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Abstract

The starting time of a high-altitude exhaust diffuser is a key factor in evaluating an
engine’s unsteady performance. One common approach to reduce this time is to
pre-evacuate the vacuum chamber and part or all of the diffuser. This study examines
how pre-evacuation influences diffuser performance using four diffuser inlet to nozzle
outlet area ratios 1.27, 1.91, 4.1, and 7.81, tested using compressed air and rapid nozzle
pressurization. These ratios correspond to four conical nozzles with expansion ratios of
45, 30, 15, and 7.5. Wall pressures were measured at 13 points along the diffuser and
vacuum chamber, both with and without pre-evacuation. The pre-evacuation process used
a vacuum pump. Results showed that at area ratios of 1.91 and higher, harmonic pressure
oscillations develop in the diffuser and vacuum chamber. Pre-evacuation did not
eliminate these oscillations but shortened their onset and the diffuser starting time,
especially at an area ratio of 1.27, where the narrow annular gap delays starting. Mass
flow rate analysis revealed alternating filling and emptying of the vacuum chamber
during oscillations. Fourier analysis indicated that oscillation frequency increases with
area ratio, while amplitude decreases.
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of part or all of the diffuser and vacuum chamber using a
vacuum pump before testing.

Introduction

Simulating a space nozzle on Earth requires a low-pressure
(vacuum) environment to avoid flow separation inside the
nozzle. This is achieved using high-altitude exhaust diffuser,
which includes a supersonic diffuser and a vacuum chamber.
The exhaust jet from the nozzle generates a relative vacuum
around it. In some setups, ejectors or vacuum pumps are
added to enhance performance.

Previous studies [2-4] have shown that increasing the pre-
evacuated volume of the diffuser, significantly reduces
starting time. Fouladi et al. [9,10] found that pre-evacuation
prevents destructive flow separation transitions. However,
high diffuser inlet-to-nozzle outlet area ratios may cause
pressure oscillations that can create noise and structural
damage. Despite being mentioned in earlier research, the
mechanism and influencing factors of this phenomenon
remain unclear.

A key performance parameter is the diffuser starting time,
which is the duration needed to create a relative vacuum
around the nozzle. A shorter starting time allows more
accurate thrust measurements and prevents backflow, which

can increase chamber pressure and damage the nozzle, This study investigates how pre-evacuation affects pressure

especially in hot gas tests. Starting time depends on nozzle
pressure, initial test conditions, chamber volume, and diffuser
geometry. A common method to reduce it is pre-evacuation

oscillations during diffuser starting using four nozzles with
different expansion ratios of 7.5, 15, 30, and 45. The goal is
to clarify whether pre-evacuation influences oscillation onset,
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intensity, and diffuser starting behavior under rapid
pressurization conditions.

Methodology

The experimental setup consisted of a compressed air supply
system, a vacuum pump, a vacuum chamber, a nozzle, a
scaled second-throat diffuser and a data acquisition system
Figure 2 illustrates the schematic configuration of the second
throat diffuser, vacuum chamber, nozzle, and the locations of
pressure transducers. The tests were conducted using
compressed air. Air tanks provided up to 50 bar pressure to
feed the nozzle chamber, with pressure regulated by an
upstream solenoid valve. The nozzle and pressure chamber
were positioned inside the vacuum chamber such that the
nozzle exit and diffuser inlet were aligned on the same plane
without contact with chamber walls. An annular gap between
the nozzle exit and diffuser inlet allowed flow exchange
between the diffuser and vacuum chamber. The diffuser’s
geometric parameters are provided in Table 1.

Thirteen pressure transducers, including Kulite and Motorola
types, were used to measure pressure distribution along the
diffuser, while Kulite and TML transducers measured
vacuum and nozzle chamber pressures. A data sampling
frequency of 550 Hz was selected to accurately capture the
pressure oscillations.

The diffuser geometry was kept constant, and the diffuser
inlet-to-nozzle outlet area ratio was varied using four conical
nozzles with expansion ratios of 7.5, 15, 30, and 45. Rapid
pressurization of the nozzle chamber was applied to achieve
the desired motor pressure.

To study pre-evacuation effects, the entire internal volume of
the nozzle, diffuser, and vacuum chamber was evacuated to
below 0.02 bar. A sealed cover at the diffuser exit separates
the pre-vacuum interior space from the exterior and detached
automatically under pressure rising. Experiments were
performed for area ratios 1.27, 1.91, 4.1, and 7.81, both with
and without pre-evacuation, at ambient pressures of 0.87-0.89
bar and approximately 300 K.

Results and Discussion

At high diffuser inlet to nozzle exit area ratios and near the
starting condition, harmonic pressure oscillations appear
throughout the diffuser and vacuum chamber. As shown in
Figure 4, pressure variations over time are compared under
two conditions: (a) the oscillation condition and (b) the
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started condition, both under pre-evacuated conditions at an
area ratio of 1.91. In both conditions, there are local
fluctuations near the end of the diffuser which is due to
turbulent separation.

To analyze pre-evacuation effects, pressure—time responses
of the vacuum chamber for four geometries were compared.
Pre-evacuation notably reduced diffuser startup time, but it
did not alter oscillation frequency or amplitude. At
A,/A,=127, no oscillations occurred, but starting time

shortened significantly. For higher area ratios, oscillations
began earlier under pre-evacuated conditions.

Mass flow calculations, using Equation 3, showed that flow
enters and exits from chamber alternately during harmonic
pressure oscillations. Flow choking in the annular gap was
observed only at A;/A,=1.27.

As depicted in Figure 15, Spectral analysis revealed that
oscillation frequency increased with area ratio and decreased
with nozzle chamber pressure, while amplitude showed the
opposite trend. Pre-evacuation had minimal influence on
these. Results demonstrate that pre-evacuation primarily
accelerates diffuser startup but does not affect the oscillation
behavior.

Conclusion

This study investigates the effect of pre-evacuation on
pressure oscillations in a second throat diffuser. Experiments
were conducted at diffuser inlet to nozzle outlet area ratios of
1.27, 191, 4.1, and 7.81 using four conical nozzles with
different expansion ratios, both with and without pre-
evacuation. Results show that for area ratios above 1.27,
periodic pressure oscillations occur over a specific range of
nozzle chamber pressures, extending throughout the diffuser
and vacuum chamber. Increasing the diffuser inlet area ratio
at a constant nozzle pressure decreases oscillation frequency
but increases amplitude. Similarly, higher nozzle pressure at
a fixed area ratio produces lower frequency and larger
amplitude oscillations. Pre-evacuation was found not to affect
the formation or characteristics of these oscillations but to
accelerate their onset and reduce diffuser starting time, which
varies with the area ratio. During oscillations, the vacuum
chamber alternately fills and empties.
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Figure 1. Schematic of pre-evacuation process in high-
altitude test facility.
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Table 1. Geometrical specification of second throat
exhaust diffuser and nozzles.

Geometric Geometric

Value Value
Parameter Parameter

. 7.5 15
(L/ D), A /A ’ >
8 ¢ 30 & 45

(L/D), 0.8 | A/A 57.87
0, 6° Ayl A 1.73
0o 6° A 1A 3.5

Table 2. Pressure transducer specifications.
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Figure 2. Schematic of high-altitude test facility
equipped with vacuum pump for pre-evacuation.
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Figure 3. High-altitude test facility and data acquisition
system.
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Figure 4. Pressure-time along the diffuser for
A, /A, =191: (a) pressure oscillation mode at motor

pressure of 22.1 bar, (b) starting condition at motor
pressure of 30 bar.
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Figure 8. Pressure-time variation of vacuum chamber
for A,/ A, =7.81at the same motor pressure for without

pre-evacuation (solid lines) and with pre-evacuation
(dash lines).
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Figure 6. Pressure-time variation of vacuum chamber
for A,/ A, =191at the same motor pressure for without

pre-evacuation (solid lines) and with pre-evacuation
(dash lines).
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Figure 7. Pressure-time variation of vacuum chamber
for A, /A, =4.1at the same motor pressure for without

pre-evacuation (solid lines) and with pre-evacuation
(dash lines).
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Figure 10. Variation of vacuum chamber mass flow

rate with time for A,/ A, =1.27 : (a) without pre-

evacuation, (b) with pre-evacuation.
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Figure 9. Assumed control volume in vacuum chamber.
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Table 3. Diffuser starting time with and without pre-evacuation.

Ayl A, Moror pressure (bar) Starting time without Starting time with pre-evacuation (s) Difference (%)
pre-evacuation (s)

1.27 19.5 2.643 1.713 533
1.27 22 4.207 1.845 128

1.27 25 3.186 2 593

1.91 23 2.048 1.206 69.8

1.91 25 2.15 1.203 78.8
1.91 30 2.44 1.229 98.5

4.1 25 2.07 0.778 166

7.81 25 1.88 0.96 95.8
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Figure 11. Variation of vacuum chamber mass flow rate
with time for A, / A, =4.1at motor pressure of 23 bar: (a)

without pre-evacuation, (b) with pre-evacuation.
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Figure 12. Pressure oscillation over time and fast Fourier transform of oscillation along the diffuser for A,/ A, =1.91 at

motor pressure of 22.1 bar.
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Figure 13. Pressure oscillation over time and fast Fourier transform of oscillation along the diffuser for A,/ A =4.1at

motor pressure of 22.6 bar.
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Figure 14. Pressure oscillation over time and fast Fourier transform of oscillation along the diffuser for A,/ A, =7.81at

motor pressure of 22 bar.
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A, /A, | Area ratio of diffuser inlet to nozzle exit
A,/A" | Area ration of diffuser inlet to nozzle throat
A, /A" | Area ratio of nozzle exit to nozzle throat
Area ratio of subsonic diffuser to second
throat
A, /A, | Area ratio of diffuser inlet to second throat

C.C. | Calibration coeficient

C.V. | Control volume

d | Position of pressure transducer

DAQ | Data acquisition system
f | Frequency(Hz)

L/D | Length to diameter ratio
MFR | Mass flow rate (kg/s)
NER | Nozzle expansion ratio
Static pressure ( bar )

A, /A

st

Motor pressure ( bar)

Gas constant
Static temperature (K)
Uncertainty (/)

time (s)
Volume of vacuum chamber(m*)
Voltage variation

Greek Symbols

7 | Specific heat ratio
¢, | Convergence angle of ramp
¢.. | Divergence angle of subsonic diffuser

o
<l e |R|m|T | o

Subscripts

d | Diffuser inlet
gap Annular gap between the nozzle outlet and the
diffuser inlet
st | Second throat

VC | Vacuum chamber

&L (a5
el oais ul-‘-' ulfdw.uy Lug é&LA ua)Lu dasfc.:ib

15
- ) AJA =191
I a AJA = 4.1
i [ AJA, =781
3 10 Without Pre-evacuation
N
) - With Pre-evacuation
SN |
>
15 L
= L
=
o o
o L
—
= | ‘\
0 -
P E T R R S T
22 24 28 30

26
P_/P
Figure 15. Variation of oscillation frequency with motor

pressure for different motor pressure with and without
pre-evacuation.
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Figure 16. Variation of oscillation amplitude with motor
pressure for different motor pressure with and without
pre-evacuation.
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