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Direct numerical simulations (DNS) of favorable-pressure-gradient turbulent boundary
layers are presented for a nominal freestream Mach number of 5, with the objective of assess-
ing the limitations of the currently available Reynolds-averaged Navier-Stokes (RANS) models.
The wall geometry and flow conditions of the DNS are representative of the experimental data
for a Mach 4.9 turbulent boundary layer that was tested on a two-dimensional planar convex
wall model in the high-speed blow-down wind tunnel located at the National Aerothermochem-
istry Laboratory at Texas A&M University. The favorable pressure gradient is induced by
the streamwise surface curvature. The DNS results will be compared with experimental mea-
surements and RANS computations for the same flow conditions and wall geometry. The DNS
datasets will also be analyzed to provide an improved physical understanding of hypersonic
boundary-layer turbulence subject to mechanical nonequilibrium, including the validity of
Morkovin’s hypothesis and the various available compressibility transformations, as well as to
obtain turbulence statistics that are relevant to RANS modeling, including the distribution of
eddy viscosity, the budgets of turbulent kinetic energy and Reynolds stresses, and the velocity-
temperature correlations. The RANS predictions will be obtained by using both the commonly
used one- and two-equation models that assume a constant turbulent Prandtl number and an
algebraic, variable Prandtl number model for the turbulent energy flux.

Nomenclature

�@ = wall heat transfer rate, �@ = @F/(dF�?Dg)F ), dimensionless
� 5 = wall skin friction coefficient, � 5 = gF/( 1

2 d∞*
2
∞), dimensionless

�ℎ = wall heat flux coefficient, �ℎ = @F/
(
d∞�?*∞ ()A − )F )

)
, dimensionless

�? = heat capacity at constant pressure, J/(K·kg)
�E = heat capacity at constant volume, J/(K·kg)
� = total energy per unit mass, � ≡ 4 + 1

2D8D8 , J/kg
� = shape factor, � ≡ X∗/\, dimensionless
" = Mach number, " ≡ D/0, dimensionless
"g = friction Mach number, "g = Dg/(W')F )1/2, dimensionless
# 5 = number of fields used to accumulate statistics, dimensionless
%A = molecular Prandtl number, %A = 0.71, dimensionless
%AC = turbulent Prandtl number, %AC ≡

(
dD′′F′′(m)̃/mI)

)
/
(
dF′′) ′′(mD̃/mI)

)
, dimensionless

' = ideal gas constant, ' = 287, J/(K·kg)
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'4\ = Reynolds number based on momentum thickness and freestream viscosity, '4\ ≡ d∞D∞\/`∞, dimensionless
'4X2 = Reynolds number based on momentum thickness and wall viscosity, '4X2 ≡ d∞D∞\/`F , dimensionless
'4g = Reynolds number based on shear velocity and wall viscosity, '4g ≡ dFDgX/`F , dimensionless
'4∗g = semilocal Reynolds number, '4∗g ≡

√
gF/d∞X/a∞, dimensionless

(8 9 = rate-of-strain tensor, (8 9 = 1
2

(
mD8
mG 9
+ mD 9

mG8

)
, Hz

) = temperature, K
)A = recovery temperature, )A = )∞ (1 + 0.89 W−1

2 "2
∞), K

) 5 = time spanned to accumulate statistics, s
*∞ = freestream velocity, m/s
0 = speed of sound, m/s
4 = internal energy per unit mass, 4 ≡ �E) , J/kg
ℎ = enthalpy per unit mass, ℎ ≡ �?) , J/kg
:̃ = turbulent kinetic energy, :̃ ≡ �D′′

8
D′′
8
/2, J/kg

? = pressure, Pa
@ = conductive heat flux, W/m2

@)
8

= turbulent heat flux term, @)
8
= dℎ′′D′′

8
, W/m2

@F = wall heat flux, W/m2

B = entropy, J/(kg·K)
D = streamwise velocity, m/s
Dg = friction velocity, Dg ≡

√
gF/dF , m/s

D∗g = density weighted velocity scale, D∗g ≡
√
gF/d = Dg

√
dF/d, m/s

E = spanwise velocity, m/s
F = wall-normal velocity, m/s
G = streamwise direction of the right-handed Cartesian coordinate, m
H = spanwise direction of the right-handed Cartesian coordinate, m
I = wall-normal direction of the right-handed Cartesian coordinate, m
Ig = viscous length, Ig = aF/Dg , m
I∗g = semilocal length scale, I∗g ≡ ¯̀/( d̄D∗g), m
V = Clauser pressure gradient parameter, V = (3?/3G) (X∗/gF ), dimensionless
V8=2 = incompressible Clauser pressure gradient parameter, V = (3?/3G) (X∗

8=2
/gF ), dimensionless

W = specific heat ratio, W = �?/�E , dimensionless
X = boundary layer thickness (based on 99.5% of the freestream total enthalpy), m
X∗ = displacement thickness, m
^ = von Kármán constant ^ = 0.41, dimensionless
\ = momentum thickness, m
o)
8

= turbulent heat flux term, o)
8
= d4′′D′′

8
, W/m2

` = dynamic viscosity, ` = 1.458 × 10−6)3/2/() + 110.4), kg/(m·s)
a = kinematic viscosity, a = `/d, m2/s
d = density, kg/m3

f = Reynolds stress, Pa
g = shear stress, Pa

Subscripts

8 = inflow station for the domain of direct numerical simulations
8=2 = incompressible variables
A<B = root mean square
w = wall variables
∞ = freestream variables

Superscripts

) = turbulent quantities in RANS equations
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+ = variable in inner wall units, (·)+ ≡ (·)/Ig
(·) = standard (Reynolds) averaged variable
(̃·) = density-weighted (Favre) averaged variable, (̃·) ≡ d(·)/d
(·) ′ = fluctuations around standard averages
(·) ′′ = fluctuations around Favre averages

I. Introduction
All realistic flight vehicles exhibit some degree of streamline curvature that induces favorable and/or adverse

pressure gradients. For hypersonic flight, in particular, the combination of curvature driven pressure gradients and
compressibility effects such as bulk dilatation can distort the turbulent motions within the boundary layer, causing a
restructuring of the boundary-layer turbulence [1]. Such effects associated with a mechanical nonequilibrium pose
a significant challenge even to the modern turbulence models for high-speed flows, especially because a majority of
these models are based on compressible flow extensions to models that were originally developed for incompressible
flows, and because those models have not accounted for intrinsically high-speed phenomena such as bulk dilatation. As
such, there is a need to better understand how pressure gradients drive the transport of boundary-layer turbulence in the
hypersonic regime, so that the underlying physical processes can be accurately modelled and, hence, also utilized to the
advantage of vehicle designs.

The existing literature on the effect of streamline curvature on hypersonic boundary-layer turbulence is rather
limited, whether in regard to measurements, modeling, or numerical simulations. Most previous studies of fully
turbulent boundary layers (TBLs) negotiating pressure gradients focused on low-speed boundary layers (see, for example,
Refs. [2–8]), with considerably fewer studies involving supersonic boundary layers and even less targeting the hypersonic
regime. Early experiments of high-speed favorable-pressure-gradient (FPG) and adverse-pressure-gradient (APG)
TBLs were largely limited to flow visualizations and single-point measurements of velocity fluctuations at moderately
supersonic speeds, obtained via hot-wire anemometry and/or laser Doppler velocimetry ("∞ < 3) [9–15]. Detailed and
global measurements of turbulence organization at supersonic and hypersonic speeds had not been conducted until
more recent studies based on particle image velocimetry (PIV) [1, 16–24]. The available measurements have yielded
valuable insights into the effect of pressure gradients on the behavior, distribution, and scaling of the mean velocity
and the Reynolds stresses associated with the turbulence field. Specifically, FPG has a stabilizing influence on the
Reynolds stresses, resulting in up to 70 − 90% decrease of the axial turbulence intensities; a strong FPG can even cause
a sign reversal in the Reynolds shear stress in the outer part of the boundary layer. APG destabilizes the boundary layer,
causing an increase in the Reynolds stresses, including both normal and shear stresses. The previous studies also showed
that an increase in freestream speed from a nominal Mach number of 3 to Mach 5 resulted in systematic differences
in the transverse fluctuations and Reynolds shear stresses [25]. Thus far, however, none of the existing experiments
has been able to provide sufficiently well resolved, global measurements of both velocity and thermodynamic fields
(including in the immediate vicinity of the wall), so as to facilitate a systematic investigation of the turbulence scaling
laws and to enable an evaluation of the individual terms in the exact equations of turbulent kinetic energy (TKE) and
Reynolds-stress transport. A thorough characterization of turbulence scaling laws and the budget terms of TKE and
Reynolds stresses is critical to accurate, physics-based modeling for this class of flows. While high-fidelity simulations
such as DNS can provide detailed, global distributions of turbulent fluctuations, all of the existing DNS have been
conducted at freestream Mach numbers of less than 3 [26–31], where the compressibility effects are expected to be too
weak to cause any significant deviation of the turbulence statistics from its incompressible behavior.

One of the most important foundations for our current understanding of high-speed turbulence is the Morkovin’s
hypothesis, which postulates that the structure of turbulence in a zero-pressure-gradient, high-speed TBL is largely the
same as that in an incompressible flow [15]. An important consequence of Morkovin’s hypothesis involves the so-called
“compressibility transformations” that transform the mean velocity and Reynolds stress profiles in a compressible
boundary layer to equivalent incompressible profiles by accounting for the mean property variations across the thickness
of the boundary layer. A classical example of such transformations is the density-weighted velocity scaling of Van
Driest [32]. Another consequence of Morkovin’s hypothesis is the analogy between the temperature and velocity fields
that leads to velocity-temperature relations such as the classical Walz formula [33] and the strong Reynolds analogy
(SRA) [34–36]. Recently, the current authors [37, 38] provided a comprehensive assessment of the performance of
several well-known compressibility transformations ranging from the classical, Morkovin’s scaling to the SRA and other
generalizations. By using a DNS database for spatially evolving, zero-pressure-gradient (ZPG) TBLs over a broad range
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of nominal freestream Mach numbers (2.5 < "∞ < 14) and for a wall-to-recovery temperature ratio between 0.18 and
1.0, they confirmed the accuracy of the compressibility transformations and the SRA for ZPG TBLs in the high Mach
number, cold-wall regime. The above-mentioned studies appear to support Morkovin’s hypothesis that, at least for wall
turbulence under equilibrium, there exist few, if any, dynamic differences across the Mach number regime. However, a
similar assessment of the compressibility transformations has not been conducted for boundary-layer turbulence under
nonequilibrium conditions, such as those subject to mechanical distortion by wall curvature and pressure gradients.
Consequently, the extent to which the existing compressibility transformations may be extrapolated to APG and FPG
hypersonic TBLs is largely unclear. This important technical gap will be targeted in the present research.

One of the primary objectives of the current paper is to conduct benchmark quality DNS of FPG TBLs at a hypersonic
Mach number to obtain detailed, global distributions of turbulent fluctuations. Specifically, the DNS will simulate flow
conditions that are representative of the experimental data for a Mach 4.9 curvature-driven FPG TBL that was tested at
the Texas A&M University (TAMU). The DNS will be validated against the experimental measurements obtained at
TAMU. The resulting DNS datasets will then be used to provide an assessment of the Morkovin’s hypothesis, including
the compressibility transformations and the SRA for hypersonic TBLs developing under a nonzero pressure gradient.
The DNS will also be post-processed to provide the desired terms from the TKE and Reynolds-stress budgets and other
turbulence quantities that are relevant to RANS modeling.

In addition to characterizing the physics of high-speed turbulence subject to streamline-curvature-driven FPG,
a second objective of the current paper is to use the resulting DNS datasets to inform the future development of
turbulence models for high-speed flows and to assess the potential limitations of the currently available turbulence
models. Standard one- or two-equation Reynolds-averaged Navier-Stokes (RANS) models such as the Spalart-Allmaras
(S-A) Model and the Menter’s Shear Stress Transport (SST) Model have been developed largely on the basis of studies at
subsonic or moderately supersonic Mach numbers and with adiabatic walls. Therefore, it is not surprising that multiple
researchers [39–41] have found that, even for the simplest hypersonic configurations involving zero-pressure-gradient
boundary layers, the predictions of surface heat flux based on these standard one- or two-equation RANS models are
significantly less accurate than the predictions obtained with simpler, algebraic turbulence models with some form
of compressibility corrections. To improve the RANS predictions of heat transfer rates for high-speed shear flows,
Bowersox [42, 43] derived an algebraic energy flux (AEF) model by truncating the transport equation for the turbulent
heat flux. The newly developed turbulent energy flux model showed significant improvements, up to 20%, in the
temperature predictions over the constant Prandtl number model for boundary-layer flows over moderately cooled
walls (i.e., )F/)A > 0.3) [42–44]. More recently, the present authors extended the assessment of Bowersox’s AEF
model for zero-pressure-gradient TBLs at Mach 11 and 14 with a highly-cooled wall [38]. They found that Bowersox’s
algebraic energy flux model improves the prediction of the temperature profiles over the the commonly used constant-%AC
formulation while maintaining a good prediction of the velocity field. A similar assessment of the AFE model will be
extended to FPG TBLs in the current paper.

The abstract is structured as follows. The flow conditions are outlined in Section II. Section III presents preliminary
RANS results for TAMU’s experiments of streamline-curvature-driven FPG TBL at Mach 4.9. A summary of the
planned work is given in Section IV.

II. Flow Conditions and Numerical Methodology
The present work targets both DNS and RANS computations of the streamline-curvature-driven FPG TBLs with an

incoming Mach number of 4.9. The flow conditions as well as the wall geometry have been selected to match those
from the experiment by Tichenor et al. [1] in the National Aerothermochemistry Laboratory (NAL) at the Texas A&M
University. The wall geometry in their experiment consisted of a tunnel wall with a changeable floor insert that could be
varied from a flat wall with zero pressure gradient to a curved surface inducing a favorable pressure gradient (see the
bottom part of Figure 1a). Table 1 outlines the freestream and wall-temperature conditions for the cases of interest
during the present work. Case M5ZPG simulates a baseline ZPG TBL over a flat plate, and Case M5FPG simulates a
FPG TBL developing spatially over a convex wall geometry that is prescribed by the following polynomial profile:

IF (G) = �(G − G1)3 + �(G − G1)2 (<) (1)

where � = 11.07 and � = −2.507 are the polynomial coefficients, and G1 = 0.2454 m is the axial location where the
curvature begins. This wall geometry is the same as that of the strong pressure gradient (SPG) model investigated
during the TAMU experiment as shown in Figure 1a. As shown in Table 1, Cases M5ZPG and M5FPG are designed to
have the same freestream and wall-temperature conditions except for a different wall geometry to isolate the influence of
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the curvature-driven pressure gradients on boundary-layer turbulence.

Table 1 Freestream and wall-temperature conditions for various cases.

Case "∞ *∞ (</B) d∞ (:6/<3) )∞ (K) )F (K) )F/)A (V8=2)Location2
M5ZPG 4.9 794 0.265 65.4 317 1.0 ≈ 0
M5FPG 4.9 794 0.265 65.4 317 1.0 -1.0

(a) (b)

Fig. 1 (a) Schematic of experimental arrangement and measurement locations (adapted from Tichenor et al.
[1]); (b) RANS and DNS domains for Case M5FPG. G = 0 indicates the location of the nozzle exit in the
experiment, and locations 1 and 2 depict the two measurement locations at G = 0.159 m and G = 0.298 m,
respectively. The curvature begins at G = 0.2454 m and ends at G = 0.3964 m.

A. DNS of Hypersonic Turbulent Boundary Layers
To perform the DNS of turbulent boundary layers, the compressible Navier-Stokes equations in conservation form

are solved numerically. The inviscid fluxes of the governing equations in curvilinear coordinates are computed by
using a seventh-order weighted essentially nonoscillatory (WENO) scheme. The viscous fluxes are discretized with a
fourth-order central difference scheme and time integration is performed using a third-order low-storage Runge-Kutta
scheme [45].

Prior to the DNS, we first carry out a precursor RANS computation with the freestream conditions and wall geometry
matching those of the TAMU experiment. The RANS calculation is conducted by using the CFL3D code [46] and
provides the initial condition for the DNS of Case M5FPG as well as the boundary conditions for both DNS (Figure 1b).
The RANS calculation for the M5FPG case simulates the full curved wall geometry and encompasses the DNS domain.
The DNS is conducted in two stages of streamwise overlapping boxes. An independent auxiliary DNS of a turbulent
boundary layer developing spatially over a smooth flat plate (Box 1 DNS) is carried out first in order to provide the inflow
boundary condition for the principal DNS over the curved-wall domain (Box 2 DNS). In the Box 1 DNS, a modified
rescaling/recycling method [47] is used to generate inflow turbulence. The inflow location of the Box 1 DNS will be
significantly upstream of the first measurement location in the experiment (labeled as Location 1 in Tichenor et al. [1])
in order to ensure that the DNS has achieved a fully developed equilibrium state of a zero pressure gradient turbulent
boundary layer at the above measurement location. The single auxiliary DNS will be used to provide a common inflow
condition for the simulations of the downstream region with and without wall curvature. The strategy of using a common
inflow between both DNS computations is designed to isolate the influence of the curvature-driven pressure gradients on
boundary-layer turbulence. The computational setup for the auxiliary (i.e., Box 1) and the principal (i.e., downstream)
simulations is sketched in Figure 2. For each wall shape, no-slip conditions are applied for the three velocity components
at the wall, and an isothermal condition is used for the temperature, with )F = 317 K ()F/)A ≈ 1.0). At the top and the
outflow boundaries, unsteady non-reflecting boundary conditions based on Thompson [48] are imposed, and periodic
boundary conditions are used in the spanwise direction.
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B. RANS Simulation of Hypersonic Turbulent Boundary Layers
RANS simulations were conducted for the ZPG and the FPG TBLs with the same flow conditions and thermodynamic

equation of state as the DNS cases listed in Table 1. In RANS, NASA’s CFL3D code [46] is used to solve the compressible
Favre-averaged Navier-Stokes equations [49]. The Favre-averaged RANS equations can be written as:

md

mC
+
mdD̃ 9

mG 9
= 0 (2)

mdD̃8

mC
+
mdD̃8 D̃ 9

mG 9
= − m?

mG8
+
mf8 9

mG 9
+
mg)
8 9

mG 9
(3)

md�̃

mC
+ mdD̃8 (�̃ + ?/d)

mG 9
=

m

mG 9

(
f8 9 D̃8 + f8 9D′′8

)
− m

mG 9

(
@ 9 + @)9 − D̃8g)8 9 +

1
2
dD′′
8
D′′
8
D′′
9

)
(4)

where �̃ = 4̃ + 1
2 D̃8 D̃8 + :

) , @ 9 ≈
�? ˜̀
%A

m)̃
mG 9

, and f8 9 ≈ 2˜̀ (
(̃8 9 − 1

3
mD̃:
mG:

X8 9

)
. Throughout the paper, standard Reynolds

averages are denoted by an overbar, 5 , whereas the density-weighted (i.e., Favre) averages are denoted by a tilde,
5̃ = d 5 / 5 ; fluctuations around standard and Favre averages are denoted by single and double primes, as with 5 ′ = 5 − 5
and 5 ′′ = 5 − 5̃ , respectively.

Fig. 2 Schematic of DNS setup for Case M5FPG along with the boundary conditions.

In the one- and two-equation turbulence models used herein, the Reynolds stress term g)
8 9
= −dD′′

8
D′′
9
is modeled by

the Boussinesq approximation:

g)8 9 = −dD′′8 D′′9 = 2`C
(
(̃8 9 −

1
3
mD̃:

mG:
X8 9

)
− 2

3
d:) X8 9 (5)

where (̃8 9 is the mean velocity strain, and `C is the eddy viscosity obtained via either of the turbulence models, and :)
denotes the turbulent kinetic energy. In the current study, we consider two representative turbulence models that are
in widespread use within the aerospace industry, namely, the one-equation model of Spalart–Allmaras [50] and the
shear-stress transport :-l model by Menter [51]. Unless otherwise mentioned, the "standard" form" (i.e., the original
published form) of the model equations was used, with the detailed information on the model formula and coefficients
listed in Reference [52–54].

The turbulent heat flux term @)
8
= dℎ′′D′′

8
was modeled either by assuming a constant turbulent Prandtl number

or via an algebraic model for the turbulent energy flux that was developed by Bowersox [42]. In the constant Prandtl
number model, the turbulent heat flux term is modeled as:

@)8 = dℎ
′′D′′
8
≈ −

�? ˜̀C
%AC

m)̃

mG8
(6)
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where the turbulent Prandtl number %AC is assumed to be a constant, and is set equal to 0.9. The algebraic model of
Bowersox [42, 43] is based on a simplified form of the transport equation for the energy flux \)

8
= d4′′D′′

8
:

08:\
)
: = 18

08: =

[
1
g\
+ '

�E

mD̃<

mG<

]
X8: +

mD̃8

mG:

18 = g
)
8:

(
mℎ̃

mG:
− 1
d

m?

mG:

)
+ 1
d

(
g):;

mD̃;

mG:

)
m?

mG8
g4

(7)

Here, g\ = f\gD and g4 = f4gD are time scales that are proportional to the turbulence time scale gD = :) /n as in the
: − n model, and the Reynolds stress term g)

8:
can be modeled by an aforementioned turbulence model. Once \)

8
is

calculated using Eqn. 7, the turbulent energy flux @)
8
= dℎ′′D′′

8
can be found as @)

8
= W\)

8
.

The terms associated with molecular diffusion f8 9D′′8 and turbulent transport − 1
2 dD

′′
8
D′′
8
D′′
9
within the Farve-averaged

energy equation are neglected in the current study [55]. Similar to the DNS, ideal gas relations were used in the RANS
simulations with air as the working fluid, and Sutherland’s law was used for molecular viscosity. A constant molecular
Prandtl number of 0.71 is used for calculating the molecular thermal conductivity.

III. Results
In this section, we discuss the results obtained from the RANS computations for Cases M5ZPG and M5FPG.

Specifically, the performance of the selected turbulence models is assessed by comparing the RANS predictions against
the experimental measurements by Tichenor et al. [1].

Figure 3 shows the schematics of the computational domains for the ZPG and the FPG geometries, respectively,
along with the boundary conditions used in each case. The RANS domain in each case extends from G = −0.366 m to
G ≈ 0.7 m in the axial direction, encompassing the two measurement locations and the curved-wall region for the Case
M5FPG. A uniform grid distribution with a grid spacing of ΔG/XA = 0.176 is used in the axial direction, where the
reference length ΔA = 7.3 mm denotes the boundary-layer thickness at the first measurement location (G = 0.159). In
the wall-normal (I) direction, a hyperbolic tangent distribution is used to cluster the computational mesh close to the
wall. The grid resolution in the wall-normal direction corresponds to ΔI+ = 0.186 at the wall and ΔI+ = 22.3 near the
boundary-layer edge, with the grid resolutions normalized by the viscous length Ig = 8.74 `m at the first measurement
location (G = 0.159 m). To monitor any sensitivity to grid resolution, a grid study was conducted for the : − l SST
model by comparing the results obtained with the baseline grid and those based on a refined grid with twice the baseline
grid resolution in each direction. The two grids yielded very close results as shown in Figure 4. The difference in � 5
between the baseline grid and the refined grid is less than 1.0 percent over the entire domain. Because the same inflow
was used for the two cases with and without wall curvature, respectively, the values of � 5 for the ZPG and FPG cases
match within the upstream part of the computational domain, until the wall shapes deviate from each other at the start of
the curved wall region at G = 0.2454 m.

Figure 5 shows a comparison between the skin-friction coefficients predicted by the various turbulence models
and the values predicted by the van Driest II theory [56] for the ZPG and FPG cases. The turbulence models under
investigation included the algebraic model of Baldwin-Lomax, the one-equation model of Spalart–Allmaras, and the
: − l SST model by Menter. For the ZPG case, both the ^l and the SA models show good agreement with the Van
Driest II theory, while the Baldwin Lomax model underpredicts 2 5 by approximately 10%. For the FPG case, all the
RANS models predict a dip in � 5 over the curved-wall region, and the Baldwin-Lomax model again yields lower
predictions of � 5 than the one- and two-equation models for the TBL across the entire domain including the curved-wall
region. The van Driest II theory, which was developed mainly by using the experiments for zero-pressure-gradient,
flat-plate TBLs, appears to provide a qualitatively incorrect trend in the region of the curved wall.

Next, Figure 6 shows a comparison with the van Driest transformed velocity, *+
+�

, at measurement location 1
(G = 0.159 m), which is located upstream of the curved wall region. The van Driest transformed velocity is defined as
follows:

*++� =
1
Dg

∫ D

0
(d/dF )1/23D (8)

Following the van Driest transformation, the mean velocity predicted by all of the turbulence models conforms well to the
incompressible law of the wall and shows a narrow logarithmic region. In addition, the predicted mean velocity profile
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(a)

(b)

Fig. 3 Schematics of RANS domains for Cases M5ZPG and M5FPG, respectively, along with the boundary
conditions.

Fig. 4 Grid sensitivity study for the skin friction coefficients for the ZPG and FPG cases, respectively, as
obtained with with the : − l SST model .
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(a) M5ZPG (b) M5FPG

Fig. 5 Comparison between the skin friction coefficients predicted by various turbulence models and the van
Driest II theory for the ZPG and FPG cases.

compares well with the experimental measurements by Tichenor et al. [1]. Compared with the one- and two-equation
models, the Baldwin-Lomax model predicts approximately 9% higher values of *+

+�
near the boundary layer edge,

which is largely due to the lower values of the wall shear stress predicted by this model. Figure 7a shows a comparison
of the RANS-based mean velocity profile normalized with the inner scaling with the similarly normalized profile based
on the experimental measurement at G = 0.298 m, where the TBL is subjected to both a convex wall curvature and a
strong favorable pressure gradient. An analogous comparison between the mean velocity profiles normalized via the
defect law scaling is indicated in Figure 7b. The one- and two-equation models are seen to predict the mean velocity
reasonably well, whereas the algebraic Baldwin-Lomax model significantly underpredicts the velocities measured in the
experiment.

Fig. 6 Comparison of van Driest transformed velocity profiles *+
+�

obtained via RANS and the experimental
measurements by Tichenor et al. [1] at Location 1 (G = 0.159 m). ^ = 0.41 is the von Karman constant.

Finally, Figure 8 shows a comparison of the RANS-based Reynolds-stress profile with that inferred from the
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(a) (b)

Fig. 7 Comparison of mean velocity profiles obtained from RANS and the measurements by Tichenor et al.
[1] at Location 2 (G = 0.298 m). The profiles are normalized using (a) the inner scaling and (b) the defect-law
scaling.

experiments at each of the two measurement locations (G = 0.159 m and G = 0.298 m). While the standard one- and
two-equation models provide reasonable predictions for the Reynolds shear stress at G = 0.159 m, where the TBL is in
mechanical equilibrium (i.e., without pressure gradient and wall curvature), these turbulence models fail to predict the
Reynolds shear stress in the regions of strong wall curvature and a favorable pressure gradient.

(a) Location 1 (G = 0.159 m) (b) Location 2 (G = 0.298 m)

Fig. 8 Comparison of profiles of Reynolds shear stress predicted by RANS with the experimental results of
Tichenor et al. [1].
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IV. Summary
This abstract has outlined precursor RANS computations of ZPG and FPG TBLs, with the freestream and wall

boundary conditions matching those of TAMU’s experiments at Mach 4.9. These computations were conducted using
NASA’s CFL3D code and will be used to provide both initial and boundary conditions for the DNS of these flows, which
will be described in the final paper. The sensitivity of the RANS results to the choice of turbulence model was also
examined for several standard, eddy-viscosity-based turbulence models, including the algebraic model by Baldwin and
Lomax, the one-equation model of Spalart and Allmaras, and the : − l SST model by Menter for Reynolds stress,
and the turbulent heat flux was modeled with a constant turbulent Prandtl number of %AC = 0.9. The RANS results
showed that the Spalart–Allmaras and : − l SST models perform better than the algebraic Baldwin-Lomax model for
the current flow. While the standard one- and two-equation models provide reasonable predictions for skin friction and
mean velocity, these turbulence models cannot accurately predict the Reynolds shear stress in regions of strong wall
curvature and favorable pressure gradient.

In the full paper, we will include the results of the DNS at representative conditions from the TAMU experiment. The
DNS is being initiated and, based on our extensive previous experience in performing such simulations, no significant
technical risk is anticipated in timely completion of the DNS. Furthermore, the full paper will include RANS results
based on Bowersox’s algebraic energy flux model and their comparison with the DNS and the experiments, as well as an
assessment of the model’s potential to improve upon the shortcomings of the standard constant %CC models in predicting
the Reynolds stresses and other turbulence statistics in the region of strong favorable pressure gradient.
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