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Abstract

The ejector system is a useful device for creating high altitude conditions for ground tests of supersonic engines. The ejector perform-
ance can be immediately changed by varying the ejector operational mode. The ejector nozzle pressure ratio is well known to have a
significant effect of the operational mode of an ejector. However, the effects of the mixing duct length and other geometric design pa-
rameters on the ejector mode change have not been clearly determined. In this study, the effects of ejector component geometries and
inflow conditions on ejector operational mode are investigated by numerical analysis. By changing the inflow conditions and geometric
parameters, twelve test cases are studied. Using the numerical test results, the flow pattern and suction pressure performance of the ejec-
tor with a fixed secondary mass flow rate are compared. In the numerical test results, a high primary nozzle stagnation pressure induces a
highly underexpanded flow, resulting in the critical operational mode. For the critical operational mode, the mixing duct must be suffi-
ciently long to accommodate the shock train and the choking zone. Primary nozzles with wide angles also induce widely expanded noz-

zle flows and result in the critical operational mode.
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1. Introduction

High-altitude tests of the propulsion systems of supersonic
air vehicles are important for ensuring system reliability. To
accurately estimate the performance of a supersonic engine
using wind tunnels, the entire flow field around the engine
should be maintained at supersonic speed. For this purpose, an
ejector system can be a useful device for providing a low pres-
sure at the exit of the test model and for creating a supersonic
flow around the model.

Fig. 1 shows a typical exhaust system using an ejector in a
blow-down wind tunnel. As shown in the figure, the wind
tunnel provides the fixed amount of the secondary flow. And
the primary flow from the ejector nozzle is mixed with the
secondary flow and expelled through the diffuser. Due to the
entraining effects of the primary flow, the stagnation pressure
upstream of the secondary flow, Py, can be kept low.

Performances of the ejector have long been studied for the
application in refrigeration cycles [1-5]. Unlike the cases in
supersonic wind tunnels, entrainment ratio and critical back
pressure are the main performance parameters in refrigeration
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Fig. 1. Schematic of a typical exhaust system using an ejector in a
blow-down wind tunnel.

Mixing duct

cycles. Wu et al. studied the effects of the mixing duct length
on the entrainment ratio using numerical simulation [2]. Hak-
kaki-Fard et al. also performed numerical simulation to study
the effects of the ejector geometry on the entrainment ratio
using fixed pressure condition in the secondary flow [3].
However, in supersonic wind tunnels, the amount of the sec-
ondary flow is fixed and the back pressure is always atmos-
pheric. In particular, the main performance parameter is the
pressure of the secondary flow, so it should not be fixed in
supersonic wind tunnels.

Depending on the operating conditions, ejector regimes can
be classified as supersonic, saturated supersonic, and mixed
regimes [6]. In the supersonic and saturated supersonic re-
gimes, which can be classified as critical modes, the secon-
dary flow is choked at the aerodynamic throat due to the pri-
mary flow in the mixing duct. If the secondary flow is choked,
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the upstream condition of the secondary flow is not influenced
by the back pressure of the wind tunnel, resulting in stable
suction performance. However, in the mixed regime, which is
classified as a subcritical mode, the secondary flow is not
choked in the mixing duct, and the flow can be influenced by
the back pressure of the wind tunnel.

The ejector performance can be immediately changed by
varying the ejector operational mode [7]. Under fixed primary
flow conditions, an ejector in critical mode can provide a lar-
ger entrainment ratio or lower suction pressure than an ejector
in subcritical mode. Furthermore, the flow patterns of the crit-
ical mode are less complicated than those of the subcritical
mode and can be accurately predicted by simple one-
dimensional analysis. In contrast, using one-dimensional anal-
ysis, predictions of ejector performance in the subcritical
mode are not sufficiently accurate [8, 9]. Therefore, an ejector
in the critical mode can be simply designed by a one-
dimensional approach and can provide better performance
than that in the subcritical mode.

The pressure ratio Py/Py, is well known to have a significant
effect of the operational mode of an ejector [6, 9, 10]. How-
ever, for the application in supersonic wind tunnels, the effects
of the mixing duct length and other geometric design parame-
ters on the ejector mode change have not been clearly deter-
mined. Information regarding the effects of inflow conditions
and geometric parameters on the ejector mode and perform-
ance can be useful for obtaining an efficient ejector design,
especially when the primary flow capacity or the construction
space is limited.

In this study, numerical analysis is used to study the effects
of the primary nozzle inflow conditions and geometric design
parameters on ejector performance.

2. Numerical method

The performance of the ejector is studied using an axisym-
metric two-dimensional numerical simulation. Computations
are performed using the commercial code Fluent™, along
with a density-based solver. Menter’s shear stress transport
(SST) k~w model is used to consider turbulence effects. For
two-stream mixing cases, k- SST model is known for its
accurate prediction of flow structures in ejector systems [1,
11-13].

Fig. 2 shows the configuration and computational domain
of a typical ejector model (case 1) for numerical analysis. As
shown in the figure, the geometry of the ejector is assumed to
be axisymmetric for simplicity. Approximately 125000 grid
points were used in the mesh of the computational domain for
case 1. In a grid resolution study, doubling the number of grid
points did not significantly affect the results. In previous re-
search, this numerical method was validated by comparing the
numerical prediction results and experimental data from an
ejector system [14].

In the different numerical test cases, the boundary condi-
tions are varied. However, a fixed stagnation pressure under

Table 1. Numerical test conditions for cases 1-4.

Conditions| 0, m, Py, ,
Luw/Dh
Case No. (deg) (kg/s) | KPa) | (kgss)
Case 1 15.5 4000
Case 2 194 5000
2 164 | 115 8.25
Case 3 233 6000
Case 4 31.1 8000
) 191 mm
B g
f—— 3150 mm “+— 2060 mm
- 8500 mm !

Fig. 2. Computational domain of the ejector for case 1.

sonic speed conditions is typically applied at the primary noz-
zle inlet. Additionally, the stagnation temperature of the pri-
mary nozzle flow is fixed at 300 K. Since most wind tunnels
provide a constant mass flow rate during a test, a fixed mass
flow rate condition is used for the secondary inflow, and the
stagnation temperature of the secondary flow is fixed at 573 K.
The outlet pressure is fixed at 101.3 kPa, and all walls are
assumed to be adiabatic. More details of the conditions for
various test cases are provided in the following sections.

3. Numerical test results

The characteristics of the operational mode and the ejector
performance are investigated using numerical tests with vari-
ous conditions. By changing the inflow conditions and geo-
metric parameters, twelve test cases are studied. Using the
numerical test results, the flow pattern and suction pressure
performance of the ejector with a fixed secondary mass flow
rate are compared.

3.1 Effects of the stagnation pressure of the primary flow

The pressure ratio Py/Py, is well known to have a significant
effect on the operational mode of an ejector [10, 15]. An un-
derexpanded primary nozzle flow generates an aerodynamic
throat for the secondary flow in the mixing duct. Therefore, a
high Py, is preferable to obtain the critical mode. However, a
higher Py, does not necessarily provide a lower suction pres-
sure.

In Table 1, the test conditions for four cases are summarized.
As shown in the table, the mass flow rate of the secondary
flow is fixed at 8.25 kg/s. For cases 1-4, Py, is increased from
4000 kPa to 8000 kPa. Due to the fixed primary nozzle ge-
ometry, the mass flow rate of the primary flow also increases
with Pg,,. The other geometric parameters are fixed at constant
values, as shown in the table.

Fig. 3 shows the Mach number distributions within the ejec-
tor for cases 1-4. As shown in the figure, the primary nozzle
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Fig. 3. Mach number distributions within the ejector for cases 1-4.

flow expands and mixes with the secondary flow downstream
in the mixing duct. Additionally, a higher P, induces a wider
expansion of the primary nozzle flow, as shown in the figure.
Because a higher Py, results in a higher static pressure at the
primary nozzle exit, the nozzle flow becomes highly underex-
panded and widely expanded downstream of the nozzle. The
highly underexpanded primary nozzle flow can generate an
aerodynamic throat for the secondary flow in the mixing duct.
Therefore, as shown in the figures for the high-P,, cases (cases
2-4), the sonic speed contour lines contacted the wall; thus, the
ejector is operated in the critical mode. However, in the low-
Py, case (case 1), the secondary flow does not reach sonic
speeds; thus, the ejector is operated in the subcritical mode.

However, a higher Py, does not necessarily provide a lower
suction pressure. The suction pressures for cases 1-4 are repre-
sented in Fig. 4. As shown in the figure, case 1 shows the
highest suction pressure among the four cases due to its sub-
critical mode operation. However, among the critical modes, a
higher Py, results in a higher suction pressure. As a result, case
2 shows the lowest suction pressure among the cases.

The reason for this phenomenon can be explained by the
choking relation of the secondary flow. According to com-
pressible flow theory, the stagnation pressure of the choked
secondary flow can be calculated as follows:

1 1 RT;,

Doy == .

A /-
—~(y+1 (227)
y( 2 j

(M

As shown in the equation, the stagnation pressure of the
choked flow is inversely proportional to the aerodynamic
throat area. As illustrated in Fig. 3, a higher Py, results in a
smaller aerodynamic throat area due to a highly underex-
panded nozzle flow. Therefore, once the critical mode is
achieved, the suction pressure Py increases with Py, if the
mass flow rate remains constant.

Table 2. Numerical test conditions for cases 5-8.

Conditions| 0, m, Py, ,
Luw/Dh
Case No. (deg) (kg/s) (kPa) (kg/s)
Case 5 7.1
Case 6 9.3
e 164 233 | 6000 3
Case 7 11.5
Case 8 13.5
60
Case 1 subcritical mode
= 50 F . critical mode
o
=
~ ol Case 3 ,,,,,,,E?ie 4
Case 2
30 1 1 1
3000 5000 7000 9000
P, (kPa)

Op

Fig. 4. Suction pressure performance of the ejector for cases 1-4.

3.2 Effects of the mixing duct length

The major operating principle of the ejector is the momen-
tum exchange between the primary flow and the secondary
flow by mixing. Therefore, the length of the mixing duct
should be sufficiently long to provide enough space for mix-
ing between the primary flow and the secondary flow. Dutton
and Carroll demonstrated that the mixing duct length-to-
hydraulic diameter ratio should be in the range of 8 <L, /D;, <
12 [16]. However, depending on the operating conditions, an
L,/Dj, value of 10 may not be sufficient for the diffusion proc-
ess to be completed [17]. The mixing duct length can be a
critical parameter for the ejector design, especially when the
construction space for the ejector is limited. However, the
effects of the mixing duct length on the ejector operational
mode have not been clearly determined.

In this section, the effects of the mixing duct length on the
ejector performance was studied via numerical tests. In Table
2, the test conditions for four cases are summarized. As shown
in the table, L,/D,, is increased from 7.1 to 13.5 for cases 5-8.
The other parameters are fixed at constant values, as shown in
the table.

Fig. 5 shows the Mach number distributions within the ejec-
tor for cases 5-8. As shown in the figure, the underexpanded
primary nozzle flow generates a shock train in the mixing duct.
Through the shock train, the back pressure has an influence
upstream in the mixing duct. Therefore, to obtain the critical
mode in the ejector, the mixing duct should be long enough to
accommodate the shock train and provide space for the secon-
dary flow to be choked. As shown in Figs. 5(c) and (d), the
sonic speed lines contact the wall; thus, the ejector is operated
in the critical mode for cases 7 and 8. Furthermore, for these
two cases, the lengths of the shock trains behind the choking
zones are both 7.8 Dy. In both cases, the choking zones are
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Fig. 5. Mach number distributions within the ejector for cases 5-8.
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Fig. 6. Suction pressure performance of the ejector for cases 5-8.

located upstream of the shock train. However, as shown in
Figs. 5(a) and (b), the mixing duct is not long enough to ac-
commodate the shock train and the choking zone; thus, the
ejector is operated in the subcritical mode. As shown in Table
2, the mixing duct for case 5 is shorter than 7.8 Dy; thus, it
cannot accommodate the shock train. As shown in Fig. 5(b),
the mixing duct for case 6 is longer than 7.8 Dy, but does not
provide enough space for the choking zone. Therefore, for the
critical operational mode with the conditions provided in Ta-
ble 2, L,/D;, should be greater than approximately 11 to ac-
commodate the shock train and to provide space for the sec-
ondary flow to be choked. The suction pressure performances
for cases 5-8 are represented in Fig. 6. As shown in the figure,
a longer mixing duct results in a lower suction pressure. How-
ever, if the mixing duct is sufficiently long to accommodate
the shock train and the choking zone, the further reduction in
suction pressure is not substantial.

3.3 Effects of the primary nozzle angle

As described in Sec. 3.1, the highly underexpanded primary
nozzle flow expanded in the mixing duct and generated an

Table 3. Numerical test conditions for cases 9-12.

Conditions| 0, m, Py, m,
Luw/Dh
Case No. (deg) (kg/s) | KPa) | (kgss)
Case 9 16.4
Case 10 26
ase 7.1 272 | 7000 3
Case 11 30
Case 12 34.5
| P | - n
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Fig. 7. Mach number distributions within the ejector for cases 9-12.

aerodynamic throat for the secondary flow. A primary flow
expansion can also be induced by using a wide-angle primary
nozzle. In this section, the effects of the primary nozzle angle
on the ejector performance are studied via numerical tests.

In Table 3, the test conditions for four cases are summarized.
As shown in the table, the primary nozzle angle varies from
16.4° to 34.5° for cases 9-12. For consistency in the numerical
tests, the expansion ratio of the nozzle is kept constant. The
other parameters are fixed at constant values, as shown in the
table.

Fig. 7 shows the Mach number distributions within the ejec-
tor for cases 9-12. As shown in the figure, the nozzles with
wider angles induce more widely expanded nozzle flows.
Furthermore, as shown in Figs. 7(b)-(d), the sonic speed con-
tour lines contact the wall; thus, the ejector is operated in the
critical mode for cases 10-12, which have nozzles with wider
angles.

However, the nozzles with wider angles do not necessarily
provide lower suction pressures. The suction pressures for
cases 9-12 are shown in Fig. 8. As shown in the figure, case 9
shows the highest suction pressure among the four cases due
to its subcritical mode operation. However, among the critical
modes, the nozzles with wider angles result in higher suction
pressures. As a result, case 10 shows the lowest suction pres-
sure among the cases. As mentioned in Sec. 3.1, the stagnation
pressure of the choked flow is inversely proportional to the
aerodynamic throat area. The nozzles with wider angles result
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Fig. 8. Suction pressure performance of the ejector for cases 9-12.

in a smaller aerodynamic throat due to the enhanced primary
flow expansion. Therefore, once the critical mode is obtained,
the suction pressure increases with the nozzle angle when the
mass flow rate remains constant.

4. Conclusions

In this study, the effects of primary nozzle inflow conditions
and geometric design parameters on ejector performance were
investigated by numerical analysis. According to the numeri-
cal test results, a high primary nozzle stagnation pressure in-
duces a highly underexpanded flow, resulting in the critical
operational mode. However, if the critical mode is obtained,
the suction pressure increases with the nozzle stagnation pres-
sure due to the reduced aerodynamic throat area for the secon-
dary flow. For the critical operational mode, the mixing duct
must be sufficiently long to accommodate the shock train and
the choking zone. Primary nozzles with wide angles also in-
duce widely expanded nozzle flows and result in the critical
operational mode. However, if the ejector is operated in the
critical mode, the suction pressure increases with the nozzle
angle due to the reduced aerodynamic throat area for the sec-
ondary flow.

In general, wider primary nozzle angle can reduce the min-
imum mixing duct length, but it is expected that the suction
pressure would relatively be increased due to the reduced
throat area. Therefore, considering the construction space for
the exhaust system and the required suction pressure, the ge-
ometry of the ejector system should be carefully chosen.

Various shapes of the primary nozzles or a two-stage ejector
can enhance the performances of the exhaust system in super-
sonic wind tunnels [18-20]. For future work, investigation of
design optimization of an ejector with those parts can be use-
ful to improve the performance of the supersonic wind tunnel.

Nomenclature

A" : Aerodynamic throat area for the secondary flow
Dy, : Hydraulic diameter of the mixing duct

| : Mixing duct length

m : Mass flow rate of the primary flow

m : Mass flow rate of the secondary flow

Py, : Stagnation pressure of the primary flow

Pos : Stagnation pressure of the secondary flow

Py : Back pressure of the ejector

R : Gas constant

Tos : Stagnation temperature of the secondary flow
Y : Specific heat ratio

00 : Primary nozzle angle

References

[1] B. M. Tashtoush, M. A. Al-Nimr and M. A. Khasawneh, A
comprehensive review of ejector design, performance, and
applications, Applied Energy, 240 (2019) 138-172.

[2] H. Wu, Z. Liu, B. Han and Y. Li, Numerical investigation of
the influences of mixing chamber geometries on steam ejec-
tor performance, Desalination, 353 (2014) 15-20.

[3] A. Hakkaki-Fard, Z. Aidon and M. Ouzzane, A computa-
tional methodology for ejector design and performance
maximisation, Energy Conversion and Management, 105
(2015) 1291-1302.

[4] J. Smolka, Z. Bulinski, A. Fic, A. Nowak, K. Banasiak and
A. Hafner, A computational model of a transcritical R744
ejector based on a homogenous real fluid approach, Applied
Mathematical Modelling, 37 (3) (2013) 1208-1224.

[5] J. Valle, J. Sierra-Pallares, P. G. Carrascal and F. C. Ruiz,
An experimental and computational study of the flow pattern
in a refrigerant ejector-Validation of turbulence models and
real-gas effects, Applied Thermal Engineering, 89 (2015)
795-811.

[6] A. L. Addy and W. L. Chow, On the starting characteristics
of supersonic ejector systems, Journal of Basic Engineering,
Trans ASME, 86 (4) (1964) 861-868.

[7] F. Li, R. Li, X. Li and Q. Tian, Experimental investigation
on a R134a ejector refrigeration system under overall modes,
Applied Thermal Engineering, 137 (2018) 784-791.

[8] W. Chen, M. Liu, D. Chong, J. Yan, A. B. Little and Y.
Bartosiewicz, A 1D model to predict ejector performance at
critical and sub-critical operational regimes, International
Journal of Refrigeration, 36 (2013) 1750-1761.

[9] F.Li, Q. Tian, C. Wu, X. Wang and J. Lee, Ejector perform-
ance prediction at critical and subcritical operational modes,
Applied Thermal Engineering, 115 (2017) 444-454.

[10] O. Lamberts, P. Chatelain and Y. Bartosiewicz, Numerical
and experimental evidence of the Fabri-choking in a super-
sonic ejector, International Journal of Heat and Fluid Flow,
69 (2018) 194-209.

[11] Y. Zhu and P. Jiang, Experimental and numerical investiga-
tion of the effect of shock wave characteristics on the ejector
performance, International Journal of Refrigeration, 40
(2014) 31-42.

[12] F. Mazzelli, A. B. Little, S. Garimella and Y. Barosiewicz,
Computational and experimental analysis of supersonic air
ejector: Turbulence modeling and assessment of 3D effects,
International Journal of Heat and Fluid Flow, 56 (2015)
305-316.



5008 S. H. Kang et al. / Journal of Mechanical Science and Technology 33 (10) (2019) 5003~5008

[13] A.B. Little and S. Garimella, Shadowgraph visualization of
condensing R134a flow through ejectors, International Jour-
nal of Refrigeration, 68 (2016) 118-129.

[14] Y. J. Lee, S. H. Kang, S. S. Yang and S. J. Kwon, Starting
characteristics of the hypersonic wind tunnel with the Mach
number variation, Journal of Mechanical Science and Tech-
nology, 28 (6) (2014) 2197-2204.

[15] D. J. Deturris, Fabri choking in a two-dimensional reacting
flow mixer-ejector, AIAA Paper 2010-384 (2010).

[16] J. C. Dutton and B. F. Carroll, Optimal supersonic ejector
design, Journal of Fluids Engineering, 108 (1986) 415-420.

[17] J. C. Dutton, C. D. Mikkelsen and A. L. Addy, A theoreti-
cal and experimental investigation of the constant area, su-
personic-supersonic ejector, AIAA Journal, 20 (10) (1982)
1392-1400.

[18] S. M. V. Rao and G. Jagadeesh, Novel supersonic nozzles
for mixing enhancement in supersonic, Applied Thermal En-
gineering, 71 (2014) 62-71.

[19] N. Wen, L. Wang, J. Yan, X. Li, Z. Liu, S. Li and G. Zou,

Effects of operating conditions and cooling loads on two-
stage ejector performances, Applied Thermal Engineering,
150 (2019) 770-780.

[20] T.Kanda, Y. Ogawa, D. Sugimori and M. Kojima, Concep-

tual design model of high-altitude test stand for rocket en-
gines, Trans. Japan Soc. Aero. Space Sci., 59 (2016) 161-
169.

Sang Hun Kang received a Ph.D. from
KAIST, Korea in 2004. He is currently
an Associate Professor of Aerospace
System Engineering Department, Se-
jong University, Korea. Prior to joining
¥ the faculty at Sejong University, he was

i /. a Senior Researcher at KARI. His re-
st " search interests are in the area of ramjet
engine, scramjet engine, combined cycle rocket engine, liquid
rocket engine, turbulent combustion and radiation.




