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. ABSTRACT

2 A modular variable area ejector-diffuser was constructed
' k and tested to establish baseline characteristics that could

be used for comparison of results obtained from potential

g geometric reconfiguration. F404 and TF30 engines (after-
! burning and nonafterburning modes) were modeled with a

ﬁ scale factor of 22.1. The diffuser-ejector had a cylin-

g drical inlet duct (3.47 inch dia.) which transitioned at an
i L/D of 1.33 to a conical section with a half angle of 8

% degrees for an overall length of 24.0 inches, and with a

¢

translating centerbody composed of four conical sections

N

= with differing included angles.
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Performance was evaluated on the basis of pressure
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recovery across the diffuser with primary mass flow only,

and with the injection of 5% secondary mass flow in addition
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to the primary mass flow. Tests were conducted in the
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following ranges of pressure recovery across the diffuser.

[

g Afterburning Nonafterburning

Y F404 1.2 to 2.0 1.1 to 1.6

E TF30 2.1 to 3.8 1.2 to 2.5

g Maximum primary mass flow and total pressure for the
g F404 without afterburner (smallest engine modeled) were

0.43 1bm/sec. and 2.95 atmospheres. These same parameters
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for the TF30 with afterburner (largest engine modeled) were

1.74 lbna/sec. and 2.57 atmospheres.
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f] NOMENCLATURE

English Letter Symbols

g AB - Afterburning mode
Ast - Second throat area, in
A* - Throat area, in
D - Diameter, in
dx* - Throat diameter, in

E - Young's Modulus, Lbf/in

I - Moment of inertia, in

L - Length, in

il - Mass Flow rate, Lbm/sec

M - Mass, Lbm

NAB - Nonafterburning mode 9
Po - Stagnation pressure, Lbf/ft
Pcell - Test cell pressure, in H,O

Pd - Diffuser pressures, in HZO

Pex - Exhaust chamber pressure, in H,O

Pt - Total pressure at nozzle inlet| in'HZO
To - Stagnation temperature, °R

Greek Letter Symbols

B - Ratio of throat diameter to entrance diameter
w - Frequency, rad/sec

Tabulated Data

P ATM - Atmospheric pressure, in Hg

P 01S, P 02S - Secondary; ASME orifice upstream pressure,
in H,O

P 03S, P 04S - Secofidary; ASME orifice downstream
pressure, in H_ O

P 01P, P O2P - Primary; ASME grifice upstream pressure,
in H,O

P 03P, P 04P - Prim%ry; ASME orifice downstream pressure,
in H,0

P TOT - Tota% pressure, in H,O

P TST - Inlet static pressurée, in H,O

P CEL - Engine test cell pressure, in H,O

P THS - Nozzle entrance pressure, in H28

P THT - Nozzle throat pressures, in Hg0

PD - Diffuser pressures, in H20

P EXH - Exhaust chamber pressure, in H20

T PRI - Primary air temperature, °R

T SEC - Secondary air temperature, °r

12
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MDOT PRI
MDOT SEC
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Nozzle inlet temperature, °R

Centerbody temperatures, °R )

Diffuser wall temperatures, °R

Centerbody tip position from reference, in
Primary air mass flow rate, Lbm/sec
Secondary air mass flow rate, Lbm/sec
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I. INTRODUCTION

Aircraft gas turbine engines are routinely tested in
ground level cells under simulated high altitude conditions.
High altitude (iow pressure) conditions in the test cell are
achieved by using air pumps to remove the engine exhaust
products and simultaneously maintain the specified low
pressure in the engine test chamber. Given the large physi-
cal size and power output of today's aircraft gas turbine
engines it is easy to comprehend that the construction and
operation of this type of test facility is rather costly.
One of the largest operational cost factors is the expense
of operating the air pumps or air exhausters.

In a typical facility of this type the kinetic energy of
the exhaust gas stream is converted to pressure in the
diffusion process. This rise in pressure at the inlet to
the air exhauster system directly reduces the power required
to run the exhausters since the required pressure differen-
tial between the inlet to the exhauster and the environment
is now lower. A measure of the diffuser's efficiency in
performing this task is the ratio of exhaust chamber
pressure to test cell pressure (Pex/Pcell).

Copious amounts of research have been conducted in the
search for improving the efficiency of these diffusers.
Unfortunately, engine tests of this type are not normally a

14
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static process. The test facility must be able to effec-
tively handle power transients, changes in operating mode
between afterburning and nonafterburning, and the amount of
secondary air injected to effect cooling of the test cell
and engine. The maintenance of cell pressure requires
removal of the secondary air from the cell. This requires
that the diffuser also perform as an ejector, or as it is
commonly termed, an ejector-diffuser. Due to the major
capital expense of initial construction or modification of
these test facilities, flexibility in testing various engine
sizes is also necessary. As discussed in Taylor [Ref. 1]
the above requirements negate the idea of using a single
fixed geometry ejector-diffuser for all engines and condi-
tions and has led to development of variable area ejector-
diffusers of the type.depicted in Figure 1.

Analytically modeling the entire diffusion process
including shocks and mixing in a variable area cross section
is mathematically complex and subject to many idealizations.
Consequently work in this area has been experiemental.

The major objective of this project was to test a model
of an existing variable area ejector-diffuser under labora-
tory cold flow conditions in order to establish a reference
which could be used for comparison of results for new
designs.

In conjunction with the design and testing of the
ejector-diffuser model, a goal was set of interfacing a new

15
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NPS Mechanical Engineering microcomputer (Digital LSI-11 |
with tape storage medium) with the Hewlett Packard instru-
mentation in use at the NPS Turbopropulsion Laboratory.

This goal was not met as the new IEEE 488-1975 Standard
interface circuit board purchased from Digital Equipment
Corporation would not respond to read/write commands and was
returned to Digital for repair under warranty. Specifics of
work done in attempting to accomplish this goal are con-

tained in Appendix A.
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II. EXPERIMENTAL APPARATUS

e

o

B A. SCALING

v.‘ 'ﬂ.:

‘ii 3 A scale factor of 22.139 was determined based upon the

characteristics of the air supply compressor and the throat

0 diameter of the largest engine to be modeled. Calculations

are included in Appendix B.

B. AIR SUPPLY

Compressed air from the Turbopropulsion Laboratory's
(TPL) Allis-Chalmers twelve-stage axial compressor (Figure
2) was utilized in all model testing. Maximum discharge
pressure of this machine is approximately 3.0 atmospheres at
15.0 lbmléec mass flow rate.

Supply and exhaust piping was configured as shown in
Figure 3. Primary air and secondary air were supplied to
the engine model and test cell, respectively, through 3 inch
I.D. piping. A 6 inch I.D. suction line was attached to
the exhaust chamber to simulate the effect of the exhaust
air pumps used in the full scale test facility. For greater
efficiency in adjusting the primary, secondary, and exhaust
pressure throttle valves, three Fisher Co. 9-15 PSIG,
differential pressure transmitters were purchased and
installed inside TPL building No. 215 immediately adjacent

to the pressure scanper controller. The installation of an
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ASME-type orifice [Ref. 2] in each of the two 3 inch supply
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linés facilitated the calculation of air mass flow coeffi-
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fod cients.

C. TEST SYSTEM MODULES '
This project was conducted concurrently with one by
Molloy [Ref. 3] with each project based on separate existing

geometries installed at the Naval Air Propulsion Center
(NAPC), Trenton, New Jersey. A variable area ejector-
diffuser was investigated in this project while a straight
tube ejector-diffuser with variations was studied by Molloy.
As the two projects were similar, it was decided that a

single test system would be constructed to be shared by the

two projects simply by interchanging ejector-diffuser
modules.

The test system was comprised of 3 major modules: engine
test cell, ejector-diffuser, and exhaust chamber. Figure 4
shows these three modules in their assembled configuration.
The engine test cell (Figure 5), was constructed of aluminum,
with a nominal 12 inch inside diameter and an overall length

of 15 inches. The exhaust chamber was also constructed of

aluminum with a 3 foot by 3 foot cross section and a length

.
T

of 4 feet. - A removable rubber gasketed plexiglass cover on

| S

i

the side of the exhaust chamber allowed visual monitoring of

gy

the centerbody drive mechanism as well as easy access for

l.’}-....

iy Canl ol o
A, l_rq_ AL \E ?
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adjustments. The engine test cell with attendant engine
support assemblies is shown in Figure 5.

The foundation for the modules was slotted at the base
of the engine test cell to allow the engine test cell to be
clamped down at any of a wide range of axial positions rela-
tive to the exhaust chamber so as to accommodate various
length ejector-diffuser models. As the primary and secon-
dary PVC piping was made up with couplings it was easily
reconfigured by substituting different lengths of the lower
straight sections.

The exhaust chamber was assembled with machine screws
and silicone caulking to ensure airtight integrity. All
other joints on the engine test cell and ejector diffuser
were made up with studs and nuts and sealeq with rubber

O-rings.

D. MODELS OF EJECTOR-DIFFUSER AND ENGINES

The ejector~diffuser (Figure 6) was fabricated of
aluminum with an overall length of 24 inches. Its entrance
cross section was cylindrical (3.47 inch diameter) for 4.61
inches, thence transitioning to a conical cross section with
an 8 degree half-angle. The exit diameter was 8.92 inches.
The length to entrance diameter ratio was 6.92. Installed
within the ejector-diffuser was an aluminum translating
centerbody (Figure 7 and 8) of length 16.46 inches and
maximum diameter of 4.29 inches. The centerbody was
constructed with a conical tip, followed by three truncated

19

NS PR Y

T — . - p—— -
N ¥’ P -
" - w1 5 (S
. LY W K]

o " S Qe e B e B

-

. . o ®ut il P LR { 4N e o
goy o e e LI i) AR * \ ]
S U WA Gl S-SR AT ST NN, IS W YR WA Wl Wl ST i, I I T Tt 52 LA A SR AR TR LS R

Chd -—“W '.\j




.

conical sections with half-angles of 19.80, 10.78, 8.80, and
- 2.60 degrees, respectively. The third truncated conical
;ﬁ section was followed by a 4.31 inch long cylindrical tail-
§ piece. The centerbody was mounted on a 0.75 inch diameter
ii J steel shaft which was in turn supported by an aluminum

%; spider (Figure 9) that was clamped between the ejector-

EZ diffuser exit flange and the exhaust chamber.

The geometry of the ejector-diffuser with translating

centerbody was such that an annular second throat was formed

XTI

between the surfaces of the ejector-diffuser and centerbody.

. .4." i VTV
'y vy

This second throat became smaller as the centerbody was

g

translated towards the engine. The method used to determine

«
LR

Colols

this annular cross sectional area as a function of center-

—w=w
voe
Al

e el

body position is discussed in Appendix C. Figure 10 depicts

the cross sectional area in the ejector-diffuser for three

conditions:

.'.‘.'.-A{‘

a. The ejector-diffuser without centerbody installed,
labelled as "diffuser alone" (ABD). The discon-
tinuity on this curve (B) marks the diffuser tran-

OfLES
TR O I |

L S o

-

3- sition from a cylindrical to a conical cross section.
N

e b. The ejector-diffuser with centerbody at its forward-
!! most position (as set up for this project), labelled
- "with centerbody forward" (AB'C'D).

Sﬂ c. The ejector-diffuser with cenierbody at its aftermost
P position, labelled "with centerbody aft" (ABA"B"C'D).
15 It can be seen from this figure that there is a large
23 step increase in flow area following the tail of the

o

1% centerbody.
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Figure 11 shows this area decreasing to a minimum at the
second throat and subsequently expanding to the area at the
centerbody tail. Each curve on this figure represents one
position of the centerbody, beginning at the axial location
of the tip. If the tip of the centerbody is retracted past
the ejector-diffuser’'s cylindrical to conical transition
point, no second throat is formed.

Four engine models (Figure 12 through 16) were tested.
Two models were based on the TF30 jet engine in the after-
burning mode (TF30AB) and nonafterburning mode (TF30NAB).
The remaining two models were based on the F404 jet engine
in the afterburning made (404AB) and nonafterburning mode
(404NAB). Figure 17 shows an engine installed inside the

test cell module.

E. CENTERBODY DRIVE MECHANISM

To provide facility in varying the position of the
centerbody within the ejector-diffuser, a drive mechanism
(Figure 18) utilizing an electric motor, reduction gearing,
fine-pitched lead screw and travelling yoke was designed and
installed inside the exhaust chamber. The centerbody
support shaft was locked to the travelling yoke with double
nuts and washers. This drive mechanism provided a 6 inch
travel stroke of the centerbody. The drive mechanism
controller utilized a ten-turn potentiometer (giving very
fine control), a feedback control loop for accurate and
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repeatable positioning, and fore and aft limit switches to

prevent stalling or burnout of the electric motor.

F. INSTRUMENTATION

1. Pressure Taps

All pressure taps (Figure 6) were sized in accordance
with Reference 2. Static pressures were recorded across the
primary and secondary metering orifices (for use in mass
flow calculations), éngine inlet and throat, engine test
cell, ejector-diffuser wall (24 locations), and exhaust
chamber. Total pressure at the engine inlet was measured
with a Kiel probe.

2., Metering Orifices

ASME-type metering orifices with beta = .7 were
installed in the primary and secondary lines. After deter-
mining discharge coefficients for each engine the orifice
was removed from the primary line to reduce pressure losses.

3. Pressure Scanner

A 48 port pressure scanner was utilized in recording
system pressures. The pressure scanner measures differen-
tial pressure between the selected port and a known reference
One pressure scanner port was open to the atmosphere and
zeroed against an input reference signal. All other port
pressures were referenced against this port, giving a pre-
cise gage pressure which became a transducer output for
conditioning and subsequent measurement by a digital
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voltmeter. Two dedicated pressure transducers were connected

in parallel with the tubing from the pressure scanner to the

pressure taps for the engine test cell and exhaust chamber.

Outputs from these two transducers were fed to two digital I
voltmeters which allowed continual monitoring of these two i
critical parameters. |

4. Thermocouples

Primary air, secondary air, and engine inlet tempera-
tures were measured with copper-constantan (Type T) thermo-
couples, utilizing an electronic ice point reference.

Primary and secondary air thermocouples were located 6 pipe
diameters downstream of their respective ASME-type orifices.
The engine inlet thermocouple was installed immediately
adjacent to the Kiel probe. Voltages from the thermocouples
were input to a Hewlett Packard 3495A Scanner and thence to
a Hewlett Packard 3455 Digital Voltmeter.

5. Data Acquisition

An integrated data acquisition system designed and
implemented by Geopfarth [Ref. 4] was employed to record
fluid properties. The system utilizes a Hewlett Packard
9830A Calculator as the system and bus controller. Also
connected to the Hewlett Packard HP-IB interface bus

(Figure 19) are the pressure scanner multiplexer which

selects the pressure scanner to be used, the HP-3495A
Scanner which steps through the thermocouple channels as
well as causing the forty-eight port pressure scanner to
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step under program control. A computer program (Table I)
adapted from Geopfarth [Ref. 4] was modified and executed
on the Hewlett Packard 9830A to control the scanner and print
out a hard copy of the pressures and temperatures. Atmos-
pheric pressure read from a Wallace and Tiernan gage was
manually input when prompted by the computer program. A
second manual input for each test point was a voltage level
read from a digital voltmeter which was reduced by the
program to a tip position of the centerbody.

There were no feasible means of transferring the raw
data collected by the above system to the NPS IBM 3033 main-
frame computer. The data transfer to the IBM was accom-

plished by manual input, utilizing a simple Fortran program.

y 6. Instruments

Appendix D contains a list of pertinent instrument

specifications.

24

0
o
LV ahd T Ay 4 L) . .
- e - P & 2 .
o W R AR T S N i A L S8 S R LN SN e T L e e PR N » j




A S M S Seak o it 4 T B Sdr ¥ -
i e i e R L T " — =
. T oy - P a e e i e T S T T T T T TS e
- . a i

III. EXPERIMENTAL PROCEDURE

Prior to each run, a test matrix (Table II) of exhaust
chamber pressures versus test cell pressures was laid out
in order to ensure that all desired test points were covered
and also to ascertain the most time-effective test agenda.
To arrive at the first test point, the differential pressure
transmitters were utilized to regulate the exhauster eductor
and primary air supply valves such that full suction was
applied to the exhaust chamber followed by full compressor
pressure to the primary supply line. This typically

resulted in approximately ~100 inches of water on the

exhaust chamber and 250 inches of water total pressure at
the engine model. While maintaining this minimum exhaust
chamber pressure, the compressor atmospheric bypass was
closed down until the total pressure at the engine was
approximately 400 inches of water. The centerbody was then
driven in slowly from the retracted position to cthe fully-
projected position while monitoring the engine test cell
pressure. The test cell pressure dropped off, reached a
minimum value, and then climbed rapidly after the centerbody
passed the optimum point of projection into the ejector-
diffuser. The centerbody controller voltage was noted at
this point. The centerbody was retracted and then driven
back in using very slow, small increments until the point of
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minimum cell pressure was reached. The data acquisition
program on the HP-9830A calculator was then activated,
sampling all pressures and temperatures and printing out a
hard copy of the collected data. The centerbody was then
fully retracted, the exhaust pressure was set halfway
between full and atmospheric, and the process repeated.

The full matrix covered the ranges of atmospheric, one-half,
and full exhaust pressures and minimum, one-third, two-
thirds, and full total pressures delivered to the engine
model. In this manner each engine was tested over the range
of deliverable pressure and mapped against exhaust pressures
ranging from atmospheric to full exhauster capacity. The
test points of the above-mentioned matrix were conducted
using only primary air with the exception of the last point
(maximum total pressure and exhaust pressure) which was
repeated six more times with discrete increments of secon-
dary flow injection to determine the effects on ejector
performance. The centerbody was retracted and used to
search for the optimum location at only one of these secon-
dary test points.

Great care must be exercised in setting the exhaust
pressure as it is possible to adjust it above atmospheric
pressure rather than below atmospheric, which is the desired
condition. A pressure very much above atmospheric would

likely rupture the exhaust chamber.
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Following the runs, the raw data was entered in the IBM
3033, formatted and printed out in tabular form (one run
included in Table III). A data reduction program was then
utilized to compute and output mass flows, stagnation
pressure and temperature and several pressure ratios
(Table 1V). Pressure ratios and pressure distributions
along the ejector-diffuser were plotted and displayed in
Figures 20 through 44.

A prerun checklist was developed and is detailed in

Appendix D.
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I1V. EXPERIMENTAL RESULTS

A. MODEL RESPONSE

The experimental results were obtained from four runs,
one corresponding to each engine. Each rﬁn was broken down
into test points corresponding to a particular total pres-
sure (Pt) and exhaust chamber pressure (Pex) as laid out in
the run's test matrix.

Each test point was commenced with a fixed Pt, Pexh, and
the centerbody retracted. The centerbody was then driven in
slowly while Pcell was monitored. Initiall&, there was a
rapid drop in Pcell, followed by what appeared to be an
asymptotic approach to the minimgm pressure.. If the center-
body was driven in past the optimum point there was a rapid
rise in Pcell. Regaining the previous minimum value always
required retracting the centerbody approximately halfway and
driving it in carefully so as not to overshoot. This
behavior is in agreement with Reference 1 which in its
discussion of centerbody ejector-diffusers states:

"...the best performance is obtained for the smallest
second throat area that will maintain the minimum cell
pressure ratio."

The relationship between the area of the second throat
(Ast) and the nozzle throat area (A*) for an adiabatic

system is given by:
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& Ast = 55y 7Poxy

where Pox is the stagnation pressure at the nozzle throat

and Poy is the stagnation pressure at the second throat.

If the nozzle flow (using the 404NAB) expands to the
inlet duct area and is followed by a normal shock, then
Ast = .638 A* or Ast = 6.03 in**2, For any discontinuity,
such as obligque shocks, for which Poy is greater than Poy
for the normal shock, Ast will be correspondingly reduced.
Conversely, if Ast is smaller than the predicted Ast for a
normal shock, Poy must be higher than that predicted for a
normal shock.

This appears to have been borne out in testing the
models as the smallest engine model (404NAB) at maximum Pt
and minimum Pex achieved minimum Pcell at a centerbody tip
position of -4.37 inches corresponding to a second throat
area of approximately 5 in**2 which is less than the Ast of
6.03 in**2 based on a normal shock.

Experimental results indicate that the 404NAB engine
model had the lowest pressure recovery (Pex/Pcell) across
the diffuser of 1.6 at a Pt/Pcell of 6.6 (Figure 20). As
such it was considered the baseline engine for comparison
on the basis of pressure recovery. At the same Pt/Pcell the
404AB had a Pex/Pcell of 1.85 (Figure 21) for an improvement
of 15 percent, the TF30 NAB had a Pex/Pcell of 2.0 (Figure

22) for a 25 percent improvement, and the TF30AB had
29
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Pex/Pcell of 2.65 (Figure 23) for a 65 percent increase in
pressure recovery. These results were not unexpected as
this test system models an actual test cell at NAPC,

which was designed for the TF30 and larger engines.

B. PRESSURE DISTRIBUTIONS

The ratios of diffuser pressure distribution to cell
pressure (Pd/Pcell) versus the pressure tap locations
normalized with respect to the inlet diameter of the
ejector-diffuser (L/D) are as depicted in Figures 24 through
44. An L/D of 1.5 marks the discontinuity where the
diffuser wall transitions from cylindrical to conical.

1. 404AB Engine Model

Examination of Figures 24, 25, 26, and 27 for the
F404AB indicates a rising trend of Pd/Pcell as Pt is
increased. Each figure depicts one Pt and three Pex
settings or three test points. Figure 27 shows the flow
area distribution superimposed on the pressure distribution
ratios. The nearly constant ratios of Pd/Pcell above an L/D
of approximately 2.5 are indicative of an unnecessary length
of diffuser for this engine, as the diffusion process has
been completed by an L/D of 2.5. Test point 17 (Figure 28)
for 5% secondary flow behaves as expected with Pd/Pcell
lower throughout almost the entire length of the diffuser,
compared to test point 12 with no secondary flow. As

discussed previously in the procedures section, all test
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points with secondary mass flow injected were taken imme-

diately following the maximum Pt, minimum Pex test point.

a
»

'l

Six secondary test points were sampled and the point having

the closest to 57 secondary flow was plotted against the

S BT

i maximum Pt, minimum Pex test point.

2. TF30AB Engine Model

Pressure distributions for the TF30AB model (Figures
29, 30, and 31) again show the expected rising trend of
Pd/Pcell for increasing Pt. Figures 30 and 31 show the
flow area distribution superimposed on the pressure ratio
distributions. As seen by the rising pressure recovery
ratios, this engine effectively utilizes the entire length
of the diffuser. Test point 5 (one half maximum Pt)
indicates an anomalous pressure distribution which
is accentuated at test point 6, with test points 7 and 8
(maximum Pt) returning to a normal pressure distribution
followed by a return to an unusual pressure distribution
curve at test point 9. These discontinuities are believed
to be caused by severe oblique shock patterns. Figure 32
shows that 5% secondary flow has only a small effect on the
pressure recovery. Limited repeatability is shown (Figure

33) in that test points 9, 10, and 12 show pressure re-

coveries within 0.2%. Test points 9 and 12 were with the

centerbody at the same position (plus/minus 0.1 in.) and

- kg e
ST S

the two curves plot almost one atop the other. Test point

10 was conducted with the centerbody driven in one inch
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further. The pressure distribution is lower for the first

two-thirds of the length of the diffuser but ultimate

y&f . pressure recovery is essentially the same. This tends to
H%
$Q1 corroborate the earlier finding that Pcell approached its
POy

minimum value asymptotically as the centerbody is driven
in.

3. TF30NAB Engine Model

Pressure distributions for the TF30NAB with no
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