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RESEARCH M&MORANDUM

JET DIFFUSER FOR SIMULATING RAM CONDITIONS ON A
TURBOJET~-ENGINE STATIC TEST STAND -

By H. R. Bohanon, David S. Gabriel
and Robert E. Essig

SUMMARY

A jet diffuser for simulating flight or ram conditions on a
turbojet-engine static test stand was designed and investigated.
The diffuser utilizes the kinetic energy of the jet from a turbo-
Jet engine to reduce the discharge presssure at the exhaust nozzle
and thereby provides simulated ram-pressure ratios acrocss the
engine, The engine exhaust nozzle dischargss into an exhaust
chamber (flexibly sealed to the taill pipe), which is connected to
a diffuser by a bell-shaped nozzle. The pressure in the exhaust
chamber is controlled independently of engine speed by a variable-
area shutter at the diffuser discharge. :

The Jjet diffuser simulated ram-prsssure ratios from 0.95
to 2.2 at various simulated prescure altitudes for a range of
engine speeds from 85 to 100 percent of maximum rpn. Agreement of
data obtained with and without the jet diffuser for a ram-pressure
ratio of 1.0 indicated that the presence of the diffuser did not
interfere with the Tlow through the engine sxhaust-nozzle outletb.

INTRODUCTION

Two of the basic factors affecting the performance character-
istics of turbojet engines are altitude and ram-pressure ratio
(retio of the compressor-inlet total pressure to the ambient
atmospheric pressure). The performance variation of turbojet
engines with altitude at various ambient pressures and temperatures
for a ram-pressure ratio of 1.C can be accurately predicted from
the results of sea-level static investigations. The effect of ram-
pressure ratio, however, cannot be accurately evaluated from the
results of an investigation on a static test stand. Consequently,
it hag been necessary to resort to either wind-tunnel or flight
studles to Getermine the performance of turbojet engines under ram
conditions,
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A jet diffuser, which could be vsed to simulate ram conditions
on a static test stand, was developed at the NACA Cleveland lahora-
tory to reduce the extensive amount of equipment required for runs
under ram or flight conditions. A description of the Jjet diffuser
and the method of its installation on a conventional turbojet engine
is presented, The use of the diffuser is illustrated by engine
performance data obtained over a range of engine rotor speeds and
for ram-pressure ratios frcem 0.95 to 2.2.

JET DIFFUSER

The jet diffuser utilizes the Yinetic energy of the exhaust jet
from the turbojet engine to decrease the engine back pressure and
thereby to create a pressure ratio across the engine that simulates
a ran-pressure rise at the compressor inlet, Because the engine
exhausts into a preasure lower than sea-level atmospheric, the simu-
lated ram-pressure ratio is.obtained at some simulated altitude. The
performance at the variocus simulated pressure altitudes resulting
from the decreased ‘exhaust-nozzle-outlet pressures can be correiated
by plotting the results in terms of the generalized parameters; hence,

- the effects of ram-pressure ratio and altitude on performance may be

separated,

As shown in the dimensioned sketch of figure 1, the jet diffuser,
designed for use on an I-16 engine, consists of a cylindrical exhaust
chamber, a bell-ghaped nozzle, and a diffuser section followed by a
4-foot straight duct that is fitted with a conical target and a
movable sleeve-type shutter. The conical target and movable-sghutter
arrangement were used to adjust the exhaust-chamber pressure and the
ram-pressure ratio across the engine independently of the engine
speed., A hydraulically operated piston with a 12-inch strcke was
used to changs the shutter position. The sleeve-iype shutter assembly,
which moved parallel to the diffuser axls, was used to eliminate the
forces other than friction acting on the control valve and the saw-
toothed edge of the shutter permitted fine adjustment of the exhaust-
chamber pressure, The diffuser section, which has a throat area of

143 square inches (lS%-in. diameter), was constructed with a 7° total

angle of diffusion and provided an area ratio of 3.4 in the 93-inch
length. The exhaust chamber at the entrance to the jet diffuser
provided a region for free expansion of the exhaust jet at supersonic
velocities, thus permitting the accurate reproduction of engine per-
formance without interference of the diffuser with the jet. The
exhaust chamber also functioned as a plenum chamber and permitted
accurate measurement of the static pressure at the exhaust-nozzle
outlet. :
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The entire diffuvser assembly was mounted on a movable frame ag
shown in the photograph of figure 2. This movable diffuser frame
provided a means of adjusting the diffuser position with respect to
the exhaust-nozzle outlet, which, for this investigation, was

located approximately 82 inches from the diffuser throat (fig. 1).

During the runs,, the diffuser frame was rigidly bolited to the test-
cell apron and the exhaust chamber was flexibly connected to the
engine by a clamped rubber diaphragm to prevent leakage, as shown
in detail B, figure 3. A radiation shield was installed inside
the exhaust chamber to protect the diaphragm from damage by heat,
both inner and outer clamping flanges were cooled by water coils,
and a water spray was directed against the outside face of the
diaphragm. '

APPARATUS

Installatvion. - The investigation of jet-diffuser performance
was conducted on an I-16 turbojet engine. Figure 3 is a schematic
diagram of the setup showing the test cell, the engine mounting
frame and thrust-device linkage, and the jet diffuser. The engine
was mounted on a rigid frame, which was freely suspended from the
cell roof by Tfour ball-bearing pivoted rods. ILateral movement of
the engine frame was prevented by ball-bearing guide rollers. The

tail pipe, which was fitted with a lZ%-inch‘exhaust nozzle,

extended through an air seal (detail A, fig. 3) in the outer cell
wall.

Instrumentation. - The thrust forces produced by the engine
were indicated by the measured pressures in a calibrated balanced-
diaphragm air cell (reference 1), which was connected to: the
" engine frame by means of a bell-crank linkage. Details of the
thrust calibration are subsequently discussed. All supply lines
and ingtrument connections to the engine were flexible in order
that the restraining forces on the free-swinging frame would be at
& mininum,

Engine fuel (kerosene) flow was measured with a calibrated
rotameter and engine rotor speed was measured with a chronometric
tachometer,

The air supply to the engine entered the nearly air-tight
test cell through a standard A.S.M.E. air-metering nozzle with a
‘throat diameter of 18 inches (fig. 3). An air-supply diffuser,'
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which has an area ratio of 4, was connected to the A.S.M.E., nozzle
in order to convert the velccity pressure at the nozzle throat to
gtatic pressure in the test cell.

The following instrumentation, the location of which 1s shown
in figures 1 and 3, was used to measure pressure and temperature:

(a) Compressor-inlet air temperature Tj, average of eight
open-type thermocouples on inlet-air screens, )

_ (b) Compressor-inlet total pressure Py, one open-end tube in
test cell,

(¢) Compressor-outlet total pressure Py, average of seven
tubes in total-head rake located across inlet to burner 3.

(3) Tail-pipe indicated gas temperature T, average of four
strut-type thermocounles located in tail pipe 8 inclies upstream or
exhaust nozzle and $0C0 apart.

(e) Tail-pipe static pressuro pq, piezometer ring with four .
cormmon taps.,

(f) Exhaust-chember static pressure Dy, plezometer ring with
, four wall taps equally spaced around exhaust-chamber wall approxi-
nately in plane of engine exhanst-nozzle outlet. The reading of
the piezometer ring was independently checked with a single exhaust-
chamber wall tap cormected to & separate mancmeter, This pressure
corresponds tc simulated-alititude ambient preasure.

(g) Static pressures at various locations along Jjet diffuser
Py to pis (fig. 1).

PROCEDURE

Brief preliminery studies werc first conducted to determine a

suitable diffuser-throat size. With a diffuser-throat diameter
col . . .
of 12§ inches (same.diameter as exhaust-nozzle outlet) choking
occurred at an indicated engine speed of about 15,5C0 rpm and
limited the minimum pressure obtainable in the exhaust chember., In
order to prevent choking at this low engine aspeed and hence increase
the range of ram-pressure ratlos avallable, the throat diamecter was
- -1 . 1 g

increased to l&; inches (16§ percent greater arca than the area Qf
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the engine exhaust-nozzle outlet). With this increased throat
diameter, no choking occurred until an indicated engine speed of
16,350 rpa (rated.speed 16,500 rpm) was'reached; the corrected
englne speed was about =OO rom less than the Lndlcated speed because

of the high compressor-inlet temperatures. The lo—-ﬂnch-dlameter

throat, which provided a wider range of available ramrprpssuro ratios,
wag used for the performance evaluation,

. Engine rung were mede over a range of rotor speeds from 14,000
to 16,500 rpm (85 to 100 percent of maximum rpm) for six diffuser-
outlet shutter positione. Shutter positions are designated A to F,
where A is the full-open position (maximum ram-pregsure ratio)
and F ig the nearly closed position (negative ram-pressure ratio),
The various shutter pos&t“ons were arbitrarily chosen to divide the
maximum vacuum obtained in the exhaust chamber at rated engine speed
into anprox1mate ¥y equal increments.

Runs were alcgo made with the diffuser detached to establish
standard performance at a ram-pressure ratio of 1,0,

METHOD OF.CORREGTION OF ENGINE PERFCORMANCE DATA

The following symbols are used in this report:

Fj ethaust -jet thrvst (total mass flow of exhaust gas times ’
effective cxhaust -jet velocity), (1b)

N ~ rotor speed, (rpm)

P total pressure, (1b/sq in. absolute)

D static pressure, (1b/sq in. absolute)

T indicated gas temperature, (°R)

Wy, air flow, (1b/sec)

W fuel flow, (1b/hr)

Subscripts:

1 compressor inletb

2 compressor outlet
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7 tail pipe
g ~ exhaust chamber at nozzle outlet
-9 to 15 . various locations along Jjet diffuser

Because the effective dlaphragm area was large, the forces on
the engine due to the difference between the exhaust-chamber pressure
and atmogpheric pressure were large compared to the thrust forces.

The correction for the forces contributed by this pressure differential
was determined in the following manner: The engine tail pipe and the
diffuser outlet were blanked off and the exhaust chamber was evacuated
by means of a vacuum pump. The thrust-measuring device was then read
for various pressure diffsrences bLetween the test c¢cell and the exhaust
chamber with zero gas flow throuch the engine. This thrust was plotted
. against the pressure difference hetween the test cell and the exhaust
chexber., In any engine rumn, the thrust corresponding to the pressure
difference between tlie tost cell and the exhaust chamber was obtalned
from this curve and added to the thrust measured during the run to
obtain the true jet thrust. In order to assure that the sxhaust-
chamber pressure pg uged in the callbration was the same ag the
effective pressure on the diaphragm seal during a test run, sevsral
static-pressure surveys were made in the exhaust chamber during
subscquent enginc runs., These surveys were made radially across the
flexible diaphragm seal and longitudinally along the exhaust-chamber
wall and along ths engine exhaust-nozzle wall., The variation of
individual static presgsurces was less than 0.05 pound per square inch
and no pressure gradients were found that could appreclzably effcct

the measured congine thrust.,

Because of thc low velocity at the engine inlet, this true jet
thrust ropresents the thrust of the cxhaust jet only, that is, the
product of the mass of oxhaust gas by the e¢ffective exhaust-jet
vclocity. The product of the masge flow of air into the enginc and
the airplanc speed is subtracted from the jet thrust to compute the
noet thrust for flight conditions.

The following two conventional factors, which were used te
correct the engine performance data to standard conditions, provide
a means of correlating altitude performance data;

5 exhaust-nozzle~cutlet static pressure, pg, (lb/sq in. absolute)

NACA standard sea-level pressure

compresgcr-inlet temperature, T “R)
D = s 43

" ' NACA standard sea-level. temperature
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In some performance investigations of turbojet engines, tue
compressor-inlet total pressure rather than the exhaust static
pressure is used in defining 8. It 1s emphasized that, in the
definition of ©®, the exhaust-nczzle-cutlet static pressufe refers
to th€ ambient exhavst static pressure, and not the static pressure
in the jet near the nozzle throat., In the case of an engine in a
flight instaliation, this corresponds to the static atmospheric '
pressure. The definition of & based on the exhaust static
pressure is used bscause a more complete separation of the effects
of ram and altitude is effected and because this pressure is more
convenient to apply.

The performance data at various altitudes:-are cor“elated by
plotting the results in terms of the foliowing generalized para-
meters:

FJ/S_ corrected jet thrust | )

N/4f@  corrected cngine speed

P/5 corrected total pressure
p/% corrected static pressure
T/ corrected temperature

'Wéfj576 corrected air flow

Wf/S/fE' corrected fuel flow

RESULTS AND DISCUSSION

The variation of exhaust-nozzle-outlet pressure with ocorrected
engine gpeed for shutter positions A to F 1s shown in figure 4.
These curves illustrate the range of nozzle-outlet pressures, hence
the ram-pregsure ratics, obtained over a range of engine speeds,
The exhaust-nozzle-cutlet absolute pressure decreases with an
increase in engine speed for shutter positions A to E and
increases at each constant engine speed as the shutter is closed
(positions A to F)..With the diffuser shutter full open
(position A), the exhaust-nozzle-ocutlet pressurs reaches a value
" of 12.9 inches of niercury absolute (cmr”espondﬂnb to 4 ram~pressure
ratio of 2.25 at a standard altitude of about 21,500 fi) at a
maximum corrected engine speed of about 15,940 rpm The minimum
exhaugt-nozzle-outlet pressurs occurred at a correctcd engine speed
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of about 15,750 rpm indicating that choking occurred in the diffuser
throat. The dashed portion of the curve for shutter pogition A
indicates that data for this portion of the curve were not obitained;
however, in preliminary studies the pressure varied in the manner
shown whenever choking was encountered, Because of the variation of
exhaust-nozzle-cutlet pressure with engine speed, the minimum exhausy
pressure or maximum ram-pressurs ratio could be obtained only at
maximm engine speed and, consequently, the range of engine speeds

ig limited at high ram-pressure ratios, . '

A typical pressure-distribution curve along the diffuser is
shown in figure 5 for a corrected engine speed of 15,940 rpm and
full-open shutter. The dashed line between the first twe points
indicates that the mamner of veriation in pressure betieen the
engine nozzle outlet and the diffuger throat was not obtained.

Evidénce of the presence of cupersonic jet velocities was noted
during the runs when a sudden change in the sound, from a deep rumble
to a high-pitched scream, occurred at a corrected engine speed of
about 15,000 rpm. The curve of figure & shows the varietion in
pressure ratio across the engine nozzle (the ratio of the tail-pipe
inlet total pressure Py to exhaust-chamber-outlet static pressure pg,
where the inlet total pressure is calculated from the measured static
pregsure p7, tail-pipe total temperature T7, and air flow) with
corrected engine speed for runs with the diffuser shutter full open.
This figure shows that the critical pressure ratio (about 1.9) occurs
at the same corrected engine speed (15,000 rpm) as the sound change.
The peek in the curve at an engine speed cf about 15,750 rpm
indicates the choking point of the diffuser previously mentioned in
the discussion of figure 4.

The use of the jet diffuser for simulating ram conditions is
jllustrated by figures 7 to 11, which show the corrected performance
of the engine plotted against ram-pressure ratio for various
corrected engine speeds., The corrected performance parameters
plotted are jet thrust, air flow, fuel flow, tail-pipe gas temperaw
ture, and compressor-outlet total pressure. The data were corrected
for slight experimental differences in engine agpeed by plotting the
rougi data of engine performance against gpeed for various ram-
pressure ratios and using the slope ¢f the curves at various engine
speeds to determine & correctlion factor, The curves of Jet <thrust
do not include the drag created by the inlet air, which must be
deducted to obtain net thrust. A scatter of the thrust data is
evident in figure 7 at low engine speeds. This scatter is attributed
to small uncertainties in evaluating the large forces contributed by
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the difference between atmospheric and exhaust-chamber pressurss
acting on the exhaust-chamber diaphragm. These large forces could
be reduced by using a sliding seal around the tail pipe; pre-
cautions must be taken, however, to eliminate leakage. Calibration
of the thrust forces imposed by the pressures acting on the seal
mey be avoided by using a tail-pipe pressure rake to obtain engine
thrust.

The correctiocn factors’ 6 and © wused to generalize the
performance variables in figures.7 to 11 do not take into account -
any changegsthat may occur in ths combustion efficiency. Therefore,
extrapolation of the test results involving the fuel consumption of
the engine to high altitudes may be unreliable. The variation of
combustion efficiencies, and hence the error of the correlation,

.may be expected to be small at low altitudes but would increase'as
the burner critical altitude is approached. 4

Faired cross plots of figures 7 to 11 are shown in figures 12
3]

to 16 in which the corrected engline performance is shown as a .

function of the corrected engine speed for various ram-pressure
ratios from 0.95 to Z.,2. The limited range of engine speeds at
ram-pressure ratios above about 1.4 is evident from these curves.

The points on each figure, which are performance-data points at a
ram-pressure ratio of 1,0 teken without the jet diffuser, show

good agreement with the cross-plotted curves. This agreement
indicates that the jet diffuser does not interfere with the flow
through the engine exhaust nozzle at a ram-pressure ratio of 1,0.

At ram-pressure ratiosg high enough to produce critical pressure
ratios across the engine exhaust nozzle, it is reasonable to expect
that the presence of the diffuser walls will not influence the flow
through the exhaust nozzle because no pressure disturbances down-
stream of thie nozzle could be transmitted upstream past the nozzle
outlet. Inasmuch as no interference effects were found at the very
low ram-pressure ratio (1.0) and, as reasonable assurance exists

that no interference is present at the very high ram-pressure ratios,
performance is probably accurately obtained at intermediate values s
.of ram-pressure ratio,

In order to check the accuracy of the psrformance data obtained
with the jet diffuser, the experimental variation of thrust with
ram-pressure ratio obtained from the diffuser runs is compared in
figure 17 with the theoretically calculated variation obtained from
the manufacturer for a similar turbojet engine. Although the magni-
tude of thrust is not the same (because of the present variation in
performance of different engines of the same model), the agreement
between the slopes of the curves is further verification of the
accuracy of the performance obtained with the jet diffuser.
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CONCLUSIONS

A jet diffuser, which was developed for use in simulating ram
conditions for tests of a turbojet engine on a static teast stand,
produced a minimum exhaust-nozzle-outlet pressure of 12.9 inches of
mercury absolute (corresponding to ram-pressure ratio of 2.25) at
the maximum speed of an I-16 turbojet engine. A movable shutter on
the diffuser outlet controlled the exhaust-nozzle-outlet pressure
independently of engine speed to obtain the engine performance at
ram-pressure ratios from 0.95 to 2.2 for a range of engine speeds
from 85 to 100 percent of maximum rpm. The good agreement of
performance data at a ram-pressure ratio of 1.0 taken with and with-
out the diffuser indicated that the flow through the engine exhaust
nozzle was not effected by the presence of the jet diffuser at this
ram-pressure ratio,

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio,
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Figure 10, - Variation of tail-pipe gas temperature with ram-pressure -

" Ram-pressure ratio, P/pg.
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