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Pressure Recovery in a Supersonic Ejector of a High
Altitude Turbofan Engine Testing Chamber
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ABSTRACT

This research aims in finding a more optimal ejector size for evacuating engine exhaust gasses and
20% of the cell cooling air. The remaining 80% of cell cooling air pumped into the test chamber is
separately exhausted from the test chamber via a discharge port fitted with flow control valves and
vacuum pump. Unlike its predecessor this configuration utilizes a smaller capture area to improve
pressure recovery. The modified ejector size has a diameter of 1100mm enough to evacuate 66kg/s jet
engine exhaust in addition to about 20%, 24kg/s of the cell cooling air tapped from the sterling
chamber. This configurations has an area ratio of the engine exit and ejector inlet of about 1.2.

Simulation results of the proposed ejector configuration, indicates improved pressure recovery.
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1. Introduction
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This study looks at the exhaust ejector for a
supersonic high altitude environmental engine
test chamber for a low bypass turbofan engine
F404-402 engine (see Fig. 1).

\ leakage from bypass

a HP leakage to bypass
b NGV cooling

¢ HPT cooling

d Handiing bleed

overboard bleeds

Fig. 1 F404-402 engine layout and station numbering

Altitude test chambers simulate real time
environmental prevailing conditions at varying
air mass flow rate, temperature and pressure
with the engine directly connected to the inlet
bell mouth and at free jet testing mode to
facilitate this. It is important to have exhaust
ejector that allows optimal operation and
ensures the test facility is not choked during
startup run.
should not be

Although performance testing
compromised because of
operational cost, a secondary aim of this study
is also to come up with a cost effective
configuration, which in this case is reflected as
the power required for running exhaust gas

suction pumpl[1].

2. Performance Simulation

The study began by steady state and
transient performance simulation of the engine
to determine thermodynamic properties of the
intake air requirements and exhaust gas

properties using a commercial software

Gasturb 9 program.

Table 1. Engine performance parameters

Parameter Value
Air Flow (kg/s) 66 kg/s
Afterburner Temperature 2200 K
Sea Level Static (Temp) 288.15 K
Thrust (Ibf) 77.7 kN
Table 1 above outline partial engine
performance data stated by the engine

manufacture for the F404-402 low bypass turbo
shaft engine. This data was used as reference
to confirm steady state design point as seen in
the Fig. 2 below.

gtation W 7 P WRatd FN = 77.70
anb 288.15  101.325 THFC = 54,5735
2 65.338 288.15  100.312 66.000 WP Burner=  1.41590
13 32,669 432,67 381.185 s Nox = 0.4205
21 32,669 376,77 209.652  18.055 EER = 1.0000
23 J2.663 376,77 Z07.555 18.237 Core Bff = 0.3%89
3 31.5358 690,38 1452.88% 2.407 Prop Bff = 0.0000
3l 28.291 690,38 1452.88%

4 29.707  2200.00 13é5.71Z 6.080 E3/P2 = 14.484

41 31,341 2132.30 13é5.71Z 6.325 ElE/E6 = 0.88444 -
43 31.341  1BBA.B4  71l.120 AR3 = 0.128%2
44 32.974  1835.36 711.120 A163 = 0.31484
45 32.974  1B35.36 A96.B898 1z.100 AL = 0.4437%
49 32,974 1661.19  426.59% ¥ME] = 0.44997
3 33.954  1633.87  426.59%  19.204 ¥M163 = 0.08417
6 33,954  1e33.87  418.06Z EMod = 0.z20000
16 32,663 432,87 363,749 P63/P6 = 0.95000
&4 64,990 1110.26  368.592% P163/Pl6 = 0.95000
7 €7.814 2200.00  357.09% WE total =  4.24030
] €9.448  2166.09 321.384 60.03z a8 = 0.26652

p2/P1 = 0.%900 PA/PS = 0.9800 cDB = 0.9703 Angd = 14.84

Efficiencies: isentr polytr RNI B/P P8/Pamb = 3.17181
Outer LEC 0.9z200 0.9333 0.5%0 3.800 Bl6/E13 = 0.97000
Inner LEC 0.7600 0.7833 0.990 Z.090 W_NGY/WZS=  0.05000
HE Compressor 0.8600 0,8913 1,302 7.000 WHel/W2s = 0.05000
Burner 0.9%00 0,240 Loading &= 100.00
HE Turhine 0.5000 0.8936 0.474 L.221 Whel/wzs = 0.03000
LP Turhine 0.5500 0.%474 0.312 1.634 WELD/WZ1 =  0.00000
Mixer 1.0000 WELD/WZS = 0.00400
HE Spool mech 1.0000 Nominal &pd Lleégll EWX = 50.0
LP $pool mech 1.0000 Nominal &pd 13270 ZWELd = 0.00000
Reheat 0.5000 0. 968 WF Reheat=  2.82460

XMA4 = 0.20000
it = 0.32228

Con-Di Nozzle: A9/48 = 1.35000

A9* (P59-Pamb) -10.344 M3 = l.eeT46

Fig. 2 Gasturb 9 design point simulation results

Exhaust gas conditions of the gas entering
the ejector must be know to determine the
ejector performance hence the reason to
perform steady state simulation of the engine.
The Fig. 2 above shows the output window of
a commercial simulation software Gasturb 9
used to get the selected engine design point.

It is clear from Fig. 2 that the estimated
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design point values of thrust, air mass flow
rate, after burner temperature, exhaust gas
temperature and fuel consumption values at
sea level static were found and match those
given by engine manufacturer shown in table
1 above.

Transient simulation was also run to find
the exhaust gas conditions at different flight
conditions or test schedule. The simulation
results values of velocity, total pressure, total
temperature and air mass flow rate were used
as input data for the ejector.

Once engine performance data is
determined, they were used to determine the
size of the supersonic ejector according to the
design regulations provided for in AIAA
thrust

publications  on and  performance

prediction guide book[2, 3].

3. Facility Layout Modeling and Sizing

Flow Conditioning Exaaust bas

SCENS 404 Engine

; Cell Cooling Air

Sterling Chamber Test Chamber

Heat Exchanger

Fjector  Periscope

oo
—~

K

Pressure Vessel
Boundary

Fig. 3 Supersonic altitude test chamber configuration

The modelled test facility consists of a

sterling chamber where controlled engine
intake parameters are supplied to the engine
via the intake bell mouth (see Fig 3).

The engine is mounted on sliding engine
thrust stand and linked to air supply by the
engine interface adapter for direct connection

testing DC. Supersonic exhaust diffuser is

Table 2. Sterling chamber testing mode

Engine Inlet @ A/B ON and OFF
Lot Press. Air flow o
Mode Low (K) | High (K)
DC 1 100 10 100 800
DC 10 800 66 100 800
FJ 300~800 10~66 100 800

placed directly behind the

connected to a divergent convergent cooling

engine  exit

and noise suppression assembly.

Table 2 shows the minimum and maximum
limit values of pressure, air mass flow and
temperature used as input value in the
transient Gasturb 9 simulation. A total of 10
direct connection (DC) test and free jet (F])
were simulated, temperature and pressure
values were altered at an interval of 100 from
100 to 800 points in each successive test
consecutively.

For every test respective exhaust gasses
values of pressure, temperature, mass flow
and Mach number were collected with the
maximum flow parameters used to determine

and size the ejector duct.

4. Assumptions and Considerations

To determine the duct size and pressure
loss of the intake nozzle, exhaust duct and
diffuser calculations were performed following
several duct design algorithms. In this analysis
intake and ejector was considered to be
straight and without inlet screen. Blockage
ratio and cell chocking would however be
considered when determining overall pressure
loss of a fully equipped test facility.
calculations  the

From  the following

dimensions were reached[1].
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Table 3. Optimum operational dimensions

Item L Diameter | Eff Diameter length
Intake 1800 mm 1400mm 7300mm
Diffuser 1200 mm 1100mm 10000mm

The markings L and Eff in Table 3 indicate

to lip diameter and effective diameter
respectively.

Table 3 indicates the optimum engine intake
bellmouth nozzle diameter 1400mm shown in
Fig. 4 and the exhaust diffuser diameter 1100

mm represented in Fig. 4.

Intake Bell mouth

Exhaust ejector

Fig. 4 Intake 2D Autocad Inlet and Diffuser Design
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Fig. 5 Diffuser sizing calculation flow

Flow calculation algorithm, calculation flow
used in sizing the intake bell mouth and
exhaust diffuser respectively are shown in the
Fig. 5 above. The equations in the figure starts
by calculating pressure drop as a function of
friction and ratio of the duct length to the
diameter respectively. From this we can
determine the pressure ratios at the intake and

exit of the exit that finally leads wus to

determining the exit velocity at the duct exit.
with CFD
modeling as seen in Fig. 6 performed using
Solid works software and then the model

Analysis software require 3D

imported to CFD solver for analysis.

Fig. 6 Modeling of the testing facility

The Fig. 6 above represents 3D model of
the full testing facility including the ejector
section. CFD
using transient engine simulation results as
data.

simulations were performed

input Pressure loss values generated
from the model were then respectively used to

calculate pressure recovery.

5. CFD Results and Observations

Figure 7 represents the respective trend of

average pressure, temperature, Velocity air

mass flow output values plot generated from
CFD simulation the numerical results at the
end of the simulation and the formular 1
below pressure used to

recovery were

calculate pressure loss along the ejector duct.

Figure 7 similarly shows how values of
Output Bar
Plot \/ Table
Tkeration #230 ity Y| —
| . Wy el
e ——-1
r/l. /:f"‘f: Pres —
Temp
lr-y THE
T —
1 230 Scalar

Fig. 7 CFD simulation output parameters plot
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pressure, temperature and velocity changes in
the ejector towards the exit.

Speed of the
performance simulation was determined to be
Mach 1.66 substituted in the formular below.

exhausted gas from

i ':rlrylﬂ{z-l-z['yl]
T Ml] [——— )Mf] M

Respective value of total pressure results at
the outlet and temperature at the entrance of
the ejector were recorded and substituted for
in the formula to calculate pressure ratio seen
in Table 4 below[4, 5].

Table 4. Exhaust gas temperature and pressure
simulation results

Steady State simulation data for Exhaust Gas @ A/B OFF

Gas Mass Temperature Pressure
Flow Rate (Tt) (Pt)
Low High Low High High Low
(kg/s) | (kg/s) (K) (K) (kPa) (kPa)
29 791.2 887.8 776.7 499.4
40 845.4 945.5 1,093.2 703.8
25 782.3 883.3 702.7 4473
35 66 876.1 1,016.7 | 1,059.4 663.4
10 803.3 927.1 335.2 201.2
20 896.0 1,073.1 635.8 401.5
30 782.2 888.8 708.3 438.2

This table outlines engine simulation exhaust
gas parameters reflecting both the lowest and
the highest possible range at that test mode.
An interesting observation made during
performance simulation was for this category
of engine testing could only be performed up
flight Mach numbers of Mach 2.2 and for
mass flow rate of 66kg/s to be met then
intake temperature would be limited to below
510K anything higher resulted in simulation

error[5, 6].

Fig. 8 CFD simulation of exhaust ejector section

Figure 8 shows CFD simulation graphical
output values of static pressure distribution.
Pressure loss due to wall friction and ejector
geometry

along the duct Ilength is as

represented in the Fig. 9 below.

Last fteration/Step
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TFO0SE+005

Static Pressure < Pa> (min: 770036, max 7704
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Parametric Distance <millimeters (min: 0, max 78

Fig. 9 Pressure loss along the duct length

This Fig. 9 shows pressure reducing towards
the exit end of the duct. Several tests were
performed at different pressures starting from
100 kPa to 1100 kPa at intervals of 100.
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Table 5. Ejector duct CFD input parameters

Air mass flow 10~66 kg/s
Total Pressure 100~1100kPa
Temperature 300~2200K
Fluid Air

Flow Compressible
Simulation Transient

The following governing parameters were
used for CFD simulation. The values on the
Table 5 above were input for the intake of the
ejector and simulation run each time 100
iterations several times changing air mass
pressure and temperature between the ranges
indicated on Table 5.

It should be noted that the flow is
supersonic and series of shockwave are
expected for inside the ducts the intensity and
flow regime has however not been included in
this paper.

Pressure and temperature in the duct
however indicated that wall thickness of not
less than 6t with pin tube cooling would be a
factor to consider.

Table 6 outlines the ejector output pressure

Table 6. Ejector input/output total pressure simulation

results
Ejector end Gas  Condition A/B ON
Gas Mass Traditional Ejector Proposed Ejector
Flow Rate Pressure Pressure
Low | High | (Pt0) (Pt2) (Pt0) (Pt2)
(kg/s) | (kg/s) | (kPa) (kPa) (kPa) (kPa)
29 29 100 86.65 100 89.82
40 40 200 186.72 200 188.92
25 25 300 286.943 300 290.603
40 40 400 385.126 400 389.427
20 20 500 488.015 500 490.315
35 35 600 587.243 600 591.251
10 10 700 686.365 700 692.471
20 20 800 785.792 800 791.723
7 7 900 887.653 900 893.552
9 9 1000 990.449 1000 993.923
30 30 1100 1088.952 1100 1098.842

results for both the traditional and proposed
ejector. Pressure loss was less in the proposed

ejector more so due to ejector size reduction.

Fig. 10 Cross sectional view of ejector pressure flow
regime

The flow direction is indicated by arrows
and pressure in the ejector is represented in
Fig. 10.

Table 7. Simulation calculated pressure recovery

values

Intake Press.(kPa) Old  Ejector New  Ejector
100 0.8665 0.8982
200 0.9336 0.9446
300 0.956477 0.968677
400 0.962815 0.973568
500 0.97603 0.98063
600 0.978738 0.985418
700 0.980521 0.989244
800 0.98224 0.989654
900 0.986281 0.992836
1000 0.990449 0.993923
1100 0.989956 0.998947

Table 7 outlines the calculated pressure ratio
values developed from the data on Table 6
above in all the cases pressure ratio of the
ejector exit to the ejector inlet were calculated
and tabulated as shown.

Graph on Fig. 11 below represents plots of
pressure recovery values of the two ejectors

against intake pressure.
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Fig. 11 Pressure recovery comparisons of the two
gjectors

6. Conclusions

This paper aims to study on the pressure
recovery of exhaust ejector of a high altitude
environmental test chamber for the F404-402
low bypass turbofan engine the engine exits
exhaust air mass of 66kg/s at Mach 1.66.

This paper proposes the use of a smaller
ejector that has a frontal area ratio of the
bellmouth ejector to engine exhaust area of 1.2
adequate to expel engine exhaust with an
additional 20% cell cooling air.

Pressure recovery value of between 0.89 to

0.99 was realized after simulating the ejector

with zero cell cooling air and 20% cell cooling
air respectively an indication that variation in
test cell chamber pressure does not affect
pressure recovery greatly.

Since only part of the cooling air is
discharge through the ejector a smaller
evacuation pump is used resulting in less
power consumption.

From the results this paper therefore
proposes the implementation of an exhaust
ejector with smaller frontal area as a way of
improving pressure recovery in altitude test

facility.
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