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Radiative-Gasdynamic Coupling and Nonequilibrium Effects

behind Reflected Shock Waves

Leranp A. CArLsoN*
Texas A&M University, College Station, Texas

Results of calculations for the flowfields behind reflected shock waves in nitrogen resulting
from incident shock velocities of 8 and 11 km/sec and initial pressures of 10~2 and 102 ¢cm of
Hg are presented. In obtaining these results the radiative properties of the gas have been rep-
resented by an approximate nongray absorption coefficient model, and the exchange of mo-
mentum and energy due to collisions between particles has been included. During the first
microsecond after reflection the radiative cooling is strong enough to cause the end-wall pres-
sure to decrease as much as 509, before increasing to its equilibrium value. The cooling also
induces a velocity acceleration towards the wall and accelerates chemical and thermal relaxa-
tion. In the region immediately behind the shock wave the electron temperature is much
lower than the heavy particle temperature, but even in the near equilibrium region next to
the wall the electron temperature remains about two percent below the heavy particle tem-
perature. Comparison calculations demonstrate that two temperature effects must be in-
cluded to accurately predict end-wall pressure, radiative heat transfer, and radiative-gas-
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dynamie coupling effects.

Introduection

T very high re-entry velocities, the equilibrium tempera-
ture in the bow shock region of an entry vehicle can
reach 20,000°; and the heat transfer to the vehicle and the
flowfield around it will be dominated by thermal radiation.
As a consequence for the past several years reflected shock
waves have been used to study high-temperature and radi-
ative-gasdynamic phenomena typical of re-entry.

Previous reflected shock studies,!.2 however, consider condi-
tions which, while of definite interest, do not represent the
nonequilibrium phenomena associated with very high alti-
tude, high-velocity re-entry. At the low pressures corre-
sponding to conditions of interest in atmospheric entry
there are portions of the reflected shock flowfield in which
chemical nonequilibrium effects can be significant.? For
example, in the region immediately behind a reflected shock
front large gradients in temperature and species concentration
can oceur; and such variations can affect the radiative
heat transfer through changes in the concentration and
temperature of the radiating species.

Besides chemical nonequilibrium, it is possible for a par-
tially ionized gas to have regions of thermal nonequilibrium
between electrons and the other heavier species. This type
of nonequilibrium results because the rate of energy ex-
change between electrons and heavy particles is very slow
due to large mass differences in the species, and it is char-
acterized by different electron and heavy body tempera-
tures. Thermal nonequilibrium of this nature has been pre-
dicted* and indirectly observeds in the region behind a shock
front. Since radiation is primarily governed by the electron
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temperature, thermal nonequilibrium might have a significant
effect on the nature and magnitude of the radiative-gas-
dynamic coupling and the end-wall radiative heat transfer.
In addition, many reflected shock-wave experimental mea-
surements are time integrated, and any significant non-
equilibrium effects at short times could affect the interpreta-
tion of such results.

Since at low densities chemical and thermal nonequilibrium
effects may be important and may strongly affect such quan-
tities as the radiative heat transfer, further investigation of
these phenomena for the case of the reflected shock wave
would be valuable. Thus, the present study has been
initiated with the primary purposes of 1) developing a solu-
tion to the radiating reflected shock problem including
chemical nonequilibrium and two temperature effects, and
2) investigating the extent and interaction of two-tempera-
ture, chemical nonequilibrium, and radiative-gasdynamic
coupling effects behind high enthalpy reflected shock waves.

Formulation of the Problem

In a eylindrical shock-tube the reflected shock-wave prob-
lem is a two-dimensional unsteady problem in z and r.
However, in the vicinity of the shock-tube centerline, the
flow is essentially one-dimensional in z; and, thus, in the
interest of simplification the present problem is treated as
one-dimensional. This approach not only serves to simplify
the equations but also makes the integrals in the radiation
terms easier to evaluate. The distance z is measured from
the end-wall; and the time ¢ is counted from the instant of
shock reflection. All of the fluid dynamic properties between
the shock wave and the end-wall are considered functions of
distance and time, and the velocity of the reflected shock
front is assumed to be a function of time. This time de-
pendence is necessary in order to account for any shock
attenuation effects resulting from radiation cooling. The
continuity and momentum equations that are used are as
follows:

0p:/dt + dlpw)/dx + d(p:Us)/ox = Wy 1)
dp/dt + d(pu)/ox = 0 (2)
pOu/Ot -+ pudu/ox = —dp/Ox (3)
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Sinee it is the aim of this study to investigate the reflected
shock region including the effects of thermal nonequilibrium,
there should in principle be an energy equation for each
species. However, since the exchange of energy in elastic
collisions is dependent upon the mass ratio of the eolliding
particles, it is assumed that for particles of almost the same
mass the temperature equilibrates in a few collisions. Thus,
the heavy particles (i.e., atoms, molecules, and ions) are all
characterized by the same temperature T'5; but the electrons
are permitted to have a different temperature T..” Hence
only two energy equations are needed. One is the electron
species energy equation, which neglecting terms of order

(me/m,) is
oh, oh, 0 oT, 2 _op.
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The first term on the right—hand side represents the effect
of external forces and is obtained from the electron momen-
tum equation. The second term is the rate of energy gain by
electrons due to elastic encounters because of thermal mo-
tion of the particles; while the third term accounts for the
energy gain resulting from elastic collision because of the
relative fluid motion of the electrons. The last term Q.
represents energy change due to inelastic encounters.

Analytic expressions for the terms £; and P;; have been
derived and are presented in Ref. 6. For example,
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where AU = [Us — Uy, K = [2kTs/ms + 26T;/m;]~", and

8; is the collision cross section.
For the second energy expression the global energy equa-
tion, Eq. (6), is used

oh P S oT;
Pt P +a[,§1(—x"$>] [EP’U”]
Ogr _Op _ Op _ _
o o Yo Z wih - (6)

=1

The viscous stress terms are omitted in Eqgs. (3, 4, and 6) be-
cause their expected effect in the reflected shock region is
negligible. Also, a radiative heat-transfer term appears only
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in the global energy equation because it is assumed that the
radiation effect on electron energy is negligible.

In the mathematical formulation, the enthalpy-tempera-
ture relationship is obtained by application of statistical
mechanics and the appropriate partition functions. The
electronic terms are formulated using the electron tempera-
ture, assuming that the electronic levels are in equilibrium
with the free electrons.#” The transport coefficients are
derived from kinetic theory relationships, and the diffusion
velocity expressions are based upon an ambipolar diffusion
model. Both are suitably modified for mixture and two-
temperature effects.

Nitrogen has been selected as the test gas because of its
similarity at high temperatures to air. A set of chemical
reactions and rate constants representative of high tempera-
ture nitrogen has been used and is presented in Table 1.
The dissociation constants are from Ref. 3, and the ionization
rates are based on the experimental results of Wilson.” Also,
the mass production rate expressions for the ionization reac-
tions assume that these reactions proceed via excitation of
the nitrogen atom to the 3s‘P state and subsequent rapid
ionization.”

The radiation term in the overall energy equation has been
formulated, following the basic approach of Anderson,! for
the case where the absorption coefficient is represented by a
multistep model. Its resultant form is given by Eq. (7)

_ 94r

oz —4r) «;B: + 2my j'ofsz B.(z,0)Er(ri — 2)dz
7 7

)

Here the summation is over the spectral regions of the step
model, and «; and B; are the values of the absorption
coefficient and integrated blackbody function for a given
wavelength region. For the absorption coefficient the ex-
perimentally verified five-step nongray absorption coefficient
model of Knott, Carlson, and Nerems? is used. This model is
representative of high-temperature radiating nitrogen and
includes infrared lines, the visible continuum, vacuum-ultra-~
violet lines, and the vacuum-ultra-violet continuum.

This investigation is the first study to include in a reflected
shock flowfield solution the combined and interacting effects
of chemical nonequilibrium and nongray radiative transfer.
Also, it is the first nonequilibrium reflected shock formula-
tion which permits the electrons to have a temperature
different from the other species. Several solutions have been
obtained using a computational technique based upon a
forward-in-time finite-difference scheme similar to that of
Ref. 1. Further details of the present formulation and solu-
tion of the radiating reflected shock problem are presented in
Ref. 9.

Discussion of Results

In selecting the shock-tube conditions to be investigated,
several items have to be considered. The equilibrium tem-
perature behind the shock wave has to be sufficiently high
that radiative processes and radiative transfer are significant,
and the chemical relaxation time needs to be long enough
that nonequilibrium effects can be observed. Conditions
compatible with these requirements can be determined by

Table 1 Chemical reactions and reaction rate constants

Reaction

ilalala

I

K;
Ky

Rate
1.5 X 1007 g-15
7.5 X 1007 g—16
1 X 1097515
2.34 X 101 gli2g—12000/TH
4.18 X 1087 12[1 + T./60000],120000/T
2.34 X 10MT gli2e—12000/TH
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Fig. 1 Characteristic times behind reflected shock waves
in nitrogen.

comparing characteristic times representative of the time
required for complete radiative cooling, the time required
for complete deionization, and the time required for thermal
equilibration by collisions alone. Such comparisons are
shown for two incident shock velocities on Fig. 1, and it can
be seen that the characteristic chemical recombination times
at the low pressures are quite long and significantly longer
than those required for radiative cooling. In fact, these
results indicate that immediately behind a reflected shock
wave radiative cooling can occur simultaneously with and
possibly prior to chemical relaxation.

To increase the possibility of observing such an early
cooling effect, a reflected shock flowfield corresponding to an
incident shock velocity of 11 km/sec and an initial pressure
of 1073 cm Hg has been selected as the primary calculation
condition. Admittedly, the shock front is thick for such a
condition, but as can be seen in Fig. 1 a lower initial pressure
offers a greater probability of observing the radiative cool-
ing—chemical relaxation interaction. In addition, if these
10— cm Hg results show no significant effects due to chemical
and thermal nonequilibrium, then such effects can be assumed
to be negligible at higher pressures of say 10~2 ¢cm Hg, where
the shock front is by comparison thin. If they show im-
portant effects, then the direction for future calculations will
be indicated. It should be noted that results have also been
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Fig. 2 Electron and heavy particle temperature profiles
behind a reflected shock wave in nitrogen.
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Fig. 3 Velocity profiles behind a reflected shock wave in
nitrogen.

obtained for incident shock velocities of 8 and 11 km/sec at
an initial pressure of 10~% em Hg. In all cases, convergence
has been verified by changing the step size and comparing
the results.

Figure 2 shows typical results for electron and heavy par-
ticle temperatures. Precursor effects are ignored for these
calculations, and the gas in front of the reflected wave is
considered to be in equilibrium. Initially the postshock
heavy particle temperature is 75,000°K while that of the
electrons is 9300°K. However, collisions between the elec-
trons and the heavy particles cause the electron temperature
to increase rapidly, and by 0.25 usec the electron temperature
over a large part of the flowfield has stabilized at about 19,500
°K. This stabilization or pseudoequilibrium of the electron
temperature is caused by a balance between collision effects,
which tend to increase the electron temperature, and ioniza-
tion effects, which tend to decrease it. The gas radiates
strongly at such high electron temperatures, and as a result
by 0.25 usec the heavy body temperature has cooled to almost
30,000°K. In fact, this decrease is mostly due to radiation
cooling since at 0.25 usec the dominating term in the energy
equation is the radiation term. At this short time the
ionization effects, while significant, are still small in com-
parison to the radiation effects.

By 0.50 usec the temperature profiles are characteristic
of flows in thermal nonequilibrium.4* The heavy body
temperature behind the shock front has decreased, due to
shock-wave attenuation, to about 49,000°K; and at the wall
the gas has cooled to about 14,000°K. The electron tem-
perature increases as before from its low value behind the
shock wave to about 19,500°K. By this time, however,
electron-atom ionization processes, which tend to decrease
electron energy and temperature, dominate; and the electron
temperature decreases as the wall is approached. A similar
analysis and explanation applies to the profiles at 0.75 usec
and 1.00 usec except that more of the flowfield is characterized
by temperatures below 20,000°K. Clearly, even at 1.00
usec over two-thirds of the flowfield is characterized by ex-
tensive thermal nonequilibrium.

One interesting feature which is observable in Fig. 2 is that
the electron temperature does not change very much in com-
parison to the heavy body temperature. Over most of the
flowfield it is very close to the reflected shock equilibrium
temperature. Thus, in future calculations it might be a
suitable simplifying approximation to assume that the elec-
tron temperature has a constant value equal to the equilib-
rium temperature. It should be also noted that this essen-
tially constant behavior of the electron temperature partially
explains why low density stagnation point radiative heat-
transfer shock-tube datal® can be interpreted using equilib-
rium properties. As can be seen from Fig. 2, however, such
interpretation is strietly fortuitous since such flows should have
significant nonequilibrium regions.,

The flow velocity between the shock wave and the wall is
presented in Fig. 3 and due to nonequilibrium and radiative
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Fig. 4 Comparison of electron production rates at 1.00
usec.

cooling it is not zero. Notice that in contrast to a non-
radiating reflected shock flow, the magnitude of the velocity
inereases from its value behind the shock before beginning its
decrease to the wall value. This initial acceleration results
because in the immediate post-shock region cooling occurs
sufficiently rapidly and without a corresponding density
increase so that there is an initial pressure decrease. Since
velocity is very sensitive to any pressure gradient, such a
pressure decrease creates an acceleration towards the wall.

Understanding of the chemical nonequilibrium phenomena
can be obtained by comparison of the chemical production
rates of electrons as portrayed on Fig. 4. Obviously, the
atom-atom reaction is predominant behind the shock front,
and the electron-atom reaction predominates near the wall.
Between the shock and the wall, however, the production
rates are dependent not only upon the concentrations of the
colliding partners but also upon the electron and heavy
particle temperatures. Since in the region immediately
behind the shock the concentrations are relatively constant
and the heavy body temperature is decreasing rapidly, a
decrease in the atom-atom and atom-ion production rates
would be expected. On the other hand the only temperature
affecting the atom-electron production rate is the electron
temperature. Thus, in the immediate past-shock region the
initial increase in the electron temperature causes the indi-
cated rise in the electron-atom rate.

By 0.10 cm the free electron population has increased
enough and the electron temperature is sufficiently high so
that electron avalanche occurs. Due to the fact that one
of the collision partners in the electron-atom reaction is an
electron, the ionization rate avalanches or increases ex-
ponentially with the electron concentration until récombina-
tion begins to compensate appreciably for ionization.!t Thus,
the maximum value of the electron-atom rate at about 0.09 ¢m
marks the point where collisional recombination becomes
more important than collisional ionization. After the peak,
the rate tends to decrease but at a slow pace because the
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electron density is increasing in this region while the electron
temperature is decreasing slowly. Also, as shown by other
investigators, 45712 the mixture density increases sharply at
the beginning of the recombination zone.

Notice in Fig. 4 that nowhere is the atom-ion electron
production rate ever significant. Thus future calculations
might be simplified by ignoring the atom-ion chemical reac-
tion completely. Also the variation of the atom-electron
ionization rate and its dominance everywhere but immedi-
ately behind the shock is in agreement with the incident shock
results of Petschek and Byron!? in argon and Wilson’ in
nitrogen. This agreement and lack of dominance of the
electron-atom rate immediately behind the shock might seem
surprising in view of the large number of electrons in the re-
gion due to incident shock ionization. The explanation is
that the initially low value of the electron temperature re-
tards the atom-electron ionization rate until later in the re-
laxation zone.

The most significant result, however, of the present in-
vestigation is the existence of strong radiative gasdynamie
coupling at short times after reflection. Even though for
these conditions the absorption coefficient in the vacuum-
ultraviolet is very large, the shock layer is so thin that the
gas is essentially transparent and very strongly radiating.
Figures 5-7 show comparison calculations which respectively
include and exclude radiative cooling effects. In the latter
case, which is called the no radiative cooling case in the
figures, the radiative transfer term is deleted from the energy
equation. By comparing the two sets of results, the effect
and magnitude of radiative energy transfer can be deter-
mined. Figure 5 compares the temperature profiles for the two
cases for a time of 0.75 usec after reflection. In the radiative
cooling case, both the electron and heavy particle tempera-
tures near the wall have values below 20,000°K; but the
noncooled calculation exhibits heavy body temperatures
greater than 25,000°K and electron temperatures around
22,000°K. In addition, the cooled results indicate that at
the wall thermal equilibration essentially exists for times
longer than 0.45 usec. However, in the radiation uncoupled
case the wall heavy particle and electron temperatures are
still over 4000°K apart at 0.75 usec. Furthermore, the
radiative cooling results indicate that the local equilibrium
temperature is about 14,000°K and that near the wall such
a temperature is achieved approximately 0.70 usec after re-
flection. The uncoupled results show a temperature 10,000°
K higher at 0.75 usec. Finally, the shock position for the two
calculations differs by about a factor of two.

~

U, =ll km/sec
P =10 Hg

o
T

o
T

Fig. 7 Comparison
of the variation of
wall pressure with
and without radia-
tive cooling.

»

O

o

Radiative Cooling Included
---« No Radiative Cooling
[ —e=— Modified WR Case

Wall Pressure-Dynes/cm?2x 1073

) . 3 1 ! | 1 [
O 02 04 06 08 10 12 14 i6

Time After Reflection-psec



862 L. A. CARLSON

!
~ [e]
T

VELOCITY ~ KM/SEC
»

V| = HKM/SEC
Py =10uHg
t =0
et 0751
n . . . . \ \
TH
".’
ot
x
¥ 20} T
T
A

4 ‘8 |12 |iIS 2‘0 2‘4 2‘8 32
DISTANCE FROM END WALL ~ CM x 02

=]
o

ES

o
T

V = 1IKM/SEC
\/ T

L L L L I A

04 0.6 0.8 1.0 12 14
TIME AFTER REFLECTION -}‘LSEC

T

2 -5
PwayL - DYNES/CM2 X 10
N

k=l
(o)

.
02

Fig. 8 End-wall pressure, temperature, and velocity pro-
files behind a reflected shock wave—frozen incident shock
flowfield case.

Since the only difference in the two computations is the
inclusion of radiative cooling, it can be deduced that even at
short times after reflection radiative transfer has a pro-
nounced cooling effect. More importantly, however, radi-
ative transfer affects the relaxation zone by shortening the
time and distance for both chemical and thermal relaxation
and by inducing strong shock wave attenuation. Thus, it
would appear that in order to obtain accurate results for even
short times radiative cooling cannot be ignored.

Further evidence of radiative transfer effects in the relaxa-
tion zone appear in the cooled and uncooled velocity profiles
of Fig. 6. In the no radiative cooling case, there is no evi-
dence whatsoever of the velocity acceleration towards the
wall that is so prevalent in the complete calculations. Thus,
this velocity pattern, which results directly from the pressure
variation, is an indirect manifestation of the radiative cooling
effects that must be included in order to obtain valid results.
It should be noted that while previous results have shown
radiation coupling effects in the equilibrium zone behind re-
flected shock waves,? it is believed that these results are the
first to show the existence of strong radiative-gasdynamic
coupling effects in the actual relaxation zone behind the shock
front. Furthermore, similar radiative-gasdynamic effects
might occur in the thin shoek layers surrounding small models
located in low-density shock-tube flows.™®

The variation in end-wall pressure is presented in Fig. 7,
and the result for the cooled case also reflects the effects of
radiative transfer. From its initially relatively high value
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corresponding to frozen flow conditions, the end-wall pressure
decreases to a minimum value at about 0.35 usec and then
increases. At about 0.70 usec it attains a value which re-
mains relatively constant for the rest of the calculation and
which is almost identical to the ideal equilibrium value of
3.6 X 10° dynes/em? Obviously this rather marked initial
decrease in pressure of almost a factor of two must be due
entirely to the effects of radiative cooling since in the un-
coupled case the wall pressure decreases slowly and steadily
from its frozen value without the dip evident in the complete
calculation. The explanation is that as the gas cools due to
radiation, the accompanying change in number density is
small because chemical effects have not yet had time to be-
come important. Thus the pressure must decrease.

In order to ascertain whether or not end-wall thermal con-
duction could affect these results, a calculation has been
made with the initial reflected shock velocity one-half the
ideal frozen value. In this manner the maximum 'initial
effect of thermal conduction on the inviscid flow is included.?
The resulting end-wall pressure variation is shown on Fig. 7,
and it is qualitatively identical to the radiative cooled case.
Thus, in comparison to radiative cooling, shock velocity
variations resulting from thermal conduction have only a
small effect on the end-wall pressure behavior.

Since some investigators'* have used end-wall pressure
measurements to determine chemical reaction rates, these
results are very important because they indicate that the
prediction and interpretation of wall pressure results behind
strong reflected shock waves should include the effects of
radiative transfer. In addition, if such a pressure dip can be
detected experimentally, it offers a new yet straightforward
method of studying radiative-gasdynamic coupling phe-
nomena.

In the present analysis the flowfield properties behind the
incident shock wave are assumed to be constant. In actual-
ity, however, incident shock gas ingested by the reflected
shock front is variable due to chemical relaxation in the
incident zone; and this variation may affect the above re-
sults. Consequently, a nonequilibrium chemistry normal
shock computation has been carried out for the 11 km/sec,
10 u Hg incident shock wave. The results indicate that
for the time period considered in the present caleulations the
gas in front of the reflected shock wave corresponds to the
tail of the incident shock relaxation zone and that the flow
properties in this region vary only 6-8%. Nevertheless,
even such small gradients can affect the reflected shock
flowfield. For example, using the approximate analysis of
Ref. 15 a 6%, increase in the density in the incident region
will induce a 5%, increase in the pressure behind the reflected
shock wave. This change, however, is small compared to
the 509, decrease due to radiative cooling that is shown on
Fig. 7. Thus, it is believed that the effects of gradients due
to incident shock relaxation upon the reflected shock flow-
field is small when compared to the effects of radiative cooling.
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08 - Fig. 10 End-wall pres-
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Table 2 End-wall radiative heat transfer 0.4 usec after reflection

iR iR
Incident shock Initial pressure Region Radiative 620—%570 X 157 039552 A
speed, km/sec mm Hg two cooling included kw/cm? kw/em?
11 0.01 Equilibrium Yes 11.75 0.25
11 0.01 Equilibrium No 43.23 2.00
11 0.01 Frozen Yes 8.27 0.16
11 0.10 Equilibrium Yes 108.30 1.63
8 0.10 Equilibrium Yes 10.56 0.37

On the other hand, the actual magnitude of species con-
centrations in the incident zone may be more important than
gradients since these magnitudes affect both chemical re-
laxation and radiative rates. Consequently, a comparison
calculation has been carried out which conservatively assumes
incident properties corresponding to the start of the tail of the
incident relaxation zone. At this point the amount of
ionization is comparatively small and the density is only
719% of the equilibrium value. Hence, the results of this
calculation should indicate the maximum effect due to small
initial species concentrations.

All of the results obtained are qualitatively identical in
features and trends to those portrayed in Figs. 2-7, and
typical profiles are presented in Fig. 8. As can be seen, the
end-wall pressure still exhibits the strong 509, initial decrease
due to radiative cooling. The actual minimum value does,
however, occur slightly later, indicating a slight retardation
in cooling due to the low initial concentrations. Comparison
of the temperature and velocity profiles of Fig. 8 with those
of Tigs. 5 and 6 shows that in this case the relaxation zone is
longer. Still, as evidenced by the velocity acceleration
towards the wall and the different electron and heavy particle
temperatures, there is strong radiative-gasdynamic coupling
and extensive thermal nonequilibrium. Based upon these
comparisons, it is concluded that while incident shock spécies
concentration values quantitatively affect the reflected shock
flowfield they do not qualitatively change the effects of
radiative cooling or thermal nonequilibrium presented above.

One of the major purposes of this investigation has been
to examine the effects of chemical and thermal nonequilibrium
on the end-wall radiative heat transfer. The results for three
incident shock velocity initial pressure combinations are
shown on Fig. 9. Since the radiative transfer processes are
related to the electron temperature, the radiative heat trans-
fer should reflect any large variations in the electron tem-
perature; and Fig. 9 shows this to be the case. Initially,
when the electron temperature is only slightly higher than
its preshock value, the radiative heat transfer is negligible.
However, the heat transfer for all three cases increases very
ra,pldly and achieves a temporary maximum value at a time
that in each case corresponds almost exactly to the peak
electron temperature (i.e., Fig. 2). From this correspon-
dence it is concluded that during the initial period after re-
flection the end-wall radiative heat transfer varies in the
same manner as the electron temperature.

After the peak the total heat transfer decreases, and as
shown by the 11 km/sec-100 u Hg results, eventually begins
to slowly increase. This phenomena is due to the existence
of two competing effects. First, during this time period the
electron temperature is steadily decreasing, thus reducing the
amount of energy being radiated by a given element of gas.
Second, the slug of radiating gas is steadily increasing in size
since the shock is moving away from the end-wall. Since the
gas is practlcally transparent, almost all radiative energy
emitted in the direction of the wall will reach the wall. Con-
sequently, it is possible, even with a decreasing electron
temperature, for the radiative heat transfer to increase with
time simply because of the increased number of radiating
particles.

The spectral composition of the end-wall radiative heat
transfer at 0.4 usec after reflection is listed in Table 2. As

can be seen, the contribution from the vacuum-ultraviolet-
continuum and vacuum-ultraviolet-lines (620-1570 A) in
each case exceeds by about two orders of magnitude that due
to the visible continuum and infrared lines (1570—9552 A)
This dominance of the vacuum-ultraviolet region is char-
acteristic of low density flows and is in contrast to analytic?
and experimental? results at higher pressures (i.e., 1.0 mm
Hg), where the visible continuum usually dominates.

To ascertain whether or not two temperature and cooling
effects are important, additional calculations of the end-wall
radiative heat transfer for the 11 km/sec-10 x Hg case have
been made with 1) no radiative cooling and 2) with the elec-
tron temperature equal to the heavy particle temperature.
In the first case the result at 0.7 usec was about 6 X 10* w/cm?
while in the second it was an unrealistically large 10®° w/cm?
For comparison, the complete calculation predicts 8 X 102
w/cm?  Thus, these results indicate that thermal non-
equilibrium and radiative cooling must be explicity accounted
for in the calculation of end-wall radiative heat transfer at
short times.

In order to determine at least approximately the effects of
incident shock velocity and initial pressure on the above re-
sults, two additional calculations corresponding to 11 km/sec
and 8 km/sec incident shock velocities and an initial pressure
of 100 u Hg have been carried out. Figure 10 compares the
end-wall pressure variation for the three cases, and it can be
seen that the pressure decrease due to radiative cooling also
oceurs in the higher pressure 11 km/sec-100 u Hg case. How-
ever, at the 8 km/sec condition there is no evidence of the
radiative-transfer-pressure interaction. Since radiative ef-
fects are strongly dependent upon shock velocity, this result
is not too surprising; but it does serve to indicate that the
magnitude of the radiation is a primary factor in determining
whether or not the pressure-radiative transfer interaction
occurs. The initial pressure appears to only affect how
rapidly it oceurs.

Figure 11 portrays a similar comparison of the temperature
profiles in the reflected shock region. Here all three cases
are similar in that the relaxation regions are all characterized
by extensive thermal nonequilibrium. Furthermore, in each
case the electron temperature approaches the heavy body
temperature from below; and, in fact, examination of the
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Fig. 11 Comparison of temperature profiles behind re-
flected shock waves.
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Fig. 12 Comparison of velocity profiles behind reflected
shock waves.

calculations indicates that even in the local equilibrium region
the electron temperature is always about 29, below the
heavy particle temperature. This result is particularly
significant since several investigators’®.’? have recently
measured reflected shock temperature and obtained values
that are usually slightly lower than those predicted by shock
velocity gasdynamic relationships. Possibly, based upon
the present computations and the fact that these investi-
gators primarily used spectroscopic techniques, the explana-
tion for the difference is that the measured values are electron
temperatures and the gasdynamically predicted values are
heavy particle temperatures. Furthermore, these two tem-
peratures reach pseudo-equilibration rather quickly but do
not attain complete equilibration for some time.

Representative velocity profiles are shown for the three
cases on Fig. 12. As in the end-wall pressure case the two
11 km/sec conditions evidence extensive radiative-gasdynamic
coupling in that there is a velocity acceleration towards the
wall, but the § km/sec results display a more usual velocity
profile. Again the magnitude of the radiation appears to be
the dominating factor in determining whether or not radi-
ative-gasdynamic coupling occurs.

Additional evidence of the possibility of strong radiation
coupling in the relaxation zone is presented in Fig. 13, which
presents typical pressure profiles for the three cases con-
sidered. These profiles bear a strong resemblance to the
end-wall profiles in Fig. 10, and both 11 km/sec cases show a
relaxation zone pressure decrease due to radiative cooling.

These results demonstrate that for the conditions of the
present investigation radiative-gasdynamic coupling and two-
temperature effects exist and are important in the reflected
shock flowfield for short times after reflection. The results
also indicate that if these effects are ignored, completely
erroneous trends may be obtained for the pressure, velocity,
and temperature variations.

Conclusions

The following general conclusions can be drawn from the
present study of the effects of chemical and thermal non-
equilibrium in the flowfield behind a reflected shock wave in
niftrogen.

1) At short times after reflection a major portion of the
reflected shock flowfield exhibits a high degree of chemical
and thermal nonequilibrium. These nonequilibrium effects
exert a strong influence on the nature and character of the
flowfield behind the reflected shock wave. If accurate results
are desired, their effects cannot be neglected.

2) Immediately behind a reflected shock wave in nitrogen
the important ionization process is atom-atom collisions.
However, as soon as the number of electrons becomes signifi-
cant and the electron temperature increases, electron-atom
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Fig. 13 Pressure profiles behind reflected shock waves.

collisions become the dominant ionization mechanism. The
atom-ion reaction is always relatively unimportant.

3) Initially in the reflected shock flowfield the effects of
radiative cooling and collision exchange can be sufficient to
cause the end-wall pressure to decrease significantly. Only
after thermal equilibration does the end-wall pressure exhibit
the pressure rise usually associated with chemical relaxation.

4) Radiative-gasdynamic coupling can have a pronounced
effect on the pressure and velocity profiles in the relaxation
region behind the reflected shock front. In fact, completely
erroneous velocity and pressure profiles may be obtained if
radiative transfer is omitted from the energy equation.

5) Two temperature effects must be explicitly included
in order to obtain correct radiative-gasdynamic coupling re-
sults and to predict aceurate end-wall radiative heat-transfer
rates.
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Thermal Modeling of the Human Body—Further
Solutions of the Steady-State Heat Equation

Joux C. CHATO* AND AVRAHAM SHITZERT
Unaversity of Illinots at Urbana-Champaign, Urbana, I1l.

The thermal behavior of the human body has been modeled with particular emphasis on
direct cooling of the skin by cooling tubes used in current extravehicular activity (EVA) space
units. Steady-state analytical solutions have been obtained for several boundary conditions
and for various values of the parameters involved. Although the results provide insight into
the problem and even compare acceptably with some of the scant previous investigations,
much more work is needed both analytically and, especially, experimentally before the nu-
merical results can be considered reliable for biological purposes. The analysis presented
herein is, nevertheless, applicable to any steady-state heat conduction problem in rectangular

bodies with internal heat generation.

Nomenclature}

a = half-distance between cooling tubes (L)

A = total skin surface area (L?)

b,bi,b: = depth of tissue (L)

F,F, = uniform heat flux [¢/(t — L?)]

f@) = variable heat/flux [¢/(t — L?)]

fa = average heat flux, defined by Eq. (7), [¢/(¢ — L?)]

fi,fe = constant heat flux, at = 0 and = = ga, respec-
tively, {g/(t — L%)]

k,ky, ke = thermal conduectivity [¢/(t — L — T')]

n = sumimation integer

Q = defined by Eq. (2), (T/L?)

Q0,Q1,Q: = internal heat generation rate per unit volume {g/
¢ — I

T = tissue temperature (T")

T,,T.* = constant temperature at inner core (7)

Tres = reference temperature (7')

z = direction normal to cooling strips along skin surface
(L)

¥Y,Y. = direction normal to skin surface (L)

an = coefficient in a Fourier series, defined by Eq. (8),
lg/(¢ — L)

8 = fraction of skin eooled
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i The units in parentheses are L = length, p = force, ¢ =
heat (P-L), ¢ = time, T = temperature.

An = geparation coefficient, defined by Eq. (6), (L~1)
£ = integration variable (L)
13 = defined by Eq. (4), (T")

Introduction

LTHOUGH the thermal behavior of a biological system

such as the human body is very involved, it becomes
necessary in certain engineering applications to establish
a model that can simulate at least certain major aspects of
the heat transfer within the living tissues. Our interest in
these phenomena arose from the problems of developing
advanced thermoregulatory systems for protective suits
to be used in hostile environments, such as outer space.

‘These thermoregulatory systems must remove the metabolic

heat generated by the body and they must compensate for
all external heat effects under all conditions encountered.’
The most recent Apollo space suits achieved metabolic heat
removal by a network of water-cooled tubes in direct contact
with the skin. Buchberg and Harrah? applied a numerical
method to a steady-state model which represented the human
body as a'set of rectangular strips. The width of these
strips was the mean half-distance between cooling tubes.
The depth was divided into four layers: an outer layer of
skin, a so-called functional periphery, a musculature, and an
essentially constant temperature inner core. The tissues
were considered isotropic. Thermal conductivity and in-
ternal heat generation were considered functions of tempera-
ture and were adjusted to compensate for the effects of blood
flow.

The purpose of our analytical investigations was to obtain
steady-state solutions for a similar model which, however,
does not require numerical solutions. To achieve this goal,
the thermal properties and the internal heat generation rate
were taken as constants; and the two “working” layers of



