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Behavior of Two-Temperature Model in Intermediate
Hypersonic Regime

Michiko Furudate,¤ Satoshi Nonaka,¤ and Keisuke Sawada†

Tohoku University, Sendai 980-8579, Japan

Shock standoffdistance for a sphere is calculated to examine the behaviorof the existing two-temperature model
in the intermediate hypersonic � ow regime. Calculations are carried out for three binary scaling parameter values,
corresponding to nearly frozen, nonequilibrium, and nearly equilibrium � ows, respectively. The obtained shock
standoff distances are compared with the experimental data obtained in a ballistic range. It is shown that the
two-temperature model reproduces the shock standoff distances in the intermediate hypersonic � ows fairly well
but tends to lose its accuracy where vibrational excitation occurs but chemical reactions are nearly frozen.

Nomenclature
M = collision partner in dissociation/recombination reactions
p1 = static pressure in the test section, Pa
q = power on the vibrational temperature in the de� nition

of Ta , 0 < q < 1
R = nose radius of a sphere, m
T = translational temperature, K
Ta = rate-controllingtemperature for dissociation reactions,

T 1 ¡ q T q
v , K

Tv = vibrational temperature, K
U1 = � ight velocity, m/s
° = speci� c heat ratio
½1 = freestream density, kg/m3

Introduction

V ARIOUS air-breathingengine-poweredlaunchsystemsarebe-
ing studied in Japan.Such systemsare plannedto performtheir

� ight in the intermediate hypersonic regime from 2.5 to 4.5 km/s in
speed.To designsuchvehicles,computational� uiddynamics(CFD)
codes that can accurately simulate real gas effects are needed. This
is because chemical reactions in the shock layer can affect the pres-
sure distribution and, thus, the aerodynamic characteristics of the
vehicle. Moreover, because chemical reactions absorb a consider-
able amount of heat and reduce temperature in the boundary layer,
the separation point, if it occurs, can be changed, possibly affect-
ing the performanceof the engine inlet. Experimentalmeasurement
of these real gas effects, however, is costly, and, therefore, CFD
analysis is preferred if it could be made reliably.

CFD simulations have been successfully carried out mainly for
high hypersonicnonequilibrium� ows such as the � ow occurring at
the maximum heating point along the reentry trajectory. However,
in a lower speed regime, it is uncertainwhether the existing thermo-
chemical models are able to reproduce the thermochemicalstates in
the shock layer � ow accurately. It is known that the existing two-
temperature model,1 which is commonly used in hypersonic CFD
codes, can successfully reproduce thermochemical nonequilibrium
phenomena in the high hypersonic regime. This is because only
one vibrational temperature, that is, the temperature corresponding
to nitrogen molecules, exists in the shock layer. In the lower speed
range,postshockgas temperatureis not very high, and so inadequate
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molecular dissociation occurs in the shock layer. Because different
molecular species can have different vibrational temperatures, the
validity of the two-temperature model in this � ow regime becomes
questionable.

One approachto validatethe thermochemicalmodelin CFD codes
is to compare the shock standoff distance for a sphere with the ex-
perimental data measured in a ballistic range.2 The shock standoff
distance varies inversely with the density of gas in the shock layer,
which in turn depends on the degree of chemical reaction and ther-
mal excitation. Therefore, the shock standoff distance can serve
as a reference value for validation of thermochemical model for
air.

The ultimate purpose of the present study is to establish a multi-
temperature thermochemical model suitable for simulations of the
lower hypersonic � ow, that is, the speed range between 2.5 and
4.5 km/s, wherein all three molecules, N2, O2 , and NO, can exist,
whichcanbe called the intermediatehypersonicregime.Toward this
goal, we focus on the existing two-temperature model to examine
its performance in the prediction of the thermochemical nonequi-
librium state in the intermediate hypersonic regime. We employ the
latest experimentaldata for shock standoffdistances obtainedat the
ballisticrangeat the Shock Wave Research Center, Instituteof Fluid
Science, Tohoku University.3¡5

Method of Calculation
The governing equations are the three-dimensional Navier–

Stokes equations, consistingof global mass, species mass, momen-
tum, total energy, and vibrational-electronic energy conservation
equations.

Five neutral air species, N2 , O2, N, O, and NO, are considered.
By utilizing the concept of elementary conservation in which the
ratio of oxygen and nitrogen atoms is kept constant everywhere,
two-species conservation equations can be removed from the set
of governing equations.6 This assumption is valid even for viscous
� ow calculation if the net diffusion velocities for the oxygen and
nitrogen atoms are identical, which is nearly true in air. Therefore,
conservationequations for N, O, and NO are solved.

The following � ve chemical reactions are considered:

O2 C M $ O C O C M
N2 C M $ N C N C M

NO C M $ N C O C M
N2 C O $ NO C N

NO C O $ O2 C N

We employ the two-temperature model of Park to determine reac-
tion rate coef� cients.7 According to this model, the rate coef� cients
for dissociation reactions due to two-body collisions are a func-
tion of the geometric-averaged temperature between translational
and vibrational temperatures, that is,

p
T Tv . The vibrational en-

ergy equation accounts for the preferential removal or disposal of
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highly excited vibrational states in dissociation or recombination.
The degree of that is de� ned to be 30% of the dissociation en-
ergy. The translational– vibrational relaxation rates are given by the
Landau– Teller equation.

The molecular viscosity for air species is given by the Blottner
et al. model8 and the thermal conductivity by Eucken’s relation.9

Those transport properties for air are obtained from Wilke’s empir-
ical formula.10 We assume the diffusion coef� cients to be constant
for all species with constant Schmidt number of 0.5.

The present scheme is based on the cell-vertex � nite volume
method.11 We employ a prismatic unstructured mesh system. The
treatment is fully three dimensional. This enables us to avoid the
possible mesh singularity often appearing near the stagnation point
in the structured mesh system and also to provide higher spatial
accuracy in the boundary-layer region. The convective numerical
� ux is calculated by one of the advection upwind splitting method
(AUSM-DV) schemes.12 The dependent variables along the mesh
lines normal to the body surface are interpolatedby the conventional
MUSCL approach for structuredmeshes,13 and Barth’s method14 is
used in each unstructuredmesh layer.

A two-level second-orderaccurate explicit Runge– Kutta method
is used for time integration. The diagonal point implicit method15

is employed for improving stability in the integration of the source
terms.For convergenceacceleration,the local time-steppingmethod
is employed.

Experiment
The experiments are conducted using a two-stage light-gas gun

ballistic rangeat the Shock Wave Research Center, Instituteof Fluid
Science, Tohoku University.In a ballistic range, because the projec-
tile � ies in a quiescentatmosphere, the freestreamconditionscan be
characterizedcompletely.The ballisticrange, therefore,can provide
reliable experimental data for validating hypersonic CFD codes.

The facility is shown schematically in Fig. 1. The ballistic range
consists of a powder chamber, a 60-mm-bore pump tube 3 m in
length, a high-pressurecoupling, a 30-mm-bore launch tube 4 m in
length,anda testchamber.The sequenceofballisticrangeoperations
is as follows: A high-densitypolyethylenepiston acceleratedby the
explosionproduct gas of smokeless powder compresses helium gas
in thepump tube.The compressedhigh-temperatureheliumruptures
the steel diaphragm and accelerates the model in the launch tube.
The model � ies in the test chamber and, � nally, crashes into a steel
bumper. In the test chamber, the � ight velocity of the model is
determined by measuring the time for the model to cross two laser
beams located at an interval of 1 m.

The shadowgraph and schlieren methods are employed for � ow
visualization.The lightsourceusedin this studyisa Nd-YAG laserof
5-ns pulse duration.The trigger timing of the laser pulse is adjusted
using a delay circuit. The circuit measures the time interval for the
model to pass between two pressure transducers separated by 1 m.
The delay time is adjusted to trigger the laser pulse on the arrival of
the projectile at test section.

To avoid possible contaminationof the test gas in the test section
by oil vapor, � rst the test section is evacuatedby the turbomolecular
pump below about a fraction of 1=10,000th of the test condition
pressure. Then uncontaminatedair is supplied into the test section.
The pressurein the testsectionis measuredbya mercurymanometer.

Test Conditions
The experimental measurements of the shock standoff distances

are conducted for several different binary scaling parameters.16

Fig. 1 Schematic of ballistic range.

Table 1 Test conditions

Case ½1 R, kg/m2 R, mm ½1 , kg/m3 p1 , Pa U1 , km/s

1-1 1:0 £ 10¡4 14 0.00714 600 2.63
1-2 1:0 £ 10¡4 15 0.00667 560 2.93
1-3 1:0 £ 10¡4 7 0.0143 1,200 3.85
2-1 2:0 £ 10¡4 14 0.0143 1,200 2.63
2-2 2:0 £ 10¡4 15 0.0133 1,120 3.15
2-3 2:0 £ 10¡4 7 0.0286 2,400 3.64
3-1 1:7 £ 10¡3 14 0.121 10,130 2.56
3-2 1:7 £ 10¡3 7 0.243 20,260 3.16

Fig. 2 Shock standoff distances for sphere measured in ballistic
range.3¡ 5

The binary scaling parameter is de� ned here as the product of the
freestreamdensity ½1 and the radius of sphere R. The � ows having
the same binary scaling parameter can be considered as chemically
similar � ow where two-body dissociation reactions are dominant.
Four different values of the binary scaling parameter are chosen to
determine the experimental conditions corresponding to the nearly
frozen,thenonequilibrium,and the nearlyequilibrium� owregimes.
Figure 2 summarizes the shock standoff distances for a sphere ob-
tained in the experiment. The solid line shows the shock standoff
distancefor a perfectgas with ° D 1:4, whereas the two broken lines
are for air in full chemical equilibrium.17

In the calculation, we consider three different binary scaling pa-
rameters chosen from the experimentalconditions and, also, two or
threedifferentvelocitiesfor eachparametervalue.Theseconditions,
8 cases in total, are summarized in Table 1. The test gas is air con-
sisting of 23.3% oxygen and 76.7% nitrogen by mass. Freestream
temperatureis 293K. Forall cases,we assumea noncatalyticisother-
mal wall of 1000 K. All meshes used in the calculations have 2678
points on the wall surface and 51 points in the normal direction.
Mesh points along the radial mesh lines are clustered to the shock
position to attain higher spatial resolution.A typical example of the
present mesh system is shown in Fig. 3.

Results
Figure 4 shows the comparison of the calculated density con-

tours and experimentalschlierenphotographsfor the representative
cases in each � ow regime. Good agreements are obtained for the
shock standoff distances in these results.One can see that the shock
standoff distance tends to increasewhen the binary scaling parame-
ter is decreased, approachingthe frozen � ow. This tendency is also
observed in the experimental data.

Results for Nearly Frozen Flows

The calculated shock standoff distances for the three different
velocities with a � xed binary scaling parameter of 1:0 £ 10¡4 are
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Fig. 3 Example of computational mesh
system.

Fig. 4 Comparison of experimental schlieren photographsand calcu-
lated density contours.

shown in Fig. 5a. The solid line in Fig. 5a shows the frozen limit
corresponding to the ideal gas solution with ° D 1:4, whereas the
broken line shows the equilibrium limit obtained through the equi-
librium � ow calculations. Experimental results suggest that these
� ow� elds are actually in a nearly frozen state.

For this binary scaling parameter value, a fair agreement with
experiment is obtained for the lowest velocity (case 1-1). However,
the calculated shock standoff distance gradually departs from the
experimental value as the � ight velocity increases (cases 1-2 and
1-3). Particularly in case 1-3, the departure becomes substantial.
The corresponding distributions of the species mole fraction and
the temperaturealong the stagnationstreamlineare shown in Figs. 6
and 7, respectively.One cansee that the � ow� elds in cases1-2and1-
3 are chemicallyfrozen,and thermal equilibriumis not reachedeven
at the boundary-layer edge. The vibrational temperatures in these
cases are rather low so that the dissociationreactionof O2 molecules
is not likely to occur. However, in case 1-3, the situation is quite
different. A sizable amount of O2 molecules actually dissociates in
the shock layer, resulting in the presence of O, N, and NO. The
vibrational temperature for this case reaches about 5000 K in the
shock layer, and the thermal equilibriumis obviouslyreachedat the
boundary-layeredge.

To � nd the possible causeof the observeddistinctionbetween the
calculated and the measured shock standoff distances for case 1-3,
the following two numerical experiments are conducted. First, cal-
culations are carried out in which the power q on the vibrational
temperature in the de� nition of Ta is changed to see the coupling

a) 1 0 ££ 10¡ 4

b) 2 0 ££ 10¡ 4

c) 1 7 ££ 10¡ 3

Fig. 5 Calculated and experimental shock standoff distances for
sphere for three different 1 R (kg/m2 ).

effect between vibrational temperature and chemical reactions. As
seen in Fig. 5a, the shockstandoffdistanceis decreasedby 3% when
q D 0:3. This is because the smaller value of q elevatesTa higherbe-
hind the shock wave. More dissociation reactions then occur in the
shock layer, as shown in Fig. 6c, resulting in the lower translational
temperature, as seen in Fig. 7c. If we assume q D 0:7, then Ta de-
creases behind the shock wave resulting in fewer chemical reactions
because of the longer incubation period. This, however, increases
the shock standoff distance by only less than 1%. These results in-
dicate the calculated shock standoff distances are not very sensitive
to the value of q. Second, calculationsare carried out in which pure
O2 and pure N2 � ows are assumed. In Fig. 8a, the mole fraction
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a) Case 1-1

b) Case 1-2

c) Case 1-3

Fig. 6 Species mole fraction pro� les along the stagnation streamline.

along the stagnation streamline for these test cases are shown. In
a pure O2 � ow, a signi� cant dissociation of O2 molecules actually
occurs. Conversely, a pure N2 � ow seems chemically frozen even
for this � ow condition.The corresponding temperature pro� les are
shown in Fig. 8b. For a pure O2 � ow, the thermal equilibration is
accomplishedrapidly behind the shock wave but not at all for a pure
N2 � ow. These results indicate that the characteristicsof the vibra-
tional excitation of O2 and N2 molecules for this speed range are
quite different. The shorter shock standoff distance obtained in the
calculation for case 1-3 implies that the effect of the arti� cially ex-
cited vibrationalmode of N2 moleculesdue to the higher vibrational
temperature given by the present two-temperature model exceeds
the effect of lowered vibrational temperatureof O2 molecules.Note

a) Case 1-1

b) Case 1-2

c) Case 1-3

Fig. 7 Temperature pro� les along the stagnation streamline.

that the shock standoff distance for a pure N2 � ow almost agrees
with the experimentaldata for air shown in Fig. 5a. This implies the
N2 molecules in the corresponding� ow� eld for air should be nearly
chemically frozen as well as nearly vibrationally frozen.

Results for Nonequilibrium Flows

The obtained results for the binary scaling parameter of 2:0 £
10¡4 are shown in Fig. 5b. For this binary scaling parameter, the
calculated shock standoffdistanceagrees well with the correspond-
ing experimental data for the lowest-velocity case (case 2-1). On
the other hand, in the higher-speed range (cases 2-2 and 2-3), de-
partures from the experimental data can be seen. This tendency is
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a) Species mole fraction

b) Temperature

Fig. 8 Pro� les along the stagnation streamline for pure N2 � ow and
O2 � ow.

quite similar to the preceding frozen cases. However, the departure,
even for the highest-velocitycase, is still moderate.

Correspondingmole fraction and temperature pro� les are shown
in Figs. 9 and 10. One can see the � ow� eld is obviously chemi-
cally frozen in case 2-1. Vibrational excitation slightly occurs but
does not reach thermal equilibriumin the entire region. The present
calculation, therefore, can reproduce the experimental value quite
well, as in the frozencase. In case 2-2, the vibrationaltemperature is
raised almost to 4000 K at the boundary-layeredge, where thermal
equilibrium seems to be reached. The dissociation reaction of O2

molecules begins to occur, resulting in the presence of O, N, and
NO in the shock layer. In case 2-3, the overall temperature pro� les
are quite similar to those in case 1-3.

A mesh convergence study is carried out for case 2-2. In Fig.
10b, the temperature pro� les calculated by using 31 mesh points
and 71 mesh points in the normal direction are shown. Although the
shock wave is slightly smeared for the case with 31 mesh points, the
shock location and the temperature pro� les agree well with those
cases with 51 or 71 mesh points. The species mole fractions ob-
tained by using different meshes are also compared, but no dis-
cernable difference is seen in the pro� les. Therefore, they are not
shown in Fig. 9b. These results indicate that the present 51 mesh
points in the normal directioncan providevirtuallymesh-converged
solutions.

Results for Nearly Equilibrium Flows

The shock standoff distances for the binary scaling parameter
of 1:7 £ 10¡3 are compared in Fig. 5c. The experimental data are
distributednear the equilibriumlimit shown by the broken line. This
con� rms the � ows are in nearly equilibrium state.

a) Case 2-1

b) Case 2-2

c) Case 2-3

Fig. 9 Species mole fraction pro� les along the stagnation streamline.

Fair agreements between the calculated and experimental shock
standoffdistancesare seen,evenforhigher� ight speed.Correspond-
ing mole fraction and temperature pro� les are shown in Figs. 11
and 12. The � ow� eld in case 3-1 is chemically frozen. The ther-
mal equilibrationis, however, delayed almost to the boundary-layer
edge,despite the largerbinaryscalingparameter.In case 3-2, thedis-
sociation reaction of O2 molecules occurs, and thermal equilibrium
is reached immediately behind shock wave.

Discussion
For the lowest velocity cases from the three distinct � ow regimes

(cases 1-1, 2-1, and 3-1), the calculated shock standoff distances
agree well with the experimental results.Calculated results indicate
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a) Case 2-1

b) Case 2-2

c) Case 2-3

Fig. 10 Temperature pro� les along the stagnation streamline.

that these � ow� elds are all nearlychemicallyfrozen.This is because
the temperature rise behind the shock wave is too low to initiate dis-
sociation.The vibrational temperature pro� les are all similar to one
another. The vibrational excitationgradually takes place behind the
shock wave, but thermal equilibrium is never reached. The result-
ing � ow� eld can be well described by the two-temperature model
because the amount of vibrational energy is still small.

For the highest-velocitycases coveringnearly frozen to nonequi-
librium � ow regimes (cases 1-3 and 2-3), the agreement with the
experiment is seen to be degraded. In particular, a substantial dif-
ference is seen in case 1-3. Numerical experiments have revealed
that 1) the couplingeffect between vibrationalexcitation and chem-
ical reactions in the two-temperature model is not able to explain
the observed distinction for this case and 2) a pure N2 � ow gives
better agreement with the experimental data for air, suggesting that
N2 molecules in air should be nearly vibrationallyfrozen as well as
chemically frozen for a dissociation reaction.

a) Case 3-1

b) Case 3-2

Fig. 11 Species mole fraction pro� les along the stagnationstreamline.

a) Case 3-1

b) Case 3-2

Fig. 12 Temperature pro� les along the stagnation streamline.
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It is, therefore, interesting to observe from these results that the
two-temperature model tends to lose its accuracy in intermediate
hypersonic � ows where considerable vibrational excitation occurs
but chemical reactions are nearly frozen. As stated in the preceding
section, this may be caused by assigning a common vibrational
temperatureto O2 , N2, and NO molecules. If this is the case, a multi-
temperature model assigning different vibrational temperatures to
these molecules should be tried to improve agreement.

Conclusions
The shock standoffdistances for a sphere are calculated to assess

the validity of two-temperature model in the intermediate hyper-
sonic speed regime. The following conclusionsare obtained in this
study:

1) The two-temperature model generally reproduces the shock
standoff distances.

2) The two-temperature model, however, seems to lose its accu-
racy in the intermediate hypersonic � ows when vibrational excita-
tion occurs but chemical reaction are nearly frozen. This suggests
that the assignment of a single vibrational temperature to different
molecular species is no longer adequate to describe the � ow� elds
in this regime.
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