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Abstract
The use of second order closure models for the

study of complex flows, like hypersonic flows, has not
been widely investigated both because of the numer-
ical stiffness and the decreased numerical robustness.
In this work we aim to compare the numerical results
obtained with a Reynolds Stress Model and experi-
mental results from a shock tunnel to judge the predic-
tion capability of a 7-equation turbulence model. In
addition results of a two equation model like the SST
k-ω model will be used as a base-line for Boussinesq-
based turbulence model. Particularly we are interested
in two configurations: a 15 degree compression corner
that generates attached turbulent flow and a 40 degree
compression corner that generates a separated turbu-
lent flow. Preliminary results on the 40 degrees corner
are presented here.

1 Introduction
Currently the majority of the codes employed in

design studies of hypersonic vehicles relies on one-
and two- equations turbulence models based on the
Boussinesq hypothesis for the prediction of turbulent
flow as reported by Roy et al. (2006) and Olsen et al.
(2005). However, for wall dominated flows with thick
boundary later, strong shock/boundary-layers interac-
tion and with separation, as they are of interest here,
the assumption of a linear dependence between the
Reynolds stress tensor and the strain rate tensor is not
always valid. Nevertheless the use of advanced turbu-
lence models such as Reynolds Stress Models (RSM)
is limited because of the computational effort required
and their intrinsic reduction of numerical stability. The
advantages of second order models are that they natu-
rally include effects of streamline curvature and rota-
tion and they resolve normal stress anisotropy close

to solid walls. For these reasons a Reynolds Stress
Model has been implemented and is being used in the
QUADFLOW solver and being used for hypersonic
inlet simulations. The results obtained in Bosco et
al. (2009) show the capability of the model to cor-
rectly predict the shocks position, the boundary layer
separation and the shock reflections in a scramjet in-
take along the central line where experimental results
are available for comparison. However no significant
improvement has been noticed moving from a two-
to a 7-equations model. For these reasons an exper-
imental campaign has been initiated to collect data
in significant flow regions (separation region, bubble
and reattachment region) where anisotropic and three-
dimensional effects are more likely to occur. The re-
sults obtained will be compared with two-dimensional
and three-dimensional numerical computations.

2 Experimental Campaign

T4 Shock Tunnel
The experiment is performed in the T4 free-piston

tunnel at the University of Queensland (Mee (2002)).

Figure 1: Schematic of the T4 shock tube as from Smith
(1999).

The T4 shock-tunnel, shown in Figure 3 consist of
four main sections: a high-pressure reservoir, a com-
pression tube, a shock tube and a test section. When
the tunnel is fired a piston is driven by the high pres-



sure air coming from the reservoir, through the com-
pression tube. At the end of the compression tube
a metal-diaphragm breaks once a sufficient pressure
is reached. At this moment a shock wave is gener-
ated in the test gas inside the shock tube and a con-
tact surface separates the driver gas from the test gas.
Once the shock wave reaches the end of the shock
tube it is reflected in the compression tube and trav-
eling backwards it stagnates the test gas. The test gas
breaks a thin secondary diaphragm and finally enters
the test section. The unsteady nozzle process can now
start and be followed by a steady established flow. A
Mach 6.68, axisymmetric, contoured nozzle is used.
Experiments are performed using air as test gas, a
nozzle-supplied enthalpy of about 3MJ/kg and a unit
Reynolds number of about 10x106 m−1. The tunnel,
under this operational conditions, provides approxi-
mately 2 ms of test time. The gauges used in the ex-
periment sample the flow every microsecond.

Model design
The model design is shown in figure 2. The flat

plate and the ramp are 150 mm and 250 mm long, re-
spectively. The model is 150 mm wide. A boundary
layer trip is used to enhance laminar to turbulent tran-
sition. It consists of triangular elements positioned 50
mm from the leading edge. The ramp angles inves-
tigated here are 15 degree, which should provide a
turbulent attached flow and 40 degrees that has been
proved to provide a turbulent separated flow. Flush-
mounted thin film gauges (TFG) are used to measure
the heat fluxes on the flat plate and k-type thermocou-
ples are used to measure them along the compression
ramp. 10 Kulite pressure sensors are distributed along
the model for pressure measurements. The TFG are
located in the separation region and are divided in two
groups of 12 gauges. Each group consists of 12 sen-
sors distributed as a cross, 8 in the flow direction and
4 in the cross flow direction. In the first group the 8
gauges in the flow direction are placed along the cen-
ter line. The gauges belonging to the second group
are placed 56.85 mm away from the center line. The
thermocouples are placed in the reattachment region
and distributed in 4 rows of 8 gauges. The gauges of
two adjacent rows are slightly displaced. Additionally
6 gauges have been placed along the center line. The
unusual distribution of the heat transfer gauges along
the model has been chosen to allow heat transfer mea-
surement in the cross flow and discover possible three-
dimensional effect in the separation bubble as well as
at the reattachment.

STN code
The nozzle exit conditions are estimated using a

software called STN (Shock Tube and Nozzle Calcu-
lations for Equilibrium Air), from Krek et al. (1993),
which calculates the flow properties in a reflected
shock tunnel. This can be done providing the initial
shock tube fill pressure, the initial temperature of the

Figure 2: Schematic of the experimental model.

test gas in the shock tube, the incident shock speed, the
measured nozzle supply stagnation pressure, the flow
conditions at the nozzle throat and the flow conditions
at the nozzle exit.

Pitot survey
The conical nozzle used for the campaign gen-

erates a core flow of almost uniform flow which is
bounded by the expansion waves that propagate at the
edges at the nozzle itself. A pitot pressure survey
has been conducted at the end of the test campaign
to assess the non-uniformities of the freestream flow,
to prove the repeatability of the conditions between
different shots and to determine the appropriate pitot-
to-nozzle-supply pressure ratio (pp/ps) to be used for
post processing the results.
The pitot rake, consisting of 33 PCBs piezoelectric
pressure transducers, has been located 33 mm away
form the nozzle exit which corresponds to a position
80 mm downstream of the plate leading edge for the
considered model. Considering the limited extension
of the model in the flow direction only one location of
the rake has been investigated but measurements have
been taken for two vertical position to increase the spa-
tial resolution.

3 Numerical Analysis

QUADFLOW Solver
QUADFLOW solves the Euler and Navier-Stokes

equations around complex aerodynamic configura-
tions (Bramkamp et al (2004)). It uses a cell-centered
finite volume method and block-structured grids. For
the computation of the convective fluxes, the flux-
difference AUSMDV Riemann solver is used. For
what concerns the computation of the viscous fluxes,
the gradients of the variables at cell interfaces are de-
termined using the divergence theorem. The com-
putations presented here are steady state analyses so
that time plays the role of an iteration parameter to
achieve asymptotically stationary flow in the compu-



tation. The numerical methods employed are a Runge-
Kutta fifth-order explicit scheme and an implicit first
order Euler scheme. The two methods are combined
for obtaining a stable and efficient computation.

SSG/LRR-ω model
The Reynolds Stress Model (RSM) chosen to

be implemented in QUADFLOW is the SSG/LRR-ω
model form Eisfeld et al. (2005). This model is the
combination of the SSG model form Speziale et al.
(1991) in the far field and the LRR model from Laun-
der et al. (1975) near the wall. The idea is to extend the
applicability of the SSG model to wall-bounded flows
in conjunction with an ω-equation. The LRR model
chosen is a simplified version by Wilcox who coupled
it with his ω-equation as in Wilcox (1993). The choice
of this model near the wall is justified by the desire of
having a low-Reynolds number model allowing inte-
gration up to the wall. As Wilcox shows, the near-wall
behaviour of second-order closure models is strongly
influenced by the scale-determining equation (Wilcox
(1993)). Models based on an ω-equation often predict
acceptable values of the wall integration constant and
are quite easy to integrate through the viscous sublayer
with respect to models based on the ε-equation. The ω-
equation of Menter has been chosen to provide a tur-
bulent length scale for the present model. The blend-
ing function of Menter has been employed to smoothly
blend the coefficients of the two models.

The general equation describing the Reynolds
stresses reads as follow:

∂

∂t
(ρ̄R̃ij) +

∂

∂xk
(ρ̄ŨkR̃ij) = (1)

ρ̄Pij + ρ̄Πij − ρ̄εij + ρ̄Dij + ρ̄Mij .

The terms that appear at the right hand side of the
equation represent the production, the redistribution,
the destruction, the diffusion and the contribution of
the turbulent mass flux, respectively.

Apart from the production term, which does not
need modeling because it only depends on quantities
for which an equation is solved, all other terms need
to be modeled.

The re-distribution term is modeled as follows

ρ̄Πij = −(C1ρ̄ε+
1
2
C∗

1 ρ̄Pkk)b̃ij (2)

+C2ρ̄ε(b̃ik b̃kj −
1
3
b̃mnb̃mnδij)

+(C3 − C∗
3

√
II)ρ̄k̃S̃∗ij

+C4ρ̄k̃(b̃ikS̃jk + b̃jkS̃ik −
2
3
b̃mnS̃mnδij)

+C5ρ̄k̃(b̃ikW̃jk + b̃jkW̃ik) ,

where all the coefficients are obtained inserting the
values in Table (1) in the blending function (13) de-
scribed below. In the above equation k̃ is the turbulent

kinetic energy and ε is the specific dissipation. The
tensors appearing in equation (2) are the anisotropy
tensor

b̃ij =
R̃ij

2k̃
− δij

3
, (3)

and II its second invariant, the strain rate tensor

S̃ij =
1
2

(
∂Ũi
∂xj

+
∂Ũj
∂xi

)
, (4)

the rotation tensor

W̃ij =
1
2

(
∂Ũi
∂xj
− ∂Ũj
∂xi

)
(5)

and the traceless strain rate tensor S̃∗ij .

Table 1: Coefficients of SSG and LRR model for the re-
distribution term.

C1 C∗1 C2 C3 C∗3 C4 C5

SSG 3.4 1.8 4.2 0.8 1.3 1.25 0.4
LRR 3.6 0 0 0.8 0 2.0 1.11

The isotropic destruction term reads:

ρ̄εij =
2
3
Cµρ̄k̃ωδij . (6)

For what concerns the diffusion term the generalized
gradient diffusion model is chosen:

ρ̄Dij =
∂

∂xk

[(
µ̄δkl +D(GGD) ρ

ω
R̃kl

) ∂R̃ij
∂xl

]
.

(7)
The value of the constant D(GGD) is computed by the
equation:

D(GGD) = Fσ∗ + (1− F )
Cs
Cµ

. (8)

F is the blending equation in (13), σ∗= 0.5 and
Cs=0.22.
Finally the term ρ̄Mij is neglected.

The Menter ω-equation for RSM reads as follows:

∂

∂t
(ρ̄ω) +

∂

∂xk
(ρ̄Ũkω) = (9)

ρ̄Pω − ρ̄Dω +
∂

∂xk

[(
µ̄+ σω

ρ̄k̃

ω

)
∂ω

∂xk

]
+ ρ̄CD

with the production term

ρ̄Pω = −αω
ω

k
R̃ik

∂Ũi
∂xk

, (10)

the destruction term

ρ̄Dω = βωρ̄ω
2 (11)



and the cross-diffusion term

ρ̄CD = σd
ρ̄

ω
max

(
∂k̃
∂xk

∂ω

∂xk
; 0

)
. (12)

The coefficients of the ω-equation as well as those
of the Reynolds stresses are blended using the follow-
ing function:

φ = FφLRR + (1− F )φSSG (13)

Table 2: Coefficients for ω-equation [9].

αω βω σω σd

SSG 0.44 0.0828 0.856 2σω

LRR 0.5556 0.75 0.5 0

The coefficients for the ω-equation are listed in ta-
ble 2. The blending function of Menter is defined as:

F = tanh(ζ4) (14)

with

ζ = min

[
max

( √
k̃

Cµωd
;

500µ̄
ρ̄ωd2

)
;

4σ(SSG)
ω ρ̄k̃

ρ̄C(SSG)
D d2

]
.

(15)

4 Preliminary Results
The results obtained from the first shots with a

ramp angle of 40 degrees are presented here and com-
pared with numerical results using the Reynolds stress
model. The computational grid has 800x200 grid
points and a wall resolution of 10−6 m. This grid res-
olution has been chosen since it allow to have almost
square cells in the freestream. The numerical solution
is stopped once the residual of density drops below
10−4. For this test case a better convergence cannot
be achieved due to unsteadiness in the simulated flow
especially in the separated region. This unsteadiness
is captured also in the experiment and show a small
oscillation of the separation bubble over the test time.
Figure 3 shows the Mach number distribution in the
computational domain. The boundary layer separation
is clearly visible at the end of the flat plate and a small
region of subsonic flow is produced after the shock at
the kink.

Inflow Conditions
The inflow conditions for the numerical simula-

tions are derived by the conditions at the exit of the
nozzle in the experiment. Table 3 presents the free-
stream conditions used here. The gas is considered as

Figure 3: Mach number distribution in the computational
domain.

Table 3: Free-stream conditions.

P∞ 9871 [KPa]
ρ∞ 0.08624 [Kg/m3]
U∞ 2516 [m/s]
T∞ 390 [K]
M∞ 6.35 [-]

perfect gas with an isoentropic coefficient γ equal to
1.4.

Boundary Condition
For what concerns the turbulent variables a tur-

bulent intensity of 0.5% is chosen. At the super-
sonic inflow boundaries, the values are set equal to the
freestram values. At the supersonic outflow bound-
aries, the flow variables are extrapolated from inside
the domain.
At the solid wall the no-slip condition is imposed for
the velocity components and for the Reynolds stresses.
For the ω-equation, the Menter approach is chosen at
the wall with constant wall temperature, in our case
Tw=300 K.

Results
Figure 4 reproduce the experimental and numer-

ical pressure distribution along the compression cor-
ner. It can be noticed that the first pressure value is
higher than the turbulent attached value predicted by
the simulation. From the time evolution of the pres-
sure in that location it can be seen that the separation
bubble is oscillating so that the thin film gauge in that
position experiences both attached and separated flow
as in Figure 5. The test time is considered to be be-
tween 6.5 and 8.5 microseconds. The second pressure
value shows that the flow has separated as it also had
in the numerical simulations. Further values along the
compression ramp are in good agreement with the nu-



merical simulation.

Figure 4: Pressure distribution along the 40 degrees com-
pression corner

Figure 5: Time evolution of pressure for the first kulite.

For what concerns the heat fluxes, the values in the
separation bubble are shown in figure 6. The second
value corresponds to the same position as the first pres-
sure value with respect to the distance from the lead-
ing edge. Also here it can be noticed that the value is
higher than the one numerically predicted. Looking at
the time evolution of the heat fluxes it can be seen that
the flow turns from separated to attached along the test
time, revealing an oscillation of the separation point as
in Figure 7. Furthermore the comparison shows that
the numerical simulation underestimate the size of the
separation bubble and consequently the correct loca-
tion of the separation.

5 Conclusions
The preliminary results shown here reveal a gen-

eral good agreement between the computational and

Figure 6: Heat fluxes distribution along the separation re-
gion.

Figure 7: Time evolution of heat fluxes for the second thin
film gauge.

the experimental data. An improvement in the agree-
ment can be achieved by forcing the simulated flow to
undergo a laminar to turbulent transition at the same
location where the boundary layer trip is placed on the
model. The differences in the heat fluxes values along
the separation bubble suggests that the separation size
is larger in the experiments than in the simulation, po-
tentially because of non uniformities in the inflow con-
ditions. This can be tested once the results of the pitot
survey will be properly analyzed. Furthermore it has
been noticed that the steady state numerical simula-
tion is not able to account for unsteady phenomena
like the small oscillation of the separation point even
though the impossibility to drop the residuals below a
certain level let us know that the flow under consid-
eration is quasi-steady. For this kind of simulation a
particular care should be taken while considering the
results in ’transition’-regions like separation or reat-
tachment where unsteady phenomena are more likely



to occur. A further comparison with other turbulence
models like 2-equations models is required to assess
whether the use of a 7-equation model is justified by
an improvement in the prediction of the flow charac-
teristics. In the next weeks the experiment moves to
the 15 degrees compression corner and a further and
more detailed analysis of the results, including also the
heat transfer along the compression ramp will be con-
ducted. Results from the flat plate using using sensors
closer to the leading edge should show the correct po-
sition of the laminar to turbulent transition and allow a
better set up of the numerical simulation.
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