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The nonequilibrium solutions of Leibowitz and Kuo yield
small values of nH(2) behind the shock compared to the
Boltzmann distribution (equilibrium) value, because they
considered not only thermal nonequilibrium and finite
ionization, but also finite excitation. According to Eq. (2) low
values of nH(2) decrease the radiative flux relative to
equilibrium. Thus, Leibowitz and Kuo predicted that
nonequilibrium reduces the radiative flux.

Table 1 gives values of nH(2) for the assumption that it is
Boltzmann populated at Te or that it is populated in
equilibrium with ne. The necessary data for Tet nH, and ne
were obtained from the solution of Tiwari and Szema shown
in Figs. 1 and 2. Note that for the Boltzmann distribution,
nH(2) is much greater than it is for the assumption that nH(2)
and ne exist in equilibrium at Te. The assumptions used to
calculate nH(2) are the major reasons for the opposite con-
clusions of Tiwari and Szema and Leibowitz and Kuo.

The discussion to this point has been limited to the optically
thin approximation arid the Balmer region of the spectrum;
however, the conclusions are generally valid. Figure 3 shows
that the ground state continuum radiation is optically thick;
thus, only the gas near the body contributes to radiative
heating of the body in that spectral region. The atomic line
transitions are also optically thick near the line center, so the
line centers contribute to radiative heating only if the
radiation is emitted close to the body. The free-free con-
tinuum transitions occur mainly in the spectral range below 2
eV. The free-free continuum radiation can be important;
however, at the temperatures of interest its contribution to the
flux is small, because of its small source function. Con-
sequently, the radiative heating comes mainly from the
Balmer region of the spectrum, where the shock layer is
optically thin, and the above approximations hold.
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Effect of Low Reynolds Number
Turbulence Amplification

on the Galileo Probe Flowfield
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Introduction

IN a recent paper, Moss and Simmonds1 presented the
forebody flowfield solutions for Jupiter entry conditions

for a 335-kg probe. These results for the massive ablation
conditions were obtained by using the two-layer algebraic
eddy-viscosity model due to Cebeci.2'3 In this model of
turbulence, the inner law is based upon PrandtPs mixing-
length concept and the outer law employs the Clauser-
Klebanoff expression. A value of 0.4 for the von Karman
constant k1 appearing in the inner law and a value of 0.0168
for the constant k2 appearing in the outer Clauser-Klebanoff
expression have been employed by Moss and Simmonds1 as
suggested by the earlier work of Ref. 3. It was obtained in
Ref. 4 that the variations in the inner law expression (in-
cluding in the value of kl) do not affect the value of eddy
viscosity for a massively blown shock layer substantially. For
such flows, the outer eddy-viscosity expression seems to play a
predominant role. In the study of Ref. 4, the Cebeci model of
Ref. 3 with a constant value of k2 =0.0168 was employed as
the baseline model. Recent experimental studies5 for the
unblown blunt-body viscous-shock-layer flows, however,
suggest that a much higher value than 0.0168 might be needed
to obtain an agreement between the predictions and ex-
perimentally measured eddy-viscosity values, as shown in Fig.
1. This appears to be the result of low Reynolds number
effect, which contributes to the amplification of turbulence.
According to Ref. 6, a value of s/b% of about 30 to 50 is
required to "wash out" the low Reynolds number effect. For
the Galileo probe, where the flow is assumed to undergo
transition instantaneously immediately downstream of the
stagnation point owing to massive ablation, a typical value of
s/5 is about 15 at the end of the forebody flowfield. Therefore
the low Reynolds number effect is likely to persist for the
entire length of the probe and may contribute to the am-
plification of turbulence more for a blown surface than for an
unblown surface. The purpose of this study is to evaluate the
impact of this effect on the Galileo probe surface-heating and
mass-loss rates, which are critical to the probe's success.

Analysis
The extent of the low Reynolds number amplification is

indicated in the figure inset in Fig. 2 (taken from Ref. 7)
where the mixing length, (//6)max, was derived from the
experimental velocity profiles for flat plates, cones, and
cylinders. Also shown in the inset figure is an extrapolation to
the curve of Ref. 7 for a value of d+ near 100. Here d+ is a
measure of the Reynolds number based_on boundary-layer
thickness d, friction velocity UT(=\frw/pw ), and wall
conditions. Although the mixing-length amplification con-
tained in Fig. 2 (obtained for the "wall" turbulent shear
flows) is not strictly applicable for "free" turbulent shear
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Fig. 1 Eddy-viscosity distribution for an unblown surface at
s/smMi = 0.951 for Re^ ̂ ^ = 12.4 x 106; symbols are defined in Ref.
3.
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Fig. 2 Variation of k2 (in the outer eddy-viscosity approximation)
with different values of (//5)max. Inset figure gives variation of
(//6)max with 6 + for flows over plates, cones, and cylinders.

layers (encountered with massive surface ablation), this figure
still serves to provide the quantitative information, since no
similar experimental results exist about the amplification of
turbulence in massively blown shock layers or free shear
layers. Some indication of this amplification is available in
the attachment peak-heating correlation for shear layers given
in Ref. 8. For a massively blown shock layer, with UT almost
negligible, 6+ may be of the order of 100.§ For these values of

§With massive blowing, d+, in fact, tends toward a value much
smaller than 100. However, substantial extrapolation of the curve of
Ref. 7 beyond the range of the experimental data may not be very
appropriate.

d+, increases of a factor of 2 or more in the mixing length,
(1/8) max, above the usual level of 0.085 or so are observed,7 as
shown in the inset figure of Fig. 2. In the present study, the
effect of low Reynolds number amplification on Galileo
probe mass-loss rate was obtained by evaluating the outer law
"constant" in the Cebeci turbulence model from

du
an mp

(1)

where the subscript mp denotes matchpoint between the inner
and outer law and a is a constant having a value of 0.085 in
the absence of any low Reynolds number amplification. It
may be mentioned here that Eq. (1) has been obtained by
equating the outer region eddy-viscosity expressions7 based
on mixing-length approximation and the Clauser-Klebanoff
formulation. Thus, knowing the amplification (//6)max for
the Reynolds number d+ from the inset figure in Fig. 2, the
appropriate value of k2 may be obtained iteratively from Eq.
(1). For application to the present massively blown case,
however, results were obtained (see Fig. 2) for three values of
the mixing length, (l/d) max, to quantify the role played by the
low Reynolds number effect. The values chosen were one,
two, and three times the nonamplified value of 0.085 to
bracket its influence on mass-loss rate in the neighborhood of
6+=100.

In the present analysis the calculations for the surface-
heating and mass-loss rates have been carried out for the 335-
kg probe at 49.13 s of entry time corresponding to the peak
heating conditions.1 In these calculations (contained in Table
1) the turbulent Prandtl and Lewis numbers are assumed to be
0.9 and 1.0, respectively. Using a value of unity for the
turbulent Lewis number, however, implies that the con-
tribution from turbulent diffusion due to the species con-
centration gradients in the energy equation is not significant.
The computations were, therefore, also made for values of
LeT = l.Q±2Q%, since not much information is available
about it. The results are provided in Table 2.

Discussion of Results
Figure 2 shows the values of outer law constant k2 in the

Cebeci model of turbulence obtained iteratively along the
body stations from Eq. (1) for three values of the am-
plification factor a. Also shown in the same figure is the
standard k2= 0.0168 value. It is clear that increases of a
factor of 2 to 3 in (//6)max near 6+ = 100 give values for k2 at
various body stations much larger than 0.0168. Even for an
unamplified case (ot = 0.085) with d+ >2000, k2 is not a
constant at various stations along the body.

Corresponding to the four cases of Fig. 2, Table 1 gives the
results for surface-heating and mass-loss rates. This table
clearly shows that substantial increases in mass-loss rates are
possible for 6+ around 100. For a massively blown surface,
with UT approaching a very small value, d+ would have a
value of less than 100. Using a value of LeT different from
unity seems to affect the mass-loss rate to a much lesser ex-
tent, as shown in Table 2. Generally, a higher mass-loss rate is
obtained by using LeT = l.2 than Ler = 0.8 when compared
with the values obtained by employing LeT = 1.0.

From the analysis carried out here, it may be seen that
increases in the mass-loss ratio from 4% to 50% are possible
with the low Reynolds number amplification effect, whereas
using a value of 1.2 for the turbulent Lewis number can in-
crease the mass-loss rate from 4% to 10%. Lower values of
the turbulent Lewis number and low Reynolds number am-
plification effect result in reducing the mass-loss rate. Even
though the analysis presented depends heavily on the ex-
perimental information available for unblown shock layers
for the mixing-length amplification, the present analysis does
bring out the importance of such an amplification for
massively ablating shock layers. A conservative accounting of
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Table 1 Effect of low Reynolds number turbulence amplification on surface-heating and mass-loss rates for the 335-kg probe at a time of 49.13 s

Condition MW MW

(pt;)wcL4,

kg/s
Mass-loss

ratio

(i) Standard model as of May 1982 with
coupled spallation; employs
standard two-layer eddy-viscosity
model of Cebeci with k2 = 0.0168
(without low Reynolds number
turbulence amplification)

(ii) With low Reynolds number
turbulence amplification:

-'(I £
(£/6)max= 0.085; 6+>2000

(iii) Same as (ii) except
(^)max =0-17; 6+ = 105

(iv) Same as (ii) except
x = 0-255; d+= 85

9.00a

9.00a

8.50a

6.65a

15.00b

16.50b

14.61b

11.40b

115.00a 212.00b

88.10a 148.50b

119.20a 222.26b

155.353 303.40b

4.00a 7.70b

3.00a

4.31a

5.8

5.13b

8.00b

11.75b

1.00a 1.00b

0.75a 0.067b

1.04b

1.53b

l j

1.47a

a Results are integrated to an s value of 2.06; end of probe forebody is at s = 2.84. b Results are integrated to an s value of 2.86; end of probe forebody is at 5 = 2.84.

Table 2 Effect of the variation in turbulent Lewis number on surface-heating and mass-loss rates for the 335-kg probe at a time of 49.13 sa

Ler

1.0

1.2

0.8

- 1 qc
wdA,

Jo
MW

9.00b 15.00C

8.00b 13.90C

7.90b 14.11C

[<7*cL4,
Jo

MW

115.00b

121. 50b

112.00b

212.00C

222.80C

206.50C

E <>« Mass-loss
kg/s

4.00b

4.40b

3.85b

7.70C

8.00C

7.50C

ratio

1.00b

1.10b

0.96b

1.00C

1.04C

0.97C

aEmploys standard two-layer eddy-viscosity model of Cebeci. b Results are integrated to an s value of 2.06. c Results are integrated to an s value of 2.86, end of probe
forebody is at 5=2.84.

these physical events in absence of any measurements may be
more appropriate for the Galileo probe design.
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Procedure for Generating Ground Wind
Environments for Shuttle

Liftoff Studies

George H. Fichtl* and Clark Brownf
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Background

THIS Note provides a procedure for generating ground
wind environments for Monte Carlo Shuttle liftoff and

related studies. The procedure is based on a random selection
of peak wind speeds at the 18.3 m level from which the mean
wind profile and turbulence intensities are derived.1 Random
selection of mean wind direction is also used. The simulation
of longitudinal and lateral turbulence components are ob-
tained from a turbulence simulation tape as described in Refs.
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