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Assessment of One- and Two-Equation Turbulence
Models for Hypersonic Transitional Flows

Christopher J. Roy* and Frederick G. Blottner"
Sandia National Laboratories, Albuquerque, New Mexico 87185

One- and two-equation turbulence models are examined for hypersonic perfect- and real-gas flows with laminar,
transitional, and turbulent flow regions. These models were generally developed for incompressible flows, and the
extension to the hypersonic flow regime is discussed. In particular, the compressible formulation of the turbulence
diffusion term for one-equation models is examined. For the Spalart-Allmaras model, the standard method for
forcing transition at a specified location is found to be inadequate for hypersonic flows. An alternative transition
method is proposed and evaluated for a Mach 8 flat plate test case. This test case is also used to evaluate three
different two-equation turbulence models: a low-Reynolds-number k- model, the Menter k-w formulation, and
the Wilcox k-w model. These one- and two-equation models are then applied to the Mach 20 Reentry F flight
vehicle. The Spalart-Allmaras model and both k-w formulations are found to provide reasonable agreement with
the flight data for heat flux, whereas the Baldwin-Barth and low-Reynolds-number k- models overpredict the
turbulent heating rates by a factor of two. Careful attention is given to the numerical accuracy of the solutions in

the areas of both iterative and grid convergence.

Nomenclature
a = speed of sound, m/s
Cp = turbulence modeling constant, 0.1355
Cho = turbulence modeling constant, 0.622
o = transition modeling constant, 1.0
Cp = transition modeling constant, 2.0
Cr3 = transition modeling constant, 1.2
Ci4 = transition modeling constant, 0.5
Cy1 = turbulence modeling constant, 7.1
Cui = turbulence modeling constant, 3.24
Cun = turbulence modeling constant, 0.3
Cu3 = turbulence modeling constant, 2.0
Cel = turbulence modeling constant, 1.44
Cer = turbulence modeling constant, 1.92
Cy = turbulence modeling constant, 0.09
D = turbulence diffusion term
d = distance to the wall, m
d, = distance from field point to the wall trip point, m
F = switching function for Menter’s k- model
fa = transition function
2 = transition function
S = turbulence modeling function
fi = turbulence modeling constant, 1.0
b = turbulence modeling function
fs = turbulence modeling function
Sp = turbulence modeling function
Su = turbulence modeling function
S = near-wall turbulence damping function
fo2 = near-wall turbulence damping function
g = turbulence modeling function
k = specific turbulentkinetic energy, m?/s
M = Mach number
n = time level
P = turbulence production term t;; (di; /dx;)
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turbulent Prandtl number, 1.0

pressure, N/m?, or transition region exponent
heat flux, W/m?

Reynolds number

vehicle nose radius, m

turbulence Reynolds number, k% /ve

turbulence modeling function

turbulence source term

strain rate for Spalart- Allmaras turbulence model
turbulence destruction source term

strain rate tensor, %(812,-/8)@ +0i;/9x;), s
turbulence production source term

turbulence transition source term

temperature, K

freestream turbulence intensity, %

time, s

conserved transport quantity

velocity in ith coordinate direction, m/s
tangential velocity, m/s

velocity magnitude, m/s

axial coordinate, m

ith coordinate direction, m

wall normal direction, m

angle of attack, deg, generic constant

turbulence modeling constant, generic constant,
Roberts stretching parameter

turbulence modeling constant

turbulence intermittency; 0 = laminar, 1 = turbulent
ratio of specific heats

turbulence modeling constant

velocity magnitude for Spalart-Allmaras

model, m/s

grid spacing along the wall at the trip location, m
Kronecker delta function; 1 when i = j, otherwise 0
specific dissipationrate, m?/s*, numerical error
curvilinear coordinate

cone half-angle, deg

von Karman constant, 0.41

transition modeling function

iterative convergence parameter

transition modeling function

absolute viscosity, Ns/m?

absolute Spalart- Allmaras working variable, Ns/m
kinematic viscosity, m*/s

kinematic Spalart- Allmaras working variable, m?/s

2
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& = curvilinear coordinate

0 = density, kg/m?

o = turbulence modeling constant

T = turbulent stress tensor, m>/s>

7 = nonconservedtransport quantity

X = turbulence modeling parameter

x* = turbulence modeling function

Q;; = rotation tensor, %(Btli/axj —0i;/9x;), /s

10} = specific turbulent frequency, 1/s

o) = wall vorticity magnitude at the trip location, 1/s
Subscripts

E = exactvalue

e = end of transition

eff = effective value (turbulent plus laminar)

i, j,k = indices for tensor notation

k = quantity in turbulence kinetic energy equation
l = transitionlength

RE = Richardson Extrapolation value

ref = reference value

s = start of transition

T = turbulentquantity

t = transitional quantity

w = wall value

& = quantity in turbulence dissipation rate equation
10} = quantity in turbulence frequency equation

1 = k- constant for Menter’s model

2 = k-¢ constant for Menter’s model

o) = freestream value

Superscripts

+ = quantity in wall coordinates

Favre (density-weighted) averaging
Reynolds (time-based) averaging
= Favre fluctuating quantity

Introduction

HIS work is concerned with developing a capability to model

high-speed compressible boundary layers with laminar, tran-
sitional, and turbulent flow regions. The approach uses one- and
two-equation eddy-viscosity models to predict the turbulent flow.
The same governing equations are presently being used to predict
the transitional flow region where the onset to turbulentflow is spec-
ified and assumed to be known. The prediction of where onset to
turbulent flow occurs is a research area that depends on an analysis
of the flow stability, understanding of the flow disturbances outside
the boundary layer, and a capability to predict the boundary-layer
receptivity. The process of entraining disturbances into the bound-
ary layer and producing perturbationsthat can be amplified is called
receptivity.

The modeling of compressible transitional and turbulent flows is
still an active area of research. A discussion of the physical mech-
anisms for transition to turbulence in supersonic and hypersonic
boundary layers is given by Masad and Abid." Singer® presents
a review of modeling procedures for the transitional flow region,
whereas Wilcox® givesa discussionof turbulencemodeling for com-
pressible flows. Huang et al.* discuss modifications for the standard
turbulencemodels which are required to reproduce the compressible
law of the wall for high-speed boundary layers.

The experimental data utilized in the current work are Van
Driest’s>® compressible flat plate flow transformation as well as
measurements from the Reentry F flight vehicle (see Ref. 7). The
latter is a 5-deg half-angle cone with a small spherical nosetip and
has flight data available for a wide range of hypersonic Mach num-
bers. In recent years, this experimental data set has been reevaluated
with modern computationalcodes and is documentedin Refs. 8-10.
Aerothermal predictions have also been presented in these papers.
Most of these solutions are for axisymmetric flow with the vehicle
at 0-deg angle of attack, but full three-dimensional solutions have
been obtained at actual flight angles of attack, for example, 0.14 deg

at 24.4-km altitude. Although there are many details of this flight
experiment that are not well defined, the overall heat transfer pre-
dictions are in reasonable agreement with the flight measurements.

The purpose of this paper is to assess the performance of several
standard one- and two-equation turbulence models for hypersonic
transitionalflows. The Navier-Stokes equations were choseninstead
of simpler formulations, for example, boundary-layerequations, be-
cause of their generality for more complex flows. The application
of turbulence models to compressible flows is not always clear be-
cause most models were originally developed for incompressible
flows. Formulations for incompressible flow are not applicable to
compressible flow because some variables, for example, density
and viscosity, have been assumed constantin the development. The
turbulent transport equations are often written in substantial dif-
ferential form, whereas conservation form is generally required in
compressible Navier-Stokes codes. Problems with the formulation
of the governing equations for compressible turbulence models in
conservation form are discussed. For example, the form of the dif-
fusion term in the Spalart-Allmaras'''> model is rewritten, and
justification for the new form is given.

The Sandia advanced code for compressible aerothermodynam-
ics research and analysis code (SACCARA)"'¢ is used for the
results presentedin this paper. For one-equation turbulence models,
the SACCARA code has options for both the Baldwin-Barth!” and
Spalart- Allmaras'!'? eddy-viscositymodels. There is evidence that
the use of the Baldwin-Barth model does not constitutea well-posed
system of governing equations.!® For boundary-layer and shear-
layer flows, the solutions do not appear to converge to a unique
solution as the mesh is refined. Therefore, there is more interest
in using the Spalart-Allmaras model because it has proven to be
numerically robust. Part of the present work is concerned with the
evaluation of the Spalart-Allmaras model for high-speed flows and
the simulation of the transition region with the Spalart-Allmaras
model.

The SACCARA code also has options for three popular
two-equation eddy-viscosity turbulence models: a low-Reynolds-
number k-& formulation and two k-w models. The k-& model
employs the low-Reynolds-number modification of Nagano and
Hishida!” to allow integrationto solid walls. The first k- formula-
tion is the hybrid model of Menter,’ which is a blending between a
k-w formulation (near solid walls) and a k—& formulation (in shear
layers and freestream flow). Menter proposed this hybrid model to
take advantage of the accuracy of the k- model for wall-bounded
flows and the k-¢ model for free shear layers. The final model is the
Wilcox k-w model,® which was modified in 1998 to improve the pre-
dictive accuracy for shear flows. This model is referred to as the
Wilcox (1998) model in the current work. The appropriate form of
the two-equation eddy viscosity equations is important because the
one-equation formulation can be developed from the two-equation
transportrelations. This approach may be used to determine the ap-
propriateform of the transportequation for the one-equationmodels.

Two flow cases have been used to investigate the performance of
the one- and two-equation eddy-viscosity models. The first case is
the flow over a flat plate at Mach 8 with flow conditions correspond-
ing to an altitude of 15 km, where the perfect-gasmodel is appropri-
ate. The skin frictionalongthe flat plate is used to judge the accuracy
of the predictions through comparisons with the accurate laminar
and turbulent results of Van Driest.>® Squire?! estimates the accu-
racy of the Van Driest-type turbulencecorrelations for compressible
flows to be within +3%. The control of the transition location with
the Spalart- Allmaras model has also been investigated.

The second case investigatedis the flow over the Reentry F flight
vehicle at Mach 20 and at an altitude of 24.4 km (80,000 ft), where
real-gas effects are significant in the boundary layer and a small
region in the inviscid flow due to nose bluntness. The measured
heat transfer along the vehicle is used to judge the accuracy of
the model predictions. The transition location is specified to give
a reasonable match of the wall heat flux with the flight data. The
solutions have been obtained on at least three mesh levels with the
number of cells in each coordinate direction doubled for each mesh
refinement. In addition, the solutions on each mesh are marched
in time until the wall heat flux has obtained a steady-state value.
The accuracy of the iterative solution relative to the steady-state
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solution has been estimated for each model. The various uncertain-
ties and assumptions in the flight experiment and prediction are
discussed.

In this initial assessment of turbulence models for high-speed
compressible flows, the investigation has been limited to turbulent
boundary-layer flows with perfect- or real-gas properties and zero
pressure gradient (the Reentry F case has been simulated with an
equilibriumair model). The effects of chemical nonequilibriumwith
the introductionof species equationshas not been addressed. For the
present flow conditions, the effects of finite-rate chemistry should
not be significant.

Favre-Averaged Transport Equation
for Turbulence Models
The generic form of the turbulenttransportequationin substantial
derivative form® is

_Dg
— =D+S5p -5 1
th + Sp D M
where
- ad ad
D=D,—D, Dy = —| Herr 4
E)xj 8)Cj

For example, for a one-equation eddy viscosity model, the depen-
dent variable ¢ is the kinematic eddy viscosity vr and the effective
diffusioncoefficientis .. In some models there are two parts to the
diffusion term on the right-hand side of Eq. (1); D, is the first part
of the diffusion term, which can be put in conservation form, and
D is the remaining part. When D is included, it can take on several
forms. The source term S = Sp — Sp has a production part Sp and
a dissipation part Sp. If the continuity equation is multiplied by ¢
and added to Eq. (1), the resulting equation is the generic transport
equation in conservation form:

oU 9 | _. 1% _
Py + axj{P”ﬂ/’ Meffaxj} D+ S8p—3Sp )
The dependent variable is now U = pg. This development utilizes
Favre (tilde) and Reynolds (overbar) averaging. See Ref. 3 for nota-
tion and for details on the averaging procedures. For all results pre-
sented herein, a value of unity is assumed for the turbulent Prandtl
number Pry.

One-Equation Turbulence Model

There have been a number of one-equation turbulence models
developedthatuse a transportequationto solve for the eddy viscosity
directly. The presentwork is focused on the Spalart-Allmaras model
and a brief descriptionis presented.

Spalart-Allmaras Model

The transport equation for determining the eddy viscosity with
near-wall effects included has been developed by Spalart and
Allmaras.'""'> The governingequationformis slightly differentfrom
Eq. (1) and is

_De . nr
— =D+ Sp—Sp+ S, =
p])t P b ! ’ fvl

=pp ()

The dependent variable ¢ =V =v; /f,;, where f,; is a damping
function used in the near-wall region and mainly in the viscous
sublayer. This function and the right-hand-side terms will be de-
fined later. The continuity equation is multiplied by ¢ and added to
Eq. (3), which gives a transport equation in conservation form for
the Spalart- Allmaras model in the form of Eq. (2),

@

The right-hand side has contributions from a diffusion term as well
as production, destruction, and trip terms. The four terms in the
model are written as follows.

Diffusion-original form:

_ 9 off 0 -
D=jp— |t v p, =D, +D
ox;| p dx;
w+pn  _v+e _
Meff = =p , D =D,—D;
(o2 (o2

D; = Mfﬁ 8_'08_(/)
p ) ox; dx;

Diffusion modified for compressible flow:

D =D, +D,, D = D,, D;=0
Production:
Sp=cp[l— ft2]~§,5</’s S = 2, Qi + (0 /k*d?) fr
Destruction:

SD = {cwl w (chl/Kz)‘ftZ}ﬁ(w/d)z
Trip term:
S, = fup(AU)

The quantity AU is simply the local velocity magnitude for fixed
wall flows. In the formal transformofthe transportequationinto con-
servation form, the diffusion term includes a density gradient term,
D;. This term is zero when the transportequation [Eq. (4)] is devel-
oped from the compressible form of the k-¢ transportequations'$2
and is shownin the term labeled diffusionmodified for compressible
flow. This form of the diffusion term is used in the present work. In-
cluding this density gradient term has been found to cause stability
problems for high-speed flows, while having negligibleeffecton the
predictions. The model controlstransition from laminar to turbulent
flow with the use of the trip term. With this additional physics, the
foregoing governing equation requires some additional terms and
definitions for f;; and f;,, which involves the coefficients ¢,;-¢,4.
Except where noted, the standard values for the model constantsand
functions are used in the current work and are given by

1
3 6 %
X X 1+c,-
fUl:ﬁ? ‘fUZ:l——v ﬁl!:g( 6 6‘5>
x° ey 1+ xfu 8o+,
—2 =r+c (rG—r) r—L o =2
X = V’ 8= w2 5 S‘KZdZ’ 3
C 1+c¢ . AU
Cpl = =4 2= 3.24, g, = min|{ 0.1,
K2 o w; AX;
w; 2 272 —cux?
S = cugexp| ¢ INGE [d + g dt] s fin = cne™

Boundary Conditions for Spalart-Allmaras Model

At the wall, uy =0 or b = 0. The freestream boundary condition
for this model is the specification of the turbulent eddy viscosity
r. In the freestream there should be no production of the eddy
viscosity, which requires that

ﬁz = Ct3e_cl4xz > 1
to turn off the production term in Eq. (6). The restrictionon y is

(E“'thi)/cm = 0.604

X =V/v <
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The restriction on the freestream eddy viscosity becomes

pr/i < xfo = x/[1+ /0] =3713x 107 (5)

The freestreameddy viscosity as suggested by Spalart and Allmaras
is b < 1/2v, which gives

wr/m < fy/v=1746 x 107*

Control of Laminar and Turbulent Flow with
the Spalart-Allmaras Model

The governingequation has three terms that are influenced by the
transition model. The complete source term (for the conservative
formulation) is

_ AN 2

Cpp [ OV o

S=——|— 1— SU
P}’T (8x1> +Chl[ &]

2
- (cwl w chl‘ftZ/Kz)ﬁ(5> + ‘ftllé(AU)z (6)

where the trip terms are underlined. The first term is part of the
diffusion term and is included in the source term as it is evaluated
numericallyin an explicitmanner. The second term s the production
term, and it will produce or increase the eddy viscosity if fi, < 1.
The third term is the destruction term, and it will decrease the eddy
viscosity if ¢, fu > y1 fi2/kc%. The fourth term is the trip term, and
it will increase the eddy viscosity as f;; > 0.

The model generally predicts turbulentflow everywhere when the
trip terms are zero:

fn=0 or ¢, =0, fno=0 or c3=0

The flow can be made laminar everywhere with the following values
of the trip terms:
A= e—L‘,4X2

Ju=0,

or

fo 2 1.0 or fo =ciA,

Ju=0, Jn=0,

Several different approacheshave been investigatedto control tran-
sition and to replace the original trip model approach of Spalart-
Allmaras.

1 =0

Method 1 ( f;, Is Modified)

In this approach, the value of f;; =0 and f,, =c¢;3(1 — 1), where
A varies from zero in the laminar flow region to one in the turbulent
flow region. The parameter is increased smoothly and defines the
transitional flow region. This method requires specification of the
location and length of the transitional region.

Method 2 (c;; Is Modified)

In this method, the trip terms f;; and f,, are set to zero. The coef-
ficient ¢;,; is modified from the laminar flow region to the turbulent
flow region as follows:

X < Xsicp =0, X > Xx,:cp; = 0.1355

Xy < x < Xx,:cp = 0.135507, A= (x—x.)/(x, — x5)
where, for example, p may be chosen as 1 or 2. In this method, the
location of the start of transitional flow x; and end of transitional
flow x, are specified.

Method 3 [cp; (1 — f;2) Is Modified]

In this method the production term coefficient is modified by
writing this term as wc,; (1 — f;,). The parameter « increases from
zero to one in the transitional flow region. From the definition of
f2, the following is obtained:

x =0/v=+/=l[fr/csl/c (7

The production term switches sign when f;; =1, which gives a
critical value of x, whichis x* =0.604. Whenx < x,, seta =0, and
there is no production of eddy viscosity upstream of the transition
location x,. When x > x,, « is increased downstream toward one.
This increase is controlled by setting

. 2
a=1— fp=1—cpe "X

When x > x, and x < x*, then x = x*. When x > x, and x > x*,
then yx is obtained from Eq. (7). In this method, only the single
parameter x, must be specified. The behaviorof these three methods
is discussed in the results section for the flat plate.

Two-Equation Turbulence Models

The standard method for specifying transition to turbulence is
through analogy with the turbulence intermittency approach. The
turbulence transport equations are solved over the entire domain,
with a user-defined transition plane specified. Upstream of this
plane, the effective viscosity is simply set to the laminar value,
while downstream, the effective viscosity is the sum of the laminar
and turbulent viscosities, that is,

0 laminar
Her = (1 —=D)u +Tpur, r=

1 turbulent

For the remainder of this investigation, this transition specification
method will be referred to as the step transition method.

High-Turbulent-Reynolds-Number k- Model

The high-Reynolds-number formulation® is appropriate for tur-
bulent flows but is not appropriatein the near-wall region. It can be
applied in the outer part of boundary layers and combined with an
inner boundary layer approach near the wall to obtain a complete
formulation. For the standard k-& model, the turbulent kinetic en-
ergy equation for a compressible fluid can be rearranged into the
form of Eq. (2), where the variables have the following values:
D=0

U = pk = po, et = Mk,

Spr = pP, Spk = pe ®)

The standard form of the productionterm P for compressible flows?
is
al;

F=msy
J

9)
where
R 10u 2
T = _ul/_ru’j' = 2vp (Sl-j - 38_.)611:5ij> — 3/(5,-]' (10)

However, for the k-¢ model, the compressible production term is
approximated by the incompressible contribution only, that is,

ou; ou; \ ou,
Pry | —+—|— 11

T(E)xj E)xi)axj (an
The effective viscosities are

e =+ pur/og, e = L+ fur /0

where ur = c,Lf,L,Bkz/e (12)

For the high-Reynolds-numbermodel, f,, = 1. The transport equa-
tion for dissipation of turbulentkinetic energy can also be putin the
form of Eq. (2), where the variables have the following values:

U = pe = py, Meff = M, D=0

Spe =ce fip(e/ k)P, Spe = ngfzﬁ(ez/k) (13)

The constants in the foregoing equations use the standard values,
or=10ando. =1.3.

Low-Turbulent-Reynolds-Number k- Model
The Nagano and Hishida model'® was developed for incompress-
ible flow and is included in the current formulation. The model uses
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the following damping functionin the eddy viscosity relation given
in Eq. (12):

fu=11—exp(=y*/26.5)
The source term for the turbulent kinetic energy equation (8) is
S=pP—pe+D

Again, the production term has been approximated with by the in-
compressible form given in Eq. (11). The source term for the dissi-
pation rate equation is

S = (e/k)(co1 [,pP — cor fope) + E

The parameters in these source terms are

fr=1—03e""r, Ry = —

0 0%,
pean(2E).  peman 22

where the variables D and E use boundary-layer-type derivatives
normal to the wall and E requires the tangential velocity component
;.

The Nagano-Hishida and the Launder-Sharma® low-Reynolds
k-¢ turbulence models have been used by Theodoridis et al.>* to
predict transitional flow. They have investigated a flat plate flow
experiment, where the freestream turbulent intensity was approxi-
mately 3 and 6%. The two turbulence models were used to model
the laminar to turbulent bypass transition in which the freestream
turbulence determines where the transition to turbulentflow occurs.
For this bypass transition case, the Nagano-Hishida model predicts
transition to turbulent flow too near the leading edge, whereas the
Launder-Sharma model predictions are in reasonable agreement
with the experimental data. Of course, neither of these turbulence
models was developed to predict where transition will occur in a
flow; the performance of the Launder-Sharma model in predicting
the location of transition is fortuitous. The failure of the Nagano-
Hishida model for transitional flow requires caution in the applica-
tion of this model, and a procedure is required to have the model
turned on at the appropriate location.

Menter k-w Model

Two different two-equation turbulence models are described that
solve equations for the turbulentkinetic energy k and the frequency
of turbulent fluctuations w. The Menter k-w model* is a hybrid
model that uses a blending function to combine the best aspects of
both the k-w and the k-¢ turbulence models. Near solid walls, a k-w
formulation is used that allows integration to the wall without any
specialdamping or wall functions. Near the outer edge of the bound-
ary layer and in shear layers, the model blends into a transformed
version of the k—¢ formulation, thus providing good predictions for
free shear flows.

The Menter k- model can be written in the form of Eq. (2) for
both the turbulent kinetic energy equation,

Meft = i D=0

= B*pkw (14)

U = pk = po,
Spr=pP, Spk

and the turbulent frequency equation,

U=po=p = D=25(1 - Floy—n 22
=pw=pp, Meff = M 1Y Ow2— 8 ax
v PP
SPm = _Pv SDm - ﬂpa) (15)
vr

The cross-diffusionterm D in Eq. (15) arises due to the transfor-
mation of the & equation into an equation for w. The compressible

form of the productionterm from Eq. (9) is employed. The effective
viscosities are given by

where wur=pk/w
(16)

l’Lk:M—'_Ukl’LTv MG,ZM"‘O},,MT,

and the model constants are blended values of the k- and k-¢
parameters. For example, for the constant 3,

B=Fp+U0-F)p

where F' varies from unity at the wall to zero outside wall boundary
layers and a subscript 1 denotes k-w constants and a 2 denotes k-¢
constants. The values for these constants are

Oyl = 05, Oyl = 05, ﬂ] = 0.075
B* = 0.09, = (81/8*) — (0.1x*//B*) = 0.553
o = 1.0, 0> = 0.856, B> = 0.0828
B* = 0.09, P2 = (B:/B") = (0,0k> ]/ B*) = 0.44

Wilcox (1998) k-w Model
For the Wilcox (1998) k-w model;® the terms in Eq. (2) for the
turbulent kinetic energy equation are

U = pk = po, Meft = Mk, D=0
Spe = pP, Spk = ﬂ*fﬁ*ﬁkw a7
and for the turbulent frequency equation are
U = pw = py, Hett = M D=0
SPm :ﬁ(J;/VT)Pv SDm :ﬂfﬁﬁa)z (18)
where
y =0.52, or =0, =0.5, B* =0.09
1, =<0,
. e 1 ok dw
Sfor = 1+ 680x; o =E———
P Xk>0» w? E)xj E)xj
1 +400y;
1+ 70x, Qi Syi
= 0.072, = —_— w = |———
Po Jr = T 50%, X ’ (B w)

The productionterm P and the eddy-viscosity definitions are given
in Egs. (9) and (16), respectively. This formulationis a modification
to an earlier Wilcox k- model® and is designed to improve model
predictions for certain shear-layer flows and to reduce the solution
sensitivity to freestream w values.

Boundary Conditions for the Two-Equation Turbulence Models

For all three two-equation models, the turbulentkinetic energy k
is specified to be zero at solid surfaces. The specific dissipationrate
¢ is also set to zero at walls. For the k-w models, the omega value
for the first cell off the wall w, is set to

w; = 6v/B(Ay)? (19)

where Ay is the distance from the cell center to the wall. The wall
value is set to

w, = 10[6v, /B(A)?] (20)

The interior ghost cell value for the turbulent frequency, w—y, is then
set so that the second derivative of w at the wall is zero, that is,

6(20v, —vy)

21
B(AY)? @n

w—1 = za)w —w =
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where v, is the molecular viscosity in the first interior cell off the
wall.

The method for determining the freestream turbulence properties
for the two-equation models is given as follows. The specification
of a freestream turbulence intensity 7u is used to determine the
turbulent kinetic energy in the freestream from

k = (1.2/2)[(Tu/100) V. 2 (22)

where, for example, Tu = 10 correspondsto a freestream turbulence
intensity of 10%. The dissipationand turbulence frequency are then
determined by specifying the turbulent viscosity ur, thatis,

e=C,pk®[ur  or  w=pk/u; (23)

Flow Predictions for Flat Plate

Flow over a flat plate has been chosen as a high-speedtest case to
illustrate the behavior of the laminar/turbulent flow results obtained
with the one- and two-equation turbulence models. The test case is
Mach 8 flow over a flat plate with a wall temperatureof 7, = 1000 K
and freestreamconditionscorrespondingto an altitude of 15 km. For
this case, the temperaturein the flow is sufficiently low that perfect-
gas assumption with y = 1.4 is reasonable.

Freestream Flow Conditions
The freestream conditions®® for the flat plate case are

Poo = 1.21114 x 10* N/m?, T, = 216.65K

Poo = 0.19475 kg/m?, Qs = v/ ¥ Poo/Poo = 295.07 m/s

Vo = asoM,, = 2360.54 m/s

3
1.458 x 10772
oy = =22 T T% | 4216 x 1075 Ns/m?
(T +110.4)

where Sutherlands law is used for the absolute viscosity. For the
Spalart- Allmaras model, the restrictionon the freestream eddy vis-
cosity is determined by Eq. (5), which gives

Ureo < 5.27 x 107° Ns/m?

for the Mach 8 flat plate flow case. The freestream eddy viscosity
for all models was, thus, chosen as

Ureo < 1.0 x 107° Ns/m?

unlessindicated otherwise. For the two-equationmodels, the further
specification of a freestream turbulenceintensity of 0.01% was used
to determine the turbulent kinetic energy in the freestream from
Eq. (22).

Computational Mesh for the Flat Plate

A parabolic mesh has been used around the flat plate with the
(x, y) Cartesian coordinate system fixed at the leading edge. The
parabolic mesh topology was chosen because it allows for easy
clustering at the leading edge, which helps to mitigate the effects of
the leading-edge singularity. The computational coordinates £ and
n are related to the Cartesian coordinates as follows:

x=a@E -, y = 2aén, o =005
Ofsfanaxv OST]SI, Smax:‘/l"_l/lx

The value of &,,, has been determined by setting x =1 at n=1.
This gives a mesh that is slightly longer than 1 m along the flat
plate. A uniform mesh is used in the £ coordinate direction whereas
a nonuniform mesh spacing is used in the 7 coordinate direction.
The mesh spacing has been determined with the lower boundary
stretching transformation of Roberts?’ (see also Ref. 28). Most of
the results have been obtained with 80 x 160 cells. A coarser mesh
of 40 x 80 and a finer mesh of 160 x 320 have been used to show
that the 80 x 160 mesh provides results sufficiently accurate for the
figures presented. A Roberts stretching parameter of § =1.001 has

been used for the one-equation models. This choice for B gives
maximum y* values at the wall of approximately 2.3 for the coarse
40 x 80 mesh. As expected, the maximum allowable y* values for
the two-equationmodels were found to be much smaller than for the
one-equationmodels, with the larger valuesresultingin convergence
problems. Thus, for the two-equationmodels, a stretching parameter
of B=1.00007 was used giving y* < 0.2 at the wall for the coarse
mesh.

Flat Plate Results with the Step Transition Method

For the freestream conditions and meshes just specified, the lam-
inar/turbulent flow has been calculated with the SACCARA code
and compared to the accurate laminar and turbulentresults obtained
for this case by Van Driest.’*¢ The uncertainty in the skin friction
for Van Driest-type correlations for turbulent compressible flows
was recently estimated to be £3% (see Ref. 21). The step transition
method is used where the laminar viscosity is the sole contributorto
the effective viscosity upstreamof the transition plane. For this case,
the Spalart- Allmaras model has the f;; triptermsetto zero. The tran-
sition location was specified at Re,, = 3.84 x 10° (x, =0.1196 m).
The choice of the transition location is somewhat arbitrary because
the results will be compared to both laminar and turbulent flow the-
ory. The L, norms of the residuals for both the momentumequations
and the turbulence equations were reduced at least eight orders of
magnitude in each case, suggesting that the results for the flat plate
problem are not influenced by iterative convergence error.

Skin-frictionprofiles have been obtained usingall five turbulence
models for the Mach 8 flat plate case. The Baldwin-Barth and both
k- models give transition at the specified transition plane for the
given freestream turbulence levels as shown in Fig. 1. To move the
transitionpoint to the desired location, the freestreameddy viscosity
had to be increased to 1 x 107 Ns/m? for the Spalart-Allmaras
model, and the turbulence intensity had to be increased to 0.1% for
the low-Reynolds-numberk-¢ model (see Fig. 2). All of the models
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5 ~ — — — VanDriest: Laminar BL
' VanDriest ll: Turbulent BL
N ——@— Baldwin-Barth
BN —-—m-—- Spalart-Allmaras (f=0)
RS L 4 Low Re k-¢
- —¥ Menter k-w
I Wilcox (1998) k-o
Tu=0.01%, HT=1 e-9 kg/m/s

Jg10° E_ ]

S
B TR AN Pl YRR
10* 10° 10° 107 10° 10° 10"
Re,

Fig. 1 Transition location with one- and two-equation turbulence
models for Mach 8 flat plate flow with the step transition method.
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N 0.Default: Tu=0.01%, H_|_=1e-9 kg/mis

N
g10°k Q
I -}
Q

1ot ool b
10* 10° 10° 107
Re,
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Fig. 2 Transition location for various freestream turbulence levels
with the Spalart-Allmaras and k-¢ turbulence models for Mach 8 flat
plate flow (step transition method).
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that correctly predict turbulent flow downstream of the transition
point also predict skin friction in this region in agreement with the
theory. Note that the current work does not address the sensitivity
of the results to freestream turbulence levels.

Modified Transition Results for Spalart-Allmaras Model

Solutions have been obtained with both of the Spalart- Allmaras
trip functions f;; and f;, set to zero. For this case, the flow is tur-
bulent along the flat plate with the freestream eddy viscosity pur
varying from 107™° to 107> Ns/m?. Thus, with the trip functions set
to zero, the sensitivity of the transition location to the freestream
eddy viscosity is greatly reduced. Solutions have been obtained
with the trip function f,, included and f;; set to zero. For this
case, the flow transition location is dependent on the freestream
eddy viscosity. When the eddy viscosityis 107° Ns/m?, the flow re-
mains laminar over the length of the flat plate. With the freestream
eddy viscosity set to 1077 Ns/m?, the transitionlocation is at Re, ~
107, and with freestream eddy viscosity of 10~ Ns/m?, the transi-
tion location is at Re, ~2 x 107> As already discussed, numerical
solutions show that the flow can be maintained laminar by making
the productionterm S zeroby setting c,,; = 0 with the trip functions
f:1 and f;, set to zero.

The complete Spalart- Allmaras model has trip terms included to
control the transition location, but the formulation is not intended
to model the transition flow region. The behavior of this model has
been investigated with the results for the local skin friction given
in Fig. 3, where the trip location x; is specified (x, =0.11964 m).
The numerical predictions show that transition does not occur at
the desired location and varies as the freestream eddy viscosity is
increased above a value of approximately 10~ Ns/m?. For these
high-speed flows, it is difficult to control the transition location
with the suggested trip model. In addition, there is no control of the
length of the transitionregion. Because of these experienceswith the
behavior of the Spalart-Allmaras trip model, different approaches
have been investigated.

Three methods have been investigated to control the transition
location and the length of transition as already described. There are
two parameters x, and x; introduced to control the transition be-
havior. The parameter x, is at the middle of the transition region,
X, = X, — x; is the location upstream where transition starts, and the
location downstream x, = x, +x; where the transition region ends
and the flow becomes fully turbulent. The values for these parame-
ters are chosenas x, =0.1196 m, x; = 0.1 m, and Re,, = 3.84 x 10°,
and these locations are also indicated in Fig. 4.

The results for the skin friction with the three proposed ap-
proaches for modeling transition have been investigated. All of the
methods remain laminar a significant distance after the specified
start of transition. With method 1, where the trip function f, is
modified, transition occurs downstream of the desired location with
very rapid transition onset. With method 2, where the production
coefficient ¢;; is modified, transition occurs near the desired loca-
tion with a reasonable variation of the skin friction in the transi-
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Spalart-Allmaras Turbulence Model
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Fig. 3 Transitionlocationfor different freestream eddy viscosities with
the Spalart-Allmaras turbulence model ( f;; and f;; terms included) for
Mach 8 flat plate flow.
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Fig. 4 Transitional flow behavior for Spalart-Allmaras (method 2)
with various freestream eddy viscosities for Mach 8 flat plate flow.

tion region. With method 3, where the production term coefficient
¢p1 (1 — f12) is modified, transition occurs downstream of the de-
sired transition location with very rapid transition onset. From this
investigation, it is concluded that method 2 provides a reasonable
techniqueto specify the transitionlocation with limited control over
the transition region length. The results for method 2 are presented
in Fig. 4. When A varies linearly over the transitionregion (p =1),
there is better control. The transition control method 2 appears to
be insensitiveto the freestream eddy viscosity.

Flow Predictions for Reentry F Vehicle
Reentry F Description and Experimental Results

The Reentry F flight experiment’ was performed in 1968 to pro-
vide measurements of wall heat transfer rates at reentry flow con-
ditions that cannot be obtained in ground-based experimental facil-
ities. The data are for the flow over a slender conical vehicle where
there is only a small amount of surface ablation localized at the
nosetip. The boundary-layerflow is laminar, transitional, or turbu-
lent depending on the altitude and location along the body surface.
The Reentry F vehicle was a 5-deg half-angle sphere-cone with an
initial nose radius of 0.00254 m, and the vehicle length is 4.0 m.
A graphite nosetip extended for the first 0.1915 m followed by a
conical beryllium frustum. The heat transfer measurements were
obtained at altitudes between 36.6 and 18.3 km. The data at a flight
time of 456.0 s or an altitude of 24.4 km are used to validate the
turbulence model predictions. Although this flight experiment pro-
videsexceptionaldata, there are many aspectsof the flow conditions,
body orientation, body shape, and wall surface temperature that are
not completely or precisely known. Additional details of the flight
experiment are given by Wright and Zoby.”

The flow conditions at an altitude of 24.4 km are analyzed most
often and are chosen for the present investigation. The freestream
conditions used herein are based on the U.S. Standard Atmosphere,
1976,2° and are

M., =19.97,

a=0deg, Poo = 0.043523 kg/m’

T, =221.034K, T, =500K, Poo =2761.41 N/m?

Voo =5951.858 m/s, as =298.04 m/s, Tu=0.01%

oo =1.445 x 107> Ns/m?, wr =3.3227 x 107" Ns/m>
An assumed turbulence intensity Tu is used in the determination
of the turbulent kinetic energy for the two-equation models. Note
that there is some amount of uncertainty in the specification of
these properties. In addition, the experimentally reported angle of
attack was 0.14 deg, whereas 0 deg is assumed herein so that the
axisymmetric flow assumption can be used.

Because of ablation, the nose radius increases to 0.00343 m at an
altitudeof24.4km. This resultis an estimated value from an ablation
analysis of the nosetip.!® For the present analysis, it is assumed that
the nosetip shape remains a sphere-cone after ablation with the
same cone half-angle as the conical vehicle, which is 6.4, =5 deg.
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(456 )

Fig. 5 Diagram of the Yiip
Reentry F flight vehicle with
the nosetip location at times
t = 0 and 456 s in the flight
trajectory indicated.

The nosetip is shown in Fig. 5. The originin Fig. 5 is located at the
virtual tip of the conical vehicle. For the approximated sphere-cone
configurationin the Reentry F vehicle simulation, the location of the
original nosetip and ablated nosetip 456 s into the flight trajectory
is specified as

xo = 0.012752 m, Xip (0'5) = 0.026603 m

Xiip(456's) = 0.035925 m

In previous analyses of this vehicle, the coordinate x is defined
as the axial distance without a clear definition of the origin location
given in many cases. Some figures indicate that the origin is located
at the ablated nose of the body. The axial location x in this paper is
measured from the nosetip of the unablated vehicle. However, due
to the small amountof ablation, the uncertaintyin the location of the
axial heat flux measurements has a negligible impact on the results
presented.

Because of the high velocities, the gas temperature is more than
6000 K in the nosetip region with dissociationof the oxygen and ni-
trogen occurring. Downstream of the nose, on the conical portion of
the vehicle, the temperature immediately behind the oblique shock
is 420 K, and perfect-gas flow occurs. However, in the boundary
layer, the viscous dissipation increases the gas temperature to ap-
proximately 3000 K, and dissociationof oxygen occurs. At 24.4 km,
the chemical reactions are sufficiently fast that the air is assumed
to be in local thermochemical equilibrium. There is some ablation
of the nosetip, which introduces chemical species from the abla-
tion products into the boundary-layer flow. Because the amount of
ablation is small, this influence has been neglected.

Predictions of Wall Heat Flux for Reentry F Vehicle
Simulation Code and Model Approach

The flow around the Reentry F vehicle has been calculated with
the SACCARA '*~!® Navier-Stokes code. This investigationis con-
cerned with obtaining accurate numerical solutions of the wall heat
flux based on the input conditions to the code and models used in
the simulation. The wall heat flux predictions are then compared
with the flight measurements at an altitude of 24.4 km. The solution
is for the flow over the ablated vehicle. The small angle of attack of
the vehicle (0.14 deg) is neglected, and the flow is assumed to be
axisymmetric. The solutions use a gas model of air in local thermo-
chemical equilibrium, and the flow is laminar over the front part of
the body. The flow transitions to turbulent flow at a specified loca-
tion. The turbulent flow has been modeled with the Baldwin-Barth
and Spalart- Allmaras one-equation eddy-viscosity approaches and
the low-Reynolds-numberk-¢, Menter k-w, and Wilcox (1998) k-w
two-equationturbulencemodels. The iterative convergencehas been
examined to assess the accuracy of the steady-state solutions. Vari-
ous levels of grid refinement were used to assess the spatial conver-
gence errors of the numerical solutions. For the Spalart-Allmaras
turbulencemodel, solutionshave been obtained on four mesh levels:
100 x 40 cells (mesh 0-f), 200 x 80 cells (mesh 1-f), 400 x 160 cells
(mesh 2-f), and 800 x 320 cells (mesh 3-f). The number of grid
points are given along the surface and normal to the surface, respec-
tively. For the two-equation models, solutions have been obtained
on three mesh levels: 130 x 40 cells (mesh 0-2eq), 260 x 80 cells
(mesh 1-2eq), and 520 x 160 cells (mesh 2-2eq).

Transition Model

As already discussed, the basic SACCARA code treats the tran-
sition process by setting the effective viscosity to the laminar value
upstream of a specified transition plane, whereas downstream of
this plane the effective viscosity is the sum of both the laminar

and turbulent viscosities. This approach has been used with the
Baldwin-Barth one-equation eddy-viscosity model and all two-
equation models. The transition plane is specified to be perpen-
dicular to the vehicle axis and located at x =2.6 m. With the
Spalart-Allmaras one-equation eddy viscosity model, a different
approach has been implemented as described earlier, with x; =
1.8844 m and x, = 2.8844 m. From the results of the investigationof
the flat plate flow case, it was concluded that method 2 (coefficient
¢y is varied) is the best approach to control the transition process
with the Spalart-Allmaras model at this time.

Iterative Convergence of the Numerical Solutions

The L, norms of the momentum and turbulence transport equa-
tions exhibited oscillatory behaviorafter only a two or three order of
magnitude drop; thus, another method was needed to monitor con-
vergence. The iterative convergence has been initially determined
by plotting the wall heat flux at various number of time steps and
assuming convergence has been obtained when there is no notice-
able change in the results. This method is shown in Fig. 6 for the
400 x 160 cell mesh (mesh 2-f) with the Spalart-Allmaras turbu-
lence model. The laminar flow region takes the longest time to con-
verge because there is a very fine mesh in the wall region. With
mesh 2-f, the wall heat flux appears to have no significant changes
after 25,000 time steps. However, these results are misleading. A
more careful analysis has been performed to quantify the iterative
convergence error.

The accuracy of the wall heat flux g” relative to the steady-state
value is determined by expressing the numerical solution at time
t" as

q" =q(") =qp+¢&" (24)

The exact steady-state value of the wall heat flux is gz and the
convergence error at time " is ¢". The convergence error of the
SACCARA codehas been observedto have an exponentialdecrease
in time, which gives the following variation as the solution ap-
proaches a steady state:

& =ae " (25)

where o and B are constants. Equations (24) and (25) may be
combined and rewritten as

pt" = o — b (q" — qr) (26)

Equation (26) is evaluated at three time levels, (n — 1), n, and
(n 4+ 1), and the three relations are used to eliminate & and obtain
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Fig. 6 Iterative convergence of surface heat flux on mesh 2-f with the
Spalart-Allmaras turbulence model.
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B — 1) =tf(¢" " —qx) [(a" — ax)]
Bt —1") = gn,[(q" - 615)/(51"“ - 615)]

If the time increments are equal, then (#" — "~ ') = (" *! — ") and
the preceding equation becomes

(" " =ae) (" —qx) = (¢" — )’

The exact steady-state value of the wall heat flux is solved for in the
preceding equation, which gives
n__ A" n—1 n+1 __ 4n
qr = % where A" = (q—ill) 27
L= A" (g"—q"7h

The iterative convergence error becomes
g =—(g""" —q")/(1— A"

and the convergence error relative to the exact steady-state value
becomes

n+1l _ n
u} (28)

% error of ¢g" = —100|:
qn — An qn -1

The foregoingresults are related to the approach of Ferziger and
Peric?*3Y for determining the convergence error of the numerical
iterative solution of difference equations, but their results have been
obtained with a different approach. In their work, the parameter A"
is the spectral radius (or the magnitude of the largest eigenvalue) of
the iteration matrix. If the eigenvaluesare complex, then the present
approachis not appropriate. The complex eigenvalue case has been
considered by Ferziger and Peric in Ref. 30.

The described procedure is illustrated for the wall heat flux so-
lution at x ~2.15 m (where the flow is laminar) using the Spalart-
Allmaras simulations. The error is shown in Fig. 7 for the four mesh
levels. The local errors obtained from Eq. (28) based on time levels
(n—1), n, and (n + 1) are indicated by the symbols. The lines in
Fig. 7 representthe error obtained from the best estimate of the exact
solutiongivenby Eq. (27). This best estimate is determined from the
final three iteration levels of the solution. Because of the expense of
the fine grid mesh 3-f calculation (800 x 320 cells), the converged
mesh 2-f results were used to provide an initial starting solution for
this case. The initial solution results on mesh 2-f (shown in Fig. 6)
appeared converged at 25,000 iterations; however, this error analy-
sis indicates that the local iterative errors are on the order of 4% (see
Fig. 7). An additional 15,000 iterations were needed to reduce the
error down to 0.2%. The iterative solution errors are much smaller
than the spatial solution errors, as will be demonstrated.

The iterative convergencefor the two-equationturbulencemodels
was also examined for the three mesh levels. Results of the iterative
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Fig. 7 Iterative convergence error of the surface heat flux for the
Spalart-Allmaras model at x = 2.14892 m with mesh f.
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Fig. 8 Iterative convergence error of the surface heat flux for the k-¢
model at x = 2.11697 m with mesh 2eq.
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Fig. 9 Iterative convergence error of the surface heat flux for the
Menter k-w model at x = 2.11697 m with mesh 2eq.

error analysis at x ~2.12 m are presented for the low-Reynolds-
number k-& model (Fig. 8), the Menter k-w model (Fig. 9), and
the Wilcox (1998) k-w model (Fig. 10). A larger number of it-
erations were required due to the finer mesh requirements for the
two-equation turbulence models (mesh 2eq) vs the one-equation
models (mesh f). The two-equation results were also converged to
less than 0.1% error.

Spatial Convergence of the Numerical Solutions

Spatial convergence has been assessed from the steady-state so-
lutions with the Spalart-Allmaras turbulence model on the four
meshes. The wall heat fluxes are obtained from mesh 0-f (100 x
40 cells) to mesh 3-f (800 x 320 cells). The Richardson Extrapola-
tion procedure (see Ref. 31) has been used to obtain a more accurate
result from the relation

qgre = ¢35+ (43 — ¢2)/3 (29)

The precedingrelation assumes that the numerical scheme is second
order both within the domain and at the boundaries. Although re-
cent findings*>3 have shown that flows with captured shock waves
will tend toward first order as the mesh is refined, analyses that
account for mixed first- and second-order behavior are beyond the
scope of the current work. The results from Ref. 33 indicate that
the application of standard second-order Richardson Extrapolation
to mixed-order problems can provide good estimates of the exact
solution. The accuracy of the solutionson the four meshes has been
estimated with the exact solution approximated with ggg, which
gives the solution error as

% error of gy = 100(qy — qre)/4qre

where M =0, 1, 2, or 3 refers to the mesh level.
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Fig. 10 Iterative convergence error of the surface heat flux for the
Wilcox (1998) k-w model at x = 2.11697 m with mesh 2eq.
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Fig. 11 Error in heat flux along the vehicle with mesh f refinement
using the Spalart-Allmaras turbulence model.

If the mesh has been refined sufficiently where the solution error
has second-orderbehavior (but not yet to the point where the first-
order behavioroccurs), then the errors on the four meshes have the
following relationship:

% error of g3 = (% error of g5) /4 = (% error of q,) /16

= (% error of q,) /64 (30)

In Eq. (30), the first equality will always be satisfied when Eq. (29)
has been used. The other equalities will only be satisfied if the mesh
has been sufficiently refined to be in the second-order asymptotic
range. The normalized error of the wall heat flux along the vehicle
is presentedin Fig. 11. The laminar and turbulentflow regions are in
the asymptotic range, while the transitional flow region is not in the
asymptotic range. This result is not surprising because the mesh f
grid does not use axial clustering at the transition region. The wall
heat flux prediction in the laminar and fully turbulent regions have
fine grid errors (mesh 3-f) of less than 0.5%, whereas the errors
on mesh 2-f are less than 2%. Only the solutions on meshes 2-
f and 3-f are considered sufficiently accurate for comparison with
the flight measurements. The Richardson Extrapolatedresults could
alternativelybe used to provide more accuratenumerical predictions
than the finest mesh.

Spatial convergencehas also been examined for the two-equation
turbulence models using three mesh levels. The spatial error of the
heat flux is given in Figs. 12-14 for the low-Reynolds-numberk-¢,
the Menter k-w, and the Wilcox (1998) k-w models, respectively.
The spatial error in the laminar regions is under 2%, whereas in
the transitional and turbulent regions the errors are under 5%. The
results for both k-@ models indicate that the heat flux does not
show a fully second-order grid convergence behavior, even in the
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Fig. 12 Error in heat flux along the vehicle with mesh 2eq refinement
using the low-Reynolds-number k- model.
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Fig. 13 Error in heat flux along the vehicle with mesh 2eq refinement
using the Menter k-w model.
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Fig. 14 Error in heat flux along the vehicle with mesh 2eq refinement
using the Wilcox (1998) k-w model.

fully turbulent region. The spike in the error for the two-equation
modelsis due to movement of the transitionlocation on the different
size meshes and is more dramatic for the two-equation models due
to the fine axial spacing around the transition point.

Wall Heat Flux
The predictions of the wall heat flux on the Reentry F vehicle at
an altitude of 24.4 km with the one-equation turbulence models are



ROY AND BLOTTNER 709

10°,

q I_gref
<

* Flight Data, t=456.0 s

| ] Baldwin-Barth: Mesh 1

A Spalart-Allmaras, Time Step=40000, Mesh 2-f
( Spalart-Alimaras, Richardson Extrapolation

ol v o
x (m)
Fig. 15 Comparison of flight data for wall heat flux along Reentry F

vehicle at an altitude of 24.4 km with predictions of the one-equation
turbulence models.
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Fig. 16 Comparison of flight data for wall heat flux along Reentry F
vehicle at an altitude of 24.4 km with predictions of the two-equation
turbulence models.

giveninFig. 15 along with the flightdata. The Spalart- Allmaras pre-
dictionuses the numerical solution with mesh 2-f and the Richardson
Extrapolationresults for this case. The Navier-Stokes results over-
predict the laminar wall heat flux by roughly 10%. The Spalart-
Allmaras model overpredicts the turbulent wall heat flux by ap-
proximately 15%. At this altitude, the vehicle has a 0.14-deg an-
gle of attack, and the heat transfer measurements were made on
the leeward side of the conical body. One would expect that a full
three-dimensionalsolution,with the vehicleatangleof attack, would
bring the prediction and flight data into closer agreement. The pre-
diction with mesh 2-f is believedto be a sufficiently accurate steady-
state solution that it can be used to validate the turbulence model,
but there is some uncertainty in these results due to uncertaintiesin
the freestream conditions and the flight measurements as discussed
earlier.

The simulation with the Baldwin-Barth turbulence model (also
shown in Fig. 15) overpredictsthe laminar wall heat flux by roughly
10% and is in agreement with the simulation with the Spalart-
Allmaras model. Of course, in the laminar flow region, the tur-
bulence models should have no impact on the flow solution. The
turbulent wall heat flux is overpredicted by roughly 100% with
the Baldwin-Barth turbulence model. It is recommended that the
Spalart-Allmaras model should be used rather than the Baldwin-
Barth turbulence model for reentry flows.

Results with the Naganoand Hishidak-¢, the Menterk-w, and the
Wilcox (1998) k-w models are presentedin Fig. 16. Fine grid results
with mesh 2eq are shown along with the results from Richardson
Extrapolation. Again, the surface heat flux is overpredicted by ap-
proximately 10% in the laminarregionfor all of the simulations. The
k- results show an overprediction of the turbulent heating rates by
approximately 100%, possibly due to the use of the incompressible

form of the turbulent kinetic energy production term. The two k-w
models show better agreement with the flight data, with the Menter
model within 40% and the Wilcox (1998) model within 30% of the
data. All three models display a peak in the turbulent heating just
downstream of the specified transition plane, which is possibly due
to crude behavior of the step transition method.

Conclusions

For the Mach 8 flat plate boundary layer flow with the step tran-
sition method, the Baldwin-Barth and both k-w models gave tran-
sition at the specified location. The Spalart- Allmaras (with f;; =0
and f}, included) and low-Reynolds-number k-¢ models required
an increase in the freestream turbulence levels to give transition at
the desired location. All models predicted the correct skin-friction
levels in both the laminar and turbulent flow regions.

For Mach 8 flat plate case, the transitionlocationcould notbe con-
trolled with the trip terms as given in the Spalart- Allmaras model.
Several other approaches have been investigated to allow the spec-
ification of the transition location. The approach that appears most
appropriate is to vary the coefficient that multiplies the turbulent
productionterm in the governingpartial differentialequationfor the
eddy viscosity (method 2). When this coefficient is zero, the flow
remains laminar. The coefficient is increased to its normal value
over a specified distance to model the transition region crudely and
obtain fully turbulent flow.

Predictions have been obtained for the Reentry F flight vehicle
with both one- and two-equation turbulence models, where the tran-
sition location is specified a priori. Care has been taken to quantify
the errors in surface heat flux distributions due to both iterative and
grid convergence. The L, norms of the residuals exhibited oscil-
latory behavior after a three order of magnitude drop, thus requir-
ing alternative methods for monitoring iterative convergence. An
alternative method for iterative convergence error estimation was
described. This method was used to reduce the iterative conver-
gence errors below approximately 0.1% for all cases. Simulations
were performed on three grid levels for the two-equation turbu-
lence models and four grid levels for the Spalart-Allmaras model
to assess the grid convergence errors. The errors in the laminar and
turbulent regions were reduced to 2 and 5%, respectively, with the
two-equation models and to below 0.5% for the Spalart-Allmaras
model. Richardson Extrapolation was employed with the two finest
grid solutions (assuming second-order spatial accuracy) to get even
more accurate surface heat flux solutions.

For the Reentry F flight simulations, the axisymmetric turbulent
predictions for wall heat flux with the Spalart-Allmaras, Menter
k-w, and Wilcox (1998) k-w models are in reasonable agreement
with the flight measurements. The wall heat flux in the turbulent
region is overpredicted by 15% with the Spalart-Allmaras model,
30% with the Wilcox (1998) k-w model, and 40% with the Menter
k-w model. These axisymmetric simulations assume the vehicle is
at 0-deg angle of attack; thus, the agreement with the leeward-side
data is expected to improve if three-dimensional simulations are
performed at the reported 0.14-deg angle of attack. The Spalart-
Allmaras model predictions for this case are much better than the
results from the Baldwin-Barth model. The present form of the low-
Reynolds-numberk-w two-equationmodel greatly overpredictsthe
heating in the fully turbulentregion.
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