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The design and operational parameters of rocket exhaust diffusers equipped to simulate high-altitude rocket

performance on the ground were investigated and characterized using a comprehensive approach (theoretical,

numerical, and experimental). The physical model of concern includes a rocket motor, a vacuum chamber, and a

diffuser, which have axisymmetric configurations. Further, the operational characteristics of a rocket exhaust

diffuser were analyzed from a flow development point of view. Emphasis was placed on detailed flow structure in the

diffuser, to observe the pressure oscillation in both the vacuum chamber and diffuser, which determines the

minimum rocket-motor pressure required to start the diffuser. Numerical simulations were compared with

experimental data on startup and in operational conditions to understand the effects of major design parameters,

including the area ratio of diffuser to rocket-motor nozzle throat, the rocket-motor pressure, and the vacuum-

chamber size.

Nomenclature

Ad = inner cross-sectional area of diffuser
Ade = exit cross-sectional area of diffuser
Ae = exit cross-sectional area of rocket nozzle
At = throat cross-sectional area of rocket nozzle
a1, a3, a5 = model constant of damping factor
Cf = friction coefficient
Ck = model constant of turbulent time scale
C"1 , C"2 = model constants of turbulent energy dissipation
C� = model constant of turbulent viscosity
c = speed of sound
E = specific total energy
F = force
f� = damping factor
h = specific enthalpy
k = turbulent kinetic energy
�L=D�d = ratio of length to diameter of the diffuser
M = Mach number
Mt = turbulent Mach number
_m = mass flow rate
P = static pressure
Pa = ambient (atmospheric) pressure
Pc = vacuum-chamber pressure
Pe = exit pressure of diffuser
Pk = production of kinetic energy
Po = total pressure of rocket motor
qj = specific heat flux
R = specific gas constant
Ry = Reynolds number associated with vertical distance

from the wall
Tt = total temperature
Tturb = turbulent time scale

t = time
u = velocity
x = spatial coordinate
yn = vertical distance from the wall
�1, �2, �3 = model constants for compressible correction
� = specific heat ratio
�ij = Kronecker delta
"c = compressible dissipation
"s = dissipation rate
� = molecular viscosity
�t = turbulent viscosity
� = kinematic viscosity
� = density
�k, �" = model constants
�ij = viscous stress tensor
�k = Kolmogorov time scale

Subscripts

i, j, k = spatial coordinate index
st = starting condition
1, 2, 3 = location in diffuser or model constant

Superscripts

� = time average
~ = Favre average
00 = fluctuation associated with mass-weighted mean

I. Introduction

A ROCKET motor designed to operate at high altitude needs
a nozzle with a large expansion ratio to maximize thrust at

much lower atmospheric pressure than that at sea level. Thesemotors
cannot be accurately tested on the ground because flow separation
occurs in the nozzle. Therefore, to accurately evaluate the perform-
ance of such rocket motors, a test facility that replicates high-altitude
conditions on the ground is required. In general, two kinds of test
facilities are suggested: supersonic exhaust diffusers and ejectors.
For simulated altitudes of around 20 km, the simplest method is the
supersonic exhaust diffuser.

Ejectors are generally classified in two types: constant-pressure-
mixing ejectors and constant-area-mixing ejectors. Keenan et al. [1]
performed a comprehensive study on constant-pressure-mixing
and constant-area-mixing ejectors. Fabri and Siestrunk [2] investi-
gated the internal flowof constant-area-mixing supersonic ejectors at
variable pressure ratios (ratio of stagnation pressure of primary flow
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to backpressure) and different operating conditions. Emanuel [3]
investigated steady-state supersonic ejector performance optimiza-
tion assuming constant pressure mixing using the Rayleigh–Pitot
formula. Lear et al. [4] studied two-phase flows and shock waves of
an ejector system for a cooling system using Fabri choking.

Studies on testing methods, design methods, and the internal
flow of diffuser systems simulating high-altitude conditions have
been performed in research institutes, industries, and academic labor-
atories since the mid-1950s [5–12]. Experiments and theoretical
analysis of various performance factors were performed to develop
experimental equipment that can simulate high-altitude conditions
on the ground [13–15]. Theoretical methods to determine the starting
pressures of various types of diffusers (long cylindrical diffuser,
long second-throat diffuser, short second-throat diffuser, etc.) were
proposed [16–19]. For the design of a high-altitude test facility for
testing the third-stage motor of a polar satellite launch vehicle,
experiments using both cold nitrogen gas and hot rocket exhaust gas
as driving fluids were carried out [20]. The high-altitude test facility
(which consists of a vacuum pump, ejector, and diffuser) was
developed to find an optimum configuration using numerical anal-
ysis to evaluate experimental data collected at the facility [21]. In the
most recent research, a laboratory-scale high-altitude test facilitywas
introduced to supply a hybrid rocket motor with an air-powered
ejector and blowoff door for the initial lower backpressure [22].

For two decades, numerical investigations of internal shock
structures and flow physics in the supersonic ejector/diffuser systems
have been conducted [11,12,23,24]. These numerical studies have
focused on the flow structure at steady state with minimal consider-
ation 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 there-
fore has to account for the additional correlations involving both the
fluctuating thermodynamic quantities and the fluctuating dilatation.
The interaction of a shockwavewith a turbulent boundary layer leads
to a significant increase in turbulence intensity and shear stress across
the shock [25]. To account for the important features in high-speed
flow, this study proposes a combined model of the low-Reynolds-
number k-"model [26] and the compressible dissipation and pressure
dilatation proposed by Sarkar et al. [25], Sarkar [27], Dash and
Kenzakowski [28], andWilcox [29]. An unsteady numerical analysis
is also performed to consider the unsteadiness of the flow structure as
well as oscillatory vacuum-chamber pressure at theminimum startup
and operating conditions.

For this paper, theoretical models (i.e., normal shock and momen-
tum models) were employed and numerical simulations were
compared with experimental data to investigate the effects of the
major design parameters (which are the area ratio of diffuser to
rocket-motor nozzle throat, vacuum-chamber size, and rocket-motor
pressure) and thus to characterize startup and operational conditions.

II. Theoretical Models

The starting process of the supersonic exhaust diffuser can be
explained through Fig. 1. In region 1, both the nozzle and diffuser are
unstarted. The jet momentum exhausted from the rocket is not
sufficient for the flow to fill the nozzle, and so the flow separates from
the nozzle wall. As the pressure ratio P0=Pa increases further, the
nozzle flows full but overexpands, and yet the diffuser is still
unstarted in region 2. The unstarted regime consists of two phases. In
the first phase, the flow separates from the nozzle walls through an
oblique shock, and in the second phase, the flow separation occurs at
the nozzle exit. As the pressure ratio P0=Pa further increases to the
typical pressure ratio �P0=Pa�st;min, the diffuser also flows full so
that the shock system is fully established in the duct. In this regime,
the underexpanded supersonic jet from the nozzle impinges on the
diffuser wall. At this stage, the supersonic exhaust diffuser is said to
have started, and the corresponding pressure ratio is the minimum
starting pressure ratio �P0=Pa�st;min. Previous research [15,16,20] has
shown that two theoretical models based on normal shock and
momentum theories can be used to predict the starting pressure.
Whereas the normal shock model is simplest, the momentum model

takes into account friction loss, which is not considered in the normal
shock model.

A. Normal Shock Model

The basic concept of using a diffuser to simulate high-altitude
conditions is to isolate the vacuum chamber surrounding a rocket
from the atmosphere using a rocket jet’s impingement on the diffuser
wall connected to the vacuum chamber. The starting point is asso-
ciated with the attachment of the jet at its location. The normal shock
model stems from the fact that the overall consequence of the jet-
impinging process in a long duct is closely approximated by a normal
shock wave occurring at the inlet Mach number of the duct. The
starting pressure ratio �P0=Pa�st is then calculated by taking into
account the static pressure recovery across the normal shock. There-
fore, the starting pressure ratio �P0=Pa�st is determined as if a normal
shock wave were situated at the diffuser inlet.

Assuming that friction is neglected, total pressure is determined
by the isentropic formulation for the area ratio Ad=At and a normal
shock model for Mach numberM1 before the normal shock wave:
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The pressure rise after a normal shock can be obtained from the
normal shock theory, and the pressure at the diffuser exit can be
obtained from the isentropic relation between station 2 (after a
normal shock) and station 3 (diffuser exit) (see Fig. 2a):
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� 2�
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(3)

Fig. 1 Typical diffuser characteristic curve (Matsuo et al. [11]).

Fig. 2 Conceptual schematic of a diffuser.
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Assuming that the diffuser exit pressure P3 is equal to the
atmosphere pressure Pa, the starting pressure ratio can be calculated
from the following relation, which is a modified model that includes
the expansion effect of the diffuser exit:�
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From the normal shock model, the starting pressure is a function
of M1, M2, andM3, determined by nondimensional geometry from
Ad=At andAde=Ad. Thus, it can be reasonably applied to experiments
using scaled-down models.

B. Momentum Model

On starting, the free jet impinges upon the diffuser wall and then
flows through a shock system to the exhaust (see Fig. 2b). The
exhaust pressure at the start of the diffuser may be calculated by the
1-D conservation equation between the nozzle and the diffuser exit
plane. The following assumptions are applied to simplify the solution
of the conservation equations: 1) steady adiabaticflow, 2) perfect gas,
3) one-dimensional flow, 4) zero gas velocity in the test cell region,
5) linear Mach number distribution from jet impinge point (station 2
in Fig. 2b) to diffuser exit (station 3 in Fig. 2b) and a constant friction
coefficient, and 6) static pressure at diffuser exit (station 3) that
equals the exhaust pressure Pe.

These assumptions are used in a force balance between nozzle exit
and jet impingement point, together with continuity and energy
relations, as follows:
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The summation of the force-mass relations between stations 1 and
3 (diffuser exit) can now be written asP
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where the frictional force in the diffuser is dfd � ��CfPAd�M2�=
rd� dx. By assuming a linear Mach number distribution from sta-
tions 2 (jet impingement point) to 3 (diffuser exit) and evaluating the
integral, Eq. (7) may be rewritten as
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The maximum value of exhaust pressure at which a diffuser will
start and operate can then be found from the conservation of mass:
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The starting pressure ratio is then calculated from Eq. (8):�
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(10)

III. Numerical Method

A. Governing Equation

The Favre-averaged governing equations based on the conser-
vation of mass, momentum, and energy for a compressible flow can
be written as
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B. 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, the flow situation with
separation has singularity on the wall because of y�. Thus, a low-
Reynolds-number k-" model was developed for near-wall turbul-
ence. Within certain distances from the wall, all energetic large
eddies will reduce to Kolmogorov 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 microscale.

Yang and Shih [26] proposed a time-scale-based k-"model for the
near-wall turbulence related to the Kolmogorov time scale as its
lower boundary, so that the equation can be integrated to the wall.
The advantages of this model are a) no singularity at the wall and
b) adaptability to separationflow; sinceRy instead of y

� is used as the
independent variable in the damping function, the model could be
applicable inmore complexflow. The low-Reynolds-numbermodels
have been designed to maintain the high-Reynolds-number formul-
ation in the log-law region and further tuned to fit measurements for
the viscous and buffer layers. The low-Reynolds-numbermodel used
in this work is based on Yang and Shih.

As the Mach number of a turbulent flow increases, the velocity
fields can no longer be assumed to be solenoidal. Turbulence
modeling for compressible flow has to account for the additional
correlations involving both thefluctuating thermodynamic quantities
and the fluctuating dilatation. The interaction of a shock wave with a
turbulent boundary layer leads to a significant increase in turbulence
intensity and shear stress across the shock [25]. To account for
the important features of a high-speed flow, this study employs the
combined model of compressible dissipation and pressure dilatation
proposed by Sarkar et al. [25], Sarkar [27], Dash and Kenzakowski
[28], andWilcox [29] and the low-Reynolds-number k-"model after
validation. Low-Reynolds-number k-" with Sarkar’s model not
only fairly predicted the impingement point of the jet on the diffuser
wall and separation point compared with experiment data, but also
captured dynamic motion near operational pressure [30].

The turbulent kinetic energy and its dissipation rate are calculated
from the turbulence transport equations, written as follows:
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where "c and p
00d00 represent compressible dissipation and pressure

dilatation, respectively, and

"c � �1M2
t "s (16)
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where M2
t � 2k=c2 is the turbulent Mach number. The closure

coefficients for the compressible corrections are

�1 � 1:0; �2 � 0:4; �3 � 0:2

In Eqs. (12) and (13), Pk, Tturb, and� are turbulent kinetic energy
production rate, turbulent time scale, and damping function,
respectively, and are represented as follows:
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where �k is the Kolmogorov time scale.
The turbulent viscosity and damping factor f� for the wall effect

can be written as

�t � ��C�f�kTturb; f� � �1 � exp��a1Ry � a3R3
y � a5R5

y��1=2

(21)

The damping factor is taken to be a function of Ry � k1=2yn=�.
The following constants are used:

�k � 1:0; �" � 1:3; C� � 0:09

C"1 � 1:44; C"2 � 1:92 a1 � 1:5 � 10�4

a3 � 5:0 � 10�7; a5 � 1:0 � 10�10

C. Numerical Scheme

The conservation equations formoderate- 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. Over the entire
diffuser system, the flowfields are governed by awide variety of time
scales (from stagnation flow in the vacuum chamber to supersonic
flow of the rocket exhaust jet). Such a wide range of time scales
causes an unacceptable convergence problem. The authors deter-
mined that the conventional numerical scheme could not calculate
the vacuum-chamber pressure accurately. To overcome this problem,
we applied a two-step dual-time-integration procedure designed for
all Mach number flows. First, a rescaled pressure term is used in the
momentum equation to circumvent the singular behavior of pressure
at low Mach numbers. Second, a dual-time-stepping integration
procedure is established.

The pseudo time derivative may be chosen to optimize the
convergence of the inner iterations by using an appropriate precon-
ditioning 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
�@Z=@� can be added to the conservation equation [31]. Because the
pseudo-time-derivative term disappears upon convergence, a certain
amount of liberty can be taken in choosing the variable Z. In this
study, a pressure p0 as the pseudotime derivative term in the conti-
nuity equation was introduced.

Whereas dual-time-stepping and lower/upper symmetric Gauss–
Seidel are applied for second-order time integration, a control
volume method is used to integrate inviscid fluxes represented by
AUSMPW� and MUSCL as well as viscous fluxes represented by

Fig. 3 Schematics and computational domains of diffusers: a) large

vacuum chamber and b) small vacuum chamber.

Fig. 4 Starting pressure ratio for the area ratio of diffuser to rocket

nozzle throat.

Fig. 5 Vacuum-chamber pressure versus rocket-motor pressure in the

case of a large vacuum chamber.
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central difference. A multiblock feature using a message-passing-
interface library was used to speed up the calculation.

IV. Results and Discussion

A. Experiments

Two test models, one with a large vacuum chamber and the other
with a small vacuum chamber, are illustrated in Fig. 3. Table 1
presents the dimensions of the model diffusers. The physical sizes of
the test models were chosen to investigate the effect of major design
parameters on diffuser start. The parameters of interest are the area
ratio of the diffuser to the rocket nozzle throat (Ad=At), the expansion
ratio of the rocket nozzle (Ae=At), and the rocket nozzle throat
diameter. The stagnation pressure of the rocket motor was increased
in 5-bar increments from 10 to 60 bar to investigate the effect of the
starting pressure. Eight pressure transducers were installed: one in
the vacuum chamber and seven along the diffuser [32]. Experiments
using cold nitrogen gas (� � 1:4) as a driving fluid were carried out.

B. Effect of Area Ratio of Diffuser to Rocket Nozzle Throat

Figure 4 shows the experimental results with the theoretically
estimated values of the starting pressure ratio based on the normal
shockmodel and themomentummodel. Both results agree fairlywell
with the experiments. The starting pressure ratio �P0=Pa�st increases
as the area ratio of the diffuser to the rocket nozzle throat (Ad=At)

increases. As the diffuser cross-sectional area becomes larger, the
rocket-motor pressure should also be increased for the exhaust jet to
fill the diffuser, because themotor pressure is linearly proportional to
the mass flow rate of the jet exhausted from the rocket.

The higher the specific heat ratio �, the greater the minimum
starting pressure ratio �P0=Pa�st, which may motivate experiments
using scaled-down models with cold nitrogen gas (� � 1:4) as the
driving fluid. Because the specific heat ratio of the rocket exhaust gas
(� � 1:2) is lower than that of the nitrogen gas, the actual starting
pressure of the hot test turns out to be lower for the same Ad=At.
That is, the actual supersonic exhaust diffuser would certainly start at
the pressure determined by the cold-flow tests. This leads to the
conclusion that model tests with cold flow are quite adequate to
conservatively estimate the starting pressure of real-scale firing tests,
as long as Ad=At remains the same. This is an important conclusion,
given the high cost of full-scale hot firing tests in simulated high-
altitude conditions on the ground.

Figure 5 shows the vacuum-chamber pressure versus rocket-motor
pressure in the case of a large vacuum chamber; experimental values
aremarked as symbols and numerical results are represented by lines.
The experimental and numerical values are comparable with each
other. The vacuum pressure established by the rocket exhaust gas
decreases as the rocket chamber pressure increases, and the decline
rate of the pressure varies with Ad=At. It is recognized that the
altitude, or simulated pressure, is controlled by the impingement of
the exhaust jet on the wall of the diffuser inlet duct. The vacuum-
chamber pressure of all cases that start are below 50 torr. However,
even though the rocket-motor pressure is increased to over the
starting pressure, the vacuum-chamber pressure does not further
decrease and, in fact, remains almost the same. This reflects the
importance of accurately predicting the starting pressure to appro-
priately and economically construct the test facility equipment.

Table 1 Dimensions of model diffusers

Dt, mm Ae=At Ad=At L=D

Large chamber, Fig. 3a
2.8 35.02 56.25 12.38
3.2 26.81 43.07 12.38
4.34 14.58 23.41 12.38

Small chamber, Fig. 3b
4.34 14.58 23.41 12.38

Fig. 6 Mach number contours zoomed in a diffuser and pressure

distribution along the diffuser wall with Ad=At � 56:25 in the case of a

large vacuum chamber (numerical data of 44 bar at t0 and t0 � 4�t).

Fig. 7 Flow evolution in a diffuser at motor pressure 44 bar with

Ad=At � 56:25 in the case of a large vacuum chamber (�t� 0:1 ms).
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C. Effect of Rocket-Motor Pressure

Figure 6a shows the Mach number contours for the case of the
smallest nozzle throat area (highest expansion ratio Ad=At � 56:25)
of the test models with a large vacuum chamber (see Table 1).
Figure 3 shows the computational domains. The jet exhausted from
the rocket nozzle impinges on the diffuser wall when the rocket-
motor pressure increases to over 40 bar, which is around the starting
pressure shown in Fig. 5. If the motor pressure increases further,
the jet strength impinging on the diffuser wall also increases, as
expected. Figure 6b describes the pressure distribution along thewall
of the diffuser; experimental values are marked as symbols and
numerical values are represented by lines. The values are in fairly
good agreement. When the motor pressure is 10 bar (i.e., lower than
the starting pressure), the pressure along thewall increases gradually
to atmospheric pressure, because the flow in the diffuser is in the
subsonic regime and the jet flow separates in the nozzle, as shown in
Fig. 6a. At a motor pressure of 40 bar, the pressure rises after the
impinging point and decreases in the expansion region, and finally
rises at the exit of the diffuser. The experimental deviation of
operational pressure at 40 bar is about	4 bar [31]. Numerical data at
44 bar of motor pressure more properly simulated the dynamic
motion of a shock train in the diffuser [33]. The motor pressure at
50 bar provides two peaks of pressure, because the jet impinges on
the diffuser wall twice.

At 44 bar of motor pressure near the starting pressure, the shock
train was observed, as shown in Fig. 7. The small supersonic pocket
behind thefirst shock diamond occurs at the axis of the diffuser, and it
moves periodically downstream and upstream. The reason that the
shock train accompanying pressure oscillation occurs in the diffuser
is that the mass flux and momentum of exhaust jet are not enough to
block out the pressure oscillation produced by acoustic-wave
oscillation in the subsonic region behind the terminal shock. Thus,

the shock train disappears if motor pressure increases up to 50 bar,
producing a strong shock of exhaust jet, as shown in Fig. 6a. The
period of oscillation may relate to the acoustic mode in the subsonic
region after the first shock diamond. Thus, the vacuum-chamber
pressure stays constant, but the pressure along the wall oscillates
periodically with a certain amplitude, as shown in Fig. 6b. If the
motor pressure decreases further, the shock train becomes weak.
Figure 8 shows the flow evolution in a diffuser at a motor pressure of
40 bar. The flow structures represent different features, as shown in
Figs. 7 and 8; whereas two shock pockets are generated at 44 bar,
only one shock pocket is generated at 40 bar. In Figs. 7 and 8, t0 was
set at themoment that the terminal shockmovesmost upstream to the
diffuser inlet. Figure 9 shows pressure distribution in the diffuser
along the wall at motor pressures of 40 and 44 bar. The pressure-
oscillation amplitudes and shapes of the two cases are different,
because the mass flux and momentum of exhaust jet are different
from each other. At the minimum starting pressure (40 bar), both the
vacuum-chamber pressure and the wall pressure periodically oscil-
late due to the shock train. Somewhat above the starting pressure at
44 bar, however, the vacuum-chamber pressure oscillates negligibly,
even though the wall pressure oscillates, as in the case of 40 bar
(Fig. 9). The following phenomena may provide an explanation for
why the vacuum chamber oscillates at 40 bar but remains almost
constant at 44 bar. The observation of flow structures represented by
the numerical shadowgraph (Fig. 10) shows the following:

1) At 44 bar, the cell end boundary of the shock diamond, i.e., the
supersonic flow area, is further away from the nozzle exit than at
40 bar.

Fig. 8 Flow evolution in a diffuser at motor pressure 40 bar with

Ad=At � 56:25 in the case of a large vacuum chamber (�t� 0:1 ms).

Fig. 9 Pressure distribution in the diffuser along the wall at motor

pressures of 40 and 44 bar with Ad=At � 56:25 in the case of a large
vacuumchamber (numerical data of 40 bar at t0 and t0 � 6�t, and 44bar

at t0 and t0 � 4�t.

Fig. 10 Numerical shadowgraphs near shock impingement on the

diffuser with Ad=At � 56:25 at motor pressure: a) 40 bar at t0, and

b) 44 bar at t0.

SUNG ETAL. 245



2) The turbulent boundary layer at 44 bar surrounds the rocket
exhaust.

Thus, the pressure oscillation behind the first shock diamond
cannot penetrate into the vacuum chamber through the boundary
layer because of attenuation in the large buffer region created by the
turbulent boundary layer and the supersonic core at 44 bar.

D. Effect of Vacuum-Chamber Size

To investigate the effect of vacuum-chamber size, both experi-
ments and numerical calculations were conducted using the same
nozzle (i.e., Ad=At � 23:41) with different vacuum-chamber sizes:
small and large. The volume ratio of the large vacuum chamber to the
small vacuum chamber is about 129.4. Figure 11 shows the vacuum-
chamber pressure Pc for small and large vacuum chambers. The
experimental results and the numerical calculations are comparable,
and vacuum sizes do not affect the starting pressure of the diffuser.

However, the transient time required to reach the steady state of
the vacuum-chamber pressure increases as the size becomes larger,
and so the rocket-motor size should be increased to supply enough
exhaust gas to reach the steady state. Figures 12a and 13a represent
theMach number contours in the diffuser systemwith small and large
vacuum chambers, respectively. In Figs. 12b and 13b, experiments in
two different vacuum chambers are marked as symbols: solid
symbols for the large vacuum chamber and open symbols for the
small vacuum chamber. Numerical values are presented by a solid
line for the large vacuum chamber and by a dotted line for the small
vacuum chamber. The flow structures in the diffuser and the pressure
distributions along the diffuser wall are very close if the diffuser
starts. For both cases, the pressure in the vacuum chamber is below
50 torr, which is equivalent to an altitude of 20–25 km. The size of
the vacuum chamber does not have much effect on the simulation
altitude, but the transition time to reach at quasi-steady state in the
case of a large vacuum chamber needs a longer time than that of a
small chamber.

V. Conclusions

A comprehensive theoretical, numerical, and experimental ap-
proach was employed to study both the starting and operating con-
ditions of supersonic exhaust diffusers. The results from the three
approaches are quite comparable and convey valuable information
for design and operational parameters of the diffuser, including
specific heat ratio of exhaust gas, area ratio of diffuser to rocket
nozzle, rocket-motor pressure, and vacuum-chamber size. The
modified theoretical model based on shock wave and momentum
theory is especially valuable for very quickly predicting the
minimum starting pressure of the diffuser with acceptable accuracy.
Numerical calculations using preconditions and a low-Reynolds-
number k-" turbulent model with compressible correction very
precisely predict vacuum-chamber pressure, representing high-
altitude conditions and identifying complex flow structures across a

Fig. 11 Vacuum-chamber pressure for vacuum-chamber size.

Fig. 12 Mach number contours in the diffuser and pressure distrib-

ution along the diffuser wall with a large vacuum chamber and Ad=At�
23:41.

Fig. 13 Mach number contours in the diffuser with a small vacuum

chamber and comparison of pressure distribution between two types of

vacuum chambers with Ad=At � 23:41.
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very wide range of Reynolds numbers. Low-Reynolds-number k-"
with Sarkar’s model not only fairly predicted jet impingement point
and separation point compared with experiment data, but also
captured dynamic motion at the starting pressure.

A certain pressure is required to start the diffuser, and the starting
pressure increases as the area ratio of the diffuser to the rocket-motor
nozzle (Ad=At) increases. The vacuum-chamber pressure remains
almost the same, however, even though a rocket-motor pressure that
is higher than the starting pressure is supplied. At the minimum
starting pressure (40 bar), both the vacuum-chamber pressure and the
diffuser wall pressure periodically oscillate due to the shock train.
Somewhat above the minimum starting pressure at 44 bar, however,
the oscillation of the vacuum-chamber pressure was negligible, even
though the diffuser wall pressure oscillated as in the case at 40 bar,
because of the large size of both the supersonic core and the turbulent
boundary layer around the rocket exhaust at 44 bar. From the fact that
the higher specific heat ratio requires a higher starting pressure, the
supersonic exhaust diffuser using the rocket exhaust jet as a driving
source would certainly start at the pressure simulated by cold-flow
tests using nitrogen gas, because the specific heat ratio of the rocket
exhaust gas is lower than that of nitrogen gas. Vacuum-chamber size
does not affect the starting pressure of the diffuser, but the large
chamber requires more time for the diffuser to reach a steady state.
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