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FOREWORD

This final report-presents work which was conducted for
Langley Research Center (LaRC) in response to requirements of
Contract NAS1-15446. The work presented was performed at
REMTECH's Huntsville office and is entitled "Jovian Probe
Wake Flowfield Study."

The NASA technfca1 coordination for this study was
provided by Dr.'JameS Moss of the Aerothermodynamics Branch

of the Space Systems Division.
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NOMENCLATURE

Term defined in Equation 4; also, sonic
velocity

Area

Air Force

American National Standards Institute

American Standard Computer Interchange Institute
Scale factor in far wake shape - see Equation 2
Bits Per Inch

Specific heat at constant pressure

Drag coefficient

Chemical Equilibrium Composition

Chemical Equilibrium Shear Layer

Dfameter of probe

Fraction of internal species mixed with external
species

Enthalpy

Hypersonic viscous shock layer program

Exponent term in far wake shape -see Equation 2
Mach number

Molecular weight

Method Of Characteristics

Term defining two-dimensional or axisymmetric flow

Oxider to fuel ratio
Pressure
Radial distance from axis of symmetry

Gas constant; also, Radius of probe



NOMENCLATURE (continued)

Re _ Reynolds number based on freestream conditions
and body diameter

T Temperature

u,U Velocity |

X Axjal distance from aft end of body

X - Axial distance from probe shoulder

y Radial distance from axis of symmetry

Y Mole fraction

Y Ratio of specific heats

&* Boundary layer displacement thickness

AY Width of mixing region

0 Angle

U Viécosity

p Density »

U] | Stream function defined in Equation 5

Subscripts

B Base .

c Cone

d Diameter of probe

e Edge of boundary layer
N , Neck

) Stagnation

r , Reference

s ' Static; also, Shock

© Freestream conditions
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Section 1.0

INTRODUCTION
/

In January, 1982, the Ga111eo Spacecraft consisting of a Jupiter orbiter
and probe is scheduled for launch. After planetary arrival, the probe will enter
Jupiter's atmosphere with a relative entry velocity of 48 km/sec. In order for
the probe to survive the severe aerothermal entry conditions a large portion of
the probe's weight must be delegated to the thermal protection system. Until
very recently the primary thrust of the design and analysis work has been
concentrated on the forebody thermal environment. The forebody shock layer
produces temperatdres in the 10,000 to 20,000 K range. This produces a
radiative heating dominated environment coupied to massive ablation into the
shock layer, Ref. (1 and 2). The ablation products from the forebody shock
layer are dumped into the probe's wake.

Recently, attention has begun to focus on the probe‘s wake to a§sess the
heating input into the base region of the probe; This study éddresses one major
aspect of the base heating problem. In order to calculate the radiative
heating to the base region of the Jovian probe, the entire wake flowfield must
be defined. This study addresses the development and use of engineering tools
for calculating the probe's wake flowfield.

The specific objective of this study was to calculate the near and far
viscous and inviscid flowfields for three entry'conditions. The flowfields
were to include pressure, temperature and species concentration for radiation
analysis work. These flowfields were calculated radially for 2.5 body radii
and axially for 10 body radii. The results obtained indicate that temperatures

in the Jovian probe wake will range from 4,000 to 10,000 K and pressures will



range from 10 to 1,000 times the free-stream value. Section 2 of this report
describes the math model used in the calculations. Section 3 provides a
description of the results,and this is followed by conclusions and recom-

‘mendations in Section 4.



. Section 2.0
WAKE FLOWFIELD MODEL

In keeping with the pbjectives of this study an engineering model was
developed for the Jovian probe wake flowfield. The different regions of the
flowfield are shown schematically in Fig. 1. The gas state properties and the
- models forbeach of the regions shown in Fig. 1 are discussed in detai1 in the

following subsections.

2.1 Thermodynamics

Equilibrium thermodynamic properties were used throughout this study. The
curve fit coefficients for heat capacity, entha]py and entropy were obtained from
Moss (Private communications from James Moss, . NASA Langley Research Center, Hampton,
Virginia) for use in the chemical equilibrium composition (CEC) program (Ref 3).
Two ranges of thermodynamic property cufve fits were used (1000 K to 6000 K and
6000 K to 16000 K). The CEC p;ogram determines the equilibrium composition of a
gas mixture by minimization of Gibbs free energy.

The three flight cases ana]yzed during this study are specified in Table 1.
Case 1 and 2 are documented in Ref. 1 and Case 3 was obtained from Moss. Computer
printout from the HYVIS program (Ref. 1) were obtained for all three cases.
Thermodynamic proberty output from the Langley HYVIS program were compared with
the use of the CEC program in this study. Thése results are shown in Tables 2a,

b and c for Cases 1, 2 and 3 respectively. The temperature, pressure and ele-
mental composition were specified and all other properties werelcomputed by the

CEC program. The results are for three shock layer conditions and are in excellent
agreement for all variables. |

The'CEC program was used to supply thermodynamic property information to the

flowfield math models used'in the wake. To'accomp11sh this several options were used:



RKT - Constant entropy expansion from specified total cbnditions
T,P - Specified temperature and pressure

H,P - Specified enthalpy and pressure

vahroughgut the analysis six species were COnsidered in the inviscid flowfield

. and nineteen species were considered in the viscous flowfields.

2.2 Inviscid Near Wake

The inviscid near wake flowfield was caicu]ated using an axisymmetric
method of characteristics (MOC) solution with boundary conditions on the viscous
shear layer side of the flowfield defined by empirical means. The MOC solution
will be discussed followed by a discussion of the viscous wake neck focation
and viscous near wake pressure boundary.

MoC

The axisymmetric MOC code of Ref. (4) was used to calculate the flow
properties of all of the inviscid regions. An especially desirable feature of
that code was the capability to handle real gas properties in the calculation.
However, there were several modifications necessary to perform the Jo?ian probe
study. Three changes were mandatory to obtain diagnostic-free output, and one
improvement significantly facilitated usage. When these advancements were
incorporated, relatively straightforward production of the desired cases was
practical.

Two of the three mandatory changes were related to the real gas properties.
One was a significant increase in the amount of gas properties stored, and one
was a logic change related to reference (ideal) gas conditions. The Ref. (4)
code had been set up for gas properties defined in a matrix of up to thirteen
velocity values at each of two entropy va1ues, at each of ten oxidizer-to-fuel

(0/F) ratio values. However, the very wide spectrum of entropies and velocities



éssoCiated with the'Joyian probe led to a need for thirty velocity va]ues at
each of thirty entropy cutﬁ. There was no need for any variation in O/F
ratio (a rocket engine éharacteristic). By adroit modification of the internal
storage, the improved code was able to operate using the same size computer
storage as before.

The third necessary change resulted from the unusually higﬁ Mach number
values of this study. In the gas properties lookup sequence, a maximum veIocﬁty‘

had been calculated as
Upax = 0-999»(2yRT0/(y-15

The scale factor had to be increased from 0.999 to 0.9995 to preclude erroneous

operation.
An addition was made to the code to facilitate usage. The original code

printed the flowfield as it was calculated; thus, the great bulk of fhe output
data made it tedious to rapidly locate especially pertinent data, such as
along boundaries. A subroutine was written to store and later print a summary
of flow properties along the shocks, along the vehicle wall, and along any
free boundary (constant-pressure surface). In addition, an auxiliary program
was written to generate card input to the MOC code, for the far viscous wake
quartic surface which was approximated as 100 straight-line segments.

| The near wake inviscid flowfields were calculated with the MOC using a
conical forebody and a short cylinder section. This was followed by a constant
pressure boundary to the viscous neck axial station.

Wake Shape
The wake structure for this probe is considered to be generally as sketched

in Fig. 1. To initiate this study, it was first necessary to estimate the -

geometric extent or shape of the viscous portions of this wake: the free shear



layer and the inner far wake.. Ana]ytiéa] means were not available, and an’
experimental approach was beyond the allowable resources. An empirical correla-
tion approach was deemed appropriate. That'is,; available experimental data
were used to estimate the shape of the nominal wake edge. The success of this
approach depends on the applicability of the test data to the Jovian probe
conditions. The conditions assumed were:

M, =40

Re 4 = 10°

Shape of Galileo Probe vehicle (Fig. 1)
The wake shape was desired for approximately the first six probe diameters
downstream.

It was initially planned to use a four-step procedure. First, the wake
shape downstream of the neck would be established by the theory of Lees (Ref. 5).
Second, the neck location would be approximated by the Reeves and Lees technique
(Ref. 6). Third, combining this location with the Lees shape would set the neck
diameter. Finally, this diameter would be connected to the probe shoulder by
straight-1ine segments to produce a conical frustum shape to be used as the
nominal center of the free shear layer. Figure 2 sketches this procedure.

Further investigation of the Ref. 5 theory indicatéd that, for the desired
emphasis on the wake relatively close to thé body (x/d < 6), a different
procedure would be better. An adequate set of data was located (Refs 6 - 11)
to develop correlations for the wake neck location, neck diameter, and downstream
(front) shape. Most of these data were obtained in He flows; some were in N»
flows. No correlations were attempted to account for any effects of such Y
variation. The procedure that was used is sketched in Fig. 3. Neck location

was estimated using a trend (curve slope) set by cylinder data, applied to one



sphere point. Neck diameter was estimated using a related, but multi-step,
operation. First, the ratio of sphere-to-cylinder neck diameters was estimated,
then this ratio was used to produce the variation of sphere neck diameter with
Reynolds number (Re) at one Mach number (M ). Next, at a constant value of Re,
the variation of sphere wake neck diameter with M, was generated using the trend
set by cylinder data and extrapolated to the desired value of Mw. Finally, the
effect of Re was inciuded. Throughout this discussion, the Reynolds number is
based on freestream conditions and body diameter.

The wake front downstream of the neck was estimated based on assuming
that y/d = b(x/d)"™, which is typical of most hypersonic wakes; for instance,
see Ref. 5. The exponent value, m, was found to be independent of Re, and
insensitive to M, as discussed below. Thus, a fbgst guess? valug was
made based primarily on sphere data at M, = 16. The scale factor (or intercept)
value, b, was based on lTimited sphere data extrapolated to the desired Re value
using the trend set by more extensive cylinder data.

During application of this procedure, several extrapolations in Mach
number where necessary. Fortunately, the wake shape is relatively 1nsensi-
tive for M, > = 10, as shown in Fig. 4 and in Ref. 9. Figures 5-8 detail the
data and extrapolations actually used, following the steps sketched in Fig. 3.
Figure 5 shows the neck location estimation as sketched in Fig. 3a, including
the Reynolds number sensitivity shown in Fig. 6. The neck diameter estima-
tion sketched in Fig. 3b is presented in Fig. 7. The results of these two

steps indicate the wake neck to be:

(x/d)y=1.1+.2
(y/d)N = 0.2 £ .1
: ., yT
where , x = measured from aft end of body
G
y = measured normal to axis of symmetry



The exponent of the far wake shape, m, was found to be approximately .25 * .05
as shown in Fig. Ba, from the procedure sketched in Fig. 3c. Similarly the
scale factor, b, was approximately .25 +.05. However, this scale factor
cannot be set independently of the above neck location, diameter, and exponent
term. That is, for the equation y/d = b (x/d)m with yy, xys and m being

given, b 1is constrained.. For this study, individual values of .b were com-
puted that_would be consistent with the specific neck Tocation and exponent being
used. Such values were in general agreement with the 1imited data shown in Fig. 8b.

These relations were transformed to conform with the coordinates used in this study.

Neck Location
X/R
r/R

2.8 + 0.4 (1)
0.4 = 0.2

Downstream of Neck
r/R = b (X/R)™ (2)
m= 0.25 + 0.05

Pressure Boundary

A constant static pressure boundary was used to determine the near
viscous wake shear layer edge conditions. To use the constant pressure boundary
assumption the base pressure must be known. This work used the data and nominal
value extrapolation proposed by Brant and Nestler (Ref. 12) as shown in
Fig. 9. Unfortunately, the nominal base pressure correlation when used in
the MOC did not yield consistent agreement with neck location correlation
developed independently. As a result, several parametric runs were made with
the MOC to study the sensitivity of the néar wake geometry to the base pressure

and forward cone angle.



The effect of cone angle was studied since the wake goemetry correlation
had no data for the Jovian probe included in it and the pfobe geometry was
assumed to yield an equivilent wake‘geometry as a sphere; Moreover, two of
the three HYVIS forebody solutions provided for this work were for a 43.5°
half-angle hyperboloid which was simulating a hemisphere - 50° cone body. The
third solution was for the abtua] Jovian probe which is a hemisphere.- 45°
cone body. |

The effect of forebody cone angle on the inviscid constant pressure
boundary is shown in Fig. 10. As the cone angle decreases, the wake broadens
for the range of conditions examined. The reason this occurs can be explained

with the aide of the following figure.

24 r
. f/,
8 o
a -
~a 20 X o
oo
Pp/P_ = 16.3
S -3 it ditiosfivnt Sadieeiiinti-gibudionfinds SRS
46 48 50
0. (Deg)

Fig. 11 Shoulder Pressure as a Function-of Cone Angle (Case 2)

Figure 11 shows that as the bluntness of the body increases (i.e. increasing OC),
the shoulder pressure increases. The base.preSSUre was held constant at PB/P°° = 16.3
for all three cone angles. Since the shoulder pressure approaches the base pressure
as 0, is decreased, the turning angle at the end of the shoulder to achieve the
base pressure decreases as O is decreased. This yields the wake shapes given
in Fig. 10.

None of the results shown in Fig. 10'for Case 2 came close to satisfying

the wake neck geometry correlation and the trends shown by Fig. 11 indicated that

9



noﬁe would be found. Accordin§1y, the base pressure correlation was examined
and modified using a lower base pressure extrapolation as shown in Fig. 9.
The resulting wake geometry is shown in Fig. 12. The neck location jndicated by
the circle for the lower pressure is much cioser to the neck location correlation.
Themgame effect was found for Case 3 and consequently the lower pressure extrap-
olation shown in Fig. 9 was used for Case 3. '

After the current model was implemented and flowfield calculations made,
some recent data were published on the Jovian probe wake shape. The free flight
shadowgraph data reported by Park, Ref. (13), is shown in Fig. 12 for.M°° = 16.5

in an argon/oxygen mixture. The comparison is satisfactory.

2.3 Inviﬁcid Far Wake

The inviscid far wake was calculated using the MOC program using initial
conditions from the near wake. The far field inviscid wake started with initial
condition from the near wake calculation along the vertical dashed 1ine shown in
'Fig. 1. The MOC treated the far viscous wake as a solid boundary defined by
Eq. (2) from the previous section. The wake shock was calculated as part of the
overall MOC solution.

Calculations were hade from the wake neck to X/R==12. The results were
stored on tape for ihterpo]atioh into cylindrical codrdinates. The results along
the viscous wall boundary were tabulated and used as edge conditions for the far

viscous wake calculation.

2.4 Viscous Near and Far Wake

The near and far viscous wakes were calculated using a modified form of
the computer program documented in Ref.(]4).The basic features of the program
and its currént application are described below.

The conservation equations for two dimensional or'axisymmetric viscous

mixing flow were written in terms of stream functions. An explicit finite

10



difference equation was constructed for the axial momentum equation to evaluate

velocity. The axial momentum equation is:
du 1 dP 1 9 du
S ey — (3)
oX pu dx ¢ 3P 1 -
where a = ppuy?"/y" | (4)
and Y"oyY/dy = puyn ' (5)

The term n is o for two-dimensiona1'f1ow and 1 for axisymmetric flow.
The resultant velocity values are applied in a similarity procedure to determine

the degree of mixing. The degree of mixing is calculated using
Up - U /e
=
F=geo (6)

In the current application, F represents the fraction of ab]ation products
mixed with the externa1 H, and He species.

The temperature of the mixed composition is then determined under the
restraint of chemical equilibrium conditions. The velocity, temperature and
other properties are located in the physical plane by an inverse transformatfon
from the stream fuhction plane.

The eddy viscosity model used in this study fs a Prandtl-like model for
compressible flow:

)

AV it
L 900

| (o), - (U)o |+ 107 (D)

Other models were used but were found to yield more rapid spreading than the
observed viscous wake boundaries would indicate is rea]istfc.

The chemical equilibrium shear layer (CESL) program was used to qa]cu]ate
the near wake and far wakg viscous wakes. Both near énd_far wake calculations
required special handling as described below.

The wa]i enthalpy and pressure at the last station on the cone section of
the body were used as special conditions in the near wake calculation. The wall

11
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enthalpy and pressure were used as total conditions and with the corresponding
‘elemental composition, expanded isentrcpically to the base pfessure to obtain
Ur and related flow parameters. These conditions were used as reference condi-

tions in the shear layer calculation. The velo¢ity profile used is as

schematically shown below:

X

The shape of the profi1e was changed until the following conditions coﬁ]d be
met simultaneously by the dividing’streamline.
(1) Total post shock pressure of the dividing stréam11ne matches the
static preésure behind the neck shock.

- (2) The mass flow rate of the ablation products in the stream]ihes abo&e
the dividing streamline globally matches the ablation mass loss of
the forebody predicted by HYVIS.

These two constraints permitted closure of the recirculation zone.
The near wake shear layer was calculated using axisymmetric flow. Since

in reality there is a normal component of momentum produced by the external flow,

the shear layer necks inward and streamlines converge. To approximate this be-
havior, the shear 1ayer‘was transformed along its entire length to conform with
the inviscid constant pressure boundary. The results were isentropically

compressed at the neck axial station to obtain the initial conditions for the

far wake calculation.

12.



The far wake ca1cu1at1ons were made with an axial pressufe and corre§pond—
ing edge condition variation pred1cted by the MOC. These calcu]at1ons were made
with axisymmetric equations of motion and therefore no adjusfments were required.
In order to make these ca]cu1ation$ for variable pressures, the CESL program was
hodified to handle multiple tables of thermodynamic data at different pressure

Tevels. Moreover an 1sentrop1c type 1nterpo]at1on scheme for evaluating propert1es

- between tables was devised and 1ncorporated

2.5 Recirculation Zone

The recircu]atfqn zone analysis was restricted by the near viscous shear
layer resd]ts. . In principle, the flow for streamlines below the dividing stream-
line should be turned back into the recirculation zone. bThese streamlines
could be mixed to obtain the bulk enthalpy and elemental composition. However,
for the Jovian pfobe case, a limiting condition on the usual preéedure was found.

The reference streamline discussed in the previous section had a total pressure
greater than the post shock neck‘static pressure. This implied that the dividing
stfeam]ine must be less energetic. Viscous disipation is the only mechanism to
achieve this lower enérgeticvflow. ance.it was not believed possible in a
practical sense to obtain a lower energetic flow than the wall condition at the
shoulder of the cone, this enthalpy was chosen as the recirculation zone enthalpy.
Based on this enthalpy, the base‘pressure and the elemental compositioh at the
wall the recirculation zone conditioné were calculated using chemical equlibrium.

It should be noted, that to thevauthor's knowledge, all previous closure
criterion for the recirculation zone have been for low wall enthalpies and small

or no ablation product mass flows. The Jovian probe case finds exception to

both of these rules.

13



SPECIFYING CONDITIONS

Table 1

Variable Case 1 Case 2 Case 3

Time (sec) 109 111 85.25
Altitude (km) 98.29 87.86 1 93.346
Atmosphere Mass Fractions

Hy .641 .641 .641

He .359 .359 .359
P, (atm) .003031 .005054 .004429
To ( K) 161.27 | 156.95 132.07
Mo 43.946 38.466 46.975
V, (m/sec) 38969 33649 37547

“




Table 2a

Case 1

COMPARISON OF EQUILIBRIUM
THERMODYNAMIC CALCULATIONS

1 - Post Shock Stagnation'Point)
Station 15)
3 - Wall (Station 15)

2 - Post Shock

15

Condition 1 Condition 2 Condition 3

Variable REMTECH Langley REMTECH Langley REMTECH Langley
P atm 7.622 7.622 4.642 4.642 4.566 4.566
T K 16998 16998 13730 13730 4215 4215
H cal/gm 179381 179323 110377 110317 6219.7 6203.6
M Mol wt 1.075 1.075 1.254 1.254 27.969 28.045
cp cal/gm K 29.9569 | ----- 18.3626 | ----- 2.8705 | -----
Y 1.2192 | ----- 1.2207 | -=--- 1.1130 | -----
a m/sec 12660.3 | ----- 10541.0 | ----- 1180.9 | ===--
Mole Fractions
H 46374 46382 70739 70754 16378 . 16246
Hz 00001 00001 00004 00004 02398 .024015
W 21986 21990 09004 09006 | ----- | ==---
He 09631 09615 11248 11230 00126 00126
He" 00011 00011 00001 00001 | -=-== | ==---
e- 21997 22001 09005 09000 | =----- | =----
o e T SRt T TR BT 02788 02739
Ca | mmme= ] memee | memee ] memem 02821 02785
Ca | mmmem ] memee ] emeee | meee- 30748 30655
0Py - I B e B i 11369 11384
CoHa ] mmmem ] mmmemf memee ] e 00923 00933
CsH mmmem | mmmem | mmmee | mmee- 09487 09570
(o3 - R T e 12480 12647
o R R e e B et 10483 10514
Condition




Table 2b

Case 2

COMPARISON OF EQUILIBRIUM
THERMODYNAMIC CALCULATIONS

Condition 1 Condition 2
‘Variable REMTECH | Langley | REMTECH | Langley

P atm 9.6279 | 9.6279 | 5.6632 | 5.6632
T K 15469.4 115469.4 11379.4 | 11379.4
H cal/gm 133261 133222 79022 79000
M Mol wt 1.199 1.199 1.349 1.349
cp cal/gm K 21.721 | -==-- 8.2632 | -----
Y 1.2196 | ----- 1.3085 | -----
a m/sec 11437.3 | --~-- 9580.6 | -----
Mole Fractions
H .63257 .63274 .83593 .83612
H2 .00004 .00004 .00016 .00016
H 12991 | 12902 | .02147 | .02147
He .10753 .10735A . 12097 .12078
He+ .00002 .00002 .00000 .00000
e- .12993 . 12995 .02147 .02147
o [ e Y
o U SV OISR,
o S LT BT B
o i IR ISR
CoHo | mmmmm | e ] mmee | e
o e T [RSRE P
C4H comee SRS [ ——
ol e (TR SIS .
"~ Condition

1 - Post Shock (Stagnation Point) .
2 - Post Shock (Station 15)
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Table 2¢

Case 3

COMPARISON OF EQUILIBRIUM
THERMODYNAMIC CALCULATIONS

Variable REMgggﬁ1tiﬁgn;1ey REMngHd.tlgggiey REMngnclzzg?es
P atm 12.651 12.651 7.1249 | 7.1249 7.436 7.436
T K 17125 17125 12999 12999 3978 3978
H cal/gm 166386. | 166322. | 94742 94716 5417.9 5423.9
M Mol wt 1.118 1.118 i.307 1.307 | 30.824 | 30.787
cp cal/gm K 26.2726 | ----- 12.7979 | ----- 2.1459 | ~=w---
Y 1.2215 | ==-=-- 1.2480 | ----- 1.1076 | =---=--
am/sec 12474.3 | ----- 10168.7 | ----- 1090.1 | =-==---
Mole Fractions |
H 52184 52199 77931 77949 10850 10904
H, 00003 00003 00010 00009 03768 03768
H+ 18890 18890 05168 05169 | ====== | ==----
He 10016 09999 11723 11704 01757 01752
He' 00009 T I B B el
e- 18899 18899 05168 05169 | --=--- | =-=---
C ] mmmmem | mmmmem ] mmmeee ] meeees 00788 00797
Cc | ememem | mememee ) memeee ] e 01026 01035
Cs ————-- ————-- e B 17830 17900
C2H ] ==meme | mmmemee ] cmmeen ) meeee- 12088 12101
CoHa ] e | mmmeme ) meeeee | meeee- 02347 02337
CaH | e=eeee | mmmmee | mmmeee | e 14328 14295
cH | e | e | e e 23732 23634
C0O | eemmem ] emesem | mmmmee ] mmeeee 11486 11474

Condition

1 - Post Shock (Stagnation Point)
2 - Post Shock (Station 17)

3 - Wall (Station 17)
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Fig. 1 Computational Regions for the Jovian Probe Wake Flowfield



a. Step 1 - Shape of Inner Far Wake (Front) d‘\?:);j_ *
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b. Steps 2 & 3 - Neck Location and Diameter -

Neck

rom Step 1
Locaiiii/;//////// f p1
l ~- Neck Diameter
'1—_’/’/%
X

'c. Step 4 - Equivalent Shape |

. Neck Diaméter
’ and Location

ng. 2 Schematic of Initially Planned Wake Shape Procedure
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a. Neck Location

A cylinder

Tog (x/d) . O sphere
N ~

b. Neck Diameter

(b-1) approx. neck, from “a" above
{_ "’,’,,sphere
log (y/d) = }ratio of sphere-to-cylinder
- neck diameter
log (x/d)
(b-2) Mw=constant'
>~ .-''sphere, using sphere-to-cylinder ratio from
Tog (.Y/d)N \\ "b-1" above
cyl
log Re
(b-3) .. from "b-2" above
o ___ — — sphere
log (.Y/d)N ,0’/* e —cyl
A/kk Re=constant
Moo
(b-4) e point from "b-3" above
«_ " .. slope from "b-2" above
& PRSI

Tog (r/d)y "

“log Re -

Fig. 3. Schematic of Wake Shape Procedure Used
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c. Wake Front Downstream of Neck

m
Assuming y/d = b{(x/d)

KA

) m | A .
® .
Best [x/d = 5-10 g—o— . x/d > 10
e
. Guess x/d < 5 -
log Re

A cyl.
O sphere

\.N-_ .
\Q“:‘\\.’ _ ——= Best Guess

log Re

Figure 3 (Concluded).
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Fig. 4 M_ Effect on Wake
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Y A cylinder
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x (see Fig. 6 below) A Possible
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Fig. 6 Reynolds Number Effect on Wake Neck
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(y/d)y

.08
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T d

nj

bap M6 Sphere, Ref. 8
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For y/d =
A Cyl

b (x/d)"

inder

O Sphere

a. Exponent Term

b

M, = 16, Ref. 8

~=——— Best
Guess

b. Scale Factor

5

r Cylinder

M =10

x/d > 10
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Ref. 8
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Fig. 8 Wake Front Downstream of Neck

25

6

7



40 O - Apollo i

A - Fire 11

30 | — - Extrapolation of AF:

MK 2 Data Using
Pg/P = 0.008

20

]0 RS TR sy SR S DR RS SRR RN RERY:
8 Ve T
8
o,
~
[+a]
o 6

,,,,,

ey R

I TR I FEos| FEE S BREEY B l
©|==== Lower Limit
.. Data Extrapolation

20 30 40 50 70

[+ ]

Fig. 9 Turbulent Base Pressure Correlation for Planetary Entry Systems
(From Brant and Nestler, Ref. 12) _
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Section 3.0
RESULTS -

This section presents observations about the three wake flowfields calculated
and presents the manner in which the flowfields were recorded on tape fof radiation

analysis work.

3.1 Flowfield Distributions

The analytical methods described in Section 2.0 were used to calculate three
flowfields. The specifying conditions for the three cases are given in Table 1.

The starting location for the current flowfields is where the HYVIS program
terminates at the end of the Jovian probe conical section. It is therefore
appropriate to compare the MOC solution on the conical section with the HYVIS
results. Post shock results are given in Table 3 and are found to be in reason-
able agreement. Case 3 is in best agreement and both analyses used conic sections
for thé body. For Cases 1and 2, the HYVIS program used a hyperboloid. The body
angle used in the MOC calculation was larger than the actual body ahg]e fo account
for effective body displacement due to massive blowing.

Near wake inviscid boundary results for Case 1 are given in Figs. 13 to 15.
Figure 13 shows the main shock location and inviscid constant pressure Boundary
location. The post shock Mach number, temperature, entropy and flow angle are
given in Fig. 14. The post shock conditions are constant out to r/R = 1.3 where
the expahsion fan from the shoulder hits the shock. Beyond r/R = 1.3 the entropy
monotonically decreases, resulting in an increase in Mach number and decrease in
temperature and flow angle. The radial distributions at the neck axial position

are the starting conditions for the far wake solution.. These conditions are
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given in Fig. 15. Note an inflection in Mach number and temperature occurs
near r/R = 1.3 and the Mach number is much larger beyond r/R = 2.0 than below
2.0. Correspondingly, the temperature drops significantly beyond r/R = 2.0.

An overall comparison of the inviscid flowfield properties for Cases 1, 2
and 3 is given in Fig. 16. Case 1 has the highest temperatures and pressure
ratios and Case 2 exhibits the least severe conditions. The wake neck is the
smallest for Case 1 producing the largest turning angle for the flow at the
neck. This results in the strongest wake shock and correspondingly highest
post shock conditions. Case 3 has the largest viscous wake of the three cases.

Near and far radial temperature profiles are given in Fig. 17 and 18
respectively for several axial positions. The temperature is seen to be constant
in -the recirculation zone, decrease slightly in the inner part of the shear
layer, and then increases to meet the inviscid flow temperature. The temperature
distributions in the inviscid flow are not monotonic functions but form consistent
trends reflecting both real gas and reflected expansion wave effects. Case 2
shows a rather benign far field from a radiation viewpoint. The near wake
specific heat ratio radial distributions are shown in Fig. 19 for four axial
positions. Notice that some of thelradial distributions exhibit a double peak
in gamma and the distribution values vary widely in magnitude. To help explain
the process controlling this gamma variation Fig. 20 was prepared. Figure 20
presents the gamma variation as a function of static pressufe for specified total
pressures. Points A, B, C and D from Fig. 19 at X/R = 1.0 are plotted on Fig. 20.
The static pressure increases in the radial direction as well as the total pressure.
This combination,as shown in Fig. 20, produces the double peak which appears in
the flowfield. _

Typical mole fraction distributions in the radial direction are given in

Figs. 21 and 22 for the near and far wake respectively of Case 3. The near inviscid
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wake primarily consists of H and He atoms. Molecules of H, start appearing in
the far 1nvi§cid wake. The C3; molecule is the most dominant ablation species
in the near viscdus wake whereas C,H, C3H, CO, as well as C;3; are the most

dominant species in the far viscous wake.

3.2 Flowfield Tapes

The flowfield results for all three cases were put on tape énd delivered to_
Langley. The flowfield prbperties are Tisted in nondimensional cylinderical
coordinates starting at the probe shoulder and going to X/R = 10.

The card image format of the tape is given in Table 4.

The following
description defines the tape type.

9 track Block size 4800 characters
1600 BPI 3 files, no labels
0dd parity Record size 80 characters

ANSI interchange format

Each file is written as an ASCII character string with one record being one
card image. Files are separated by hardware end-of-file marks, with two marks
‘ending the third file. A copy of the tape creating program written in ANSI Cobol

is given in Table 5 and a tape read program written in Fortran is given in Téb]e 6.
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Table 3

COMPARISON OF CONE SECTION

POST-SHOCK CONDITIONS

Case 1 Case 2 Case 3
Variable | Units
REMTECH | Langley | REMTECH | Langley | REMTECH | Langley
Sta. 15 Sta. 15 Sta. 17
T K 14,137 13,730 12,285 11,379 13,044 12,999
P atm 4.891 4.642 6.297 5.663 7.241 7.125
Avg. Mol. - 1.2338 1.254 1.3277 1.3491 1.3061 1.3074
Weight
0g-0, deg.|| 4.38 4.81 4.76 3.53 3.91 4.18
(Blowing)
Oc deg. 50 a7 50 74 46 45

32




Table 4
CARD IMAGE FORMAT

%;gg Column Format Variable Definition
] 1-8 8A TITLE Title
2 1-~10 F10.5 X/R Axial Distance
11 - 20 F10.5 r/R Radial Distance
21 - 30 F10.5 M Mach Number
31 - 40 F10.5 0 Flow Angle (Deg.)
41 - 50 F10.5 M Molecular Weight
51 - 60 F10.5 Y Specific Heat Ratio
61 - 68 Fg8.2 T Temperature (°K)
69 - 78 F10.5 P Pressure (atm)
79 - 80 12 IS Number of Species on
Following Cards for
~This Location
3 1 -4 A4 SN Species Name
5-10 F6.5 Y, Mole Fraction of
Species 1
(repeated) Y,
8(A4,F6.5) Y

i=1,18

33




Table 6§
COBOL TAPE GENERATION PROGRAM

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

000

000
000
000
000
000
000
000
000
600
000
000
000
000
000
000

HCOB¢ IS ONE»ONE

IDENTIFICATION DIVISION.
PROGRAM=1D. F=FORMAT.
ENVIRONMEMNT OIVISION.
CONFIGURATION SECTION, .
SOURCE-COMPUTERes UNIVAC-=1100.
OBJECT-COMPUTERs UNIVAC-1100.
INPUT=0UTPUT SECTION,
FILE=-CONTROL.
SELECT TAPE=OUT ASSIGN TO INTERCHANGE T8.
SELECT IN=REC ASSIGN TO CARD-READER.
DATA DIVISIUN.
FILE SECTION.

FO IN=REC
LABEL RECORDS ARE OMITTED.
01 PRT=REC PIC X(80).

FD TAPe=0OUT
LABEL RECORDS ARE STANDARD
BLOCK CONTAINS 60 RECORDS
RECORDING MODE IS F .

01 REC-IN'

02 B PIC Xx(80).
WORKING=STORAGE SECTION.
77 CTR VALUE © PIC 9(5).
77 CTR1 VALUE O PIC 9(5).
77 NUMBER=RECS=PROCESSED PIC 22229,

PROCEDURE ULIVISION.
HOUSE=KLEPING.
OPEN INPJUT IN-REC,
OPEN OUTPUT TAPE=QUT WITH NO REWINDe
INFINITE~LOUP.
READ IN=REC
AT ENu 6G TO END=UF=JOB.
WRITE RE.=IN FROM PRT=REC.
ADD 1 TO CTK ON SIZE ERROR
DISPLAY 'YADD 99:999 TO RECS PROCESSED' UPON
' PRANTER MOVE 1 TG CTR.
GO0 TU INFINITE~-LOOP. '
END=OF=JOtse :
CLOSE TaPr=0UT WITH NO REWIND.
"MOVE CTR TO NUMBER=RECS=PROCESSEU.
DISPLAY 'WUMBER OF RECS PROCESSED
NUMBER=RECS=PROCESSED UPON PRINTER.
CLOSE IN-REC.
STOP RUN
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Table 6
FORTRAN TAPE READ PROGRAM

000
000
000
000
000
000
000
000
000
000
000
n0oo
000
000
000
0060
300
000

goo

no0
000
DOG
1700
000
000
000
noo
000

oOOCOO0OO00000

300

20

50
1ug

4UsG

999

WFOR IS MAINsMAIN

ThHIS PROGRAM REAUS. AN anNSL INTERCHANGE TAFE A
THE INTERCHANGE FORMAT IS SET BY THE FOLLOWING 'DEFINE FILE!

- STATEMENT .

ANSI = SET ANSI INTERCHANGE = NO USER LABELS.
Fg = FIXEU BLOCK LENGTH,

80 = 80 CHARACTEKS PER RECGROD.

4600 = 480" CHARACTERS PER BLOCK.

THIS PROGRAM ASSUMES 3 TAPE FILES SEPARATED BY END=OF=FILE MARKS.

DEFINE FILE o{ANSIPFBe8Or4800)
UIMENSIOGIK 1(20)
=0
=N+l
IF (e Qett) GU 10 999
PRiNT 440G i
0 25 u=leBu
~EAD(arlun) 2
PRINT 3uis:
VONTINUE
ul B0 v=1eHD0G0
READ(&» 170 E L28) L
FOURMAT (20AL)
FORMAT (1h f2.44)
FORMAT(LH1 »'FIE 2120 FIRST 50 RECORDS'»/)
STOP
Ewt
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Fig. 13 Shock and Inviscid Constant Pressure Boundary for the Near Wake
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(VALUES IN ITALICS ARE P/R.)

| WCEN *3560 K <4060 K
2.0 | 500 K 98.2 22.9 4450 K
CASE 1 ' 286 . 14 360 K
4170 K 499 5690 K ’/,,-f’”*AAk634.4
M = 143.95 1.5 470,000 k 950 $ 23,9 4860 K
© 13,000 K 1365 90 K 46.0
llO 4 )
' “7950 K 5960 K
50° 5480 K 9800 K 43.7 19.0
b | 2 21 g y 1 109 L L A L L
ol / 3060 K ®3420 K
§0.0 24.7 *3510 K
CASE 2 20 3150 K 210 7}.5
3830 K 372
Mw= 38,47 1.5 } #7170 K 7158 3760 K
10,800 K 1080 )
50° ,
CASE 3 : 3250 K 250 ® 16.9
5 3900 K 49¢ 3960 K 3780 K
Moo= 46,98 1.5 6170 K 955 20.9 15.5
1,900 K 1430 7550 K 36.1 i
A 185 30 *5710 K 330 X 23.4
Py 61.5
0':': ., . R . . . .

X/R

Fig. 16 Comparison of Inviscid Wakes
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Section 4.0
CONCLUSIONS AND RECOMMENDATIONS

Based on the analysis and results of this study, the following conclusions

are drawn.

(1)

(2)
(3)
(4)

(5)

The wake geometry used is cansistent with reéent Jovian probe
shadowgraphs.

The wake geometry is sensitive to PB/Pm.
Case 1 produced the highest flowfield temperature and pressure ratios.

The complex real gas processes in the flowfield preclude attempts of
obtaining an effective gamma for experimental work.

The C; species is a dominant species in the near viscous wake, whereas,
C4H and C3H are more dominant in the far viscous wake.

As a consequence of the information obtained in this study, the following

recommendations are made.

(1)

(2)
(3)

(4)

(5)

Shear layer calculations should be axisymmetric and account for
nonparallel inviscid flow.

An improved recirculation model should be developed.

A variable pressure near wake model is required for accurate neck
region calculations.

Addition range tests to obtain higher quality shadowgraph photos of
the wake geometry would improve confidence in modeling work.

Base pressure measurements for the probe configuration would significantly
increase the confidence in current calculation methods.
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