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Aerothermodynamic Analyses
of Hypersonic, Blunt-Body Flows
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Nomenclature
a = speed of sound, m/s
c = mass fraction
Da. = chemical Damkdhler number
Da, = vibrational Damkohler number
E, = Arrhenius activation energy, W/kg
K., = equilibriumconstant
Kn = Knudsen number
k = forward reaction rate coefficient
L = computational cell length, m

Iy = flow length scale, normalized by hemisphere radius
molecular weight, kg/kmol

Mach number

= static pressure, Pa

surface heat flux, W/m?

gas constant, W/kgK

Reynolds number

= cell Reynolds number

= translationalfotational temperature, K

= vibrational temperature, K

= time, s

chemical, flow, and vibrational time scales, s

= velocity, m/s

= streamwise distance, m

streamwise distance, normalized by hemisphere radius
= stoichiometric coefficient of reactanti in reaction j
= stoichiometric coefficient of producti in reaction j
= kinematic viscosity, m?/s

= mixture density, kg/m®
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I. Introduction

EROTHERMODYNAMIC analyses play a critical role in de-
signing a vehicle for hypersonic flight. In these flow regimes,
aerothermalcontributionsto the overall thermalload are zerothorder
and may have a major impact on the structuralintegrity of the vehi-
cle. In the case of a sensor-guided weapon system, the thermostruc-
tural effects upon sensor performance may be significant—tilting
and defocus of the mirror in an optical assembly because of the
thermal growth of support struts, for instance.
Obtaining accurate heat-transfer rates in a hypersonic shock
tunnel can be difficult, given the short available test times and
high temperatures, and expensive, particularly for complex vehi-
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cle geometries. The engineer must often rely on computational
methods in determining hypersonic aerothermal loads. Computa-
tional codes can be validated, in an indirect manner, by comparing
simulation results and experimental data at matching conditions
but with simpler geometries. To this end, comparisons are made
with heating data obtained in tests performed in the Calspan 96-in.
hypersonic shock tunnel.' In Sec. II, these experimental data are
compared with computational fluid dynamics (CFD) solutions from
LAURA? and GASP,? a direct simulation Monte Carlo (DSMC) so-
lution from G2 (Ref. 4), and the semi-empirical solutionsof Fay and
Riddell.?

Section III consists of an analysis of the chemical composition
and vibrational-mode energy levels of the flow and the impact of
computational modeling options on the results. Again, motivation
for the investigation derives from the potential effects on vehicle
sensor performance. Absorption and scattering of the optical sig-
nal in critical wavebands and emission of signal background noise
(photons) within the sensor field of view are functions of the degree
of chemical dissociation and the level of vibrational excitation in
the shock layer. The goal is a means of 1) estimating the thermo-
chemical properties of a flow, 2) anticipating the relevant physics,
and 3) guiding the modeling choices that are made before a compu-
tational analysis begins.

II. Comparisons of Aerothermal Data

The freestream conditions and the experimentally measured stag-
nation point pressures and heat fluxes of the five Calspan runs are
listed in Table 1. Reynolds and Knudsen numbers are based on
the radius of the hemisphere. The altitudes at which atmospheric
densities match the freestream densities are included in this ta-
ble. The aerothermal comparisons are summarized in Table 2: per-
centage differences between the computational/semi-empirical val-
ues of stagnation-point heat flux and the experimental values for
each of the Calspan runs. Because of time and computational re-
source constraints, simulations using all of the codes and all of the
various thermochemical models were not performed for each test
point. However, enough data were gathered to establish a range of
uncertainty.

All but one of the computational values are higher than the cor-
responding experimental value in runs 892 (both diameters), 896
(0.50-in. diameter), and 1283. In these cases, the uncertainty is ap-
proximately 27%. The reverse is true for the 3.00-in.-diam hemi-
sphere in run 896: all but one of the computational predictions are
lower than the experimental value. Here, uncertainty in the compu-
tational results is approximately 20%, and all three Fay-Riddell’
predictionslie below the experimental value. The percentage differ-
encesbetweenperfectgas Fay-Riddell predictionsand experimental
values, as reported by Chadwick,' are approximately equal to those
listed in Table 2 in all cases exceptrun 892 (0.5-in. diam) where the
difference was reported as zero. All of the computationaland analyt-
ical values of stagnation pressure lie within 5% of the corresponding
experimental value (for all of the test cases). The relatively narrow
range of uncertainty is to be expected because pressure is a func-
tion of the inviscid model only and not of viscous, boundary-layer
effects.

In the semi-empirical formulations for perfect gas and frozen
flows, thermodynamic properties at the boundary-edge are calcu-
lated from the one-dimensional equations for conditions across a
normal shock >’ In the case of equilbrium air, the conditions are
computed iteratively from equilibrium equations of state. Total
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Table1 Freestream conditions and stagnation point values of the Calspan runs

Run  Diameter, in. uqy, km/s py, kg/m3 Altitude, km Too, K May Reso Knso ps, Pa qs, W/m?3
892 0.50 3.566 8.452¢—4 51.5 167.8 1371 1.678¢+3 1.145¢—2 9.860e+3 2.912¢+6
892 3.00 3.566 8.452¢—4 51.5 167.8  13.71 1.007e+4 1.908¢—3 9.860¢+3 1.247¢+6
896 0.50 2.300 3.490e—2 25.9 138.8  9.749 5.348¢+4 2.772¢—4 1.703¢+5 3.998¢+6
896 3.00 2.300 3.490e—2 25.9 138.8  9.749 3.209¢+5 4.620e—5 1.703¢+5 2.489%+6
1283 1.25 2.296 1.728¢—4 64.0 55.15 1540 1.742¢+3 2.240e—2 8.260e+2 1.748¢+5
Table2 Percentage differences between the computational/analytical 2.4E+05
. . . X @ PERFECT GAS
values of stagnation-pointheating and the experimental value
for each of the Calspan runs 2.1E+08 O@ (O EQUILIBRIUM
]! | B NONEQUILIBRIUM, NONCATALYTIC
Calspan run r 4
1.8E+05 & @ U NONEQUILIBRIUM; CATALYTIC
892 896 1283 [ $
b A VIBR. NONEQUILIBRIUM, NONCAT.
Diameter Diameter Diameter, 1.5E+05 - @ : : :
Code Mode*  0.50 3.00 0.50 3.00 1.25 . ®
1.2+05 | P
LAURA 1 +9.11 4221 +23.54 —-9.05 +20.81 [
2 +24.12  +40.11 +25.83 —7.61 +425.33 b @ CALSPAN . e
3 41635 —146 +2376 —7.65 +425.12 SOE04E & a2 (DSMC) ®
4 +17.00 +5.81 +24.58 —8.02 +425.12 [ 4 F-R (PERFECT GAS) ]
5 +18.01  +2.57 +25.31 6.0E+04 [ . : s ] @
GASP 1 421.00 +13.08 +11.03 [ P> F-R(FROZEN. NONCATALYTIC) s @
2 +7.92  40.51 3.0E+04 |- - w F-R (EQUILIBRIUM) & ®
3 +8.09  +3.92
G2 (DSMC) 6 +33.51 ooEsoo b b vy ey
Fay-Riddell’ 1 -3.06 -7.60 +1121 -27.07  +8.54 ¢ "0 ANGLE FROM STAGNATION POINT (DEGREES)  —©
2 +3.29 —1.54 +19.64 -21.54 +15.84
7 —35.05 —38.09 +18.56 —22.24 +10.01 Fig. 1 Calspan run 1283, 1.25-in.-diam hemisphere: surface heat

*The models are 1) perfect gas, 2) equilibrium air, 3) chemical nonequilibrium with
a noncatalytic wall, 4) chemical nonequilibrium with an equalibrium-catalytic wall,
5) chemical and vibrational nonequilibrium with a noncatalytic wall, 6) single species,
and 7) chemically frozen with a noncatalytic wall.

stagnation-point enthalpy is calculated by integrating along a
streamline from the boundary-layeredge. A Lewis number of unity
is used in the Fay-Riddell calculations. (Stagnation heating values
would be approximately 8% higher if the assigned Lewis number
was 1.4.)

In the CFD simulations, the computational domains are three
dimensional, consisting of o-grid topologies. The number of grid
points in the wall-normal directionis 65 and in both circumferential
directions 33. LAURA has the capability of automatically adapt-
ing the computational grid to capture the bow shock and to refine
the boundary layer. The controlling parameter in the wall region
is the cell Reynolds number (Re..; =aL/ v). From the molecular
definitionsof the speed of sound and kinematic viscosity,a/ v~ A1,
so that a cell with a Reynolds number of one has a dimension of one
mean free path. In each of the final LAURA solutions, the specified
cell Reynolds number is 0.5. To maintain consistent spatial resolu-
tion of the boundary layers, adapted grids from LAURA are used
with GASP.

In the nonequilibrium modes of both GASP and LAURA, five
species(N,, O,, N, O, and NO) and finite reactionrates are modeled.
The vibrational nonequilibriummode consists of a two-temperature
model that doesnotinclude preferentialdissociationof vibrationally
excited molecules® In the equilibrium-catalyticwall mode, surface
mass fractions are defined by the equilibrium composition at the
given wall temperature. In the noncatalyticmode, the fluid is chem-
ically frozen at the wall.

Figure 1 contains plots from LAURA of surface heat flux for
run 1283 (1.25-in.-diamhemisphere). In this case, three experimen-
tal data points are available at angles of 0, 30, and 45 deg. The
highest stagnation-pointflux is predicted in the DSMC simulation.
Even though the conditions of run 1283 are the most rarefied in
the database, the Knudsen number falls well within the range for
continuum flow. The DSMC chemistry model consists of a single,
diatomic species—chemical reactions are not modeled; vibrational
nonequilibriumis. Although underresolutionat the wall can result
in overprediction of heat flux in a DSMC simulation, the value of

fluxes in W/m? from LAURA and comparisons with values from
Calspan, G2, and Fay and Riddell® (F-R).

L/ 2 at the stagnation point is less than 1.0 in the G2 run, and the
boundary layer should be adequately resolved.

In a gridresolutionstudy, data were compared from LAURA sim-
ulations on coarse and fine grids corresponding to prescribed cell
Reynolds numbers of 10 and 0.5. With these target values, the auto-
matic grid adaption algorithm produces cells at the wall with values
of L/ Athatdifferby a factor of approximately 10. The fine grids pro-
duced5, 8, and 5% higherstagnationheating values for Calspanruns
892 (0.5-in. diameter, perfect gas), 896 (3.00-in. diameter, perfect
gas), and 896 (3.00-in. diam, equilibrium air), respectively. Again,
the fluxes in Table 2 correspondto solutionson fine grids where the
cell Reynolds numbers are 0.5.

III. Chemical Activity and Vibrational
Mode Excitation

Even when the influence on aeroheating is small, the levels of
chemicaland vibrationalnonequilibriumin the field of view of a sen-
sor can be important because of photon emission and signal absorp-
tion/scattering. Code limitations and computer resource constraints
often force one to choosethe perfect gas model over something more
sophisticated. Comparing the equilibriumand nonequilibriumsolu-
tions for run 892 (3.00-in. diam), the maximum temperature in the
shock is 60% lower when chemical equilibrium is assumed (3200
vs 5131 K). The maximum mass fraction of monotonic oxygen in
the shockand boundarylayers—assuming equilibrium—is approxi-
mately one order of magnitudehigher(1.45 x 107! vs 1.71 x 1072).
Complete dissociation of diatomic oxygen would yield an O mass
fraction of 2.32 x 10™'. A maximum temperature of 6262 K and
maximum O, mass fraction of 2.32 x 10~! (from the perfect gas
simulation) may be exceedingly conservative from the standpoint
of the effect on sensor performance.

Another consideration is the level of vibrational mode excita-
tion. From the vibrational nonequilibrium simulation for run 8§92
(3.00-in. diameter), vibrationalmode excitationis lower than trans-
lational throughout most of the domain, which attenuates the disso-
ciation process. The maximum mass fraction of O is 1.36 x 1072,
compared to 2.55 x 1072 in the vibrational equilibrium simula-
tion. Run 892 is the test point with the highest enthalpy, and the
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3.00-in.-diamcase has the highestlevel of oxygendissociation.Run
1283 (1.25-in. diam), the most rarefied test condition, has the least
amount of dissociated oxygen—almost none. Yet, of the five test
points, it has the highest degree of vibrational nonequilibrium: The
ratio of vibrational to translational temperatureis 2% in a relatively
broad region that extends from the outer edge of the shock layer to
well within the boundary layer.

Several nondimensional parameters reflect the potential level
of chemical activity and the degree of chemical and vibrational
nonequilibrium in a flow. The inverse of the Zel’dovich number
is a measure of whether a flow has the energy required for chem-
ical reactions’: Ze~!' = RT/ E,. In the flows considered here, the
activation energy corresponds to O, and Ze~' > 1 indicates that
dissociation will occur where the gas has equilibrated chemically.
The chemical Damkoéhler number (Da. =t/ t.) is a measure of the
degree of equilibrium.!® For Da, >> 1, the flow is in chemical equi-
librium, and for Da. < 1 the flow is chemically frozen. The local
timescale of the flow is 1, = p/(u|Vpl). The chemical timescale
of species i is a function of its production rate, t. = p;(dp;/ 8t)~!,
where the productionrateis determinedfrom the reactionsinvolving
the species. Forward reaction rates are functions of temperature and
are computed from the Arrhenius equation with coefficients from
Park.'! For dissociation of oxygen via collisions with diatomic ni-
trogen (O, + N, — 20 + N,), the production rate of monatomic
oxygenis

2
0

Po — ZMokf PO, PN, _ K;‘l PN, Po (1)
ot Mo, My, My, \ Mo

Local values of Ze~! and Da, have been computed from the CFD
solutions and are plotted along with the mass fraction of O and the
local length scale of the flow (I; =p/|Vp|) in Figs. 2 and 3. The
independentvariable is the normalized distance from the stagnation
point (X), along a line that is collinear to the freestream velocity
vector. Along this line, changes in the flow properties are most
pronounced, gradients steepest. All lengths are normalized by the
radii of the hemispheres. The flow direction is from the outer edge
of the shock layer on the far left to the stagnation point on the far
right. The data of Figs. 2 and 3 are from LAURA solutions, using
the chemical nonequilibriummodel.

By its definition, the local length scale approaches infinity in the
freestream. Small values of /; delineatethe shock and boundarylay-
ers. From Fig. 2 (run 892,3.00-in.diameter), the shock layerextends
from X =0.11 to 0.09 and the boundary layer from X =0.03 to 0.00.
Figure 3 indicatesa wider shock layer for the 0.50-in. hemisphere—
from approximately X =0.13 to 0.09—and a much smaller separa-
tion between the shock and boundary layers. The normalized loca-
tions of the shock centers are approximately the same. The mass
fraction of O at the wall is nonzero in both cases, reflecting non-
catalytic boundary conditions. There is an order of magnitude dif-

S Da, 2e'
(109 (109
27 45 2117 49

= N A y i} ] ]
24F 40y 7 J104 Js

“EOF I\ FLOW DIRECTION B ]

o H | — ] ]
21F 3504 Pt o1 g7
F Fl ] ]
18F 3.0 78 e
[ ol ] ]
1.5F 25! Jes s
[ F 1 3 3

12 20 j-'l ds2 4
osF 15:—‘l Ja0 Js

E b E

06F 10F, 426 2

: o [ ] 1

03 05 X 13 1

[ F N, ]

ook goBli b ety i E
0.12 0.11 0.10 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.00

NORMALIZED DISTANCE FROM STAGNATION POINT

Fig. 2 Calspan run 892, 3.00-in.-diam hemisphere: one-dimensional
plots of co, s, Da,, and Ze™ 1

S Da, Ze’
('103) (.102)
27~ 45 54 =9

C Fi i ] ]
E E " ]
24F 40F = 448 g8
[ [ ll [ 1
21F 35F 42 47
F 3 ]
18F 3.0 436 <6
F o ] 1
15F 25F ds0 4s
s F o 1 1
12 20p 1 J24 4
FF ! ] ]
0oF 15F | J1s s
F F 3 3
06 1.0f ‘\ ————— Jiz e
s E / . E E
= - N -] .
03F 05F g ) N . = G I
o Fo . I~ o ] ]
o0k pobiitet e deer o b et 4y
0.14 0.13 0.12 0.11 0.10 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.00

NORMALIZED DISTANCE FROM STAGNATION POINT

Fig. 3 Calspan run 892, 0.50-in.-diam hemisphere: one-dimensional
plots of co, ls, Da., and Ze™ 1

L T/T Da,

(107

50 g 4 1.0 4.0
N 1 ]

45F ~ 409 438
E Iy —_— i ] ]

40 \‘ N B qo8 32

a5k \\ ________ 407 28

3of H06 24
s ! ] E

25 F ! 405 dz20
[ \ i ]

20 \ Ho04 16
s ! A E

15 F A 03 12
) = 7]

10F A Ho2 Hos
' /] E

05 7 =01 -~ 0.4
~ - - 3 7
/o — - - = B 3 3

PR EPSTIN WA B i Sharitarll S R o 00 oo

0.0 == .
020 018 0.16 014 012 010 008 006 0.04 002 0.00
NORMALIZED DISTANCE FROM STAGNATION POINT

Fig. 4 Calspan run 1283, 1.25-in.-diam hemisphere: one-dimensional
plots of Iy, T/T,, and Da,.

ference between the maximum mass fractions of O, with the larger
body engendering significantly more dissociation.

The Zel’dovich number maxima are roughly equal, although the
highest values extend about twice as far for the larger body, through
the larger region that separates the shock and the boundary layers.
The primary difference between the two flows appears to be the
degree of chemical equilibrium, as reflected in Da,, which has a
peak value of 115 for the larger body and 54 for the smaller.

The vibration Damkohler number is a measure of the degree of
vibrational nonequilibrium: Da, =t/ t,. For Da, > 1, the flow is
in vibrational equilibrium, and for Da, < 1 the flow is frozen vibra-
tionally. The characteristic vibrational relaxation time of a species
is a function of its characteristic temperature of vibration and its re-
duced mass.'? Values of Da, have been computed from the LAURA
solutions that employ the vibrational and chemical nonequilibrium
model. Because almost 80% of the gas mixture is composed of di-
atomic nitrogen, N, is the chosen species. Local values of [, T,/ T
(the ratio of vibrational to translational temperature), and Da, are
plottedin Fig. 4 forrun 1283, the test point with the highestlevels of
vibrational nonequilibrium. From the values of /,, the shock layer
extends approximately from X = 0.15 to 0.10. As was the case with
the smaller diameter hemisphere of run 892, the distance separating
the shock and boundary layers is small.

The region of vibrational nonequilibrium, where 7,/ T is low,
begins at the outer edge of the shock and extends through most of
the boundary layer. The peak value of Da, that occurs at the cen-
ter of the shock layer may be misleading. First, #, increases as the
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and estimated values using conditions behind a normal shock

Maximum computed values

Estimated values

Calspanrun Diameter, in. co Ze™! Da, Da, co Ze! Da, Da,

892 3.00 2.5¢—2 8.6e—2 l.le+2 5.6e+1 1.7e—1 1.0e—1 1l.4de—1 2.4e+0
892 0.50 2.2¢—3 8.6e—2 5.3e+1 1.4e+1 7.6e—2 1.0e—1 2.4e—2 4.le—1
896 3.00 2.7e—5 4.0e—2 3.le+3 2.6e+2 3.le—4 4.5¢—2 6.5¢—5 1.3e¢4+0
896 0.50 2.2¢e—8 4.0e—2 1.2¢+6 1.9¢+0  5.1e—5 4.5¢-2 1.1e—5 2.2e—1
1283 1.25 8.3¢e—9 3.8¢—2 4.5¢+2 3.7¢-3 0.0e+0 4.4e—2 6.7¢e—8 2.3¢-3
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translational temperature decreases, becoming quite large as tem-
peratures approach the values at the wall and very large as they
approach freestream values. Even though 7, approaches infinity in
the freestream, 7. approaches infinity faster, and this accounts for
the low values of Da, outside the shock where the flow is actu-
ally in vibrational equilibrium. Close to the wall, 7, approaches
zero faster than 7., and this drives down the value of Da,. The
salient point is that the maximum value of Da, is relatively low
in run 1283, reflecting a relatively high degree of vibrational non-
equilibrium.

Table 3 provides a summary of the maximum computed values
of co, Ze™', Da,, and Da, from the LAURA solutions. These are
compared with estimated values of Ze~!, Da,, and Da,, obtained
from the definitions using values of temperature, pressure, density,
and velocity calculated from freestream conditions and the perfect
gas relations for flow across a one-dimensional, normal shock. In
estimating 7;, the length scale of the flow is taken to be equal
to the radius of the hemisphere. In addition, the mass fraction of
monatomic oxygen is estimated from the equation for the chemical
Damkohler number. The sum of the mass fractions of O, and O is a
constant, yielding a quadratic equation for cp:

Acy 4+ Bco+C =0 2)
M, Mo, My, Da.
A_p_OZZ’ B=1_|_02—Nza’ C=cy — 1
KeqMo szOkaNztf
(3)

Using the conditions behind a normal shock and assuming a
Damkohler number of 1.0, one root of the quadratic equation is
negative and is discarded. The positive root is taken as an estimate
of the level of oxygen dissociation. Choice of the value of Da, is
arbitrary; the goal is an estimate of relative, not absolute, levels
of chemical activity. The entries of Table 3 are listed in order of
decreasing amounts of oxygen dissociation. The orderings of esti-
mated values of ¢op and maximum computed values match, despite
significant absolute differences. The same is true of the nondimen-
sional parameters. As is borne out in the simulations, run 1283
has the lowest level of chemical activity and the highest degree of
vibrational nonequilibrium, indicated by the lowest values of Da,
and Da,.

Given problems involving more complicated, computationally
expensive geometries, these estimates may provide guidance in the
selection of thermochemical models. The CPU time required for
a simulation with multiple species, each in vibrational nonequilib-
rium, can be an order of magnitude greater than that required for
a perfect gas simulation. Moreover, finite reaction rate models can
produce stiff governing equations, resulting in major convergence
problems.'* These are compelling reasons for avoiding a model that
is more complex than the physics of the flow.

IV. Conclusions
Comparisons of experimental, computational, and semi-empir-
ical values of stagnation pressure and heat flux on blunt bodies in
hypersonic flows indicate approximate ranges of uncertainty of 5
and 25%, respectively. Two CFD codes (LAURA and GASP) and
one DSMC code (G2) were tested. In the cases examined, neither
the thermochemical model nor the surface catalysis model has a

major influence on the computational aeroheating results—for ob-
vious reasons in the cases where chemical activity is negligible
and because of recombination in the boundary layer for the oth-
ers. Although experimental data are not available for comparison,
computational predictions of the flow properties in the shock and
boundary layers have been examined.

Local valuesof the inverse of the Zel’dovichnumber, the chemical
Damkdéhler number, and the vibrational Damkohler number, com-
puted from each CFD solution, distinguish the chemical potential
and the nonequilibrium effects that characterize a flow. Estimates
of these nondimensional parameters using freestream conditions,
body size, and one-dimensional,normal shock relations provide ac-
curate, relative predictions of levels of dissociationand nonequilib-
rium and may be used as guidesin the selectionof the computational
model.
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