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Experimental and Numerical Study of Hypersonic
Rarefied Gas Flow over Flat Plates
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An experimental study of the hypersonic rarefied gas flow over a flat plate with a sharp leading edge is presented.
Experiments in a low-density wind tunnel using an electron beam probe were conducted at the Shock Wave
Laboratory, RWTH Aachen, Germany. Rotational temperatures for stagnation temperatures of T0 = 670 ∼ 1000 K
and Kn = 0.024 ∼ 0.028 based on a reference length of 0.05 m were calculated by Muntz’s method and by Robben and
Talbot’s method. The domain of quasi-two-dimensional flow over the plate was determined from three-dimensional
rotational temperature measurements. A direct simulation Monte Carlo (DSMC) method is applied to obtain a
nonequilibrium state for the rarefied gas flow over the flat plate. It is shown that the numerical results agree well
with the experimental results, and that nonequilibrium between the translational and rotational temperatures in
the vicinity of the plate is quite large. Sensitivity analyses on the numerical results indicate that these effects exist
within the uncertainty in the experimental measurements. An estimation of effective rotational collision number in
an isothermal environment is carried out by the present DSMC code, and the effective rotational collision number
is 3.0 at 400 K in the present gas–gas collision model.

Nomenclature
Erot = rotational energy, J
gi = degeneracy at at rotational level i
g0 = degeneracy at ground rotational level 0
IK = intensity at rotational revel K
K , K ′ = rotational revel
K n = Knudsen number
k = Bolztmann constant
L = reference length, m
M∞ = upstream Mach number
PK = rotational transition probability at rotational level K
pe = nozzle exit pressure, Pa
p0 = stagnation pressure, Pa
p∞ = upstream pressure, Pa
R = gas constant, J/(kg · K), or radial distance, m
Re = Reynolds number
Te = nozzle exit temperature, K
Teq = equilibrium temperature, K
T0 = stagnation temperature, K
Trot = rotational temperature, K
Ttr = translational temperature, K
T∞ = upstream temperature, K
tref = reference time step, s
X = tangential distance from the leading edge

of the plate, m
Y = normal distance from the surface of the plate, m
Z = span distance from the center of the plate, m
Z R = rotational collision number
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Z2 = characteristic collision number based
on the e-filding point

z = running collision number
yi = rotational energy at rotational level i , J
y0 = rotational energy at ground rotational level 0, J
λ∞ = mean free path in upstream, m
ρ = density, kg/m3

ρ∞ = upstream density, kg/m3

Introduction

R ECENTLY, the development of aerospace technology has gen-
erated a strong demand on research associated with rarefied gas

dynamics. The domain of rarefied gas dynamics is characterized by
a flow with a large mean free path or a small representative length
caused by gas low pressure and low density. The typical situation in
this regime is such that the mean free path of gas molecules becomes
larger than the representative length. In this rarefied gas regime, one
cannot assume a continuum approach.

Space vehicles, space stations, and planetary exploration systems,
which have been developed recently, fly partly in a rarefied gas envi-
ronment. Their velocity is hypersonic, and their flight environment
includes shock-shock interactions and shock wave-boundary layer
interactions that cause high heat transfer and pressure on the body of
the spacecraft, interactions that are significantly different from those
on the ground. As the temperature around the body can reach a few
hundred thousand Kelvin, molecules undergo chemical reactions,
decomposition, dissociation, and recombination. Thus translational,
rotational, vibrational, and electronic temperatures differ from one
another, and the state becomes a nonequilibrium state. Carrying out
a satisfying accurate experiment to simulate this experimental envi-
ronment on the ground, one is faced with several problems of cost
and time. Furthermore, in the numerical treatment of the problem
recent advanced numerical simulation methods require much com-
putational memory and CPU time to simulate such nonequilibrium
phenomena. Furthermore, many problems remain not only in the
numerical method but also in the theory of these nonequilibrium
phenomena. Nevertheless it is important that the physical phenom-
ena occurring around spacecraft in a hypersonic rarefied gas flow
are studied in detail in order to understand these phenomena and to
design a real size vehicle.
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The nonequilibrium phenomena occurring in such a flow have
been investigated assuming that the rotational temperature is equal to
the translational temperature and that vibrational and electronic tem-
peratures are different behind a shock wave. In practice, the question
of nonequilibrium between translational and rotational temperatures
has not been sufficiently clarified although a full comprehension
of the phenomena would be difficult without including this effect.
Though many researchers tried to simulate such a nonequilibrum
flow with the assumption that rotational temperature is in equilib-
rium with the translational temperature, numerical results fail to
compare well with the experimental results.1 This suggests that it
should be necessary to take account of the rotational nonequilibrium
behind the shock wave as well as the vibrational nonequilibrium.

Shock-wave and boundary-layer interaction near a sharp lead-
ing edge in a merged layer causes nonequilibrium between trans-
lational and rotational temperatures in the rarefied gas regime. A
merged layer is defined as the mutual interaction between the ex-
ternal flowfield and the boundary-layer growth around a body of
given shape. Many researchers have studied the interaction struc-
ture since the 1960s. Nagamatsu and Sheer2 conducted experiments
and showed the existence of a velocity slip. McCroskey et al.3,4

measured density profiles over a plate as well as surface pressure
and surface heat-transfer rate for a flow passing around a flat plate
with a sharp leading edge. They showed that the experimental results
were quite different from those predicted by the Rankin–Hugoniot
relation. They also explained that this discrepancy originated in the
merged layer. Vidal and Wittliff5 and Vidal and Bartz6,7 carried
out experiments, which showed, like McCroskey, the discrepancy
between the experimental data and the continuum theory. They com-
pared the experimental results with the strong interaction theory and
the weak interaction theory in detail. Vas and Allegre,8 Chuan and
Waiter,9 and Harbour and Lewis10 conducted similar experiments,
measuring density profiles over a plate together with wall pressure
and wall heat transfer. Hickman measured rotational temperatures
and density distributions in a merged layer regime over a cone hav-
ing a 15-deg leading edge, using an electron beam fluorescence
technique,11 but he did not discuss the question of nonequilibrium
between translational and rotational temperatures.

On the other hand, the direct simulation Monte Carlo (DSMC)
simulations have been done for many problems in a rarefied gas flow
regime such as the studies by Bird12and Nanbu13 in 1970s. Lengrand
et al.,14 Allégre et al.,15 Chpoun et al.,16 and Heffner et al.17 con-
ducted DSMC simulations and experiments for rarefied gas flow
around a flat plate and explained the existence of nonequilibrium
between translational and rotational temperatures from the DSMC
simulations. The DSMC results agreed qualitatively with the exper-
imental results for wall pressure and heat-transfer rate; however, the
Larsen–Borgnakke model18 used for the gas–gas collision gave only
a fair estimate of the nonequilibrium phenomena. Chun19 conducted

Fig. 1 Setup of measurement system.

experiments for a flat plate with a ramp and estimated a correlation
between rarefaction parameter and ramp angle where a flow sepa-
ration occurred. Moss et al.20,21 and Ivanov and Gimelshein22 used
the DSMC method to compare the numerical results with their ex-
periments. Yasuhara et al.23 performed comparisons between the
strong interaction theory, weak interaction theory, DSMC simula-
tion, and Navier–Stokes (NS) simulation with a nonslip boundary
condition and revealed the application limit for which the NS simula-
tions hold. These studies estimated wall pressure and heat-transfer
rate and compared them with experimental results; however, ex-
perimental data for translational and rotational temperatures in a
nonequilibrium region over a flat plate are currently not available.
Furthermore, nonequilibrium situations in the simulations were not
discussed sufficiently because the molecular collision model in the
DSMC simulation did not include non-Boltzmann distributions.

In this study, we use experimental and numerical methods to re-
veal the nonequilibrium phenomena occurring in a shock wave and
boundary-layer interaction in hypersonic rarefied gas flow around
a flat plate with a sharp leading edge in the case of T0 = 670 K.
In the experiment, the nonequilibrium rotational temperature distri-
butions around a sharp-edged flat plate in a hypersonic rarefied gas
flow exhausted from a converging-diverging nozzle were measured
by an electron beam fluorescence technique. The DSMC simula-
tions with a gas–gas collision model based on molecular-dynamic
(MD) simulations were performed for similar conditions in order to
reveal the nonequilibrium states in the shock-boundary-layer inter-
action. Finally, an estimation of effective rotational collision number
was calculated for the present gas–gas collision model in order to
compare with other proposed data.

Experimental Method
Experiments conducted at the Shock Wave Laboratory, RWTH

Aachen, are described. Thus, freejet experiments were conducted
by using the electron beam in a low-density wind tunnel.24,25

Experimental Setup
Figure 1 shows the schematic diagram of the wind tunnel and of

the measurement facilities. The wind tunnel consists of two crossed
cylinders made of steel with diameters of 1.8 and 2.4 m and lengths
of 8.1 and 4 m, respectively. The net volume of the vacuum tank
is 28 m3. The wind tunnel was constructed in 1974 and has been
mainly used for experiments on freejet expansions. The electron
beam gun, the heating chamber, the three-dimensional transverse
unit, and the optical lenses are mounted inside the wind tunnel.
The spectrometer, the mass flow control facility, etc. are outside
the tunnel. Water-cooling pipes coming from outside the tunnel
are used to cool the electron beam gun, etc. Two rotary pumps,
one roots pump, and one oil vapor booster pump are connected to
the wind tunnel and allow a steady-state operation. Those pumps are
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also cooled by a closed water system connected to a heat exchanger
outside the laboratory. The water-cooling system for the pumps is
different from that for the electron beam gun. The final pressure
with all of the pumps running is about 0.1 µbar (0.01 Pa) without
gas flowing in the tunnel.

The electron beam gun is fixed to the tank top of the test section.
This beam gun has a maximum acceleration voltage of 40 kV and
a maximum anode current of 10 mA. This beam is sent through an
orifice of about 1 mm diam into the chamber and ends in a Faraday
cage. The stagnation chamber and the flat plate are connected to the
transverse unit, The stagnation temperature and the stagnation pres-
sure are measured in the stagnation chamber. Both the static pressure
at the nozzle exit and the wall temperature at the flat plate are mea-
sured. The measured data are converted into electronic signals by
an AD converter and stored in the PC outside the wind tunnel. The
light signal of the fluorescence created by the electron beam gun
passes through the lenses and is recorded by the spectrometer and
the photomultiplier. Optical data are also stored in the PC. Three
stepping motors connected to the transverse unit inside the tank can
change the x , y, z position of the stagnation chamber. These mo-
tors are controlled by the same PC. The experimental apparatus is
described in detail in Ref. 24.

Pressure Measurement
Pressures in the tank and at the nozzle exit vary from 0.01 to

300 Pa and are measured by differential pressure gauges (MSK Co.).
As the pressure in the stagnation chamber and the pitot pressure
vary over a wide range of values, from 10 to 2000 Pa, two absolute
pressure gauges (MKS Co.) are used. To estimate the thickness of the
boundary layer at the nozzle exit, the Pitot pressure was measured by
a pitot-pressure probe with an inner diameter of 3.85 mm. The local
Mach number and the static temperature at the nozzle exit are then
calculated from the Pitot pressure data at the nozzle exit and from
the stagnation pressure. The Mach number and the temperature at
the nozzle exit are also calculated from the measured static pressure
at the nozzle exit. In the present experiment, a static-pressure port
with the diameter of 5 mm is used at a location situated 6 mm upwind
from the nozzle exit.

Temperature Measurement
Rotational temperature was measured by using the electron beam

fluorescence method (EBFM). This method, which was originally
proposed and developed by Muntz,26 been widely used in the past
to measure the rotational temperature in a rarefied gas flow. The
rotational temperature measurement by the EBFM technique has
mainly been conducted in a free expansion jet for the stagnation
temperature of room temperature.26−30 When a beam of electrons is
passed through nitrogen gas, a nitrogen molecule, N2 X 1�+

g , with an
initial electronic state E ′′

1 , is excited to an ionized nitrogen molecule,
N2 B2�+

u , with a state E ′ by an inelastic collision with an electron.
Emission of a photon from E ′ brings the molecule back to an ionized
nitrogen molecule, N2 X 2�+

g , with a ground state E ′′
2 . This fluores-

cence is called the “first negative system.” To calculate the rotational
temperature, the fluorescence in the R branch of the band spectrum
at 391.4 nm [(0,0) transition] was measured by the monochromator.
The rotational temperature is obtained from the relative rotational
lines.

The rotational temperature can be calculated by three methods:
the Muntz model,26 the Robben and Talbot (RT) model,31 and the
Coe, Robben, Talbot, and Cattolica model.32 The Muntz model uses
the relation between intensity distribution in the rotational structure
of the fluorescence and the initial population distribution through an
appropriate model of the excitation-emission process. In the Muntz
model, the excitation process uses the dipole approximation.

In an equilibrium state, the Muntz model is able to define a unique
rotational temperature because all rotational levels are fitted by a
straight line. However, in a nonequilibrium state a unique rotational
temperature cannot be defined because nonequilibrium rotational
distributions create an overpopulation of the higher rotational levels.

The RT model is based on the same concept as the Muntz model.
It uses the merging of two rotational distribution functions at tem-

peratures calculated from the lower and higher rotational levels.
It defines an averaged rotational temperature Trot as Trot = Erot/ρ,
where Erot is the sum of rotational energies and ρ is the density
of molecules. The different between the Muntz model and the RT
model is the definition of rotational temperature. The Muntz model
is slope-defined rotational temperature; otherwise, the RT model
defines energy-equivalent rotational temperature.

Figure 2 shows an example of rotational spectra of the (0-0) vibra-
tional band of N+

2 first negative system for two different slit widths.
It is possible to isolate the contribution of each overlapping spec-
trum to the complete band by assuming each rotational spectrum
to be a Gaussian distribution. The results are shown as the fitting
function in Fig. 2. Using the intensities deduced from fitting the
spectra, log(IK /PK ) vs Erot/k can be calculated. The results are
shown in Fig. 3. The intensities are not distributed along a straight
line because of the strong nonequilibrium flow over the plate. To
analyze these data, we calculated two temperatures. The first one is a
rotational temperature calculated by fitting the points for 1 < K < 5
and 15 < K < 19 with the Muntz method. The second one is cal-
culated using the RT method in which K ′ is chosen as K max − 5.

a) Run 34 with a slit width of 80 nm

b) Run 48 with a slit width of 120 nm

Fig. 2 Rotational spectra of the (0-0) vibrational band of N+
2 first neg-

ative system in a nitrogen flow at X = 5 mm and Y = 3 mm and the fitting
function.
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a) Run 34 with a slit width of 80 nm

b) Run 48 with a slit width of 120 nm

Fig. 3 Plot of log(IK /PK) vs Erot/k calculated from Fig. 2.

According to Fig. 3, K ′ in Eqs. (8) and (19) in Ref. 31 is set to 15.
The five lowest levels (1 < K < 5) are fitted by the full straight line,
and the five highest levels (15 < K < 19) are fitted by the broken
straight line.

Stagnation Chamber, Nozzle, and Flat Plate
The stagnation chamber has two heat sources and three heat

shields to reduce radiation. It has an effective volume of about
0.32 m3 and is made of a stainless-steel tube with a diameter of
86 mm and a length of 300 mm. The heating element of the cham-
ber is made of nicrome, and the empty space in the chamber is filled
with ceramic balls of 5 mm diam to enhance heat transfer to the ni-
trogen gas. The chamber was operated to a maximum temperature
of T0 = 1000 K.

A convergent-divergent nozzle was designed for the present ex-
periment (Table 1). For low-density flow, a nozzle design has to be
made by using numerical analysis owing to the low Reynolds num-
ber and thick boundary layer. The numerical analysis can be con-
ducted by two methods: The DSMC method and the NS method. The
DSMC method requires a long CPU time and a finer grid system, on
the order of the local mean free path, to simulate the flow caused by
large variations of the local Knudsen number from the continuum
regime to the rarefied regime in the nozzle. Therefore, although it is a

Table 1 Nozzle geometry

Item Value

Nozzle inlet diameter, mm 65
Nozzle throat diameter, mm 13.7
Longitudinal radius at throat, mm 6.85
Nozzle exit diameter, mm 100
Nozzle inlet half-angle, deg 45
Area ratio of exit to throat 53.18
Nozzle exit half-angle, deg 15
Nozzle length, mm 206

compromise, the NS method is a more efficient tool than the DSMC
method to design the nozzle. An empirical prediction can be used to
estimate the boundary-layer thickness in the nozzle flow; however,
the prediction provides a less accurate solution owing to the lack of
experimental data.33,34 Boyd et al.35 carried out a DSMC simulation
in a nozzle and obtained results in agreement with the experimental
results; however, the design of the nozzle is not clear. Therefore, the
NS method was applied to design the nozzle geometry. Wall bound-
ary conditions used in the calculation assumed a nonslip boundary
to evaluate the maximum thickness of the boundary layer.

There are two general kinds of nozzles: the conical nozzle and
the contoured nozzle. We adopted a conical nozzle design here for
the following reasons: 1) it is possible to change the area ratio of
throat to nozzle exit taking account of the thick boundary layer; and
2) the contoured nozzle is longer than the conical nozzle, and it is
difficult to design a contoured nozzle for such a low-density flow
because of the thick boundary layer in the nozzle. For the conical
nozzle design, the exit half-angle and the area ratio of exit to throat
have to be optimized to reduce the effect of the thick boundary layer.
In the present experiments, the nozzle was designed by optimizing
the exit half-angle and the area ratio of exit to throat. The nozzle
was made of stainless steel. To cool the nozzle wall, a copper tube
with a diameter of 8 mm for water cooling was wound around the
nozzle from the throat to the nozzle exit.

The flat plate was made of copper because the plate should
be cooled by water to preserve a constant wall temperature. The
leading-edge angle is 30 deg, the plate thickness is 15 mm, the
plate width is 100 mm, and the plate length is 130 mm. The leading
edge is sharp. The distance between the nozzle exit and the leading
edge of the plate is 15 mm. Thermocouples were fixed in the plate
in order to measure the plate wall temperature. Two copper pipes
for cooling were soldered to the lower side of the plate.

The flat plate is supported from the rear side by a straight sting.
The flat plate, the stagnation chamber, and the nozzle move together,
whereas the electron beam gun is fixed in the wind tunnel. The sting
was mounted from the side of the stagnation chamber. The plate
location, height, and angle of attack are variable by using the sting
support system. As the temperature gradient normal to the plate
surface can be large, the plate surface is parallel to the electron
beam as shown in Fig. 1.

DSMC Method
DSMC method is a powerful technique for the numerical sim-

ulations of hypersonic flows in the rarefied regime because the
continuum approach breaks down for such low-density flows. The
gas–gas molecular collision model plays a significant role on the ac-
curacy of the simulation. Larsen and Borgnakke constructed a gas–
gas collision model (LB model)18 based on the equilibrium property
of the molecular energy distributions. Although such a model has
been widely used, the lack of microscale phenomenon such as the
T(translational)-R(rotational) energy exchange process has limited
the model application.

Recently, multiscale models have been developed based on the
MD simulation for a higher reproducibility of the microscale phe-
nomena. The present gas–gas collision model [dynamic molecular
collision (DMC) model], which was developed by Tokumasu and
Matsumoto36 for nitrogen molecules, is able to capture the nonequi-
librium translational and rotational temperatures in a rarefied gas
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flow. The DMC model of diatomic molecules is based on the
collision dynamics and features the cross sections and energy distri-
butions of molecular collisions that are obtained by the MD simula-
tions. Authors have already presented the results by using the DMC
model in Ref. 37 and showed microscopic behavior such as non-
Boltzmann distributions in the translational and rotational energy
distributions cannot be predicted by using the LB model.

For collision-frequency calculation, the null-collision technique38

is adopted in the DSMC simulation. The diffuse reflection model is
applied to the wall boundary treatment, and the wall temperature is
290 K. These and other simulation techniques are described more
detail in Ref. 37.

Results and Discussion
Experimental Conditions

Experimental conditions are shown in Table 2. The gas state at
the nozzle exit is calculated from the nozzle exit static pressure.

The results of the experimental study are discussed as follows:
1) estimation of uncertainty in the measurement; 2) flowfield down-
stream of the nozzle exit; and 3) flowfield over the plate, a) effects
of the three-dimensional flow and b) rotational temperature profiles
for T0 = 670 K.

First, the uncertainty in the measurement of the rotational tem-
perature is estimated in the next section. Then the effect of the
cooled nozzle wall on the boundary-layer thickness at the nozzle
exit is shown. Finally, the effects of the three-dimensional flow, of
the leading-edge angle, and of the stagnation temperature are eval-
uated from the measured rotational temperature over the flat plate
downstream of the nozzle exit using the electron beam probe.

The coordinate system (X , Y , Z ) in the experiment is defined as
follows. X denotes the distance from the plate leading edge and is
parallel to the plate surface. Y denotes the distance from the plate
surface in the direction normal to the plate. Z is perpendicular to
X and Y along the transverse direction of the plate. The origin is at
the leading edge, on the symmetry line on the plate surface, and its
radial location equals zero.

Uncertainty in the Measurement
The uncertainty in the measurement of the rotational tempera-

ture calculated from the fluorescence was estimated from about 50
measurements at three different locations around the plate. The lo-
cation, experimental conditions, and results are shown in Table 3.
The slit width in the experiments at T0 = 1000 K is 120 nm, and it

Table 2 Experimental conditions

Run number

Condition 26 34 48

Configurationa Nozzle PlateLE30 PlateLE30
Nozzle exit Mach number 4.85 4.89 4.92
Stagnation temperature T0, K 680 670 999
Stagnation pressure p0, Pa 965 983 1271
Nozzle exit temperature Te , K 119 116 171
Nozzle exit static pressure pe , Pa 2.18 2.12 2.64
Local Knudsen number at 0.024 0.024 0.029

nozzle exit based on Lb

Local Reynolds number at 412 422 302
nozzle exit based on Lb

aLE = leading-edge angle (deg). b L = 0.05 (m).

Table 3 Measurement conditions, locations, and uncertainty of the rotational temperature

Location Number of Average (max.-min.)/2,
(X, Y, Z ), mm measurements temperature, K Variance K Note

(−5, 0, 0) 50 154.85 8.98 6.7 T0 = 670 K
(−5, 0, 0) 50 155.45 4.18 4.3 T0 = 1000 K
(10, 2, 0) 50 292.48 41.17 13.4 T0 = 670 K
(10, 2, 0) 50 279.90 11.62 6.5 T0 = 1000 K
(1, 1, 0) 49 252.07 21.50 10.4 T0 = 1000 K

is wider than that for T0 = 670 K (80 nm) because fluorescence at
T0 = 1000 K was weaker than at T0 = 670 K.

The values of (max. rotational temperature—min. rotational tem-
perature)/2 in Table 3 are defined as the uncertainty in the mea-
surement of rotational temperatures and are listed in Table 4.
The location uncertainty is estimated to 0.5 mm because of the
half-diameter of the electron beam.

The uncertainty in pitot pressure is estimated to ±0.5% of the
read value.

Nozzle Exit Flow Conditions
The flow at the nozzle exit was estimated in order to measure the

core region in the nozzle flow. This was done for a stagnation temper-
ature of 680 K in run 26. Figure 4a shows the comparison between
the rotational temperature obtained from EBFM, the temperature
estimated from the pitot pressure, and the temperature calculated
from the nozzle static pressure at the nozzle exit. Rotational tem-
perature obtained by using the Muntz model and the RT model are
plotted. Temperatures from the RT model are shown with error bars,
whereas minimum and maximum values obtained from the Muntz
model are plotted. The flat areas in both rotational temperatures
from the RT model and temperatures obtained from the pitot pres-
sure have a width of about 30 mm near the nozzle center. The figure
shows that the temperatures measured by the three different meth-
ods agree fairly well at the nozzle center. The difference between
the maximum and the minimum rotational temperature distributions
for the Muntz model is small near the nozzle center; however, it is
large near the nozzle walls because of nonequilibrium effects.

Figure 4b shows the pitot-pressure profiles at various locations
from the nozzle exit. The nozzle exit location is X = −15 mm. The
flat area at X = 15 mm is quite narrow; however, the boundary layer
spreads further toward the center line at X = 35 and 55 mm. We
consider therefore that the range less affected by the boundary layer
developed in the nozzle is X < 15 mm.

Three-Dimensional Flow Effects
In the flow over the flat plate, the deviation from an ideal flow

situation originates from basically one effect. It is the interaction
between the boundary layer developed in the nozzle and the sharp
leading edge of the plate. Therefore, the region where this effect
takes place was estimated in experimental run number 48. The ex-
periment has a stagnation temperature of about 1000 K.

Figure 5 shows the rotational temperature profiles downstream of
the nozzle exit with the plate. Rotational temperatures are calculated
by the RT model. The figure shows that in the range between X = 3
and 15 mm the rotational temperature profiles at Z = 20 mm are
10 ∼ 20 K larger than those at Z = 0, 5, 10 mm; however, those in
the region defined by X = 30 mm and Y < 5 mm are not dependent
on the Z location.

From those results, the region with a planar flow over the
plate is defined by X < 15 ∼ 30 mm, Y < 10 ∼ 15 mm, and

Table 4 Uncertainty in the measurements
of the rotational temperature

Stagnation temperature T0, K Uncertainty, K

670 13
1000 10
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a) Temperature profiles in the nozzle exit plane

b) Pitot-pressure profiles at various locations

Fig. 4 Nozzle exit flow with wall cooling system for p0 = 965 Pa and
T0 = 680 K.

|Z | < 10 ∼ 20 mm. The following investigation of nonequilibrium
flow is mainly discussed in this region of planar flow.

Rotational Temperature Profiles for T0 = 670 K
Figure 6 shows the rotational temperature profiles at various X

locations over the plate for different stagnation temperatures mea-
sured in run 34. Rotational temperatures are calculated using the
RT model. The rotational temperature near the plate increases for a
location far from the leading edge. Rotational temperature distribu-
tions at Y = 1 mm are shown in Fig. 7. The data in the figure show
that the relaxation length is about 15 mm.

In front of the leading edge (X < 0), the rotational temperature
increases and is equal to about 200 K at X = 0 mm because of the
wedge side of the plate.

Figure 8 compares rotational temperature distributions obtained
using the RT and the Muntz models. Rotational temperatures ob-
tained by the Muntz model exhibit large fluctuations, and the dif-
ference between maximum and minimum temperatures from this
model becomes large in the vicinity of the plate rather than in the
freestream.

Figures 9 shows log(IK /PK ) vs Erot/k. Maxwell–Boltzmann dis-
tributions are plotted in the figures as a reference. All of the data
exhibit a nonlinear variation, in agreement with the report of Robben

a) X = 3 mm

b) X = 15 mm

c) X = 30 mm

Fig. 5 Rotational temperature profiles with plate for p0 = 1271 Pa and
T0 = 999 K.
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Table 5 DSMC simulation conditions around the flat plate

Simulation number

Condition 1 2 3 4 5 6 7

Grid Normal Fine Normal Normal Normal Normal Normal
Number of particles 230,000 1,000,000 1,000,000 230,000 230,000 230,000 200,000
Upstream temperature T∞, K 116 116 116 103 123 120 557
Upstream pressure p∞, Pa 2.12 2.12 2.12 2.12 2.35 2.04 5.19
Upstream Mach number M∞ 4.89 4.89 4.89 4.89 4.67 4.74 1.0
Note —— RSa RS EUCb EGc EG NFd

aRS, resolution study. bEUC, effect of upstream condition on T∞. cEG, effect of gradient in the flow behind the nozzle. dNF, nozzle flow.

Fig. 6 Rotational temperature profiles over the plate for T0 = 670 K.

Fig. 7 Rotational temperature profiles with for T0 = 670 K (Y = 1,
Z = 0 mm).

and Talbot,31 and they differ from the Maxwell–Boltzmann distri-
butions.

Comparision Between DSMC and Experimental Results
The DSMC simulations were carried out in order to reveal the

nonequilibrium effect in our experimental results. The DSMC sim-
ulation conditions are given in Table 5. Figure 10 shows the compu-
tational grid, density, and temperature contours around the plate for
no. 1. A nonuniform grid system with 58 × 41 cells over the plate
and with 45 × 18 cells under the plate was used for the simulations.
The number of cells is approximately 3200. Time step is normal-
ized by tref = λ∞/

√
(2RT∞), and the value in the present simulation

equals 0.01. The time-step effect was investigated in Ref. 37 and is

a) X = 5 mm

b) X = 20 mm

Fig. 8 Rotational temperature profiles for T0 = 670 K.

concluded to be small when the value is approximately 0.01. A weak
shock wave generated over the plate is clearly observed because of
the thick boundary layer developed from the leading edge. Another
strong shock wave also appears under the plate because of the wedge
side of the plate. A nonequilibrium effect between translational and
rotational temperatures appears in the vicinity of the leading edge
as shown in Fig. 10e. Figure 11 shows the comparison of rotational
temperatures over the plate between the DSMC and experimental
results. Rotational temperatures in the DSMC simulations were cal-
culated by the method similar to the Robben and Talbot method.
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a) X = 5 mm b) X = 10 mm c) X = 20 mm

Fig. 9 Plot of log(IK /PK) vs (Erot/k), T0 = 670 K.

a) Computational grid system

c) Translational temperature Ttr, K

b) Density ρ/ρ∞

d) Rotational temperature Trot, K

e) Ttr–Trot, K

Fig. 10 Computational grid and DSMC results around the plate.
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a) X = 5 mm

b) X = 20 mm

Fig. 11 Comparison between DSMC and experimental results. These
figures also show the results of resolution study.

The DSMC results for no. 1 agree fairly well with the experimental
results. Furthermore, the DSMC results indicate that the maximum
difference between translational and rotational temperature is 150 K
at X = 5 mm and that the difference reduces to about 70 K as X in-
creases. Because of the constant wall temperature, the profiles of the
translational and rotational temperatures have significantly convex
shapes at X = 20, Y = 1 mm.

Sensitivity analyses in the present simulations have been done.
The simulation conditions are listed in Table 5. Parameters for the
sensitivity analyses are the number of computational cells and the
number of particles for nos. 2 and 3. The number of computational
cells is 12,800 for a fine grid. The number of particles in Table 5 is
an approximate value. The results are plotted in Fig. 11, and they
show that their effects do not appear in these simulations. Therefore
the present normal grid and the number of particles for no. 1 are
considered to be adequate when compared to the results for no. 1
and those of nos. 2 and 3.

The effect of the upstream temperature is also estimated. The up-
stream temperature for no. 4 in Table 5 reduces 13 K from the value
for no. 1, where 13 K is uncertainty in Table 4. Other upstream val-
ues do not change from those for no. 1. Figure 12 shows the effect on
the profiles of both translational and rotational temperatures when
the results for no. 4 are compared with the results for no. 1. How-
ever, both temperature profiles for no. 4 decrease to approximately
20 K. The overshoot position of the translational temperature does

a) X = 5 mm

b) X = 20 mm

c) Y = 1 mm

Fig. 12 Effects of upstream conditions on the temperature profiles
over the plate.
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a) X = 5 mm

b) X = 20 mm

Fig. 13 Effects of upstream conditions on the rotational energy distri-
butions. Vertical scale reads correctly only for y = 1 mm. Add successive
decrements of 1.0 to vertical scale for each lower curve.

not change, but the decrement of translational temperature is larger
than that of rotational temperature as shown in Fig. 12c. Figure 13
shows the comparison of the rotational energy distributions over the
plate between the DSMC and experimental results. For the rotational
energy at rotational level i in the experimental results, a degeneracy
2i + 1 was employed; however, no degeneracy was considered in the
DSMC results because the DSMC simulations did not consider the
quantum effects in the rotational energy. Therefore, the number of
the molecules in the range of �(Erot) in the DSMC simulations was
obtained, and the logarithm of the rotational energy distributions
was calculated by the similar method to obtain the experimental re-
sults. In the DSMC simulations, the interval of the sample iterations
was five, and sampling was conducted when the total number of par-
ticles was stable in the simulations. Figure 13 shows that the DSMC
and experimental results agree well and that the non-Boltzmann dis-
tributions for both results also agree well. The effects of upstream
temperature exist on the gradient especially in the higher rotational
energy region.

Finally, a gradient of the flow behind the nozzle exit could exist;
therefore, its effect is estimated. The simulation numbers are five
and six, and these conditions are listed in Table 5. To estimate the
effect, the flow inside the nozzle is calculated by the DSMC method
as described earlier. The computational domain inside the nozzle be-

gins from the throat to reduce CPU time. The wall temperature on
the nozzle is 290 K, and the number of particles is approximately
200,000. Other conditions are shown in Table. 5, and its simula-
tion number is 7. A vacuum condition is applied at the downstream
boundary. These procedures are done as follows. The DSMC sim-
ulation for no. 7 is completed, then the Mach number, temperature,
and pressure are obtained at X = −10 mm (no. 5) and X = 0 mm
(no. 6). Because the difference between translational and rotational
temperatures at these positions is approximately 5 K, both temper-
atures for nos. 5 and 6 assume in an equilibrium state and equal an
average temperature. Therefore temperature, pressure, and Mach
number at the upstream boundary are given as freestream values.
The boundary layer in the nozzle is neglected here in the simulation
of nos. 5 and 6.

A nonuniform rectangular grid system with 238 × 24 cells inside
the nozzle and with 38 × 9 cells outside the nozzle was used for the
simulations for no. 7, and is shown in Fig. 14a. The nozzle configura-
tion is similar one as shown in Table 1. The computed Mach-number
contours are shown in Fig. 14b. A significant thick boundary layer
along the nozzle wall is observed and affected on a core flow at the
nozzle exit. Figure 15 shows the comparison of rotational temper-
ature between the DSMC and experimental results. In the vicinity

Fig. 14 Computational grid and Mach-number contours inside and
behind the nozzle.

Fig. 15 Comparison between DSMC results and experimental results
behind the nozzle exit.
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of the nozzle center (Y = 0 mm ), the DSMC and experimental re-
sults agree well, and the gradient of rotational temperature between
these locations is small. Figure 16 shows the comparison between
the DSMC and experimental results in the flow over the plate. It is
clear from this figure that the effect of the gradient behind the nozzle
is small.

These sensitivity analyses reveal that the freestream temperature
effect exists within the uncertainty in the experimental measure-
ment; however, the effect of the gradient of the flow behind the
nozzle exit can be neglected. Finally, the nonequilibrium flow oc-
curs over the plate, and this was quantitatively evaluated by the
experimental and numerical approaches.

The choice of rotational collision number Z R is important in sim-
ulations using the DSMC method and continuous methods because
it decides a nonequilibrium state in a flow. The LB model controls
the collision paramenter by using a fraction of inerastic collision φ.
Boyd proposed φ and Z R , which are dependent on temperature39;
however, the results could not predict accurate rotational tempera-
ture distributions in a normal shock wave. On the other hand, Fujita
and Abe40 and Furudate et al.41 directly calculated rotational colli-
sion number Z R by using a quasi-classical-trajectory (QCT) method
in a high-temperature ragime. Park42 calculated the effective colli-
sion number Z2 by using the numerical solutions of the master
equation. To calculate Z R , rotational relaxation time τR and dErot/dt

a) X = 5 mm

b) X = 20 mm

Fig. 16 Effect of gradient in the flow on the temperature profiles over
the plate.

have to estimate exactly43; however, the present DSMC method can-
not calculate these values directly. Furthermore, the nonequilibrium
flow over the flat plate causes not only gas–gas collision but also
gas-surface interaction. Therefore it is impossible to calculate the
correct Z R by only the present DSMC results. Figure 17 shows the
mean collision time in the vicinity of the plate. In a sample cell
adjacent to the wall, the mean collision time between particles tc1

is smaller than that between particle and wall in the vicinity of
the leading edge tc2. The mean collision time between particles at
Y = 1 mm, tc3 is approximately equal to tc1. These results indicate
that tc1 and tc3 are same order of tc2, and nonequilibrium flow is in-
fluenced by not only molecular collision but also molecular-surface
collision. Therefore an exact value of Z R cannot be calculated from
the present results. However, the effective collision number Z2 in-
stead of Z R was calculated by using the present DSMC code in
an isothermal environment. Z2 was introduced in Ref. 42 and is
the collision number at which (Teq − Trot)/Teq = 1/e = 0.3679 of
the value immediately behind the shock wave (e-folding collision
number), where Teq is the equilibrium temperature and is equal to
Ttr. The effective collision number z is the ratio between the real
time t and the elastic collision time. An example of the present
results is shown in Fig. 18. The calculated Z2 values are listed in
Table 6. The starting postshock rotational temperature was assumed
to be 1 K, which is the minimum available rotational temperature.
In the present results, Z2 is equal to 3.0 at Teq = 400 K; otherwise,
Park presented Z2 = 4.20 at the same equilibrium temperature.42

The model proposed by Fujita showed Z R = 5.86 at Teq = 400 K
(Ref. 40). The present results are smaller than Park’s and Fujita’s

Fig. 17 Mean collision time in the vicinity of the plate.

Fig. 18 Time history between translational and rotational tempera-
tures in the isothermal environment for Ttr = 300 K.
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Table 6 Characteristic rotational
collision number Z2 calculated by

DSMC simulation for fixed postshock
translational bath temperature T

Teg, K Z2

100 1.30
200 1.92
300 2.53
400 3.00
500 3.38
600 3.55

values. The value Z R should be estimated more carefully by using
other accurate simulation model in the future.

Conclusions
An experiment in a low-density wind tunnel and a direct simula-

tion Monte Carlo (DSMC) simulation, based on the molecular sim-
ulations, were conducted to investigate shock wave and boundary-
layer interaction over a flat plate in hypersonic rarefied gas flow.

An experimental system was constructed in which the effects of
the boundary layer developed in the nozzle were minimized for
a maximum stagnation temperature of 1000 K. For T0 = 680 K,
the core diameter was approximately 30 mm at the nozzle exit.
The domain of the quasi-two-dimensional flow over the plate was
determined by three-dimensional rotational temperature measure-
ments. The domain of planar flow over the plate was limited by
X < 15 ∼ 30 mm, Y < 10 ∼ 15 mm, and |Z | < 10 ∼ 20 mm when
T0 = 1000 K. A comparison between the RT model and the Muntz
model showed the existence of a nonequilibrium state in the flow
near the plate. The similar results were shown for the rotational
energy distributions.

A gas–gas collision model based on the microscale phenomena
was applied to the rarefied gas flow over the flat plate by using
DSMC method. It is shown that the DSMC results agree fairly well
with the experimental results, and nonequilibrium between trans-
lational and rotational temperatures in the vicinity of the plate is
quite large. Sensitivity analyses on the numerical results indicate
that these effects exist within the uncertainty in the experimental
measurements.

An estimation of effective rotational collision number in an
isothermal environment is carried out by the present DSMC code,
and the rotational collision number is 3.0 at 400 K in the present
gas–gas collision model.
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