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Abstract

A numerical analysis was conducted to investigate and characterize the unsteadiness of the flow structure and oscil-
latory vacuum pressure inside of a supersonic diffuser equipped to simulate high-altitude rocket performance on the
ground. A physical model including a rocket motor, vacuum chamber, and diffuser, which have axisymmetric configu-
rations was employed. Emphasis was placed on investigating the physical phenomena of very complex and oscillatory
flow evolutions in the diffuser operating very close to the starting condition, i.e. at a minimum starting condition, which
is one of the major important parameters from a diffuser design point of view.
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1. Introduction

A rocket motor designed to operate at high altitudes
needs a nozzle with a large expansion ratio in order to
maximize thrust at much lower atmospheric pressures
than that at sea level. When these motors are tested on
the ground, accurate performance cannot be proven
due to flow separation occurring in the nozzle. There-
fore, to accurately evaluate the performance of such
rocket motors, a high altitude test facility system is
required to test the rocket motor at high altitude con-
ditions on the ground. One such system is the super-
sonic exhaust diffuser, and another is an ejector to
simulate high altitude conditions on the ground. The
simplest method among these is to use a supersonic
exhaust diffuser.

Studies on testing methods, design methods, and
the internal flow of experimental systems simulating
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high altitude conditions have been performed in re-
search institutes, industries, and academic labs since
the mid-1950s. In the US, experiments and theoretical
analyses on various performance factors were per-
formed at the government sponsored AEDC (Arnold
Engineering Development Center) in order to re-
search and develop ground experimental equipment
that can simulate high altitude conditions [1-3]. In
brief, the AEDC proposed theoretical methods to
determine the starting pressure of various types of
diffusers (long cylindrical diffusers, long second
throat diffusers, short second throat diffusers, etc.) [1-
4]. In India, experiments using both cold nitrogen gas
and hot rocket exhaust gas as driving fluids were
carried out at the ISRO (Indian Space Research Or-
ganization) to design a high altitude test (HAT) facil-
ity that can be used to test the third stage motor (Ps-3)
of a Polar Satellite Launch Vehicle [8]. In France, the
DGA/CAEPE developed the high altitude test facility
MESA, which consists of a vacuum pump, ejector,
and diffuser. Further, four diffuser experiments were
performed at the ONERA RI1Ch facility in order to
find an optimum configuration by way of a numerical
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analysis used to evaluate experimental data collected
at the facility [9]. In the most recent research, Purdue
University developed a lab-scale high altitude facility
in order to supply a hybrid rocket motor with an air-
powered ejector and blow-off door for the initial
lower back pressure [10].

For two decades, numerical investigations were
conducted in order to understand internal shock struc-
tures and flow physics in the supersonic ejec-
tor/diffuser system [11-14]. These numerical studies
have focused on flow structure at steady state with

week considerations of compressible turbulent effects.

As the Mach number of a turbulent flow increases,
the velocity fields can no longer be assumed to be
solenoidal. Turbulent modeling for compressible flow
has to account for the additional correlations involv-
ing both the fluctuating thermodynamic quantities and
the fluctuating dilatation. The interaction of a shock
wave with a turbulent boundary layer leads to a sig-
nificant increase in turbulence intensity and shear
stress across the shock [16]. To take account of the
important feature at high-speed flow, in this study, a
combined model of the low Reynolds number k-¢
model [15] and compressible-dissipation and pres-
sure-dilatation proposed by Sarkar [16-18] was pro-
posed. And also unsteady numerical analysis was
performed in order to consider unsteadiness of the
flow structure and oscillatory vacuum chamber pres-
sure at minimum start-operating condition.

For this paper, a numerical simulation was con-
ducted in order to comprehend the detailed flow evo-
lution information in the diffuser operating at a mini-
mum starting condition, which is blinded in experi-
ments, but is very important from a diffuser design
point of view. The minimum starting pressure is one
of the major factors required to determine the size of
the test facility such as the driving fluid supply sys-
tem, rocket and diffuser sizes, and so on.

2. Numerical method

2.1 Governing equation

The Favre averaged governing equations based on
the conservation of mass, momentum, and energy for
a compressible, chemically reacting gas can be writ-
ten as
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2.2 Turbulence closure

The standard k-& model, which was proposed for
high Reynolds number flows, is traditionally used
with a wall function and the variable y+ as a damping
function. However, universal wall functions do not
exist in complex flows, and the damping factor can-
not be applied to flows with separation. Thus, a low
Reynolds number k-& model was developed for near-
wall turbulence. Within certain distances from the
wall, all energetic large eddies will reduce to Kolmo-
gorov eddies (i.e. the smallest eddies in turbulence),
and all the important wall parameters, such as friction
velocity, viscous length scale, and mean strain rate at
the wall can be characterized by the Kolmogorov
micro scale.

Yang and Shih [15] proposed a time-scale-based .-
& model for the near-wall turbulence related to the
Kolmogorov time scale as its lower bound so that the
equation can be integrated to the wall. The advan-
tages of this model are (a) no singularity at the wall,
and (b) adaptability to separation flow since the
damping function is based on the Reynolds number
instead of y+. Low Reynolds number models have
been designed to maintain the high Re formulation in
the log-law region and further tuned to fit measure-
ments for the viscous and buffer layers.

The turbulent kinetic energy and its dissipation rate
are calculated from the turbulence transport equations
written in the following:
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where P, , T, and A are turbulent kinetic energy pro-
duction rate, turbulent time scale, and damping func-
tion, respectively, and then represented as follows:
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where 7, is the Kolmogorov time scale.
The turbulent viscosity and damping factor f,
for the wall effect can be written as

H, = PC,. LT, (10)
1/2
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The damping factor is taken to be a function of
R, = kl/zy/v .

The following constants are used.

0,=10, 0,=13, C,=009, C, =144,
C.,=192, a=15x10", a,=50x10"7,
as=1.0x107"

The low Reynolds number model used in this work
is based on the combined model of Yang and Shih
and Sarkar’s compressed model [16-18].

2.3 Numerical scheme

The conservation equations for moderate and high
Mach number flows are well coupled, and standard
numerical techniques perform adequately. In regions
of low Mach number flows, however, the energy and
momentum equations are practically decoupled and
the system of conservation equations becomes stiff. In
the entire diffuser system, the flow fields are gov-
erned by a wide variety of time scales (from super-
sonic flow of the rocket jet to stagnation-flow in the
vacuum chamber). Such a wide range of time scales
causes an unacceptable convergence problem. Indeed,
the author experienced that the conventional numeri-
cal scheme could not calculate the vacuum chamber
pressure accurately. To overcome the problem, a dual

time-integration procedure designed for all Mach
number flows is applied, which may be constructed in
two steps. First, a rescaled pressure term is used in the
momentum equation to circumvent the singular be-
havior of pressure at low Mach numbers. Second, a
dual time-stepping integration procedure is estab-
lished.

The pseudo-time derivative may be chosen to op-
timize the convergence of the inner iterations by us-
ing an appropriate preconditioning matrix that is
tuned to rescale the eigenvalues to render the same
order of magnitude to maximize convergence. To
unify the conserved flux variables, a pseudo-time
derivative of the form /8Z /07 can be added to the
conservation equation. Since the pseudo-time deriva-
tive term disappears upon convergence, a certain
amount of liberty exists in choosing the variable Z.
We took advantage of this by introducing a pressure
P’ as the pseudo-time derivative term in the conti-
nuity equation.

While dual time stepping and LU-SGS are applied
for time integration, a control volume method is used
to integrate both inviscid fluxes represented by
AUSMPW-+ and MUSCL and viscous fluxes repre-
sented by central difference. The code is paralleled
with a multi-block feature by using an MPI library to
speed up the unsteady calculation.

3. Results and discussion

Previous work shows that 1) an increase in the
compressibility level tends to increase the decay rate
of turbulent kinetic energy, k, and 2) the direct nu-
merical simulation results present that moderate com-
pressibility affects compressible dissipation and no
solenoidal dissipation [16]. For this study, the author
determined that the low Reynolds number 4-£ model
with Sarkar’s compressed model provided good
agreement with the experimental data after testing
several other two-equation turbulent models, which
will be prepared for another research paper.

3.1 Diffuser configurations

A test model with a large vacuum chamber is illus-
trated in Fig. 1. The physical sizes of the test models
were decided upon in order to investigate the effect
that major design parameters such as the area ratio of
the diffuser to the rocket nozzle throat ( 4,/ 4, ), the
expansion ratio of the rocket nozzle (4,/4, ), and
the rocket nozzle throat diameter to start the diffuser.
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The dimensions of the model are diffuser length L of
260mm, diffuser diameter D of 21 mm, the ratio of
length to diameter of diffuser L/D of 12.38, the area
ratio of diffuser to rocket motor nozzle throat 4,/ 4,

of 56.25, and the area ratio of diffuser exit to rocket
motor nozzle throat 4,/4, of 35.02 (Fig. 1). Ex-
periments using cold nitrogen gas (y=1.4 ) as a
driving fluid were carried out.

Fig. 2 shows the computational domain concerned
in this study. The computational configuration is ex-
actly the same as that of the experiment except the
vacuum chamber configuration, but with the same
volume size so as to not lose any accuracy and pro-
mote the numerical convergence rate. The computa-
tion domain consisted of three blocks, and each block
grid was 115%50, 79*30, and 206*79, respectively.
The wall conditions on the front of vacuum chamber
as well as the stagnation pressure and temperature in
the rocket chamber were applied, respectively. The
wall was assumed to be an adiabatic wall, while par-
tially subsonic and supersonic conditions depending
on the flow condition were applied for the exit of the
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Fig. 1. Schematics (a) and photo (b) of a model diffuser Ref.
[19].

Fig. 2. Computational domain consisting of three blocks.

diffuser. A total of eight processors participated for
parallel computation.

3.2 Diffuser operation characteristics

The starting process of the supersonic exhaust dif-
fuser can be explained through Fig. 3 in Ref. [3]. In
region (1), both the nozzle and diffuser are un-started.
The jet momentum exhausted from the rocket is not
sufficient for the flow to fulfill the nozzle, so the flow
is separate from the nozzle wall. However, as P,/ P,
increases further, the nozzle flows full but over-
expands, so the diffuser is still un-started in region (2).
The un-started regime consists of two phases. In the
first phase, the flow separates from the nozzle wall
through oblique shock, and in the second phase, the
flow separation occurs at the nozzle exit. As
P,/ P,increases further to(P,/P, ), .. , the diffuser
also flows full so that the shock system is fully estab-
lished in the duct. In this regime, the under-expanded
supersonic jet from the nozzle impinges on the dif-
fuser wall. At this stage, the supersonic exhaust dif-
fuser is said to have started, and the corresponding
pressure ratio is the minimum starting pressure ra-
0 (P, / P, )y in -

In this study, all three of the above operation re-
gimes are simulated for the case of the area ratio of
the diffuser cross section to the nozzle throat
A,/ 4, =56.251n order to observe the flow structure
and validate the numerical results. At 10 bar of the
rocket chamber, the diffuser operation regime belongs
to region (1) in Fig. 3. The flow separates inside the
nozzle so that the exhaust jet cannot impinge on the
diffuser wall as shown in Fig. 4(a).

Because the flow in the diffuser belongs to the sub-
sonic regime, pressure along the wall increases gradu-
ally to the same level as atmospheric pressure from
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(1) nozzle & diffuser unstarted

&u
& oaf
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Fig. 3. Typical diffuser characteristic curve of Ref. [3].
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Fig. 4. Mach number contours and pressure distribution along
the diffuser wall with A4,/ 4, =56.25 .

the somewhat low pressure in the vacuum chamber
due to the suction of the inside flow of the vacuum
chamber into the jet boundary, as shown in Fig. 4(b).
Experimental values are marked as symbols and nu-
merical values are represented as lines. Both values
are in fairly good agreement. Since the mass flux of
the jet at 10 bar is not sufficient to start the diffuser,
the rocket chamber pressure increases to 44 bar,
roughly the starting pressure of the diffuser. The ex-
perimental deviation of operation pressure at 40 bar
may be about 4 bar [19]. Numerical data at 44 bar
more properly simulated dynamic motion of shock
train in the diffuser. The numerical comparison at 40
bar and 44 bar is more precisely described in the next
section. And then the jet exhausting from the rocket
nozzle impinges on the diffuser wall as shown in Fig.
4(a). The pressure in the vacuum chamber is evacu-
ated to around 50 torr from 1 bar, proving that the
diffuser is working. The pressure rises behind the
impinging point of the jet on the diffuser wall, de-
creases in the expansion region, increases again dur-
ing the next compression wave, and then finally rises
to atmospheric pressure at the exit of the diffuser. The
experimental data and the numerical results appear to
reveal a discrepancy, but the unsteady flow motions
in the diffuser are blinked on the background of the
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Fig. 5. Flow evolution in a diffuser at motor pressure 40 bar
with A4,;/4,=5625 (At=0.1 msec): (a) Mach number
contours, and (b) shadowgraph..

instantaneous data, which is described in detail in the
next section. If the motor pressure increases further,
the jet strength impinging on the diffuser wall also
increases as expected. The motor pressure of 50 bar
provides two peaks of pressure along the diffuser due
to two impingements on the diffuser wall. The nu-
merical results compare fairly well with the experi-
mental data, in a different view as shown at 44 bar of
the rocket motor. Insights from a detailed comparison
reveal that a dynamic analysis on both the numerical
and experimental tasks is essential in order to avoid a
misleading or incomplete conclusion based on the
static analysis.

3.3 Flow dynamics in a diffuser

As described in section 3.2, the flow structures in
the diffuser are classified according to three operation
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Fig. 6. Flow evolution in a diffuser at motor pressure 44 bar
with 4,/ 4, =56.25 (At=0.1 msec).

regimes of a diffuser from a global view points. In
this study, detailed flow structures at the diffuser
starting point are accurately examined for two rea-
sons: 1) minimum starting pressure is a very impor-
tant design parameter of a diffuser because the start-
ing pressure affects the size of the test facilities, and
2) a steady calculation to investigate the flow struc-
ture and to predict pressure value in a diffuser may
lead to an incorrect decision because the exact ex-
periments to determine the minimum starting pressure
of a diffuser are very critical.

Fig. 5 shows the flow evolution of the Mach num-
ber and numerical shadow graph at 40 bar. The nor-
mal shock moves back and forth from a reference
position with a 0.8 msec periodic time. The acoustic
waves traveling inside of the diffuser may induce a
shock train.

If the rocket pressure increases to 44 bar, the shock
train structure shows different features (Fig. 6).

A small supersonic pocket behind the first diamond
shock occurred at the axis of the diffuser and periodi-
cally moved down- and up-stream. The period of
oscillation relates to the acoustic mode in the sub-
sonic region after the first diamond shock. The length
of the shock is further away from the reference posi-
tion than that of 40 bar. The following physical phe-
nomena may provide an explanation: 1) the mass flux
at 44 bar is sufficient to produce the second shock
pocket but not as strong as the first diamond shock,
and 2) the coupling of acoustic waves and flow evolu-
tion can easily excite the movement of the second
shock pocket.

Even though the rocket pressure remains constant
as 40 or 44 bar, the flow structure shows different
features as described above. While only one shock
pocket is generated at 40 bar, two shock pockets are
generated at 44 bar. Since only one shock occurs at
40 bar and the pressure traveling from downstream to
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Fig. 7. Pressure distribution in the diffuser both along the
wall and at centerline at motor pressure 40 bar and 44 bar
with 4,/ 4,=56.25.

upstream penetrates into the vacuum chamber so it
provides pressure fluctuations in the vacuum chamber,
as shown in Fig. 7 (a). However, at 44 bar, the pres-
sure wave traveling from downstream to upstream
cannot penetrate the first shock pocket, so the pres-
sure change at the vacuum chamber is negligible, as
shown in Fig. 7 (a): one line of 44 bar splits into two
lines after the first impingement position of the shock
at a different time frame, but the pressure still fluctu-
ates slightly because the pressure information can
transfer into the vacuum chamber through a boundary
layer even though its strength is greatly attenuated.
Figure 8 shows the shadowgraphs zoomed into near
the shock impingement for the two cases. At 40 bar,
the boundary length of the impingement and super-
sonic area are much shorter than those of 44 bar,
which proves the above claim. Fig. 7 (b) shows the
pressure along the axis. The first normal shock posi-
tion at 40 bar is further upstream, but the amplitude of
the fluctuation provides a much higher value at 44 bar,
revealing that the coupling between acoustic wave
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Fig. 8. Numerical shadowgraphs near shock impingement on
the diffuser at motor pressure (a) 40 bar and (b) 44 bar with
A;/ A =5625.

and flow evolution may produce over-pressurization
and thus induce over-oscillation of the test facility
structure if those frequencies match exactly.

4. Conclusion

The unsteadiness of a flow structure and pressure
inside a supersonic diffuser for simulating a rocket’s
high altitude environment on the ground was numeri-
cally investigated by treating the conservation equa-
tions of mass, momentum, and energy. The present
model takes into account a compressible low-
Reynolds-number -¢ turbulent model.

The computational geometry consists of the entire
diffuser flow path from the rocket chamber and vac-
uum chamber in stagnation conditions to the exhaust
of the diffuser. While dual time stepping and LU-SGS
were applied for time integration, the control volume
method was used to integrate inviscid fluxes repre-
sented by AUSMPW+ and MUSCL as well as vis-
cous fluxes by central difference. Eight processors
participated for parallel computation by using an MPI
library.

Unsteady numerical calculations were quite compa-
rable to the experimental data and convey valuable
information to investigate unsteadiness of the dif-
fuser’s operation, especially at a rocket chamber pres-
sure close to the minimum starting condition of the
diffuser. At 10 bar (the un-start condition) and 50 bar
(a much higher pressure than the starting pressure) the
pressures along the diffuser wall show relatively
steady data. If the diffuser starts, the vacuum chamber
pressure has a typical value of about 50 torr, which
belongs to an atmospheric pressure of around 20-25

km altitude. The vacuum pressure remained constant
even though higher rocket chamber pressure than that
at the starting condition was supplied. At the mini-
mum starting pressure (40 bar), both the vacuum
chamber pressure and the wall pressure periodically
oscillated due to the shock train. However, somewhat
above the starting pressure at 44 bar, the pressure
along the center line showed much greater amplitudes
than that for the case of 40 bar, but the vacuum cham-
ber pressure negligibly oscillated due to the much
larger size of the boundary length of the shock im-
pingement and supersonic area that attenuates pres-
sure oscillation transferring through the boundary
layer. This information may be very valuable to de-
termine the minimum operating pressure of the dif-
fuser from economic and stable diffuser-design points
of view.
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