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Monte Carlo Simulations in Support of the Shuttle
Upper Atmospheric Mass Spectrometer Experiment

James N. Moss*
NASA Langley Research Center, Hampton, Virginia

and
Graeme A. Birdt

University of Sydney, Sydney, Australia

This paper presents the results of calculations obtained with a direct simulation Monte Carlo (DSMC) method
that describes both the external flow about the nose region of the Shuttle orbiter and the initial path between
the shock-processed gases and a mass spectrometer mounted inside the orbiter. A dedicated, three-dimensional
version of the DSMC was developed during the present study for the internal flow simulation along with the pro-
cedure for interfacing external and internal flows. The calculations spanning the hypersonic transitional flow
regime (140-95 km altitude range) were for a multicomponent gas mixture consisting of five chemical species
while simulating the effects of transnational, rotational, vibrational, and chemical nonequilibrium. Results show
that, within the entry region of the inlet tube where the gas has equilibrated with the sidewall tube temperature,
the pressure is substantially less than pressure at the external surface. This pressure correction for the entry re-
gion is significant for all conditions investigated and increases with altitude. Results of parametric studies show
the sensitivity of the equilibrated inlet sidewall pressure to mass flow rates, gas-surface reflection model, and
tube sidewall temperature variations.
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Nomenclature
= base area
= drag coefficient, Fx/qAb
- friction coefficient, r/q
- heat-transfer coefficient 2q/p00Ui>
= mass fraction of species /, p{/p
- pressure coefficient, /?/#
= nominal molecular diameter
= tube inside diameter
= force
= tube length
= molecular weight of mixture
= mass flow rate
= pressure
= nose radius
= dynamic pressure, p^Ul/2
= heat flux
= universal gas constant, R - 8.3143 J/mol K
= speed ratio, U*>NM/ZRT
= thermodynamic temperature
= overall kinetic temperature
= velocity component tangent to body surface
= freestream velocity
= velocity component normal to body surface
= mole fraction of species /
= coordinate measured along the body

centerline
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Subscripts
E

/
s
oo

= nondimensionalized Space Shuttle orbiter
axial length

= angle of incidence
= coordinate normal to body surface
= hyperboloid asymptotic half-angle
= freestream mean-free path
= mean-free path adjacent to body surface
= density
= total collision cross section
= shear stress
= azimuth angle

- condition where gas temperature is equili-
brated with sidewall temperature

=/th species
- surface value
=freestream value

Introduction

T HE Space Shuttle orbiter provides a means of making
repeated measurements throughout the flow spectrum —

encompassing free-molecule through continuum flow regimes.
Two NASA orbiter experiments will utilize this capability to
obtain information so that aerodynamic force coefficients can
be extracted directly from measurements made in the free
molecule and most of the transitional regimes. Force measure-
ments are being obtained with the High Resolution Acceler-
ometer Package (HiRAP) experiment1 that has been flown on
several Shuttle missions. The determination of the force
coefficients requires an independent knowledge of the dy-
namic pressure. Knowledge concerning both the freestream
density and dynamic pressure is to be obtained by a
companion experiment called the Shuttle Upper Atmospheric
Mass Spectrometer2 (SUMS) that is scheduled for flight on
orbiter 102 (Columbia) once the Shuttle flight program is
resumed.

The objective of the SUMS experiment is to relate the meas-
urements of the mass spectrometer to freestream density and
dynamic pressure. The data reduction procedure for the
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SUMS experiment is one in which response of the mass spec-
trometer will be related to inlet pressure, and the inlet
pressure, in turn, will be related to the freestream dynamic
pressure q by means of a numerically derived relationship that
relates the inlet pressure coefficient with the inlet pressure
[(CP)E - PE/Q™ vs PE\ • With the freestream dynamic pressure
known, the freestream density is extracted directly, since the
velocity of the orbiter is known with considerable accuracy.
The benefits of improved knowledge of the aerodynamic force
coefficients and knowledge of the density in the transitional
flow regime are readily evident in predicting and interpreting
performance of vehicles in hypersonic rarefied flows. Further-
more, improved knowledge of the freestream density in the
160-90 km range will significantly improve the basis for com-
paring calculations with flight data. This is particularly true
since significant variations (± 40%) in freestream density with
respect to atmospheric model values have been observed1 for
several orbiter reentries in this altitude range.

The SUMS objectives will be accomplished by sampling the
shock-layer gases that enter an inlet tube connected to addi-
tional plumbing that provides the path to the mass spec-
trometer, which is remotely located with respect to the sur-
face. The gases that enter the inlet tube will be in a
nonequilibrium state throughout the altitude range for which
the SUMS experiment will be operational (160-90 km). At
some distance within the inlet tube, the gas will have under-
gone a sufficient number of collisions with the tube sidewall to
have thermally equilibrated with the sidewall temperature.
The numerical simulation discussed herein is concerned with
calculating the pressure within the inlet tube for given free-
stream conditions, orbiter angle of incidence, and both sur-
face and tube sidewall temperature distributions.

The importance of knowing the equilibrated tube pressure
as a function of entry conditions is critical to the success of the
SUMS experiment. This occurs because the overall character-
istics (time lags, pressure drops, etc.) of the SUMS system
have been determined in ground-based experiments using both
static and dynamic tests for various gases where the entry con-
ditions are always equilibrated with respect to the inlet tube
temperature. For the flight case, the pressure where the gas is
thermally equilibrated in the inlet corresponds to the imposed
inlet pressure in the ground-based experiments; therefore, the
equilibrated inlet pressure is the critical link between the
SUMS response and the freestream conditions.

The link between the inlet pressure and freestream condi-
tions is accomplished by numerical simulation studies using
the DSMC method. Bienkowski carried on the numerical sim-
ulation work for several years, and the results of this activity
are summarized in Refs. 3 and 4. He obtained the inlet
pressure coefficient (Cp)E relationship with the inlet pressure
pE for nominal flight conditions, but had not initiated the sen-
sitivity studies for parametric variations of important or
poorly defined parameters prior to his recent death. Conse-
quently, the present authors are conducting the numerical sim-
ulation studies in support of the SUMS experiment.

Several significant differences exist in the computer codes
and the problem formulation as exercised in the present study
and that reported in Refs. 3 and 4. The current calculations
for both the external and internal flow utilize the DSMC
method developed by Bird,5'8 which accounts for a reacting
five-component gas mixture while including rotational and
vibrational excitation for the molecular species. Bienkowski
used a single constituent with average O2-N2 cross sections
while accounting only for rotational excitation. Another signi-
ficant difference is the manner in which the external flow is
coupled with flow in the inlet tube. Instead of modeling the in-
put flux as a sum of two Maxwellian distributions fitted to the
"perturbed" and "unperturbed" incident fluxes from the ex-
ternal flow, the present procedure stores (on a file) informa-
tion from the external flow solution concerning the particles
(atoms and molecules) that strike the surface element, which is
at the same orientation as the inlet. Then, this particle file,

containing information on 2 x 103 particles, is sampled on a
random basis to obtain the mass flux of the particles that enter
the tube from the external flowfield. The manner in which this
boundary condition is simulated is important because transla-
tional nonequilibrium effects persist over the entire altitude
range of the SUMS experiment.

Results presented in Ref. 9 included structure of the
flowfield within the shock layer at the SUMS inlet location,
whereas the present paper focuses only on the inlet tube. The
sensitivity of the tube sidewall pressure is demonstrated for
variations in tube mass flow rate, sidewall temperature distri-
butions, and sidewall reflection model. Comparison of present
results with those of Bienkowski3 shows the same qualitative
behavior, but the tube pressure results are appreciably dif-
ferent at the low altitudes.

The SUMS Experiment
A description of the elements of the SUMS experiment and

its operational characteristics is given in Ref. 2. This section
briefly describes some of the features of the SUMS system and
its operation. As depicted in Fig. 1, the SUMS inlet tube is
located aft of the nose cap along the windward side of the ve-
hicle at an x/L location of 0.025. Figure 2 is a simplified sche-
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Fig. 2 Basic elements of SUMS system.

Table 1 Variable hard sphere (VHS) reference conditions

Parameters External flow Tube flow

Reference temperature, K
Viscocity temperature

exponent (S)
Reference diameter in meters

for species
02
N2
O
N
NO

2880

0.73

3. 062 x 10 ~10

3.083 X 10~ 10

2.297 x 10 ~10

2.398 X 10~ 10

3.065 x 10- 10

288

0.75

3.96X10-10

4.07 X 10 ~10

3.00X10-10

3.00X10-10

4.00X10-10
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Fig. 3 Schematic representation of SUMS inlet tube.

matic of the elements of the experiment that shows the inlet
system and mass spectrometer remotely located with respect to
the inlet tube. The path length from the inlet to the mass spec-
trometer is rather long (approximately 1.24 m) and the tem-
perature of most of the plumbing is relatively cold (approxi-
mately 300 K). Consequently, the atomic species that enter the
inlet tube will have recombined before they reach the mass
spectrometer. Normally, a mass spectrometer operates under
high-vacuum conditions; yet, the SUMS experiment has been
designed to operate at inlet pressures up to 80 Pa. This capa-
bility, which increases the altitude range for data extraction, is
achieved by a specially designed inlet system to control the
inlet gas flow and effectively create a "closed-source" mass
spectrometer system.2 The realization of this capability is
through the use of two flow restrictors, or "leaks," in
parallel.

The numerical simulation focuses on the external flowfield
and the flow within the inlet tube. Also, only that portion of
the inlet tube that is within the tile (Fig. 3) is considered. This
portion of the tube is made of Vycor glass with an inside diam-
eter of 0.235 cm and a length of 8.7 cm (L/D = 37). The ori-
entation of the tube axis with respect to the freestream velocity
vector is 29 deg. Flow in the initial portion of the inlet tube is
three-dimensional, yet symmetric about the </> equal 0 to 180
deg diameter (Fig. 3).

Analysis
In the DSMC method, the intermolecular collisions are

assessed on a probabilistic rather than a deterministic basis. A
detailed description of the method is provided by Bird.8 Refer-
ences 5 and 7 review the effects of molecular complexity on the
results from previous simulations in which the molecular
models for monatomic gases range from the hard sphere to
those including long-range attractive forces. The effects ap-
pear to be fully explained through the variation of collision
cross section with relative speed or temperature. Conse-
quently, the "variable hard sphere" (VHS) model (Ref. 7) is
now recommended for simulation of monatomic gases in an
engineering context. The VHS model has a well-defined diam-
eter and follows the classical hard sphere scattering law, but
the diameter is an inverse power law function of the relative
collision energy between the colliding molecules, i.e.,

(1)

where Mr is reduced mass and Cr is collision relative speed.
The power exponent of the inverse law, molecular force, is
directly related to o> as is the temperature exponent of the coef-
ficient of viscosity 5 by

(2)

Ultimately, the cross section can be expressed in terms of ref-
erence values and the collision speed as given by

(3)

The parameters in the VHS model are chosen to match the
viscosity coefficient in the real gas over the temperature range
of interest. Table 1 lists the values used in the present calcula-
tions for tfref, rref, and S. The values listed for the external
flow were those that gave the best fit for the viscosity data
recommended by Biolsi10 for high temperature air species
based on an exponential repulsive potential and the collision
integrals recommended by Cubley and Mason.11 The values
listed for the tube flow are those that have been used in previ-
ous calculations, particularly for low energy flows.

For diatomic and polyatomic gases, the establishment of ad-
equate models has proven to be difficult, and the difficulties
associated with the physical models have led to development
of phenomenological models of which the Larsen-Borg-
nakke12 model is recommended for engineering studies. An
outline of this model in a form that is compatible with a gas
mixture of VHS molecules is given in Ref. 7.

The classical collision theory for chemical reaction rates is
essentially a phenomenological approach based on steric fac-
tors or reactive cross sections and can be readily incorporated
into direct-simulation methods. The expressions for the steric
factors are developed in Ref. 8 for hard spheres and inverse
power law models, whereas results for VHS models are given
in Ref. 7.

The VHS model, along with the compatible Larsen-
Borganakke model, and reactive cross sections are the mole-
cular models used in the present Monte Carlo simulations.

Conditions for Calculations
Three sets of freestream conditions with altitudes at 140,

110, and 95 km are used in the present calculations. The condi-
tions are summarized in Table 2 and are representative of
those experienced by the Space Shuttle orbiter during reentry.
The freestream density, temperature, and composition are
those given by Jacchia13 for an exospheric temperature of
1200 K. Note that the composition is adjusted to that for the
three dominant freestream species (O2, N2> an<3 O). The flow
is characterized by speed ratios of 11.6-22.6 and freestream
Knudsen numbers (based on nose radius) of 15.4-0.05.

External Flow Conditions
All of the external flow calculations were made for the

hyperboloid described in Table 2. The "equivalent axisymme-
tric body" concept is used to model the windward centerline
of the Shuttle at a given angle of incidence or with an appro-
priate axisymmetric body at zero angle of incidence as in-
dicated in Fig. 1. The nominal angle of incidence for the or-
biter is 40 deg as it traverses the transitional flow regime. The
present authors have found the three-dimensional effects
along the windward centerline to be negligible, affording sig-
nificant reduction in the computational effort.14 Bienkowski3

used this model for much of his development work; his final
results were for a three-dimensional model.

The surface temperature distributions are specified based
on previous shuttle flight measurements with thermocouples
mounted in the tile coating. For the 140 km case, the wall tem-
perature distribution was assumed constant at 300 K. The sur-
face temperatures at the SUMS inlet are given in Table 2. For
the external flow calculations, the surface is assumed, for the
present study, to be noncatalytic. Also, the gas-surface inter-
actions are assumed to be diffuse with full thermal accommo-
dation. No parametric variations are made for the external
flow calculations.

A plane view of the computational domain is depicted in
Fig. 4. This domain consists of one or more arbitrary regions
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Table 2 Conditions for numerical simulation
a) Freestream conditions

Parameters Case 1 Case 2 Case 3

Altitude, km
Density, kg/m3

Velocity, km/s
Temperature, K
Mole fractions

XQ

x^2

XQ

Molecular weight,
g/mol

Speed ratio

140
3.86xl(T9

7.50
625

0.062
0.652
0.286

24.82
11.6

110
9.67 x l O ~ 8

7.49
247

0.123
0.770
0.106

27.23
19.3

95
1.42 x 10~6

7.50
189

0.197
0.787
0.016

28.61
22.6

Knudsen number,
15.35 0.673 0.048

b) Conditions adjacent to SUMS inlet3

Parameters Case 1 Case 2 Case 3
Density, kg/m3

Molecular weight,
g/mol 25.7

Mean-free path, m 0.76
Overall kinetic

temperature, K 1744
Surface temperature, K 300
Surface pressure, Pa 0.16

1.12xlO~7 7.82xlO~6 l . lSxKT4

27.5
l . lxKT 2

1253
450
4.33

24.6
6.8xlO~ 4

1423
950
58.5

aEquation for body is: y2 = x2 tan20 + 2 RNx where B = 50 deg and
RN = 1.143 m.

r 1.0 m

SUMS inlet
(particle file
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Regions

Outer computational boundary

Cells

Fig. 4 External flow computational domain.

within which the time step, and the weighing factor that relate
the number of computational molecules to the number of
physical molecules, are a constant. The smallest unit of physi-
cal space is the cell that provides a convenient reference for the
sampling of the macroscopic gas properties. The dimensions
of the cells must be such that the change in flow properties
across each cell is small. Time is advanced in discrete steps of
magnitude such that the time step is small in comparison with
the mean collision time.

The chemical kinetics model was the same as that used in
Refs. 15 and 16 (the species O, O2, N, N2, and NO with 34
chemical reactions) where continuum computations with a vis-
cous shock-layer analysis were shown to agree well with Shut-
tle flight measurements for altitudes lower than that con-
sidered in the present calculations.
Internal Flow Conditions

The high degree of nonequilibrium at the SUMS inlet tube
precludes the use of surface conditions to describe the incident
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Fig. 5 Prescribed sidewall temperature distributions for inlet tube.

flux. Consequently, a particle file (molecules and atoms) is
generated during the external flow calculation that is subse-
quently used to define the incident flow rate boundary condi-
tion for the tube by selecting particles at random from the par-
ticle file. The particle file serves as the link between the
external and internal calculations.

The initiation of the file generation occurs once the external
flow calculation has reached steady flow. Then, as each parti-
cle strikes the surface element whose body normal is parallel to
the tube axis, the following information for the particle is
stored on the file: three velocity components, rotational en-
ergy, vibrational energy, and the kind of chemical species.

The axis of the inlet tube is 29 deg with respect to the free-
stream velocity vector; consequently, flow in the entry region
of the tube will be three-dimensional. Initial calculations were
made where the total length of the tube was treated as three-
dimensional, which showed that the flow became axisymme-
tric a few tube diameters from the inlet. Consequently, the in-
ternal flow was described with a two-region code where the
first region modeled the 3-D flow followed by the axisymme-
tric flow region. Most of the tube calculations used 9 azi-
muthal slices, 4 cells in the radial direction and 10 cells in the
axial direction for the 3-D region, and 3 cells in the radial di-
rection and 50 cells in the axial direction for the axisymmetric
flow region.

The tube sidewall temperature distributions were specified
according to the data shown in Fig. 5. Nominal conditions for
the calculations were diffuse and noncatalytic sidewalls.
Parametric variations from the nominal conditions included
combinations of specular and diffuse reflection and sidewall
temperatures different from those specified in Fig. 5.

The end boundary was always a diffuse surface with a tem-
perature of 300 K. In addition, an absorbing boundary condi-
tion is exercised at the end of the tube to vary the exit flow
rate. Zero absorption corresponds to a closed tube, whereas
100% absorption corresponds to a vacuum boundary. Since
the ground-test simulations for the SUMS system indicated a
nominal pressure drop of about 9% across the shuttle tile, this
information was used to select an appropriate range of ab-
sorption values and to demonstrate the sensitivity of the tube
pressure to the exit mass flow rate.

Results and Discussion

External Flow Results
The external flow results obtained show the same trends as

results discussed in Ref. 14, and details of the present external
calculations are included in Ref. 9. Briefly, the calculations
show that thermodynamic nonequilibrium persists for the alti-
tude range of the SUMS experiment and that gas-phase chem-
istry is significant only at the lower altitudes (below 105 km).
Internal Flow Results

Quasisteady conditions. An initial concern in the numerical
simulation was whether the problem could be modeled as a
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quasisteady problem. Since the nominal descent angle for the
orbiter is 1.25 deg during the SUMS measurements, the alti-
tude descent rate is approximately 160 m/s. Results of numeri-
cal tests show that steady flow is achieved in the entry region
of the inlet tube within milliseconds (that corresponds to a
negligible decrease in altitude) even though the overall re-
sponse time for the SUMS system is on the order of seconds.2
Furthermore, the time required to achieve steady flow de-
creases with decreasing altitude.

Entry region results. The flow is 3-D and undergoes signifi-
cant changes within the first few diameters D along the inlet
tube. An example of the azimuthal pressure distributions in
the entry region, as a function of x/D, is shown for 110 km in
Fig. 6. The corresponding results for the sidewall heat-transfer
rates are presented in Fig. 7. Recall that symmetry exists along
the diameter passing through 0 = 0 deg. Also, <j> = 0 deg
receives the maximum shadowing effect, whereas <£ = 180 deg
receives the maximum impact from the entry flow. Evidence
of this is clearly demonstrated in Figs. 6 and 7. The calculated
results show that within three tube diameters or less, the flow
becomes axisymmetric. Furthermore, the distance required to
achieve axisymmetric flow decreases with decreasing altitude.

Particle-surface collisions and particle-particle collisions are
the two mechanisms by which the flow adjustments are made.
At the highest altitude, the adjustments are primarily particle-
surface interactions within the entry region, whereas at the
two lower altitudes, both mechanisms are important.

Effect of mass flow rate and sidewall reflection. Results pre-
sented have been for a closed tube; however, the SUMS exper-
iment will have a small but finite flow rate through the inlet
tube. To duplicate the pressure drop within the inlet tube ob-
tained in ground tests, the absorption boundary condition at
the end of the tube was varied over a range of values. Figure 8
shows the results at 110 km for the modeled axisymmetric re-
gion flow where the absorption was varied from 0 to 1.0%. An
absorption value of approximately 0.25% produces the
desired pressure drop, and the corresponding flow rate is 7.36
x 10~12 kg/s. For the closed tube, the pressure in the modeled
axisymmetric region was essentially constant. With increasing
flow rate, pressure at the end of the tube drops; yet, as will be
demonstrated in Fig. 10, the equilibrated sidewall pressure is
insensitive to mass flow rates that are anticipated during the
flight measurements.

Figure 9 shows the results of variations of the sidewall re-
flection model where different ratios of specular and diffuse
reflection are assumed. The results are for a constant end ab-
sorption of 0.25%. As the specular component of reflection is
increased, both the sidewall pressure and mass flow rate in-
crease.

Of more concern is the sensitivity of the gas pressure pE
(equilibrated to the sidewall temperature) to variations in flow

0 90 180 270
Azimuth angle, deg

Fig. 6 Azimuthal sidewall pressure distributions in entry region
(closed tube and diffuse, alt = 110 km, Ps = 4.33 Pa).

rate and reflection model. An example of these results is pre-
sented in Fig. 10 for an altitude of 110 km. The location of the
equilibrated pressure ranged from x/D = 2.5-2.75 for the
three cases considered. At the lower altitudes, the sidewall
temperature gradients delay adjustment of the gas tempera-
ture to that of the sidewall value.

Equilibrated sidewall pressure was found to be a very weak
function of flow rate (absorption boundary condition), partic-
ularly for flow rates corresponding to end absorption values
of the order of 0.25%. However, the equilibrated pressure is
sensitive to the assumption concerning the sidewall reflection
model, i.e., pressure increases with increasing specular contri-
bution as demonstrated in Fig. 10.

0 90 180 270
Azimuth angle, deg

Fig. 7 Heat-transfer distributions in entry region (closed tube and
diffuse, alt = 110 km, qg = 12.9 kW/m2).
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Surface temperature effects. Sensitivity of the sidewall
pressure to variations in surface temperature was examined
for the liO km case. The temperature variation consisted of
using a constant sidewall temperature of 300 K rather than the
distribution shown in Fig. 5. The overall effect is negligible in
terms of tube mass flow rate (absorption = 0.25%) and
pressure in the axisymmetric region (x > 1.175 cm). There-
fore, the simulated results suggest that uncertainties in
sidewall temperature variations would be a higher-order effect
with negligible influence except possibly at the lowest altitudes
(100-90 km).

Flow structure. Figure 11 presents results of the density and
translational temperature profiles along a body normal ex-
tending into both external flow and the SUMS inlet tube. The
density profile presented in Fig. lla shows a continuous in-
crease in density when moving from the external flow into the
inlet tube.

The temperature profile across the inlet interface Fig. lib
experiences a much different behavior in that the temperature
is essentially discontinuous at the interface. The discon-
tinuities or jump effects develop whenever thermal nonequili-
brium occurs.

Inlet pressure. Equilibrated tube pressure for the three alti-
tudes considered is substantially less than the corresponding
surface pressure. These results, in terms of pressure ratio
pE/ps, are presented in Fig. 12. At 140 km, the calculated
ratio is 0.16 and increases as the degree of rarefraction de-
creases. For continuum conditions in both the external and
tube flows, the ratio would be unity.

The equilibrated tube pressure in a form appropriate for the
SUMS data reduction3 is presented in Fig. 13 together with
those of Bienkowski.3 With the results of ground-based tests
providing the calibration of the response of the mass spec-
trometer to the equilibrated pressure in the inlet tube, the
results of numerical simulations will provide the basis for link-
ing this pressure to the freestream dynamic pressure. Such a
relationship is demonstrated in Fig. 13 where the tube pressure
coefficient is shown as a function of the tube pressure pE.
With the dynamic pressure extracted from this relation, the
freestream density is directly available, since the vehicle velo-
city will be known with considerable accuracy. The freestream
atmospheric properties, particularly density,1 will probably
differ significantly from those used in the current study; how-
ever, results correlated as in Fig. 13 will remove the de-
pendence of atmospheric properties.

Comparison of Results
The numerical simulation studies by Bienkowski3'4 are the

only reported results for the present problem. The results of
those calculations for the inlet tube pressure are low when
compared with the present results (Fig. 13): 15% at 140 km
and 30% at 95 km. However, surface pressures are in much

of AU *• v % Specular
% Absorption at reflection
tube end = 0.25

.5 1.0 1.5 2.0 2 .5X10 1 1

m, kg/s
Fig. 10 Effect of mass flow rate (absorption) and sidewall reflection
on equilibrated sidewall pressure (alt = 110 km, x/D = 2.75, Ps =
4.33 Pa).
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Fig. 11 Profiles of external and internal quantities along body nor-
mal (alt = 110 km, absorption = 0.25%); a) Density profile (p^ =
9.67 X 10~8 kg/m3). b) Translational temperature profile.
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Fig. 12 Calculated pressure ratios for inlet tube with diffuse and
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Fig. 13 Calculated data reduction curve for diffuse and noncatalytic
sidewalls.
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closer agreement; the results of Beinkowski are approximately
3% higher than the present results.

The disagreement is not unexpected since there are several
differences between the two simulations in both the basic data
and numerical parameters. Agreement in external surface
pressures is not an adequate test, because surface pressure is
the least sensitive of the surface parameters to variations in gas
properties and numerical parameters in continuum or highly
rarefied flows.

Significant differences between the two simulations were
enumerated in the introduction; furthermore, for the tube
problem, it appears that the previous study used the DSMC
code for conditions at or below 95 km and used the free-
molecule results of Hughes and deLeeuw17 with the incident
flux modeled in terms of the superposition of two drifting
Maxwellian velocity distributions.

Present DSMC results for the stagnation-point heat-transfer
coefficient at 95 km are approximately 50% of Ref. 4 results,
strongly suggesting that Bienkowski's preliminary results for
external flow were obtained with too coarse a grid. Parametric
DSMC studies of Ref. 13 indicated computational cell size,
collision cross sections, and their variations with relative colli-
sion speed (Eq. 3) to be important on calculated heating rates.
Additionally, continuum no-slip viscous shock layer (VSL)
results for the stagnation heat transfer are generally compara-
ble to DSMC results at 95 km (\<x>/RN = 0.055) are in reason-
able agreement with VSL calculations, in contrast to Ref. 4
results, which show an approximate factor of two greater for
the DSMC solution. Final external DSMC calculations by
Bienkowski were for a 3-D configuration, further suggesting
the computational grid may have been too coarse, consistent
with reasonable computing requirements.

During the development of the DSMC program to simulate
internal tube flow, calculated results were compared with free-
molecule impact results of Hughes and deLeeuw.17 The uni-
form external flow was simulated as a multicomponent gas
mixture under free-molecule flow conditions. The tube results
compared favorably with the theory of Ref. 17.

The previous comparisons demonstrate that the calculated
data are in agreement with theory for the free-molecule limit.
For transitional flow, it is suggested that the present results are
an improvement on those reported in Ref. 3 in the following
respects: apparently better resolution of the external flow was
obtained; more realistic expressions for viscosity were used to
define the constants for the collision cross sections; and, more
details were included in the simulation of the gas (multicom-
ponent mixture, vibration, and chemical reactions).

Concluding Remarks
Through the use of two separate DSMC codes and a proce-

dure for linking the two separate flow calculations, results
have been obtained that provide a relation between the
pressure inside the inlet tube as a function of the freestream
dynamic pressure for the SUMS experiment. Results of these
calculations show the following:

1) The inlet flow is equilibrated with the sidewall tempera-
ture within three tube diameters or less.

2) The inlet tube pressure is dependent on the nature of the
gas-surface interaction, where the pressure and mass flow rate
increase as the fraction of particles specularly reflected at the
sidewall is increased. Also, the local external surface pressure
under free-molecule conditions would increase directly as the
fraction of specularly reflected particles increased.

3) The equilibrated tube pressure is not sensitive to the
range of tube mass flow rates anticipated during the flight ex-
periment.

4) Sidewall temperature variations appear to be higher-
order perturbations on the equilibrated tube pressure.

5) The pressure in the inlet tube is substantially less than the
surface pressure.

6) The time constant for the entry region of the inlet tube is
on the order of milliseconds, permitting quasisteady modeling.

7) The data obtained are in qualitative agreement with pre-
vious calculations and provide quantitative improvements
over the previous data.

Additional calculations for the 95 km case would be instruc-
tive where parametric variation in both sidewall temperature
distributions and catalytic conditions are made. In addition, a
calculation for this altitude should be made to estimate the de-
pendence of the inlet tube flow to external surface recombina-
tion assumptions.

The nature of the gas-surface interaction is shown to affect
the pressure throughout the inlet tube. Yet, to be more defini-
tive, it is essential that experimental data be obtained that
provide an understanding of the effect and how it can be
modeled.
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