TM’ which is indicated by the

maximum, is therefore a direct measure of convec-
tion speeds.

Power spectra and cross power spectra are de-
fined by a Fourier transform of the measured auto-
correlation, ¢ =0, and cross correlation ¢ # 0,
curves. They may be calculated using the digital
computer programs, developed for the analysis of
mechanical vibrations [18].

A study of the envelope to the time correlations,
r{T) £ provides a measure of the temporal rate of

decay of turbulent eddies as seen by an observer mov-
ing with the convection speed. Therefore, the decay
of this correlation curve to 1/e of its original value

is used to define the average eddy lifetime. The
Fourier transform of this envelope would indicate the
dominant frequencies which are felt by the moving ob-
server.

Summarizing the graphical evaluations sketched
in Figures 3 and 4, we find that the crossed beam
method remotely senses integral scales of turbulence,
convection speeds, eddy lifetimes and spectra for ar-
bitrarily chosen atmosphere-fixed points at which a
beam intersection can be achieved.
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FIGURE 4. LOCAL POWER SPECTRA
CONVECTION SPEEDS AND EDDY LIFETIMES
FROM CROSSED BEAM CORRELATION
MEASUREMENTS
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The above turbulent properties are only approxi-
mations, since the optical integration over the wave
front does catch fluctuations which are not felt by the
point probe on the wave normal. However, our ex-
periments in a subsonic jet have shown that weighting
of contributions close to the wave normal is suffi-
ciently strong to yield a good spatial resolution. One
may thus expect a good spatial resolution on a wide
range of other turbulent motions which are of prac-
tical interest.

The absorption (or emission) spectrum of ex-
tinction coefficients is commonly used to find species
concentrations and temperatures of both stagnant gases
and small scattering particles. Adjusting the optical
wave length of the crossed beams to chosen atomic
lines and/or molecular bands, one might therefore
extend the spectroscopic methods from stagnant media
to inhomogeneous turbulent flows and study multi-
component or two-phase flow phenomena.

1IV. EXPERIMENTAL VERIFICATIONS

The most revealing and instructive test of the
crossed beam concept is to compare the optical ap-
proximation of point measurements with known hot-
wire measurements. The initial portion of an axi-
symmetric free shear layer was chosen for the ex-
periments since (1) the turbulence is anisotropic and
inhomogeneous and (2) convection speeds, turbulence
scales and eddy lifetimes are well documented in the
literature.

All measurements were taken in a subsonic
(M = 0.2) air jet exhausting through a one-inch
diameter nozzle into the atmosphere (Fig,. 5). Light
extinction was achieved by spraying a small amount
of liquid nitrogen into the settling chamber. This
produced small water droplets in the exhaust flow
which attenuate the crossed beams by scattering.
Later, the nitrogen injection was replaced with water
spray which offered a better control of the tracer con-
centration,

A diagram of the optical and electronic hardware
is also shown in Figure 5. A plane mirror and a
spherical mirror collect the light from a powerful
mercury arc and transmit it as a parallel beam
through the jet. A similar mirror combination pro-
jects the arc image on the entrance siit of a grating
spectrograph. The aperture stop in front of the spec-
trograph is set at a beam diameter of 2 mm. The
photomultiplier then scans the first order spectrum
of the grating. In this way, the wave length interval
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AX and the wave length A are adjusted by the width
of the monochromator slit and the rotation of the
grating, respectively. By exchanging light sources,
gratings, and photodetectors, the system is able to
cover the spectrum from the vacuum ultraviolet

(A = 1200A) to the infrared (A = 25 p).
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FIGURE 5. BREAD BOARD MODEL OF CROSSED

BEAM CORRELATOR

The above light source and detector arrangement
is used to generate two beams, one in a horizontal and
one in a vertical direction (Fig. 5). A lathe bed pro-
vides a mechanical support which allows us to align
the beams parallel to the nozzle exit plane. A beam
separation in the streamwise direction gives the
longitudinal turbulence scales and convection speeds.
Transport of the whole system allows us to repeat the
measurements for all axial and radial traverses of
the jet.

The contribution of correlated light source fluc-
tuations, created by ripple in the power supply, was
eliminated using electronic filters. A typical sample
of optically measured two-point product mean values
is shown in Figure 6. The beam intersection was ad-
justed to the center of the free shear layer three exit




diameters downstream of the nozzle exit. The tur-
bulent convection process is clearly indicated by the
displaced maxima for finite beam separation, The
monotonic decay of the envelope shows the decay of
the moving eddies. Measuring the time delay for
which this curve falls to 1/e of its initial value yields
a value of 880 microseconds. This is in excellent
agreement with the hot-wire data of [19], from which
we estimate that the value of the time scale for our
experimental conditions should be 920 microseconds.
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FIGURE 6, CROSS-CORRELATION WITH
DOWNSTREAM BEAM SEPARATION

Figure 7 shows the same experiment under dif-
ferent conditions. The initial intersection point of the
beams was six diameters from the jet exit, (i.e.,
at x/D = 6.0) instead of at x/D = 3.0. Instead of
using liquid nitrogen to generate a water droplet fog
tracer, a small nozzle was mounted in the jet settling
tank which sprayed water droplets into the flow to
form the tracer fog. The curves do appear to fall
onto or close to an envelope as required. Unfortu-
nately, the range of beam separations used is not
sufficient to merit the extrapolation of the curve to
1/e of its initial value. Therefore, the moving axis
autocorrelation curve has been obtained from the
hot-wire data of { 19] and is shown as the dotted line

superimposed on the measured cross correlation
curve.

The spatial resolution of the crossed beam
method seems very encouraging, considering that the
envelope from the hot-wire data exactly matches the
individual curves from the crossed beam method.

For the moving frame, the optically measured auto-
correlation therefore agrees with the hot-wire curves,

regardless of whether nitrogen or water spray was
used as a tracei,
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FIGURE 7. CROSS CORRELATION WITH
DOWNSTREAM BEAM SEPARATION

A quantitative comparison of individual cross
correlation curves G(7), has been based on the indi-

£

cated convection velocities. These velocities have
been evaluated graphically following the procedure of
Figure 4. To increase the accuracy, we have always
used more than one curve. The chosen set of beam
separations was plotted as a function of the time lag
values TM’ which were indicated by the common tan-

gent of envelope and individual cross-correlation
curve, The result is a straight line which is shown
in the upper part of Figure 7. The desired convection
speed follows from the slope of this line,

The results of all convection velocity determina-
tions made using the crossed beam correlation system
to date are summarized on Figure 8, where they are
also compared with hot-wire data from Reference 19. In
the outer portion of the shear layer (5 > 0) the convection
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velocity determinations agree within experimental
accuracy. For n <0, however, the crossed beam re-
sults tend to follow the mean velocity profile (U/ Uo)

rather than attain the constant maximum value ob-
served for hot-wire data. This was not an unexpected
result, All convection velocity results presented in
Reference 19 were taken at axial stations where the
potential core still exists. Atthese positions, the large
difference between the mean velocity and convection ve-
locity has not been completely explained. However,
Davies [20] has discussed the subject recently, and

it does appear that the closer correspondence between
mean and convection velocity observed here is to be
expected when a measuring technique other than the
hot-wire anemometer is being used, and/or the po-
tential core no longer exists.
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FIGURE 8, VELOCITY PROFILES FROM HOT

WIRE AND CROSS BEAM METHODS

The optically measured results in Figure 8 were
only 0.2 inch apart. This is much smaller than the
geometrical shear layer thickness (~,8") which is
indicated by the hot-wire results. Apparently, con-
vection speeds can be resolved inside a correlated
volume by moving the intersection point.

V. REMOTE SENSING FROM LOW AND HIGH
EARTH ORBITS

The concept of remote sensing through cross
correlation of optical signals is not restricted by
scale and the method should, at least in principle,
work also over atmospheric distances. Mounting the
two photodetectors on satellites instead of on the
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veys of the earth and the moon.

upper atmosphere,

ground or on airplanes has the advantages of a larger
field of view, quicker scanning, and avoiding vibra-
tion problems. In addition to these benefits, which
were discussed during the recent remote sensing
symposium, the satellite detector can use reflected
sunlight, whereas the ground detector is restricted
to scattered sunlight. The orbital detector can thus
use absorption spectroscopy for a detailed study of
atmospheric and ionospheric constituents, whereas
the ground detector is restricted to refractive index
fluctuations, the interpretation of which is very dif-
ficult.

Sometimes the fluctuations of atmospheric con-
stituents may be detectable with the radiative power,

which is provided by reflected and scattered sunlight

or by emission inside the detector's field of view.

In such a case, the optical hardware which would be
needed for the crossed beam method is quite similar
to that which is developed for the photographic sur-
Both applications
require a diffraction-limited telescope coupled with
an optical filter which selects the ultraviolet, visible,
and infrared regions of the spectrum. The main dif-
ference consists in replacing the camera with a sen-
sitive phototube and to fly two satellites instead of
one,

Two orbital detectors could adjust their lines of
sight to intersect on an atmosphere-fixed spot, by
continuously turning the telescope during the fly -by.
Remote sensing of disturbances around the inter -
section might be feasible for both the lower and the
Typical lines of sight are sketched
on Figure 9,

To study the feasibility of remote sensing in the

lower atmosphere with respect to the following AAP

experiments, we suggest:

1, The generation and motion of the aurora and
airglow using emitted radiation during the
night cycle.

2. The motion or generation of water vapor,
pollutants, and trace constituents using re-
flected sunlight (Fig. 9) or the thermal
radiation.

Remote sensing in the upper atmosphere is intrigu-
ing, if the use of ground beacons can be avoided.

The optical path between the upper atmosphere and
the orbital telescope is then short. Also, oxygen has
extremely high absorption peaks in the ultraviolet,
such that the motion of very diluted oxygen might still
be detectable. To study the feasibility of remote
sensing the upper atmosphere and ionosphere with re-
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spect to the following AAP experiments, we suggest:

1. The motion or generation of ozone using di-
rect or scattered sunlight (Fig, 9b).

2. The motion or generation of radiation belts
using the emitted electromagnetic radiation.
Both vertical and horizontal motions might
be studied using the same arrangement
sketched for the upper atmosphere (Fig. 9b).

V. PROBLEMS

The main problems with the crossed beam
method are as follows:

1. To find an atmosphere constituent that pro-
duces detectable fluctuations of the inte-
grated signal along accessible lines of sight.

2. To reduce light source fluctuations, shot
noise and instrument noise to root mean
square levels, which have the same order of
magnitude as the integrated signal,

3. To have the lines of sight intersect on an
atmosphere-fixed spot for an observation
time, which is sufficiently long to pull the
local signal out of the integrated signal and
the combined light source noise, shot noise
and instrument noise.

These problems are formidable, and they may pro-
hibit some of the applications that were outlined in
the previous section. However, since we can pick

the detected radiation from any region of the
electromagnetic spectrum and since the orientation of

the lines of sight may be chosen arbitrarily, we be-
lieve that there is at least one interesting AAP experi-
ment where the above problems may be overcome
through special test arrangements. Such an experi-
ment presents an exciting challenge, since the dynam-
ic behavior of the atmosphere, or radiation belts

could be added to the "static' mapping on oceanic,
geographic, and atmospheric surveys.

Several facts about atmospheric constituents and
optical AAP hardware must be collected before we
could decide the feasibility of particular experiments.
These facts have been identified in the previous dis-
cussions and may be summarized by the following
questions:

1. Which constituents of the lower atmosphere,

such as clouds, pollutants and trace consti-
tuents, produce detectable fluctuations within
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a response time of 0, 1 second along a line of
sight which traverses the entire atmosphere?

2. Do the usual constituents of the upper atmos-
phere and ionosphere such as ozone produce
detectable fluctuations along a line of sight
which traverses the outer portions of the up-
per atmosphere ?

3. Do reflected or scattered sunlight and/or
radiation belts put enough radiative power in-
to the orbital detector's field of view to re-
duce the shot noise below the expected signal
levels, considering the telescopes and optical
filters which are déveloped for other AAP
missions?

4., Does the continuous motion of the detector's
field of view lead to fluctuations of the re-
flected sunlight that are comparable to the
signal fluctuations?

5, For which observation time is it possible to
have the narrow fields of view intersect at a
point on the lower and the higher atmosphere
and what are the beam diameters and pointing
accuracies?

6. Is it possible to extend these applications to
the complete day and night cycle by using
ground beacons besides reflected and scat-
tered sunlight?
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APPLICATION OF THE Q-BALL ANGLE OF ATTACK TRANSDUCER TO LARGE
SPACE VEHICLES

Paul E. Ramsey

SUMMARY

The angle of attack of large space vehicles can
be measured either indirectly or directly. Indirect
methods consist of using accelerometers or obtaining
rawinsonde wind data, which are used in conjunction
with telemetered attitude angles and control param-
eters to calculate the angle of attack. Direct meth-
ods, which tend to be the most accurate, consist of
using externally mounted angle of attack sensors.
Early direct methods consisted of "weather cock"
stable vanes of various types and gimbaled bodies,
with and without wings , which were boom-mounted
on the nose of the vehicle. Later, stable vane con-
figurations and slotted, self-servoed, cylindrical
probes were extended perpendicularly from the ve-
hicle skin. These devices were limited in accuracy,
sensitivity, and use because of their electromechan-
ical nature, fragility, external mounting positions,
and mode of operation.

The Q-ball was developed to eliminate or reduce
the severity of these limitations normally associated
with the earlier angle of attack meters. Since the
Q-hall is faired into the nose of the vehicle, the
strict requirements for surface smoothness ahead of
the sensor and local upwash calibrations do not exist.
Also, since the Q-ball is not a fragile, protruding
device, it is not likely to sustain damage during ve-
hicle ground handling. The accuracy and sensitivity
of the Q-ball are enhanced because its principle of
operation requires no mechanical moving parts;
rather it uses sensitive pressure transducers and
associated tubing and electronics.

The Q-ball provides a valuable method for de-
termining the angle of attack of any space vehicle
during most of the atmospheric portion of flight.
Because of its accuracy and ability to detect slow
angular divergence rates away from normal flight
angle of attack, the Q-ball has been used to obtain
data for post-flight analysis and is being developed
for use in the manned Apollo-Saturn emergency de-
tection system to detect abort situations.

Symbol

M

AP

AP
¥

C

pmax

Subscripts

LIST OF SYMBOLS
Definition
Free stream Mach number
Free stream dynamic pressure, psia
Pressure, psia
Angle of attack, degrees

Angle measured from stagnation point
on the spherical nose, degrees

Angle of yaw, degrees

Pressure differential measured across
the pair of 45 ° ports in the pitch plane,
psia

Pressure differential measured across
the pair of 45° ports in the yaw plane,

psia

Pressure differential measured across
the Q-ports, psia

AP

Slope of versus & curves at

Pressure coefficient at stagnation point

Measured at angle 6




LIST OF SYMBOLS (Concluded)

Symbol Definition

© . Free stream conditions

i Upper « port

2 Lower a port

39 Q-port located 39° from Q-ball
center line

51 Q-port located 51° from Q-ball
center line

L. INTRODUCTION

The control systems of today's advanced space
vehicles are a relatively complex organization of ve-
hicle attitude sensors, electronic computers, and
actuators needed for movement of a portion of the
vehicle, such as a fin, an engine, or a control sur -
face. The major function of such a system is to
keep the space vehicle on a prescribed path as closely
as possible. An equally important function for the
control system, especially for large slender Saturn
vehicles, is to keep lateral aerodynamic loads within
the failure limits of the vehicle's structure. Since
these loads are proportional to the angle of attack
and the flight dynamic pressure, the allowable angle
of attack must be restricted, especially during the
high dynamic pressure regions of flight. Also, since
the Saturn vehicles are generally aerodynamically
unstable throughout most of the flight range, the con-
trol system must induce artificial stability. These
control system functions are normally accomplished
through some means of engine thrust vector control.

To determine the amount of thrust vectoring
needed, the vehicle attitude and angle of attack or
accelerations caused by angle of attack induced forces
must be known at all times during flight. An excep-
tion would be the attitude control system presently
planned for Saturn V which will not require angle of
attack inputs. This information is fed into a control
computer which determines the required engine de-
flection according to predetermined gain factors.

The attitude or vehicle orientation with respect to

the vertical can be determined by measuring the
angle between the axis of a space-fixed gyro-
stabilized platform and the vehicle centerline. Angle
of attack is normally measured during flight, either
directly or indirectly, by any one of various means.

Direct methods, which tend to be the most accu-
rate, use externally mounted angle of attack meters;
indirect methods use accelerometers or rawinsonde
wind data along with telemetered attitude angles and
control parameters to calculate the angle of attack.

In the past, several types of angle of attack meters
have been used. Early devices consisted of "weather
cock" stable configurations which were mounted on
the nose of the vehicle and aligned themselves with
the direction of the winds. Boom-mounted vanes and
gimbaled bodies with and without wings were the most
common examples. Later devices consisted of stable
vane configurations and slotted, self-servoed, cyl-
indrical probes which were extended perpendicularly
from the vehicle skin into the flow field around the
vehicle.

All of these devices had limitations characteris-
tic of their mode of operation. Some of these limi-
tations are discussed below:

a. Local body-mounted probe and vane sen-
sors require an accurate calibration of the upwash
around the vehicle in the vicinity of the angle of attack
sensor for each sensor-vehicle combination.

b. The surface ahead of body -mounted sen-
sors must be free of protuberances or sudden discon-
tinuities which could cause unpredictable local flow
conditions,

c. Because local body-mounted sensors are
electromechanical devices, good sensitivity and ac-
curacy are limited to relatively high dynamic pres-
sure regions of flight where the aerodynamic forces
are sufficient to overcome bearing friction and the
momentum of mechanical parts.

d. Because these angle of attack devices are
usually fragile and are mounted externally, they can
be easily damaged during ground handling, and are
subjected to aerodynamic heating during the ascent
and reentry phases of flight.

To eliminate or reduce the severity of these
limitations, a more advanced sensor for use on large
space vehicles was developed by adapting the movable
nose sphere Q-ball used on the X-15 research air -
craft. The result was a fixed-sphere Q-ball which
indicated the angle of attack by sensing differential
pressures on the nose sphere. The Q-ball was de-
signed to be incorporated into the nose cones of
ballistic missiles (without disturbing the overall
vehicle aerodynamic characteristics) and to be
sturdy enough to withstand aerodynamic heating dur -
ing the ascent and to remain essentially intact, even

47



though inoperative, when exposed to the heat of at-
mospheric reentry.

During the development period of the Q-ball,
angle of attack devices gave way to accelerometers
for control purposes, but were and still are required
for other applications. Because of an accuracy ad-
vantage over accelerometers, angle of attack meters
(such as the Q-ball) are used to measure precisely
the angle of attack during flight. This information is
telemetered back to Earth for postflight analysis of
vehicle performance. A Q-ball is now being devel -
oped for use as part of an abort warning system for
the manned Apollo-Saturn flights. In this capacity,
the Q-ball can detect slow divergence from normal
flight angles of attack toward the abort limit more
accurately than accelerometers.

This paper is concerned with the Q-ball and its
application to large space vehicles, and with the
major problems and sensor accuracies encountered
during actual use.

II. DESCRIPTION AND OPERATION OF Q-BALL

The standard Q-ball is a sphericallv blunted 15°
half-angle cone with diametrically opposite differen-
tial pressure orifices which are located 45° from the
stagnation point in both the pitch and yaw planes. A
pair of differential pressure orifices, called Q-ports,
are located 39° and 51° from the stagnation point in
a plane rolled 45° from the pitch plane. Figure 1
shows the Q-ball configuration and location of the
three pairs of pressure ports.

/ I/ \

(e S & /
\ /

FIGURE 1. PORT CONFIGURATION OF

Q-BALL
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The Q-ball works on the principle that a linear
function exists between the differential pressures
measured across the 45° (« and ) ports and the
angles of pitch and yaw. Because the Q-ball is axi-
symmetrical, this pressure-to-angle relationship
can be represented by a single set of calibration data
for both the pitch and yaw planes. Therefore, for
simplicity, all further comments will be restricted
to the pitch plane. Calibration data are obtained ex-
perimentally by placing a scale model of the Q-ball
into a wind tunnel (Fig. 2) and measuring the result-
ing APoz as a function of @. Since the differential

pressure variation with « is linear for angles of at-
tack up to approximately 15°, the data are conven-
iently presented as the slope of the APa/q versus «

curves or APa/aq as a function of free stream Mach

number. Typical data are presented in Figures 3 and
4 for several Q-ball sizes and configurations. More
complete data are shown by Mills and Lukesh [1] ana
Ramsey [2]. Also, for comparison, suppersonic ex-
perimental data for hemisphere-cylinders, along with
some subsonic perturbation theory [3] and modified
Newtonian Theory, are presented in Figure 4.

TYPICAL LARGE SCALE Q-BALL
EXPERIMENTAL MODEL SHOWN INSTALLED
IN THE CORNELL AERONAUTICAL
LABORATORY 8-FOOT TRANSONIC

WIND TUNNEL

FIGURE 2.
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The modified Newtonian data were obtained by
using the familiar Newtonian expression to write the
equation for the pressure at each of the @ -ports and

AP
o

combining them to obtain ) for the pitch

oo ( q
plane. Mills and Lukesh [1] give a complete deriva-
tion which includes the effects of yaw.

The pressure on a sphere at any point 6° from
the stagnation point is as follows:

P =P +C
@ P

P q cos? 6

max

At some angle of attack (), the 6 angles for ports
1 and 2, shown in Figure 5, are as follows:

a45°

Flow {"

45°

FIGURE 5. NOTATION FOR PRESSURE
CALCULATIONS WITH Q-BALL AT AN
ANGLE OF ATTACK

9, = L
1~ 4 a

s
0 = — + .
2 4 o
Therefore,
Pp=P_+C qcos? 6 (1)

max
- 2

Py = Peo + Cp qcos® 8y . (2)
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Subtraction of Equations (1) and (2) and substituting
the expressions for 6; and 6, yields

Py - P,
— =C cos? 6, - C cos? 0,
a pmax pma.x
AP T T
— =C cos? (- ) —cosz(— +a)l .(3)
q p 4
max

Now, we have

0 T LT
COS(Z -a@) = cos ; cosa+sin o sina

4
and
cos T = sin T.
4 4
Substituting we get
cos (i— - Q) =sin£ (cos o + sin @),

Therefore,

s L2 . .
cos? (Z -Qq) = sin? 1 (cos2 @ + 2 sin @ cos « +sin® a)

T o . .
cosz(z + ) = sin’ 1 (cos? @ - 2 sin @ cos @ + sin® @),

Substitution in Equation (3) yields

APa
— = C sin? T (4 sin o cos @)
q P 4
max
APQ
— = C sin2 o,
q Pmax

Differentiating, we obtain

AP

2 —2 - ¢ cos2a. (4)
X'l p
max
9 APa
Equation (4), whichdetermines oy (T) in radian

measure (éd) , was converted to degrees before being
presented in Figure 4.
The Q-ball measured differential pressures are

also a function of the dynamic pressure level; conse-
quently, a means of determining the dynamic pressure




is necessary, which is the function of the Q-ports.
Differential pressures measured across these ports
are directly related to free stream dynamic pressure.
Necessary calibration data are normally presented

as the differential pressure across the Q-ports, AP ,
ratioed to free stream dynamic pressure, q, or
simply APcl /q as a function of Mach number. Typi-

cal APq calibration data are presented in Figure 6

for several Q-ball configurations. Some hemisphere-
cylinder data, along with subsonic perturbation and
Newtonian theories, are also presented for compari-
son with the APq calibration data.

The APq/q and APa/ aq data can be combined to

obtain the flight angle of pitch, a, in the following
manner. First, for any Mach number, AP a/ aq and

the corresponding APq/ q value can be used to de-

(APq/ q) AP o

K = = —3
APa/otq APa

(3)

Then, to obtain the vehicle angle of pitch, the flight-
measured APa and APq are ratioed and multiplied

by K as follows:

AP

=)
AP )
q
measured in flight

@ = K ( (6)

1, Q-BALL TYPES

There are three versions of the Q-ball either in
existence or under development. The Q-ball princi-
ple was used on early Saturn vehicles by measuring
differential pressures across pairs of holes drilled
into the nose cone., A complete Q-ball package known
as the F-16 was flown on Saturn SA-4 through SA-7

termine a K factor (represented by A [4]) as follows: vehicles. This is a normal Q-ball which has a 2-inch
040
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nose radius and was used with the q-measurement as
explained above.

The measuring Q-ball, a second highly refined
version now being developed at MSFC, has a nose
radius of 4 inches and operates on the same principle
as the F-16 model, but uses six pressure transducers
instead of three. This arrangement provides a low
and high range transducer for each of the three dif-
ferential pressure measurements (APa, AP‘P’ and

APq) . The extra set of transducers extends the

range of this Q-ball to cover a larger portion of the
vehicle flight period. Flown on Saturn I vehicles

SA -8, SA-9, and SA-10, this version will be used on
future vehicles requiring angle of attack measure-
ments.

The third Q-ball, which is presently of greatest
interest, is the emergency detection system ( EDS)
Q-ball being developed for the manned Apollo-Saturn
flights, This device has a 4-inch nose radius and
only @ and ) ports. Since the differential pressures
are a function of both the vehicle angular attitude and
dynamic pressure, they are an effective indication of
the aerodynamic loads on the vehicle. During flight,
the vector sum of APa and APZ/) will be displayed to

the astronaut. Should this sum go beyond a set limit
or 'red line" and if the astronaut has confirmation
from other EDS sources, he may initiate manual
abort. The "red line" will be based on vehicle struc-
tural limits, trajectory data, and Q-ball calibration
data.

IV. CALIBRATION PROBLEMS AND Q-BALL
LIMITATIONS

The existing experimental evidence indicates that
the APa measurements are relatively unaffected by

afterbody configuration, scaling effects, or slight
hardware inaccuracies due to manufacturing toler -
ances. On the other hand, because of the disagree-
ment between data obtained from various experimen-
tal test models and flight Q-balls, the APq measure -

ment appears to be very sensitive to these same
parameters. This is indicated in Figure 6. A natu-
ral consequence is that any APq measurements ob-

tained experimentally will have a limited accuracy
because the full scale flight hardware and flight aero-
dynamic parameters cannot be exactly simulated.
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During the present discussion, the AP /q cali-

q
bration curves have been conveniently assumed to be
constant with variations in @, but an examination of
the typical APq/q versus « data, obtained from

Ramsey [2] and presented in Figure 7, indicates that
there are significant effects which must be considered
when the Q-ball is used. In effect, this reduces the
precision of the angle of pitch as computed from
Equations (5) and (6). To obtain an accurate o, a
second APq/q value, which corresponds to the first

computed ¢, must be obtained from data similar to

that in Figure 7 and used to calculate a new K factor.

This K can then be used to compute a new @ which is

used to start the entire process again. This iteration

should be made at least three times to obtain the

necessary accuracy. |

The APq/ q nonlinear variation with o apparently

is caused by the location of the Q-ports in the plane
rotated 45° from the pitch plane, By using spherical
geometry to derive expressions for the angular dis-
tances of the Q-ports from the stagnation point and
using the Newtonian expression for the pressure dis-
tribution, an equation that describes APq/q for vari-

ous angles of attack can be derived as follows.

Figure 8 indicates the geometry involved in com-
puting 6 for the Q-ports. For the 39° port,

sinb = sin B sin ¢ (7)
tana = cos B and 1 = tan c.
cth ¢ ctn ¢
Therefore,
tana = cos Btanc. (8)

Equations (7) and (8) become

sin b = sin 45° sin 39° (9)
tana = cos 45° tan 39° (10)
Now, since we have a right spherical triangle,

(11)

Cos 8y = cos (a - &) cos b.

Solving Equations (9) and (10) and substituting into
Equation (11), we obtain
(12)

cos 639 = 0.8956 cos (29.80 - o).
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Similarly,
cos 85y = 0.8355cos (41.13 - @). (13)

The Newtonian expressions for the two Q-ports
are

P, =P +C qcos? 0y (14)
/] ©
® pmax

P =P +C
0

2
q cos” Og . 15
95, 51 (15)

max

Rearranging and subtracting Equations (14) and
(15), we obtain

AP

= C (cos? 039 - cos? Bs1) .

q Pnax (16)

Squaring Equations (12) and (13) and substituting
into Equation (16) yields

AP

[cos? (29.80 - a) 0.8019 - cos? (41.13 -a) 0,6981].
(17)

Data obtained from Equation (17) are presented in
Figure 7 for angles of attack between + 10° and a
Mach number of 1.25.

Because the theory is less valid for low super-
sonic Mach numbers, the modified Newtonian values
are lower than the experimental data, but the non-
linear trends are similar. The locations of the Q-
ports cause the distance between each of the two ports
and the stagnation point to vary differently with chang-
ing @ as is shown in Figure 8. Since the pressures
sensed by these ports are a function of the distance
from the stagnation point, the measured APq will be
nonlinear with a, The difference between the two
cos? 6 terms in Equation (17) represents this con-
clusion,

Because of these limitations of the dynamic pres-
sure measurement, it is sometimes desirable to use
the Q-ball without the APq measurement and instead

to rely on the dynamic pressure obtained from other
sources such as some type of on-board pilot-static
probe or calculation from the telemetered trajectory
parameters. The source which is used to obtain the
dynamic pressure measurement should be determined
by whether the Q-ball is used as a measurement in-
strument or as a control input, For instance, if the
Q-ball were being used as a measurement device,
immediate on-board dynamic pressure information
would not be necessary since all data would be tele-
metered back to Earth for postflight analyses.

A rigid mounting must be provided for the Q-ball
to prevent errors caused by flexing of the mounting
structure. Also, the vehicle configuration should
provide for a nose-mounting position for the Q-ball to
ensure that the sensor will be located in relatively
undisturbed free stream flow.

V. ESTIMATED Q-BALL ERRORS

The probable errors for the Q-ball are dependent
not only on the accuracy of the angular pressure meas-
urements (APa and AP(P)’ but on whether the dy -

namic pressure measurement is used. The 99.73
percent probability errors for a normal Q-ball using
both the angular and dynamic pressure measurements
are presented in Figure 9 for a typical Saturn tra-
jectory. These errors would be somewhat less ifa
more refined externally obtained dynamic pressure
were used.
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Other sources which contribute to the errors
presented in Figure 5 are listed below.

a. APa measurement error due to the pressure

transducer inaccuracies.

b. Manufacturing errors, such as port mislo-
cations for the flight Q-ball and the test models,

which introduce inaccuracies in the calibration curves.

c. Slight nonlinearities in the pressure distri-
bution over the spherical nose.

d. Q-ball misalignment with respect to the
space vehicle.

e. Vehicle subsonic upwash ahead of the Q-ball
transducer. The upwash cannot be completely cor-
rected by wind tunnel calibrations because of the
impracticability of placing the complete Q-ball/ve-
hicle combination in a wind tunnel, Calculation of
the upwash is impractical because of the range and
complexity of possible vehicles on which the Q-ball
will be flown,

Since vehicle elastic bending, which causes
Q-ball angular misalignment, can be different for
various vehicle configurations, it has not been in-

cluded. In most cases, elastic bending can more
than double the expected error in measurement of
angle of attack,

Figure 9 indicates that the accuracy of the Q-
ball drops off rapidly during the early and latter part
of flight because of the relatively low dynamic pres-
sure levels in these regions. The Q-ball differential
pressures drop to such low values that they approach
the measuring inaccuracies of the pressure trans-
ducers used in the Q-ball. The accuracy of all ex-
ternally mounted angle of attack sensors suffers
during these regions of flight, but because of its
greater sensitivity, the Q-ball is less affected than
the other devices.

VI, COMPARISON WITH ACCURACY OF
OTHER METHODS

The relative accuracies of the various methods
of measuring the angle of attack are investigated by
Addison [4]. Saturn SA-2 through SA-4 flight data
from the Q-ball, rawinsonde winds, and acceler-
ometers were compared to a slotted, cylindrical
probe sensor, which was used as a reference be-
cause, at the time of this study, the probe device
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had been flown successfully on a large number of
Jupiter missiles and the early Saturns. The probe
sensors have limitations, such as a need for an ac-
curate calibration of the upwash field around the ve-
hicle and possible misalignment with the vehicle
centerline which can introduce errors. However, if
these errors are assumed to be reasonably small,
the various methods for determining angle of attack
can be evaluated.

The Q-ball data compared favorably with the
probe sensor data for most of the vehicles studied ;
therefore, the Q-ball sensor was considered to be an
accurate method for measuring angle of attack.

VI, CONCLUSIONS

The angle of attack of large space vehicles is
difficult to measure accurately because of the in-
evitable limitations of any known technique. Direct
methods, i.e., externally mounted angle of attack
sensors, are inherently more accurate than indirect
methods such as accelerometers and rawinsonde
winds,

The limitations of various externally mounted
sensors used in the past are summarized as follows:

a. Local body-mounted probe or vane sensors
require an accurate calibration of the local upwash
around the vehicle for each sensor-vehicle combina-
tion.

b. The surface ahead of body -mounted sensors
must be smooth and free of structures and protuber-
ances which could cause unpredictable local flow
conditions.

c. Bearing friction and momentum of mechani-
cal parts reduce the accuracy, sensitivity, and
therefore the range of flight times for which the
sensor is useful.

d. Externally mounted sensors are easily
damaged during vehicle ground handling and are sub-
jected to aerodynamic heating during ascent and re-
entry.

The Q-ball was developed to eliminate or reduce
the severity of the limitations of the earlier angle of
attack meters. Because the Q-ball is faired into the
nose ahead of the vehicle itself, the requirements
for surface smoothness ahead of the sensor and local
upwash calibrations no longer exist. Also, since
the Q-ball is not a fragile device which protrudes
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from the vehicle skin, the sensor is not as likely to
sustain damage during ground handling. Although it -
does not maintain an operational capability, the Q-
ball is designed to survive reentry. Accuracy and
sensitivity of the Q-ball is enhanced because its prin-
ciple of operation requires no mechanical moving
parts, only sensitive pressure transducers and asso-
ciated tubing and electronics.

It can be concluded that the Q-ball provides a
valuable method for determining angle of attack of
any launch vehicle during most of the atmospheric
portion of flight, especially the important maximum
dynamic pressure region. Because of its accuracy
and ability to detect slow angular divergence rates,
the Q-ball has been used to obtain data for post-flight
analysis and is being developed for emergency de-
tection system purposes.
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A SOLUTION OF A PROBLEM OF ORBIT DETERMINATION WITH POSSIBLE
APPLICABILITY TO THE ABORT GUIDANCE PROBLEM

By

Robert J. Hill and William D. Goldsby, Jr.

SUMMARY

This paper presents a closed solution to the prob-
lem of orbital determination if two position vectors
and the path angle at one of the vectors are given. The
orbit thus determined may be considered as having
application to the abort guidance problem where an al-
ternate mission might be the alternative to mission
failure.

The procedure here developed is available in an
operative computer program, A slight modification
in the program could allow the user, by varying the
specified terminal position vector, to iterate on some
final desired geocentric coordinates,

I. INTRODUCTION

Consider a vehicle with a given position vector
(P) and velocity vector (V) traveling in an isolated
central force field. What is the elliptical path which
the vehicle must follow so that it will arrive at a de-
sired later position with a prescribed direction of the
velocity vector (flight path angle, #)? This is, in
effect, a statement of the abort guidance problem, the
application of which is assumed in investigating sit-
uations in which alternate missions may become
necessary.

The problem is solved in closed form by use of
some geometrical properties of the ellipse and by use
of some standard procedures of celestial mechanics.
The approach is first to determine the required path
(ellipse) the vehicle must follow, and then to deter-
mine the necessary velocity vector needed to transfer
the vehicle from its present path to the required el-
lipse.
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II. ANALYSIS

The abort guidance problem is one of insuring that
certain specified end points of vehicle position and
flight path angle are met after mission abort.

For the purpose of this analysis, this problem
statement implies the determination of the required
ellipse to meet the specified end point and the velocity
increment necessary for the vehicle to transfer to that
ellipse.

The adoption of the following notation is conven-
ient for the required analysis:

P; - the position vector of the vehicle at the time
the abort is initiated.

P, - the position vector of the vehicle desired at
some later time.

f‘l - the position of the attracting body. The co-
ordinates of F, are taken without loss of
generality as the origin

Fy = (0, 0, 0T
1= (1,0,0)T
T=(0,1,00F
K = (0,0,1)T

The angle, A ¢, between Py and P, in the plane
determined by Py and P; may be computed in the
following manner:




P - Py
cos A @ = -
1Pyl | Pyl
P, x P (Py x Py
sinap = (P x P —_
[Pyl 1Pyl [Py x Pyl
-1 sinA¢@
Agp = —_—) .
¢ tan ( cos A g

Now, let Fz denote the position of the other focus
and have coordinates (X,Y,Z) to be determined. In
order to determine these values, it is convenient to
transform the coordinate system so that the X and Y
axes lie in the plane of Pj and P, and so that the three
coordinate axes form a right-handed system. In or-
der to perform this transformation, the following
computations are made. Let¢ be the angle meas-
ured in the plane of P, and P, from P, to the inter -
section of the X-Y plane and the plane of P, and Pz.

The unit vector, ﬁ, in the direction of the de-
scending node is given by

_ (Pyx Py XK
N=—7""T"7"7"

[(Py X Py) X K|

The angle ¢ is then given by
P- N
cos § = —
1Py
sin{ = (Pl X N) . (El X I.q_)
I Pyl Py x N

§=m—1(§_'m_g

cos ¢

The angle, o, which is the angle between the
line of nodes of the two planes and the X axis, is
given by

cos 0 = ﬁ'_f

(N x I

-1 ( gin o )
cos O
The angle, i, which is the inclination of the
plane of Py and Pz to the X-Y plane, is given by
P] X Pz -
cos i = - ° K
1Py X Py |

sin o =

Z|
X
= =

Z)
X

(El X I_,z) X IE

)

sin i =

1(Py x By x K|

-1 ( sin i )
cos i
Now the transformation may ve made irom the
(X, Y, Z) system to the (X', Y', Z') system, where
the X axis lies along P, and the Z axis is perpendicular

to the plane of P, and P, and the (X, Y, Z) system
forms a right-handed system.

X' = (0)3 (i)y (£)s X

where
coso sino 0 1 0 0
(0)g ={-sing coso 0 ], (i)y ={0 cosi sini
0 0 1 0 -sini cosi
and
cost sing O
(¢)g = -sint cosg O
0 0 |

The transformation takes the vector P, into the vec-
tor Pl = (Py, 0, 0) and the vector P, into the vec-
tor P = (|Pyl cos A ¢, |Py| sinA @, 0).

A useful property of an ellipse is now stated.
Given the foci, F;and Fj, of any ellipse and any
point P on an ellipse, ther .he angle that F; P makes
with the tangent at P is equal to the angle that F; P
makes with the tangent at P. This property is es-
sential to the analysis and is proved in the Appendix.

The angle that the vector P’ makes with the velo-
city vector is 180-#4 where J is the path angle at P*,
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F, Fy

Then the angle, « , between the extension of 51 and
¥, is given by

« = 360 - 29,

If the origin is translated to P'; and a rotation
through the angle « is performed, the coordinates
of ", the double prime denotes the third coordinate
system, become (X", 0, 0). The transformation
may be represented in general by

X" = (x)g (X' - P'y) where

cos « sine« 0
(x)3 =| -sinx cos = 0
0 0 1

Another property of the ellipse is shown:

Given any point P on an ellipse and the two foci,
then

|F;-P | + |F, - P| = Constant.

Using this property yields

(S

P1+X" — Pz +[(Y" _ Y||2)2 + (X" - an)}] .

But Y'" =0, Z'" = 0, after the transformation.
Solving for X' results in

Yn22 + anZ - (P - PZ)Z

X" =
2(Py - Pp + X'y

Then
i' = ((Y );r -)E" +;1

gives the coordinates of F,. Since Fis at the origin,
the distance between the foci is given by |X'|. The
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distance between P'; and ¥', is given by IE'z - f‘zl
and the semi-major axis, a, is given by
P+ [Py - Ty

2

qQ =

For any ellipse, the distance between the center and

1
either focus is given by (a? - b?) 2 where b is the semi-
X' .
minor axis. This distance is also given by L2_| since
F', is at the origin.

1 Xt
Hence, (a?-b?%?2 = %' ;

2
i.e., b?=a? - -'—i(—l' .

The numerical eccentricity, e, is given by the rela-
tion

o

1
2 1.2y 2
e=ﬂzhl— (0<e< ).

The semilatus rectum, p, is given by

b2
a

The angular momentum, h, is given by
1

h = ()2, h>0,

where u is the gravitational constant,

Now, the magnitude of the velocity at i)-'z is given by

1
V=(2u___u_ :
2 .
. Pz a

The unit vector in the direction of peri-center U' is
is given by

The true anomaly, ¢, of the position vector 13'2
may be obtained as follows:

i—I' . E'z

COS @y = —
[Py
. U' x ;'2 =
sin @9 = —
[P |

-1 sin @,

@y = tan oS @5 .




The path angle, 85 , at 1_3'2 may be computed

-1 h
19, . 3 —_—
2 = sin Vs

where 90 < 8,=< 180 if ¢, = 180
0 < #3< 90 if @, < 180 .

The velocity vector )-('2 may be computed by the
relationship

[ Vs cosd, )
Vz singJ .
0

X'y = (-A¢),

Then the velocity vector )—iz in the original coordi-
nate system is given by

= T . T T =

X, = ()3 (1)1 (0)3 X'y

Then the vector A\7 = }—(2 - )_(m where )—(m is the

velocity of the vehicle at the time of abort. The
magnitude [AV| = |X, -Xml and the angle ¢ be-
tween iz and im are given by

X, - X
COS g = g

Xl 1K |

' .
&, x X
sin ¢ = 2——2 . K

Xa| 1X_ |

£ = tan_i sin
cos ¢

. CONCLUSION

This paper has presented a closed solution to a
problem of orbit determination that has direct appli-
cation to the abort guidance problem. The problem
can be presented mathematically as follows:

Given two radius vectors and the path
angle at one of them; determine the unique
ellipse which satisfies these conditions.

If this solution were to be applied to the abort
guidance problem, it would be necessary to place the
vector T’i at a specified geocentric position; however,
the time it takes a vehicle to traverse from P, to Py
must be taken into account, and during this time

interval, the earth would have rotated so that P, would
no longer be at the specified geocentric position. In
order to use this solution, then, an iteration would be
necessary to match the time of travel along the de-
termined ellipse and the rotation of the earth,

APPENDIX

[

Fy = (¢,0) ; Fy (-c, 0) ;a% = b®+c?

2 2
F = ):2 + —ybz— = 1;b%X%+a%? = a%?,

af _ .2 2 4y _
'I‘hendx —2bX+2ade—0.

Hence, the slope of the tangent at any point
P(x,y) is given by

dy _ % _
& ay O

This slope is undefined aty = 0 (apogee and perigee);
however, the angles 8y and 8, are readily attainable
here.

Now consider any point P (x,y) where X # +c and
y #0.

Y _

The slope of Ry = wio - M2 X # -
and _
the slope of Ry = g:‘i =m x#c.
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S -~ my

tanB, = =

1+ (s) (my)

b (c=x) + :a,zy2

a c =X

y a*(cx) +bXx

_ Dkc+ b%® +a¥y? _  _bke + a’p?
y a’c -x(a’-b’) ye (a®-xc)
b? (@*-xc = b
yc (a®-xc) yec )

2
Hence, tan 8; = ;bc— (y #0, X #¢)

_ ¥y b%x X#
tan,ﬁ‘:m2 ° =x+c+a§ y#0
TP T 4+ (s) (my) v bk
U= e oy
- a&z+b5( (x+c)
y a‘(x+c) =b
_ a%?+b%’+b%e

y x(az-bz) +a‘

a%?® + b®xe

_b? (al+xe) _ b

T yxc?+ak

b?
H = - =
ence, tan 3y ye
since fory # 0, X # £ ¢;

By = B2 = 4.

T ye (xc +a’) yc

tan 31

Bis B2 # £90

Now, let us consider the cases where x = C.
(This will occur at four points on the ellipse. )
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In particular, let us take the case where x= ¢,

m, is still given by <Y - X

X+cC 2c
. -b*x _ -blc
S is still given by 2y ~ aly

b2
and tang, = ;a— .

However, slope of Ry = m, is not defined for x =c¢,
but

x’-c X’-c
tan gy = "g =—y——;y#0

where x”is the value of x where the extension of V
intersects the x-axis.

Further

td

_ -b?
Y-y _ c . y%O.

x’-c a’y

Now solving of x*(y*=0) we get

-b%c .
-y = azy (X—c)
or
—az—ﬁ+c=x'
b?c :
. 2
x’-c a
Then tang; = " =?% x=¢, Y#0.

Since B;, By # + 90, y#0,
if gy = By, then

tan gy = tanpg,

i.e.,
b? aly
yc b
or
bt = _a—Zi
bt
bt = aly?
b (a?-c?) = -bix+ a?b?




b’x - be = 0. Since the steps are reversible, By = B, = »
Since x=¢ Solution may be made similarly for x = -c.

b%e? = bl Where y = 0, the proof is trivial.
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LUNAR MARIA TERRAIN MODEL FOR USE IN LUNAR SURFACE VEHICLE MOBILITY STUDIES

Otha H. Vaughan, Jr. and Donald Rose

LIST OF SYMBOLS

Definition
Coefficient of soil cohesion, lbs/in?

Angle of internal friction (between
grains), degrees

Modulus of soil deformation due to
frictional ingredients of the soil,
+
Ibs/in" © 2
Modulus of soil deformation due to
cohesive ingredients of the soil,
+
Ibs/in® * 1

Exponent related to the shape of the

pressure-sinkage curve, dimension-

less

Slip parameter reflecting the degree

of soil compactness, 1/in
Slip parameter reflecting the fun-
damental shape of the soil shear

curve, dimensionless

Maximum traction available from
soil characteristics, lbs

Weight of vehicle per contact area,
1bs

Total weight of the vehicle, lbs

Ground pressure per track, lbs/in?
Sinkage in the soil, in

Specific soil density, lbs/in

Symbol Definition

R Motion resistance, lbs

Ri Internal resistance, lbs

Rt Total motion resistance, lbs

E Drive motor to ‘track efficiency,
per cent

b Width of bearing surface, per

contact area, in

HP Power, hp

A Total area in contact with the
ground, in?

1 Length of bearing surface per

contact area, in

I. INTRODUCTION

" Lunar surface mobility capabilities of a roving
vehicle are determined by the interactions of the
vehicle with the lunar surface and the characteristics
of the lunar soil (bearing strength, slope distri-
bution, obstacle distribution, and many other para-
meters). The proposed model is an attempt to pro-
vide a more realistic maria model than the maria
model as proposed by the study, "Engineering Lunar
Surface Model" [1], and is based on small scale re-
solution data as determined from Ranger VII photo-
graphic and photometrically generated topographic
information. The slope data were developed from
the ""Topographic Map of a Small Area of the Moon's
Surface in Mare Cognitium'" (Fig. 1) prepared by the
Branch of Astrogeology of the United States Geolog-
ical Survey (USGS) under NASA contract.
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FIGURE {. TOPOGRAPHIC MAP OF A SMALL AREA OF THE MOON'S SURFACE IN MARE COGNITUM

O, DISCUSSION

A. DISTRIBUTION OF SLOPE FOR THE
MARIA MODEL

‘Since the previous Engineering Lunar Model Sur-
face (ELMS) [1] was developed using small scale
maps (1:1, 000, 000) and supporting photographs to
produce a lunar surface model, it now is possible to
use the same techniques to develop a large (1:80)
scale engineering lunar model surface based on
Ranger VII data. To construct this new surface
model, a typical traverse for a lunar scientific
mission was constructed in the map area. This
traverse was 100 meters in length and consisted of
of seven different legs as shown in Figure 2. The
typical profile for each leg of the total traverse is
shown in Figures 3 and 4. After these profiles were

constructed, all of the positive and negative slopes
were measured and tabulated. The distribution for
the positive and negative slopes for this particular
traverse was 71. 4 per cent and 28. 6 per cent, re-
spectively. Only the positive slope data are pre-
sented since these are the slopes that require energy
to be expended if the vehicle is not considered to use
the power system for braking.

B. SOIL PARAMETERS FOR MOBILITY

1. Although the slope frequency distribution
diagram gives an indication of the terrain profile, it
is still necessary to determine what soil parameters
should be used with the model profile. Bekker [2]
in his work with locomotion and soil studies evaluated
soils in terms of a series of constants. These con-
stants are divided into two categories:
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a. Soil Strength
¢ (cohesion)
¢ (friction)
b. Soil Deformation
Kg(friction modulus of deformation)

Kc (cohesive modulus of deformation)

n (exponent of sinkage)

K (slip coefficient)

FIGURE 2. LUNAR MARIA SURFACE TRAVERSE
2. Values for these constants have been de-
termined for various types of terrestrial soils, and
values have been postulated for lunar soils based on
the terrestrial laboratory data. Bekker [2] indicates
that the lunar soil, in the absence of an atmosphere
and the absence of water, will probably not consist
of the saturated plastic clay types, but will probably
be similar to sand, gravel, or dry mineral powder.
Many other investigators of the lunar surface anc its
characteristics [ 2-12] also postulate (based on
thermal, photometric, and radar data) that the soils
will probably consist of gravel, sand, lava, pumice,
or even fine powder. If the lunar soils are of the
granular type, they will probably not exhibit the
cohesive forces which result from moisture present
between the grains. Laboratory data [13] have
indicated that the modulus of cohesion (Kc) is equal
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to zero for both pumice and quartz sand in atmos-
phere and in vacuum. The soil properties selected
for the ELMS model were ¢ =0, Kc 70, and ¢ =32°

typical values for a cohesionless dry sand type soil.
Laboratory data [ 14] indicate that the value of n
(exponent of sinkage) for terrestrial soils ranges
from a minimum of 0.5 for loose, minimum soils to
a maximum of 1. 25 for hard-packed high strength
soils. These experimental data also imply that the
value of K o (friction modulus of deformation) ranges

from a minimum of 0. 1 for a fine pumice or a fluiffy,
dust type soil to a maximum of six for a hard, dry-
packed sand. In selecting these constants for the
ELMS, the values for n and K for each slope were




selected such that the small slope material would
have values of n= 0.5, and =0. 5, respectively,
increasing to values of n = 1.25 and K g=6 for slopes
of 25°. Slopes larger than 25° were considered hard
surfaces. Since the soil constants for the lunar sur-
face are still largely unknown and since many thermal,
radar, and photometric studies have indicated that the
lunar surface may be covered with a fine dust or ex-
hibit the soil characteristics of dry sand, then the
soil constants as used in the ELMS model [1] are
considered satisfactory at the present time and will
be used with this model slope distribution. The re-
vised lunar maria terrain model is presented in
Table I.

TABLE 1. LUNAR MARIA TERRAIN MODEL

Slope Angle* Percent of
{Degrees} Total Distance Soil Constants* *
0-2 44.7% K¢ = 0.5
2-4 £.1% n =05
4-6 5.6% (Loose fluffy dust)
6~ 10 5.4% K¢ = 1.0
n =0.75
10 - 20 7.9 Kq,=3.0

{Loose dry sand}

20 - 30 3.0% Ky = 6.0
n =125

(Hard compacted sand)|

30 - 35 0.4% Hard surface

* The distribution of slopes for this model are the distribution for the positive
slopes. Negative slopes are not considered since they do not increase the power
requirements unless the power system is used for braking.

=% ¢ = 0

C. SLIPPAGE FACTORS FOR MOBILITY

In addition to the values of c, Kc’ K¢, n, and

¢, in terms of mobility, one must consider some
additional parameters, the slippage factors K, and
K,. These slippage factors, as proposed by Bekker,
and other expressions as defined by Janosi and Ha-
namoto [ 15] are the result of the interactions of the
particular soil and wheel combinations. Terrestrial
data have indicated that K, values range from 0. 3

for average soils to approximately 1.0 for the
brittle or coherent soils, while K, values range from
1. 0 for the brittle or coherent soils to approximately
3.0 for loose dry sands. The values for K, and K,
for relatively smooth wheels, as selected for the
ELMS [1] were K;= 0.2 and K, = 1. 25. Computer
studies [ 16] have shown that as the value of K
decreases from the larger values to smaller values,
the effect is to increase the amount of slip for a
given soil thrust