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1. Motivation and objectives
Supersonic combustion in ramjet (scramjet) propulsion has been under consideration
for hypersonic flight. There have been many investigations into the development of a
reliable scramjet engine including the work by Curran & Stull (1964), who proposed the
dual-mode scramjet concept to allow the scramjet to operate at ramjet speeds (M<4.5).
In the dual-mode engine, a constant-area duct, called the "isolator" is introduced between
the inlet and the combustor. In a ramjet, a series of normal shocks occurs in the isolator,
while the shock structure converts to a series of oblique shocks as the vehicle velocity
is increased to the hypersonic regime. The oblique shock system, which is often called a
"shock train" allows the dual-mode scramjet to adjust the back pressure in the combustor
at both ramjet and scramjet speeds. If disturbances, such as a sharp increase of back
pressure in the combustor, exceed the stability limits of the inlet/isolator, they causes a
transient process known as unstart. When unstart occurs in a dual-mode scramjet engine,
the shock train in the inlet/isolator is disgorged by the inlet, eventually resulting in a
loss of thrust.
Several experimental studies have aimed at understanding the mechanism of unstart.
Emami et al. (1995) used a model scramjet in a Mach 4 wind-tunnel. The model consisted
of an inlet, an isolator, a diffuser, a constant-area duct, and a throttling flap. Unstart
was initiated by closing the throttling flap. Rodi et al. (1996) used a similar experimental
model in the same facility as Emami et al. (1995), and induced unstart by increasing the
inlet ramp angle or closing the throttling flap. In the study of Wagner et al. (2009,
2010), a model inlet/isolator was mounted on the test-section floor of a Mach 4.9 windtunnel, and unstart was triggered by raising a mechanical flap located downstream of the
isolator. Do et al. (2010a,b) investigated the unstart phenomena initiated by jet injection
downstream of an inlet/isolator in a Mach 5 wind-tunnel. In the studies, wall pressure
measurement or planar visualization such as Schlieren photography and particle image
velocimetry (PIV) were used to characterize the unstart dynamics.
Computational fluid dynamics simulations have also been used to study the unstart
phenomenon. Most of these studies were conducted using a Reynolds-averaged NavierStokes (RANS) turbulence model or a large-eddy simulation (LES) technique. Neaves
et al. (2001) numerically investigated the Mach 4 experiment by Emami et al. (1995)
using the Spalart-Allmaras (Spalart & Allmaras 1994) RANS turbulence model and an
adaptive-mesh technique. Boles et al. (2009) conducted a hybrid RANS/LES simulation
of the experiment by Wagner et al. (2009). Pečnik et al. (2009) and Terrapon et al.
(2009) numerically investigated the experiment by Gardner et al. (2004) which had the
configuration as the identical HyShot II flight experiment. In the two calculations, the
Spalart-Allmaras model and the Menter SST model (Menter 1994) were used for turbulence closure, and the flamelet progress variable approach (FPVA) by Pierce & Moin
(2004) was used for combustion modeling.
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Although a significant amount of work has been aimed at understanding unstart, very
little was known about the complex dynamics during the unstart process. The objective
of the present study is to assess the unsteady RANS approach to predict the unstart
event and validate the approach against the experimental data of Wagner et al. (2009).

2. Reynolds-averaged Navier-Stokes solver
The simulation code used in the current study is the compressible Reynolds-averaged
Navier-Stokes solver, Joe. The code has been developed at the CTR and performs parallel
calculations and parallel post-processing on a collocated unstructured mesh using a finite
volume formulation and implicit time-integration. The discretization is second order in
space and first/second order in time. For time integration, the second-order BDF2 scheme
as well as the first-order implicit Euler scheme were implemented.
The flux at the faces of each finite volume is calculated by the HLLC approximate
Riemann solver (Toro 1999). In order to prevent non-physical oscillation near a discontinuity such as a shock wave, slope-limiter functions are used. Two different slopelimiter approaches were implemented in the current flow solver: the solution-dependent
weighted least-squares method, based on Mandal & Subramanian (2008) and Pečnik et al.
(2008); and a modified version of the limiter proposed by Barth & Jespersen (1989) and
Venkatakrishnan (1995). The turbulence closure model used in the current study was
the Spalart-Allmaras model (Spalart & Allmaras 1994). The scalar transport equation
for turbulent viscosity is solved separately after each pseudo time step for the NavierStokes equations. The mass flux calculated with the HLLC approximate Riemann solver
is stored and used to calculate the scalar advection term.

3. Inlet/isolator experiment
The inlet/isolator experiment in the Mach 4.9 blowdown wind-tunnel at the University
of Texas at Austin is numerically investigated in this study (Wagner et al. 2009). In the
experiment, the inlet/isolator model was mounted on the floor of the test-section, as
shown in Figure 1. The constant area test-section was 6 inches wide, 7 inches tall, and
30 inches in length.
The inlet part of the model consisted of a 6-degree compression ramp and aft-swept
sidewalls of 53.5 degrees with respect to the wall-normal direction. The inlet height H0
was 1.375 inches, and the isolator height h was 1 inch. The inlet and the constant area
isolator were 3.57 h and 9.54 h long respectively. The width of both the inlet and isolator
was 2 h, and there is a 1.64 h ∼ 2 h space between the model sidewall and the test-section
sidewall.
To initiate the unstart event, a mechanical flap was raised. A gasket was added on the
top of the flap such that a step blockage (0.125h tall) was present when the flap was in
the fully down position. The minimal angle of the flap to initiate the unstart process was
reported to be 26 ± 0.6◦ , but the data were collected at an angle of 28◦ . Two different
rise times (140 ms and 530 ms) were tried in the experiment, but no distinguishable
differences in the phenomenon of unstart were observed. As the flap was brought to the
full deflected position, the flow remained started and would eventually unstart at an
unpredictable later time. It should also be noted that there was a 0.025h gap between
the flap and the model sidewall.
The free-stream Mach number in the test-section was 4.9, and the speed of the free
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(a)

(b)
Figure 1. Inlet/isolator model in the experiment of Wagner et al. (2009): (a) schematic of the
inlet/isolator model, (b) photograph of the inlet/isolator model

stream (U∞ ) was 740 m/s. The test-section floor boundary layer was turbulent and
thick, and properties of the boundary layer reported by Wagner et al. (2009) were as
follows: 99% thickness δ99 = 0.76 h, displacement thickness δ ∗ = 0.35 h, and momentum
thickness δθ = 0.03 h. The Reynolds number based on the momentum thickness Reθ was
39,000. However, in the 2010 paper (Wagner et al. 2010), the Reynolds number based
on the momentum thickness Reθ was 50,000. The modifications occurred due to the
new PIV measurement of the incoming floor boundary layer and the correction of the
miscalculated molecular viscosity. The current study used the flow values from Wagner
et al. (2009). The pressure in the storage tank was 17.6 MPa, and the plenum temperature
T0 was 333±3K. After the blow down to the test-section from the storage tank, the freestream pressure P∞ became 5.38 kPa. The molecular viscosity was calculated by using
Sutherland’s formula.

4. Results
4.1. Computational domain
Three different computational domains (2D, 3D without tunnel sidewalls, and 3D with
tunnel sidewalls) were considered for the current study. The two-dimensional computational domain contained about 0.16 million control volumes. The three dimensional
domain including only the region spanned by the model sidewalls was simulated; about
2.3 million control volumes were used in this simulation without the tunnel sidewalls.
The 3D simulation with tunnel sidewalls which contained the region between the model
sidewall and the wind-tunnel sidewall, as shown in Figure 2, was performed using about
3.1 million control volumes. In the two 3D simulations, only half of the spanwise domain
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Figure 2. Computational domain in the "3D with tunnel sidewalls" simulation

was computed due to symmetry. In all of the studies, the mesh close to the walls is
clustered to ensure the y + value is smaller than unity at the first cell. The domain size
of the 2D simulation was 23.6h(L)×6.3h(H). The domain sizes of the 3D without tunnel
sidewalls and 3D with tunnel sidewalls simulations were 23.6h(L)×5.5h(H)×2h(W) and
27.6h(L)×5.3(H)×6h(W), respectively.
4.2. Boundary conditions
The incoming boundary layer profiles were extracted from a flat plate boundary layer
simulation, and then interpolated as a Dirichlet boundary condition to the inlet/isolator
simulation domain. In the flat plate simulation, several simulations with different flow parameters were conducted until the boundary layer thicknesses (δ99 , δ ∗ , and δθ ) matched
those reported in the experiment. For outflow boundaries, either a characteristic boundary condition or the Neumann condition were used; the characteristic boundary condition
built in the code was used for subsonic outflow and the Neumann condition was used
for supersonic outflow. The Neumann condition was achieved by using the same flow
values at cell boundaries as those at the cell center. Since only one half of the spanwise
domain was solved in the two 3D simulations, a symmetry boundary condition was used
at the center plane. For the wind-tunnel floor and the model wall, no-slip condition with
adiabatic wall temperature was used. In the 3D simulation with tunnel sidewalls, a symmetry (slip) condition was used for the outer surface of model sidewall and wind-tunnel
sidewalls. The symmetric boundary was achieved by making flux across the cell boundary
be zero.
For the unstart simulations, the flap moved suddenly. In the experiment, it took 140
ms for the drive system to raise the flap to the final position, whereas the flow-through
time was only 0.52 ms, where the flow-through time is defined as the time required for
the Mach 4.9 flow to go through the length of the entire model. Since the time scale for
the flap movement was much greater than the flow-through time, it can be assumed that
flap speed has little effect on the unstart process. The fact that the slow flap time (530
ms) in the experiment did not show a discernible difference from the fast flap time (140
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Figure 3. The computational mesh around the flap (3D without tunnel sidewalls): (a) flap in
its down position, (b) raised flap

ms) also supports this argument. Therefore, the flap was suddenly raised (zero flap time)
in the simulation. Initially, the zone coinciding with the raised flap was filled with an
unstructured mesh as in Figure 3(a). The mesh in the zone was removed for the raised
flap as in Figure 3(b), and the remaining grid formed a body-fitted mesh around the
raised flap.
4.3. 2D simulation
In order to reduce computational cost, 2D simulations were performed first. The leading
edge of the model ceiling had a round tip whose radius of curvature was 0.008h. A meshindependent study was performed with three different resolutions in wall-normal and
streamwise directions of the inlet/isolator. The simulation reaches grid convergence with
about 160,000 control volumes.
A steady RANS simulation was first performed for the started flow and compared with
the experiment by Wagner et al. (2009) and the simulation by Boles et al. (2009). In the
computational study of Boles et al., a hybrid LES/RANS simulation was performed on
16.9 million cells. Recall that in the experiment, the flap has a step shape when it is in
the fully down position, and the height of the step was 0.125 h. Two different simulations,
with the flap and without the flap, were conducted and it was determined that the step
blockage did not strongly influence the flow in the inlet/isolator. Therefore, the flap was
not included in the computational domain for the steady-state simulation of the 2D and
the 3D without tunnel sidewalls geometries. The step was also neglected for the started
flow simulation in the simulation by Boles et al.
Figure 4 shows the pressure distribution on the floor for the started flow. The abrupt
rise in pressure shows the position where an oblique shock reflects from the bottom wall,
and the sudden decrease occurs where expansion waves reflect from the bottom wall.
The overall behavior of the pressure distribution is similar to the experiment and the
hybrid LES/RANS simulation by Boles et al. However, the pressure was lower than the
experiment and the hybrid LES/RANS simulation, and the location of the second shock
reflection occurred later, which implies that the shock angle was incorrect by neglecting
the 3D effects. The displacement of the first shock reflection was hard to notice, suggesting
that the growing boundary layer on the sidewall played an important role.
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Figure 4. Started flow pressure distribution on the bottom wall

The flap was raised in order to initiate the unstart process. In the experiment, the
ceiling boundary layer first separated, forming a separation shock at the beginning of
the unstart process. The separation shock and the flap shock formed the head of the
unstart shock system, and the unstart shock system propagated upstream through the
inlet/isolator during the unstart process (Wagner et al. 2010). In the 2D simulation,
the reflected shock from the bottom wall and the flap shock induced separation of the
ceiling boundary layer, and they form the unstart shock system, as in the experiment.
Even though the flow at the center between the top wall and the flap was believed to
be choked in the experiment, no specific investigation was performed for the flow in the
region. Interestingly, however, our simulation showed that the flow was not choked and
remained supersonic at the exit of the isolator.
The 2D simulation was not able to correctly predict the critical angle of the flap. In
the experiment, the minimal flap angle to unstart the flow was 26 ± 0.6◦ , yet in the 2D
simulation, unstart did not occur at the angles of 26◦ and 28◦ , but at 30◦ .
4.4. 3D simulation without tunnel sidewalls
The computational domain of the 3D simulation without tunnel sidewalls includes the
space spanned by the model sidewall and the center plane. The boundary condition for
the sidewall was no-slip, whereas symmetry boundary conditions were used for the other
lateral boundary. Sixteen control volumes were used in the spanwise direction for half
of the model, clustered towards the sidewall to ensure y + values below unity for cells
adjacent to the wall.
Three shock systems occurred in the 3D case without tunnel sidewalls: the shock train
induced by the compression ramp of the inlet and two shock trains emanating from
the sidewalls. The leading edges of the sidewalls were not included, but the boundary
condition along the sidewall was changed from slip to no-slip as Figure 5. Additional
oblique shocks were initiated on the sidewall since the flow suddenly changed direction
when it passed through the growing boundary layer. The growing boundary layer on the
sidewall resulted in pressure rise in the inlet/isolator not only due to reducing mass flux
but also by causing a oblique shock. However, the strength of the sidewall shock was
much weaker than the oblique shock from the compression ramp of the inlet.
The strength of the shock on the model sidewalls can be different from the experiment
because the curvature of the leading edge of the sidewall was not taken into account. The
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Figure 5. Pressure contours at the mid-plane (horizontal view) of the inlet/isolator: (a) 3D
without tunnel sidewalls, (b) 3D with tunnel sidewalls

gap between the flap and the model sidewall was not considered in the simulation, and
thus, leakage of mass through this gap did not occur in the simulation.
The wall pressure distribution of the started flow in Figure 4 was in a better agreement
with the experiment than the previous 2D simulation. In particular, agreement between
the experiment and the simulation improves remarkably in the rear part of the isolator
as the effect of the sidewalls is taken into account. The 3D simulation result showed a
better agreement with the experiment than the hybrid LES/RANS simulation by Boles
et al. (2009).
The unstart process was initiated by moving the flap. Similar to the 2D simulation, the
flap was raised suddenly (zero flap time). The critical angle in the simulation was 26.6◦ ,
which is within the uncertainty ranges of the experiment(26 ± 0.6◦ ). Since only 26.0◦ and
26.6◦ cases were considered, the actual critical angle may be between 26.0◦ and 26.6◦ .
The initial formulation of the unstart shock system was similar to the 2D simulation
and the experiment; the boundary layer on the ceiling of the isolator was separated at
first and the separation shock and the flap shock constituted the unstart shock system.
Moreover, the flow near the flap was not choked, as in the 2D simulation result.
The upstream propagation speed of the unstart shock system in the isolator at flap
angle 28◦ is shown in Figure 6. As in the experiment (Wagner et al. 2009), speed was
computed using the time spent between the pressure taps. The speed of the unstart
shock system between stations T5 and T6 (1) was about 0.0572 U∞ (42.3 m/s), which
is relatively close to the experiment. In the middle of the isolator, the shock system
accelerated, and the speed between T4 and T5 was 0.108 U∞ (80.0 m/s). The average
velocity was then reduced to 0.0706 U∞ (52.2 m/s). As the shock system moved to the
inlet, the speed increased to 0.151 U∞ (111.6 m/s). The range of the speed distribution
(42.3 ∼ 111.6 m/s) is broader than that measured in the experiment (19 ∼ 74 m/s).
The average propagation speed in the isolator (between T3 and T6) was 0.0817 U∞
(60.5 m/s). In the experiment of Wagner et al., the average speed in the isolator was
0.035±0.003 U∞ (26±2 m/s). Therefore, the average speed in the simulation was about
2.33 times faster than that in the experiment.
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Figure 6. Normalized (by U∞ ) unstart shock system speed in the isolator

Figure 7. The computational grids on the center plane (vertical view) of the 3D case with
tunnel sidewalls

4.5. 3D simulation with tunnel sidewalls
In order to explore the discrepancy in shock speed between the experiment and the
computation, a 3D simulation with tunnel sidewalls was conducted. This simulation
included the space between the model sidewall and the wind-tunnel sidewall. In addition,
the simulation also contained the step-shaped flap for the started flow which was not
included in the 2D or the 3D simulation without tunnel sidewalls. The gap between the
flap and the model sidewall was also included in the computational domain. The leading
edge of the model sidewall was sharp, whereas the ceiling had a round-shaped tip (radius
of curvature = 0.008 h) at the leading edge.
To reduce computational cost, the mesh was stretched and became more unstructured.
As in the 2D simulation and the 3D simulation without tunnel sidewalls, the mesh was
stretched along the wall-normal direction. In the 3D simulation with tunnel sidewalls,
however, the streamwise length of a control volume was also changed by using unstructured grids as shown in Figure 7.
In Figure 4, the pressure distribution of the started flow deviated from the experiment
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and became closer to the hybrid RANS/LES simulation of Boles et al. (2009). However,
the deviation was much smaller compared to the difference between the 2D simulation
and the 3D simulation without tunnel sidewalls. The abrupt rises near x/h = 3.2 and x/h
= 9.6 in Figure 4 show the positions where the oblique shocks impinge on the bottom wall.
Since the impingement positions moved downstream compared with the experiment, the
discrepancy means that the oblique shock angles in the simulations were different from
those in the experiment. One possible explanation is the limited ability of the SpalartAllmaras RANS model to represent the shock wave-turbulent boundary layer interaction,
or the wrong Reynolds number reported in the experiment (Wagner et al. 2009, 2010)
may also have the disagreement. A large pressure jump at x/h = 12.2 which did not
appear in the 2D simulation and the 3D simulation without tunnel sidewalls was due to
the flap blockage on the bottom wall.
The speed of the unstart shock system became closer to the experiment than the result
of the 3D simulation without tunnel sidewalls. The speed of the unstart shock system at
each interval was shown in Figure 6. The speed at each interval ranged from 0.0369 U∞
(27.3 m/s) to 0.159 U∞ (117.7 m/s). The overall behavior of the variation of the speed
was similar to that in the experiment. The speed of the unstart shock system decreased
to 0.0407 U∞ (30.1 m/s) at the upstream part of the isolator (between T3 and T4) and
accelerated to 0.159 U∞ (117.7 m/s) as it moved upstream (between T2 and T3). The
average speed in the isolator (between T3 and T6) was 0.0482 U∞ (35.7 m/s) which is
1.38 times faster than the experiment. Compared with the speed of the 3D simulation
without tunnel sidewalls which was 2.33 times faster than the experiment, the average
speed was in a better agreement with the experiment. As shown in Figure 6, the overall
speed at each interval became much closer to the experiment except for the interval
between T2 and T3. Even though the flow in the case of the inlet/isolator is supersonic,
the flow near the wall is subsonic, and therefore, the flow inside the model sidewall can
interact with the flow outside through the thick boundary layer. Since the unstart process
is governed by the back pressure, the pressure field outside the model sidewall can affect
the speed of the unstart shock system. In addition, leakage through the gap between the
flap and the model sidewall is affected by the pressure outside the model sidewall. Thus,
the inclusion of the space outside the sidewall in the computational domain appeared to
be necessary for improved prediction of the unstart event.

5. Conclusions
A RANS solver based on a finite volume formulation on an unstructured mesh with the
Spalart-Allmaras turbulence model was applied to simulate the Mach 4.9 inlet/isolator
experiment by Wagner et al. (2009). Three computational domains, 2D, 3D without
tunnel sidewalls, and 3D with tunnel sidewalls, were considered. The present results
show that the RANS simulations are able to predict the complex physics in a scramjet
inlet/isolator. The wall pressure distributions in the three domains were reasonably close
to the experiment. The result of the 3D simulation with tunnel sidewalls deviated from
the experiment, but was similar to the hybrid LES/RANS simulation by Boles et al.
(2009), which also included the space between the model sidewall and the wind-tunnel
sidewalls.
When unstart was initiated by the sudden deployment of the flap, the 2D simulation
was not able to predict the critical angle for the unstart event. In the experiment, the
critical angle was 26 ± 0.6◦ , but the minimum angle to unstart the inlet/isolator in the
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2D simulation was 30◦ . In the 3D simulation without tunnel sidewalls, the critical angle
was 26.6◦ , but the speed of the unstart shock system in the isolator was about 2.33
times faster (60.45 m/s) than the experiment. The discrepancy with the experiment was
reduced in the 3D simulation, with the tunnel sidewalls showing speeds only 1.38 times
faster (35.71 m/s) than the experiment. Thus, it can be concluded that including the
tunnel sidewalls is important to predict the unstart event in the inlet/isolator. At the
beginning of the unstart process, the flow at the core between the top wall and the flap
was not choked and remained supersonic in all the simulations.
The current study still shows discrepancy with the experiment in terms of the speed
of the unstart shock system. Our future plans include increasing the grid resolution in
the spanwise direction and use other turbulent models including the LES approach.
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