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Nomenclature

speed of sound

axial force coefficient

normal force coefficient

total energy per unit volume

transformed flux vectors

geometrical Jacobian

reference length (body diameter)

Mach number

Prandtl number

pressure

freestream Reynolds number, Rey, = poolloo L /oo
temperature

time

contravariantvelocitiesin &, n, ¢ direction
solution vector, UT = J~![p, pu, pv, pw, E]
Cartesian velocities in x, y, z direction
Cartesian coordinates

ratio of specific heats

dynamic viscosity

computational coordinates
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Subscripts

= inviscid vector
laminar flow
turbulent flow
viscous vector

= freestream condition
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Introduction

N practical supersonic aerodynamic calculations for flight vehi-
cles, the flow contains various regimes (subsonic, transonic, and
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supersonic), flow separationregions,and strong interactionbetween
inviscid and viscous layers requiring the solution of the thin-layer
Navier-Stokes (TLNS) equations. However, the computation of su-
personic viscous flows over a complete vehicle geometry using the
TLNS equations requires very high storage and computer speed,
especially for turbulent flow where relatively high-resolution grid
points are needed in the viscous region.

For most bodies of practicalinterest, there are regions of the flow
for which the parabolized Navier-Stokes (PNS) equations can be
used instead of the TLNS equations, which substantially reduces
the computation time and memory needed. The PNS equations are
a mixed set of hyperbolic-parabolic equations; therefore, for sta-
ble space marching of these equations, the inviscid outer region of
the flow must be supersonicand the streamwise velocity component
must be everywhere positive. Consequently,the PNS equationscan-
notbe applied to compute the portions of the flowfield with subsonic
regionofbluntnoseor finned region with small sweep angle that may
producethe streamwise separation. However, the PNS equationscan
be used for computation of flowfields with crossflow separation.

For practical prediction of supersonic viscous flowfields about
complex configuration, one can choose an appropriate strategy that
uses the combinationof the TLNS and PNS equations to reduce the
computationalefforts and required storage.! The missile configura-
tion may be divided into multiple regions (Fig. 1). The type of equa-
tions used in each region depend on geometry and flow conditions.
The nose and finned regions are solved using the TLNS equations,
and the regions with small axial geometric variation are computed
using the PNS equations. The initial data plane of the PNS equa-
tions for the marching procedure can be obtained from the TLNS
equations, and the TLNS equations are solved using the boundary
condition provided by the PNS solution. It should be noted that the
PNS and TLNS zones may have two different grid distributions,
which requires interpolation.

Such a strategy enables us to perform the computations of
three-dimensional steady supersonic viscous turbulent flows over
finned and body-alone configurations using personal computers. To
demonstrate the efficiency and accuracy of the present methodol-
ogy, the aerodynamiccharacteristicsof these configurations are also
obtained by the purely TLNS solution and the results are compared
with those of the TLNS-PNS approach. The present computations
are also compared with the experimental results.

Problem Formulation
TLNS Equations
The TLNS equations are obtained from the full Navier-Stokes
equations by neglecting viscous terms associated with streamwise
derivatives. These equations are applicable for flows with high
Reynolds numbers (i.e., thin boundary layer). The TLNS equations

TLNS PNS TLNS PNS TLNS

-

Fig. 1 Practical flow computationprocedure over a typical missile con-
figuration.
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can be written in nondimensional strong conservation form in gen-
eralized coordinate system as follows:

U  OF, 3G,  oH, _[3G.,  #H, 0
ar & ap | ac | apy ¢

All quantities are nondimensionalizedusing reference length L and
freestream conditions. The numerical method is based on an effi-
cient, noniterative, implicit, finite-difference factored algorithm of
Beam and Warming? to solve the unsteady TLNS equationsina gen-
eralized, curvilinear coordinate system. The final steady-state solu-
tion is obtained by marching asymptoticallyin time. The method is
second-order accurate in space and first-order accurate in time.

PNS Equations

The PNS equations are obtained by dropping the unsteady term
in the TLNS equations and modifying the pressure gradient in the
streamwise convective flux vector to permit stable marching. The
PNS equations are

OF,  9G.  oH, _[0G, oH, @
& ' an | oac | an Gl

The presenceof the streamwise pressure gradientterm in the stream-
wise convectiveflux vector permits the upstreaminfluences to occur
in the subsonic region of boundary layer, which leads to exponen-
tially growing solutions referred to as departure solutions. Several
different techniques for avoiding the PNS departure behavior have
been proposed to eliminate this difficulty. Stable marching of nu-
merical solution of the PNS equations is achieved in the subsonic
region of the boundary layer by using the methods proposed by
Vigneron et al.* and Schiff and Steger.> Both methods are imple-
mented in the present PNS code. For this Note, the Vigneron tech-
nique is used.

In the Vigneron approximation, the streamwise pressure gradient
in the momentum equationsis splitinto an implicitcontributionand
an explicit contribution:

—=|o— + (1 —w)— (3)
8%‘ 8%‘ implicit 8%‘ explicit
The weighting function w is determined as
oyM:?
w =min| 1, #2 @
I+ —DM;

where M is the Mach number in the marching directionand o is an
appropriate safety factor, typically assigned a value in the range of
0.80-0.90, to accountfor nonlinearitiesin the analysis. To introduce
the Vigneron technique into the PNS equations, a new vector F; is
defined as

F,=F,—P 5)

Therefore, the new form of the PNS equations appears as

oF; N oP N G, N oH; | G, n oH, ©)
¢ oag | am  oc | an | o¢
where the inviscid vectors F; and P are
oU 0
oulU + wé.p &1 —ow)p
F,=J""| poU +w&p |, P=J""&0-wp
pwU + wé.p &E(1l—w)p
(E+pU 0

In this study, the elliptic part of streamwise pressure gradient term
(P) responsible for upstream disturbance propagationis omitted to
permit the space-marching procedure to be stable. The PNS equa-
tions in the generalized coordinate system (£, 1, ¢) are solved by
the use of the efficient, implicit, finite-differencefactored algorithm
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of Beam and Warming? for a spatial marching scheme. The algo-
rithm utilizes the first-order backward Euler implicit scheme in the
marching direction (£) and the second-order central scheme in the
wall-normal (1) and transverse directions ().

Turbulence Modeling

For turbulent-flow computations, a Reynolds averaged form of
the TLNS and the PNS equations is used.! Therefore, the depen-
dent variables represent the mean-flow contribution. By using the
Boussinesq hypothesis, turbulence modeling is reduced to evaluate
the turbulent viscosity coefficient u,. Consequently, the Reynolds
average form of the TLNS and PNS equations can be obtained by
replacing the laminar flow coefficients with

W=+, w/Pr = /Pri+ p,/Pr, (7

where the coefficient of viscosity u; is computed by Sutherland’s
law, Pr; is assumed to be constant and equal to 0.72, and a value
of 0.90 is used for Pr,. The turbulent viscosity coefficient u, is
calculated using the well-known two-layer algebraic eddy viscosity
model suggested by Baldwin and Lomax.®

Grid Generation

An algebraic method is utilized to generate grids in unfinned
regions, and the Poisson grid generation method based on work of
Hsu and Lee’ is used to generate grids in finned regions. To have the
same distribution grid points in all the regions, the grid calculatedin
the finned regionis redistributedin eachray normal to the body using
the algebraic method with the same constant clustering parameter
used in the unfinned region.

Results and Discussion

The computations have been performed for supersonic flow over
finned and body-aloneconfigurations. The finned configurationcon-
sists of an ogive cylinder with four fins at the end of body. The ge-
ometry of the finned configuration and the computation strategy
are shown in Fig. 2. The fins are made of plates with a thick-
ness of 5% of the root chord. The edge of the fins is wedge
formed with a 20 deg angle. The flow conditions are a freestream
Mach number of M, =2.01, a freestreamunit Reynolds number of
Re.,/m=1.3 x 107, and a freestreamtemperature of 7, = 159.3 K.
The wall is assumed to be adiabatic. The flowfield over the finned
configuration has been computed using three regions, namely nose,
cylinder, and finned portions, using the TLNS-PNS approach. In
the nose and finned regions (30 x 51 x 31) and (40 x 51 x 61) grid
points have been used for the TLNS code, respectively. The PNS
code has been applied for the cylinder region using (101 x 41) grid
points with 1000 sweeps in the streamwise direction (A§ =0.0125).

......... TLNS Solution
—— TLNS-PNS Solution

p/p..

x/D

Fig. 2 Axial surface pressure distribution on wind and lee sides of
finned configuration: Mo, =2.01,Re, /m=1.3 x 107, and o = 8.45 deg.
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To demonstrate the accuracy and efficiency of the TLNS-PNS ap-
proach, the computations for finned and body-alone models also
have been obtained using purely the TLNS solution for two values
of angle of attack. For this reason, the PNS zone is replaced by two
TLNS zones. To have the same spatial accuracy, (62 x 101 x 41)
grid points are used in each TLNS zone. It should be noted that
the PNS solution has the first-order spatial accuracy in the & direc-
tion, but the TLNS solution is the second-order spatial accuracy
[A&rns = +/(Aépns) =0.112]. All the present calculations have
been performed on 500 MHz Pentium III computer. A global root
mean square of 1078 has been applied as a convergencecriterion for
the TLNS code (using CFL = 1):

1
(T o o Sy,

1
5 i max X jmax X kmax X Afy,

®)

Error =

where At,;, is the minimum value of At in the domain and the CFL
number is defined as

CFL = At X Ay 9

where

Amax :Max[U—l—a\/ng-kgf-q-gZZ, V+a\/n§+n§+n§,

W+ a/e2+ 2 +¢2 (10)

In addition, a shock-capturing approach has been used in both the
TLNS and PNS codes. The typical computationtimes for finned con-
figuration have been 12 and 133 h for the TLNS-PNS and purely
TLNS approaches,respectively.It is clear that the TLNS-PNS strat-
egy significantly reduces the computational time.

Figure2 shows the axial surface pressuredistributionson the wind
andlee sides atan angle of attack of 8.45 deg for the TLNS-PNS and
purely TLNS approaches. The axial surface pressure distributions
of the two approachesare the same in the cylinderregion, and small
differences exist only on the lee side of the finned region. Figure 3a
shows the circumferential plane of grid and Mach contours for the
finned station, x/D =15.92, at an angle of attack of 8.45 deg for
the TLNS-PNS approach. The orthogonality and clustering of grids
near the body surfacecanbe clearly seen. Figure 3b presentscircum-
ferential pressure contours and circumferential crossflow velocity
vectors for this case. The clustered pressure contours above the fins
indicate the fin shocks, and a strong crossflow separation region is
evident, especially for the central fin.

Figure 4 shows the predicted aerodynamic coefficients, including
the axial and normal forces at various angles of attack for finned and
body-alone models. The results indicate that the aerodynamic coef-
ficientsobtained from the TLNS-PNS and purely TLNS approaches
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Fig. 3a  Circumferential plane of grid and Mach contours.
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Pressure Contours, p/p_,
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Fig. 3b Crossflow plane velocity vectors and pressure contours for
finned configuration at x/D = 15.92, M,, = 2.01, Res, /m = 1.3 X 107,
and o = 8.45 deg.

14 2.5
© FFA Experiment (body alone) ]
A FFA Experiment (finned body) ]

12k T TLNS-PNS (body alone) —20
' TLNS-PNS (finned body) ]
4 TLNS (body alone) ]

TLNS (finned body) o 115
1.0 . .

o o Jio 5

0.8 E

—0.5
06 ]

. . R o Ca e N P
|- L — & O ... 4 O ]
S - _

0.4 | L L L1 15
0 6 8 10 12 14
o (deg)

Fig. 4 Variations of axial and normal force coefficients vs angle of at-
tack for finned and body-alone configurations: M, =2.01 and Re, /m =
1.3 x 107,

are in good agreement. In comparison with other experiments} ex-
cellent agreements are obtained for the normal force coefficients
and small discrepancies exist for the axial force coefficients. It can
be seen that the majority of normal force comes from the body at
high angles of attack.

Conclusions

The three-dimensional supersonic viscous flows over complex
configurations have been computed using appropriate combinations
of the TLNS and PNS equations. The calculations have been ob-
tained for supersonic turbulent flows at high angles of attack over
finned and body-alone configurations. The present computations
have been compared with those of purely TLNS solution and exper-
imental data, which show good agreement. The present study shows
that the regions computed by the PNS equations can be used to pro-
vide appropriate boundary conditions to solve the TLNS equations
in the next region. This Note demonstrates that the mixed TLNS-
PNS algorithm significantly reduces the amounts of computation
and storage needed for practical predictionof flowfield around com-
plex geometries. Therefore, the present algorithm is very efficient
(time and memory) for supersonic flowfield computations and can
be performed on personal computers. However, for more robust
code, the multiblock capability has to be added to the code.
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Catalytic Model on SiO,-Based Surface
and Application to Real Trajectory

Takuji Kurotaki*
National Aerospace Laboratory, Tokyo 182-8522, Japan

Introduction

HEN a reentry vehicle flies at very high Mach numbers, a

strong bow shock forms in front of the body, and dissociation
of air takes place inside the shock layer. Some of dissociated atoms
recombine according with the drop of temperature; however, if the
flow is in nonequilibriuma large part of atoms remain through the
boundary layer and finally recombine on the surface, which causes
the increase in aerodynamic heat.

One way to protectthis additionalincreaseof heat flux is touse the
thermal protection system (TPS) with materials as little catalytic as
possible. SiO,-based materials are now widely used for this purpose
because of their low catalytic properties. However, even the slight
catalysis of these materials increases considerable amount of heat
flux around the body compared with the one with noncatalytic wall
assumption.

In the design of reentry vehicles, the heat load is usually pre-
dicted through computational fluid dynamics (CFD), and two ex-
treme assumptions are usually applied; non- or fully catalytic con-
ditions. Designing reentry vehicles with fully catalytic condition
seems to be too conservative today because it may sometimes
lead to overestimation of weight of TPS and even misunder-
standing of correct aerodynamic properties.!'> Therefore, construc-
tion of the model describing the correct physics of heteroge-
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neous catalytic processes and being easy to incorporate into the
CFD codes are now of great importance. For this purpose sev-
eral models have been proposed in which the catalytic processes
are treated as the combination of each elementary step.'™* How-
ever, more improvements in physical considerations are neces-
sary to predict catalytic efficiencies quantitatively for various flow
conditions.

In the treatment of surface catalysis in airflow, it is usu-
ally assumed that no production of NO molecules occurs. Re-
cently, Copeland et al.’> demonstrated that a significant concen-
tration of NO is generated from a surface-catalyzed reaction
on quartz surfaces in the room temperature range. They also
pointed out that N and O atoms do not act independently and
that NO may be a significant reaction product from a catalytic
process.

In this Note a model describing heterogeneous catalysis on the
surface of SiO,-based materials is constructed in a new approach.
The concept of the phenomenologicaltheory proposed by Kovalev
et al.% are generalizedto describethe overall heterogeneouscatalytic
phenomenon including NO production in each elementary step in
detail. To prove the validity of this theory and investigate the effects
of NO productionon the surface, this model is incorporatedinto the
CFD codes, the flow around OREX (Orbital Reentry Experiment)
is solved, and results are discussed.

Description of Heterogeneous Catalysis
and Construction of Model
In this Note the following elementary steps are assumedin hetero-
geneous catalytic processes under the assumption that the surface
temperature is not extremely high and that there are no slip effects.
1) Adsorption-desorptian of atoms:

0+()=(0-9) 1
N+ (@)= N-=S5) )

2) Recombination between gas atoms and adsorbed atoms
(adatoms) [Eley-Rideal (E-R) recombination]:

0+(0—S8)=0,+(S) 3)
N+ (N=S8)=N,+(S) )
O+ (N—S) =NO+(S) (3)
N+ (0—S) =NO+ (S) )

3) Recombination between adatoms [Langmuir-Hinshelwood
(L-H) recombination]:

(O0—=35), +(O0—=S) =0, +2(5) 5)
(N—=3S5),, + (N=S) = N, +2(5) 6)
(O—=195), + (N—=S) = NO +2(S) (5"
(N—=38), +(O0—=S8) =NO+2() (6"

Here (S) is a free active site and (Y-S) means an Y atom absorbed
by the surface (adatom). The subscriptm means migrating adatoms
on the catalytic surface.

In L-H recombination only collisions between this migrating ad-
atomand a “stilladatom” are considered ? Furthermore, adsorption-
desorption of molecules in the wall temperature range considered
in this study is sufficiently small and can be neglected ® Under these
assumptions the specific mass formation rates 7, per unit surface
area in reactions Egs. (1-6) and Egs. (3'-6') are given from the
acting surface law by®

1(0) = =11 (0—=S) = =My pki (X060 — 6o /PK)), etc. (7)

under the condition that

0+60p+6y=1 ®)



