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I. INTRODUCTION

Accurate, controlled testizg of high technmelogy jet engines requires a

fixed installatior where such engines may be operated throughout their full

. B G0 e D SRRV D AV At

30
A

thrust envelope under conditions approximating the installed situation, and

ey

with sufficient instrumentation to assess performance pzrazeters.

stallaticns, jet engine test cells, have taken many forms, among them tha

Thase in-

Bt

"Hush-Bouse" installed at NAS Miramar, CA [Ref. 1] for installed engine

.;'

testing, and a Coanda design [Ref. 2] for noise suppression. The most coomon
cell design is typically a block house type installation with vertical inlet
and exhaust stacks configured for velocity profile and noise control. Arrange-
ments with horizontal inlet and exhaust stacks exist and provide more uniform
flow profiles tc the engine inlet, but the large clear areas needed adjacent
to this type cell precludes its frequent use. Mounting hardware and monitoring
equipnent are provided as appropriate to the engine under test.

Pollution contxol is a major problem in the operation of cells with today's
high power, high mass flow engines. XNoise and visible and invisible pollutants
are emitted in quantity. Judicial 2ction initizted by the State of Califormia
against Naval Air Starion facilities in California has brought these problems
into proninence. At=ospheric pollution has teen attacked asing various forms
oi water droplet adhesion, mechamical grid entrapoent, or electronic ionization,
with bafile combinations for acoustic treatment [Ref. 3]. Good results have
been obtained at NAS Jacksonville, FL, with a water scrubbing technique to re-
nove pollutant particles. All these wethods are expensive and compiicated,
however, and simpler ones are desired. To find them will require a detailed

understanding of test cell zerodynamics. {
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In a basic arrangement the engine is situated somewhere near the center
of the cell to allow a near uniform flow profile to develop. It exhausts into
an augmenior tube where more air is entrained from within the cell, causing
air to flow around the engine into the augrmentor tube. The ratio of entrained
air mass flow rate to engine mass flow rate is known as Taugrentation ratio.”
The entrained "secondary air" acts as a coolant for the hot engine gases, ex—
tending exhaust stack life, and as a2 diluent for the exhaust products.
Augmentor parameters such as engine-augmentor spacing and augmentor diameter
are important to proper cell/engine operation due to their effect on augmenta-
tion ratio. An excessively high augrmentation ratio (high secondary air flow)
may cause large pressure gradients between engine inlet and exhaust planes
with resulting inaccurate performance peasurecents. In addition, test cell
structural limits night be exceeded due to excessive cell pressure reduction.
Insufficient secondary air could allow hot exhaust gas recirculation to the
engine inlet with performance degradation as well as hot spots in the augmentor
tube and exhaust stacks. Insufficient secondary air flow also causes excessive
density of visible emittants. This may vioiate Ringlenan Number limitations of
local pollutioa ordinances even when the pollutant output gquantities are w.thin
specified lirmitations.

Testing for optimization of engine-augmentor relationships cannot easily
be accomplished in existing, operational test cells. Cells are scheduled to
maxioun capacity for econozy reasoms, making test runs incomvenient. Also,
today's large engines and soaring fuel costs make full scale testing pro-
hibitively expensive. Clearly, computer mocdeling of flows provides a possible
alternative.

A working, proven model would be able to predict augmentation ratios and

recirculation of hot enzine exhaust gases =s a function of augmentor design.
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It could provide information on the optimal locations for water quenching
devices needed to cool hot afterburner exhaust flows and jet break-up devices
used for noise suppression purposes. These capabilities would reduce the re-
quirerent for expensive, time consuming, trial and error procedures now used.

A nucber of models with some or all of these capabilities are in existence.
One by United Research Laboratories {Ref. 4] uses a one-dimensional idealization
combined with empirical correlation factors to adjust ouput values of exit
static and total pressure (to agree with experimental results), then generates
performance data for various augmentor cocbination. Eliin and Pucci [Ref. 5]
attacked a similar problem in modeling a gas eductor system for gas turbine
powered ships. Due to dififerences in application, however, this model made no
allowances for spacing between nozzie exhaust and tube inlet, a commonly found
configuration in test cells. Baiiey [Ref. 6] zlso used the one-dimensional
idealization and accounted for friction and inlet losses through empirical data
and ingine-augmenter spacing by means of theoretical spreading equations |[Ref. 71
for the engine exhaust stream. Hasinger [Ref. 8] also utilized 2 ome~dizensional
nodel to perform a study of aircraft ejector optimization. The problem was also
approached using two-dimensional theory by Bayes and Netzer [Ref. 9] amd by
Croft aand Lilley [Ref. 10].

Experircental validation of the 1-D model of Bailey [Ref. 6] and the 2-D
medel of Hayes and Netzer [Ref. 9] was the subject of this study. The one-
dimensioral Bailey model is simple and uses little cozputer time. It relies
heavily con empirical loss factors which are applied to flow conditions differ-
ent from the original experiments. It is fundamentally restricted to calcula-
tion cf trends of augmentation ratio with variations in engine ficw rate,
engine augmeator spacing, engine diameter, and augmentor dismeter. It has,

on the other haad, no restrictions to conditions of application. It
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incorporates cerrections for choked flow at the engine nozzle and the basic

one-dimensional equations for mass, enerzy, and momentum comservation are

not liniced ty Mach number. It does not, however, incorporate provisions for

bandling exhaust shocks, or jet spreading for choked flow conditionms.
The two-dirmensional model supplies a far more complete data set. It pre-
dicts temperatures, velocities, pressures, and turbulence levels throughout
the flow field within the augmentor tube ard parts of the test cell. It is a
more rigorous solution of the basic conservation egquations ard relies on
empirical constants only for the turbulence rodeiing a2nd boundary conditions
on vorticity. It is limited by an assumption of incompressible flow (more
accurately, density is assumed to vary with tecperature and composition but
not with pressure) which prevents zaccurate results above flow Mach numbers of
about 0.6. It is additionally weakened by the use of strear function and
vorticity as primary variables. These variables make the solution simpler by
elininating pressure from the equations and by reducing the depend:znce on
velocities. However, the recovery of pressure from the solution is extrerely
sensitive to calculations for the strea= functions. Bot: these areas can be
strengthened by new cozputation techniques. These include elliptic equations
wbich reduce to parabolic in appropriate conditions and the use of pressure
and temperature as primary variables. These techniques are currently being
investigated at the Raval Postgraduate School.
All test cell models in existence which are availzble in the open litera-
ture have the same basic drawback — none have been experimentally validated
over the nornzl range of test conditions found in actual test cells. Due to
the wide range of assuzptions incorporated in the models, and the unusual flow
conditions found in jet engine exhausts (hot, high velocity core entzaining

cold, stationary air), models must be tested against experimental data before
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they can be used with any confidence. Testing should include measuresent of
veiocity profiles in the test cell and augmentor tube to test the validity
of inlet and exit profile assucptions made in all models and the accuracy of
flow field velocity cocputations in tke two-dimensional =odels. Accurate
measurezents of flowrates and augrentation ratio are necessary to provide

inputs to the 2-D model and to check predicted results in tke i-D model.

Pressures and temperatures along the zugmentor tube and in tke test cell zust
be measured to provide data for comparison to 2-D predictions.

To make all these measurements in =z

£211 scale operational ceii would
be time consuxing and costly for the same reasons menticned earlier. For

these reasons, the subscale test cell designed and built at the Navei Post-
graduate School [Ref. 11] was chosen for validation efforts. It is substan—
tially less expensive and more convenient to operate azd can easily and

irexpensively be completely instrumented. Configurations can

varied and data easily and rapidly coliecred and recduced.
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II. METHOD OF INVESTIGATION

A previocusly constructed one-eighth scale turbojet test celi [Ref. 11]

b+ s

was oodified to increase the gquantity of obtainable data, and used in a

sisds v st eniiad | rat:

valida” icn study of two test cell flow models. A one-dimensional and 2

tvo-dimensioral oodel were evaluated. The cell was used to determine the

o}

{R

effects of engine-augmentor spacing, engine mass flow rate, engine nozzle

=

total texmperature and augmeator inlet geometry on aug=entation ratio and
augDentor pressure, velocity, and temperature distritations. Zxperimentally

measured pressure, temparature, and velocity profiles were compared with

theoretical predictions.

[ )
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“ ! I11. EXPERIMENTAL APPARATHS
3 °~:
- A. TEST CELL
3 Design and construction of the subscale turbojet test cell are detailed
3 E
f in Ref. 11 and shown in Figs. 1 and 2. The cell is a cne-eighth scale model
of a NAS Alameds test cell. A TFil engine was scaled to one-eighth in
'f diazeter resulting in mass flow being scaled by 1/6% to caintain fiow
3 it
E velocities equal to those in the full scale cell. Air was drawn into the
5 3
} test section through a horizontal inlet with square belimouth and 3 flow
= £ straightening secticm. Toe fest section =es enclosed by hinged plevizlass
«’ sides to allow easy access and visual oonitoring of the section during
operation. The augoentor tube, equipped for interchangeable inlets, exited
’, 7 * the cell throvgh a removable wall. 1Its downstrean end was attached to a
; i» deflector-plate-eguipped vertical exhaust stack. The stack was Dounted on a
’q wheel/rajil arrangement which allowed translation of the stack/augmentor
4_ assexbly and resuited in changes in spacing between the engine and sugnentor
H , tube. 3Rexovable —etal grates were instailed in th2 stack te permit variation
‘ ) in back pressure.
i The engine used to simulate turbojet/turbofan tailpipe and mozzle condi-
- tions was a forced air ramjet supplied with compressed air from an Allis-
, ‘ Chaloers, twelve-stage axial coxpressor. Separate three-inch pressure lines

supplied variable cozdustor (primary; and bypass (secondary) air. The engine
intake was sizmulated by a variable suction six-inch line drawing throcgh a
six-inch bellmouth. The coxbustor was a sudden expansiou (or Gucmp) tyre fed
by nitrogen-pressurized JP4 and ignited by a wmethane-oxygen torch in the

- combustor wall. The arrangement allowed control of tailpipe flow rate,

nozzle total temperature and pressure, and nozzle geometry.
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Figure 3 shows the basic placement of the ranjet in the test section when
viewed fron downstrean. Figure 4 shows the geometry of the engine-gugzentor
interface. Mass flow rate could be controlled independently in the primary

and secondary lines, providing a simulation of a variable bypass turbofan, if

b
ot

decired. Mixing of the primary and sacondary streass was, unfortunately, not

w0 Ay
§ ,,utr Y

as coz=plete as in an actual turbofaa and in bot rums the arrangement resulted

PRI

44

iy

in a hot inner ccre of prizmary air surrounded and pinched by cold secondarv

e

air. Lengthening of the zmixing section will eliminate this problem in the

ORI FR DN

future. Engine-augmentor spacing was varied by rolling the exhaust stack
along its rails. The three augoentor tube iniets pricarily tested (Fig. 3)

were separate pieces, easily changed by the removal of two screws.

E : C. INSTRUMENTATION

Flow rates in the three-inch prizary and secondary and six-inch suction

lines were measured using ASME type fiow orifices and controlled by band valves.

‘ 3 Pressure taps and thermocouples in the test cell allowed monitoring of pressures

~A at the engine inlet and exhaust planes and azbient air texperatures. A pres-

: sure tap and iron-constantac thermocouple in the coz®ustor cuter wall allowed
calculation of nozzle total temperature and pressure. Augaentor flow condi-
tions were moritored by 27 pressure taps along the top of the tube, spaced at
one-irch intervals near the upstreaw and downstreanm ends, spreading to four
inches near the center. Iwelve copper—-constantan thermccouples were alco placed
along the tube at four-inch intervals. All thermocouples were referenced against
an ice water bath. Velocity profiles in the augmentor were measured with a
pitot rake comsisting of seven equally spaced small diameter total pressure

tubes. The rake couid be rotated and translated to obtain vextiecal and
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horizontal proiiles over the full length of the tube. A thercocouple was

also mounted on 12 cen

tre center pitot tube. Velocity profiies in the cell were

FRUATE IS L GERE iy

measured by means of a direct reading amecw=eter with hot wire probe. The

g

probe had been extended suificiently to 2llow measurement across the entire

height and width of the cell.
D. DATA ACGUISITION

The data acquisition systen consisted of a fully prograz=able Hewlett—

RN PG e e

k-
v

Packard desk top calculzater with a HP98678 Mass dezory, HP-9862A Plotter, and

da

b d

#

digital tape reader. A B. 2nd F. Mcdel SY133 dats logger scamned 45 pressure

_{

and 20 temperature channels per rum and punched raw data onto a paper tape

4
A2 % i

1
»!

for reading into the Hewlett-Packard system. The data reduction systea
produced reduced flow rates, augoentation ratio, temperatures, and pressures

and autc=atically plotted zugmentor pressure and tesperature profiles.
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IV. EZXPERIMENTAL FROCEDURES

A. TEST PRCCEDURES

Initial cell startup regquired abort one hour for wartup of the Allis-

e\ miatinsvidli st

Chalzers coapressor. Once air was directed through the lines, ten to fifteen

Lyt

ninutes were required for temperature stabilization at the flow orifices

¥
4 4
>3
=3

LT ey

before accurate flow rates could be set. Once the desired mechznical confige-

% l,ql‘

s
b
s

-

A1 v

ration of the cell was fixed, f£lcw rates were adjustad. Rough adjustzents

"

AR

were made using wvater manozeters lscated at the hand valves. Find adjustments
were nmade by runping flow rate data through the data reduction systsm and
checking calculated values. Wken the proper values were attained. a complete
set of data was processed by setting the B. & F. datz logger to scan the 40

pressure and 20 temperature channels. The raw data was recordsd on punched

2

i
3
3

tare. The tape was then read into the data reduction systex for a2 coaplete

=1 data readout. When cell velocity profiles were desired, they were obtained by
,; =anually reading and reccrding the probe measurszects as it was inserted

ik s
oy

through the side or top of the celx. The pitot rake was also repositioned

duer it Sl
£

tanually when velocity psrofiles at more than one tube position were neasured.

g % B. DATY XEUTTION

: Existing programs for the HP9830A calcslator were modified to bandle in-
creased date quantity and extract more inforzation froz the raw data. Flow
rates were calculated using ASME equations for D-.5D orifice pressure tap con-
figurations. Texperatures were cbtained by curve-fitting published therzocouple
3zta. Pitot rake pressures were cozbined with tube wall pressur2 and texpera-
ture seasurements to calculate the velocity profile at each position of the
rake. This velocity profile was then integrated by Simpson's rule to find the

average flow velocity in the tube. 7The velocity profile at the aft end of the

16
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] L augzentor tube was quite flat and varied only slightly in the tangential

E % direction. For all tests conducted, the average velocity at this location
5 3

9 2 . . < . . .-

E was used to detevrmine the flow rate through the augmentor tube. This flow
E 3 rate, together with the measured engine flow rate, allowed malculation of

3 the augmentation ratio. During the initial phase of the investigation, the
i =

& augzentation ratio determined in the above manner was validated against the
; &

= 2 valve determined from the test cell velccity prefile. A routire was included
A %

3 “: in the program to autozatically plot tube pressure and temperature profiles
3 3 - sz

: bt when desired.

: 3
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C. TE£ST CONDITICNS
Data were taken for the set of test conditions presented in Table 1. The
bellmouth data were used for i-D model validation and the flat and straight

augzmentor inlet data were used for 2-D model validation.

T o e L LT et o g

TABLE 1

SOgMERIEL 2

”
£

TEST CONDITIONS

Chlitad

INLET NOZZLE FLOW RATE ENG-ATG EXG-DNLET
(lbnlsec) SPACING SPACING

o gt an s 40
] daii hilaGeind b4

Bellnouth 0 -1.12D

1.12p 0

*

2.12p i»

*

3.12p 2D

]

»

Ld

(Hot)

*

L4

(Hot)

2D

*

(dot)

:
.
4
ot
.
4
4
F
:
4
3

Straight
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V. MODELS TESTED

A. ONE-DIMENSIONAL MIDEL

The one-dimensionzi modeli tested was described by Baiiey in Ref. 6.
Ceoretry is shown in Figure 6.

The model assumptions were:

1. one-dizensional, steady

2. adiaBatic

3. {flow uniform at cross sections 1, 2, and 3
4. ail gases ideal

-

5. nixing occurs in a constant area

6. Pl = PZ

7. Al + AZ = A3

Valies of tube and engine nozzle diaceters, nozzle total temperature and
pressure, and secondary air total temperature were input. A value of nozzie
exit static pressure (Pl) was set, winich set PZ » and dypass air total pressure
(64

) was assuDed as atmospheric. Initizliy, was set ecual to ?T -

) 1, 2
a a
fron these, the codel calculated the Mach auxbers, and velocities at 1 and 2.
Ihe loss across the zugzentor inlet was then calculated using zn ezpirical loss
conscant for the particuiar inler beirg ecploved. This resulted in 2 new value
of PTZ and the process was repeated until successive changes in PT?_ became
saall. Primary (1) and secondary (2) mass flow rates were calculated and used
to solve the one-dimensional equations of momentunm and energy between 1/2 and 3.
Spreading of a subsonic jet with engine augmentor spacings greater than
zero was handled by use of a spreading parzmeter to determine the size of tie
oixing zone at the entrance to the augzentor tube. Velocity profiles withia

the nixing zone were modeled by an error function. The mixing zone was broken

into a large nuxber of small areas and then properties in each were calculated
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and sumxzed to solve the one-dizensional eguations. In the case of choked flow
{for 1-D isentropic conditions) in the nozzle, a correction for choking was
applied to the nozzle flow rate and, for the zero spacing case, the problen
was handled as before. Xo atteopt was mede in the original model to hardle
the choked flow case at spacings greater than zero.

Augzentor tube wail friction in the oDodel was a2pproximated using an

equation for a flat plate drag coefficient. The drag coefficient was calcu-

AT 44 Tor ALI§ oS 4 Th

lated using a Reynold's Number based on augrentor length and ¥ = (V3 + VZ)IZ
and T = (‘1‘3 + Ti) 12 (for determinaricxn of viscosity). Although not centioned
in the text of Ref. 6, an eampirical coefficient was found in the equation in

the progran listing which arbitrarily reduced the wall friction value. The

Yo

coefficient proved essential to successful operation of the model since without

T SR AT

it, the calculated flow resistance was so high that reverse flow was predicted

Al LLO% A%

B
'sa
4 EOLEIA AV

in the tube for zll cases tested. The use of the luower value of w2ll fricei

S~
D - - ————

~
i

YOn R

apparently is necessary because of the considerable difference in flat plate

asid

velocity profiles from the developing coaxial flow within the augmeator tube.

T

To use the model as written, values of nozzle total temperature and
pressure and secondary air toial tezmperature are input with geopetries and the
head loss factor for the tube inlet. The published listing was oodified
slightiy to allow entering the experizmentaliy obtained value of back pressure
(P3) . In the original model, solutions were obtained for a nusber of
arbitrarily set values. The nodel then calculates primary and secondary flow
rates and augcentation ratio. It is simple to use and requires minimal com-
puting time. At the same tipe, it depends heavily on empiriczl constants for
iniet losses and wall friction and the “plug flow" assumpticn is guestionable
in the case of high velocity entrance flows. It provides ipsight only into
overall benavior, with iittie indication of behavior within the tube and oo

inforzation on flow patterns in the test cell itself.
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: 5 The nodel has previously been tested in a 1/24th scale plexiglass cell

E ‘ [Refs. 6 and 12]. Bailey found the model reasonably predicted the effects of

’ ; nozzle total pressure on augmentation ratio aad the variaticn of secondary

i pass flow with primary mass flow. The regicn of choked nozzle flow was not
investigated since no provision was made to compute the spr2ad of a supersonic
exhaust strean. He discovered that published head loss factors caused exces-
sive inlet losses and predictions were most accuratre with a loss factor of

' essentially zero. No conclusive results were obtained for tests of engine-
augmentor spacing effects on augmentation ratio due to widely scattered

B. TWO-DIMENSIONAL MODEL

The two-dimensional rmodel tested was described by Hayes and Netzer in

, Ref, 9. The model solved the basic equations of mass, so=entunm, and energy in
two~dimensicnal, elliptic form. Strean function and vorticity were the primary
B ‘ variables for mass and momentun effects which reduced coupling problems and made
% equation solution easier. Temperature was the depeandent variable for emergy

_? conservation. Kinetic heating was ignored znd specific heat was considered

constant. Turbulence effects were included in the form of a2 two parameter

model describing the effective viscosity. The reiationship used was:
2
oX
Yoff cu €
where:

u off = effective viscosity
Cu = empirical coefficient

. P > local density
X = turbulence kinetic energy

€ = turbulence energy dissipation rate

D B e

P——— —— 0




PP T LS T (e
Rt e R St B R SR St e R

158

s i R iy P g .‘ ‘....' -, T 2 n . " e
R e T e e R N S e N S S e e o B R D S e o

5 e
-~

ey p K

Forcd ¥, R T

Eg 5 The equations for K and € were written in elliptic form and the five
= equations were solved with the perfect gas law to describe the flow field.

? Once the solution converged, axial and radial pressure distributions were

3 ' obtained from the stream function distribution.

i’ The equations were solved using point-by-point Gauss~Seidel with under-

; f? relaxation. The model was assumed axisymnetric, and described by a 43 by 40
3 grid in cylindrical coozdinates. A flat augmentor inlet lip (Fig. 3) was in-
‘ %: cluded in the 2odel as an approximation to the bevelled inlets found in some
j_% cells at NART Alaceda. The straight pipe was approximated by meking this lip
£ very small.

' The model had several limitations. The elliptic equations using stream
: E function and vorticity are inherently limited to low subsonic speeds. In
addition, the use of stream function and vorticity as primary variables mwade
1 ) - calculated pressures extremely sensitive to small errors in convergence. The
rectanguiar grid system does not allow modeling of rounded, bellmouth type in~
3 lets cormonly found in operation. Solution required an average of 170 minutes
l CPU tice on an IBM 350-67 conputer. Oa the plus side, it is a potentially
valuable tool for predicting effects of engine-augmentor spacing, augzentor

3 :, diazeter, and cell gecmetry on pressure, velocity, and temperature distribu-

tions within the test cell and augmentor at low engine flow settings. This
information is needed for optimization of noise suppression and chemical

pollution 2batement techniques.

"
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VI. RESULTS AND DISCUSSION

A. ONE-DIMENSICNAL MODEL

As discussed above, the model developed by Bailey was not applicable for

skt 2l avia

choked nozzle flow at other than zero engine—augmentor spacing. In the npodel,

g‘ choking was assumed to occur for the one-dimensional isentropic pressure ratio

(y = 1.4) of 1.89. The flow ir converging no:zles with 25° half angles (as

used in these experiments) does not actually become independent of back pressure
until nozzle pressure ratios in excess of 2.5 [Ref. 13] are obtained. This re-
ﬁ sults from thiee-dimensional effects (radial momentum, etc.) which cause the
, :: lines of constant Mach number to be convex in shape as the flow exits the nozzle.
: N In the experiments conducted in this investigation, pressure ratios did not ex-
:a ‘ ceed 2.4. For these pressure ratios, the flow at the nozzle exit plane would
- actuaily be siightiy subsonic. The fiow would continue to accelerate to sonic

Ig
.’.

or slightly supersonic flow conditions with resulting weak expansion and com-—
pression waves. Since the expansion =nd compression waves are quite weak for
these low pressure ratios, a good approxination for the jet behavior may be to
negiect them entirely and assume that the jet continues to accelerate until the
jet pressure ecuals the local acbient pressure a short distance from the nozzle
exit plane. The jet behavier could then be approximated by comnsidering it to
spread in the same manner as employed by Bailey for the subsonic jet. This
modification was incorporated into the 1-D wmodel.

The original model generally predicted trends in cell performance cor-
rectly, although with swme severe limitations. Effects of engine-augmentor
spacing on augnentation ratio are ¢: wm in Figs. 7 and 8 for the test cell and

i model, respectively. The predicted augrmencation ratios were consistently lower

than the experimental values. Experimentally, cell augmentation ratio was

S it

Ny
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b
»y
3
=
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found to decrease slightly and then level off with increased spacing (Fig. 7).

The level off at increased spacing indicates that jet spreading probably became

negligible zt a point about two nozzle diameters downstream. The decrease

o R k] e

found at zero spacing probably resulted from flow interference by the mounting

SRR

flange of the engine nozzle which, at there separations, was very near the

A

: tube inlet. The model, which predicts continued jet spr=ad for any distance

13
L1

fron the nozzle, did not predict the laveling off fcund experimentally and

could not predict the decrease caused bty flange blockage. Limiting the jet
i

spreading to that which occurs at a distance of 1.5 nozzle diareters did

raise the predicted augmentation ratio for large engine-augmentor spacirze
(Fig. 8).

The model correctly predicted the effect of changing flow rate on augmen-

tation ratio. Figure 9 shows that augrmentation ratio decreased steadily with

, .
Yo WRIALS
AEATRVA LR TG S S A S RSB

increasing £lcow rate in

the rest cell and Fig. 10 shows the same trend for the

model.

As pentioned zbove, the model predictions for augzentation were con-
sistently lescs than the measured values. This is pore evident in Figures 11
through 14 for different engine-augmentor spacings. The prediction error was
greater for the lower nozzle flow rates. Eliminating augementor inlet lcsses
had only small effects on the predicted zugmentation ratio for zero engine-
augmentor spacing (Fig. 11). Eliminating wall friction raised the predicted
values to agree with experiment at low flow rates but to overpredict at high
flow rates. The latter was probably due to the blockage to the secondary flow
provided by the expanding jet exhaust in the expericents.

Addicion2l comparisons ate presented in Fig. 14 for a 3.12D engine-

augoenror spacing. Again the basic model predicted the correct tramds but

18
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‘:: underpredicted tha magnitude. The model predictions are seen to be very sensi-
3 tive to the experireatal inrut values of augzenicr exhaust pressure (wnich
% depend upon exhaust stack resistance). A change of Q.12 in back pressure
changes sugmentation ratio by z2pproximately 3Z. Apparently this is the most
\ inportant parameter in the model for obtaining the correct magnitudes of
.i. augmentation ratio. Limiting the jet spreadicg o that which existed at a
distance of 1.5 jet diameters also increased the predicted values as did re-
ducing wall friction.
I8 In general, results agreed with those found by Bailey for subsonic flow
’; and showed the same trends when the original assumptions wer2 applied to condi-
‘ tions which would be choked in i-D calculatfons. The model pradicred trends
accurately but requires ixproved wall friction and jet spreading calculaticas.
29
f B. TWO-DIMENSIONAL MODEL
' ' - Predictrions using this ocdel were gererzlly very accurate when ic was

operated within its design limitatioms. Elliptic type eguations using the

strean functinn-vorticiry variables are gererzlly unreiiszble for nigh subsonic

ygCie

velocities, since density is not considered to vary with pressure {uwiich hnas

-
i

been removed fron the equations). Model flow rates of 1.0 l’nnlsec. resulted

ke
A R

Iy

in a nozzie exit Mach of about 0.37 in cold flow. The higher flow conditions

I8,
'

1
".'i;

A

2t 1.5 lbnlsec. produced an exit Mach of about 0.86. Difficulty was experisnce.

X

in ruzsning cox=parisons of the 1.0 flow rate whea high nozzle total temperatures
(hct flow) were employed. The ncdel requires nozzle exit static texperature
as an input parzmeter. An accurate value for this temperature =as impossible
to determine from tne experirments since the exhaust jet consisted of a hot
ioner core at greater than 2000°R surrcunded dy a cool blanket of near acbient

o secondary air, After some umsatisfactory trial ond errer, g gversge &xit

3¢
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texporesrre of 900°R was assumed for all hot runs. This corresponded to an
exit Mach of about 0.8.

Velocity profile predictions for cold flow in the augmentor with a flat
plate orifice inlet were in good agreement with experiment (Figs. 15 through 18).
The =odel does seem to consistently predict a slightly slower flattening of
the profile than actually occurred since it consistently overestimated peak
velocities far downstrean and underpredicted clcse to the nozzle. The least
accurate prediction was at the intake 1lip for the zero spacing case (Fig. 15).
This is oost likely due to the extreme blockage of the fiow at the tube 1lip in
the experimental setup. Since the calculated velocity must be extracted from
strean function values, any error in calculation of the stream=lines in this
rapidly converging region would be somewhat azplified in the velocity calcula-
tion. As anticipated, prediction error was slightiy greater in the high filow
rate case (Fig. 18). This was not surprising since "pinching"™ of the rozzle
flow caused a predicted ceaterline acceleration to 2 fiow ¥ach pusber of 1.i2,
about 2.5 nozzle dizpeters down the aug=entor. Surprisingly, in this case, the
—odel predicted peak ielocity at the tube inlet to withia 3Z.

Pressure predictions (Figs. 19 through 27) were in relatively good agreszent
with experioent, although not so impressive as the velocity results., Pressure
profiles were calculzted along 5 different axial grid lines of the tube, rangicg
in position fro= near centerline to about mid-radius. The outermost lines were
just inside the edge of the lip of the flat intake (Ref. 9). The line J=17
(the second outermost) was formd most accurate for cases with the 1ip imstailed
while J=18, {s:ightly farther out) better fi: those cases with no iniet (Figs. 26
and 27). The better accuracy is fournd to occur along axial lines that penetrate
the upstrean flow in the ieast disturbed (more axial flow) region, In 2ddizica

— -t b §
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accuracy is generally good at the low flow rates but degrades markediy at higher
nass flows. These results were expected since the peed to extract pressure field
inforcation fro= the streanline solution through two successive approximate
derivative calculations readers pressures extre=ely senmsitive to small errors in
the streanlines. This sensitivity is especially evident in the figures where
the pressure drop in the entrance section of tne augrentor tube is consistently
over predicted, the error being oore significant for the high flow rates.

The oodel proved insffective in predicting hot flow results. An example
(Fig. 25) shous the standard result — a grossly excessive pressure drop
accozpanied by insufficient rise to match downstrezm values. Analysis of
model predictions showed the nozzle flow had accelerated from a Mach of 0.8
at the nozzle exit to a value greater than Mach 1.2 along the centerline, a
flow regicn where the —odel is not valid.

Results were sinilarly poor for hot flow tecperature predictioms, (Fig. 28)
where data was non-diizensionalized vsing the zaxizmunm tezperature of the run to
coopensate for the recognized inaccuracy of inpet flow temperature. While the
oodel consistently predicted gradual mixing with mexizu= tube wall temperature
a2t the downstream end, the expeirmental data consistently showed peak texmperature
at about one~third the length of the tude frca the upstresz end. The discrep-
ancy in these tecperature profiles is probably attributable zo both the high
flow ¥ach nusbers and the poorly defined experizental nozzle exit texperature
apd velocity distributions as discussed sbove. In the cold flow case (Fig. 29),

agreement was excellent,

R I
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VII. CONCLUSIONS AND RECOMMENDATIONS

A. ONE-DIMENSTORAL MGDEL

The modei tested has several advantages over the more elaborate 2-D version.

. '.‘.l.j.\—'.‘.;f:m.s«"m.-“»éw"o % ! ™

It used little cozputer time and was, therefore, very sigrificantly less expen-

sive to operate. It also was applicable over a wider range of conditioms, not

“*“A "";1 v

teing inherently limited to low subsonic speeds. The model was not capable of

accurate Guaatitative predictions ip any fiow conditica, but, with an assu—ption

W ecis s b

of no physical choking at the nozzle exit and only weak external expansion and

budfjb

compression waves, it predicted treads accurately up to flcw Mach nuzbers of
about l.2. The model can be made to clcsely fit experizental data by adjustzents
of empirical comstants (wall friction, jet spreading) and then be used to consis-
tently predict conditions for a given instaliation. Predictive accuracy was
vary sensitive to augzeator tube exhaus’. pressure wiaich in tura is z function of
fiow rate and exhaust stack resistznce.

The heavy dependence on ex=pirical data in the oodel weakens its potential
value as a geperal design tool since reguired constants may chauge ircm installa-
tion to installation. Loss factors for wmusual configurations, such as the
bevelled augzentor inlers founrd 2t MNARF 2lzzeda, could oniy te determined bty
additional experimental measurexents. The stubscale test cell utrilized ia this
project can potentially be used to alleviate this shortconing by providing am
inexpensive and convenient test device to establish data for virtually any con-
figuration. Validation of at least some selected conditions against full-scale

test cell data will be reguired.
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B. TWO-DIMENSIORAL MODEL

This model is inherently limited to low subsonic flow conditions, a situa-

% tion which renders it ucusable in its present form as a design tool for high
£ thrust and afterburning conditions. Its quantitative accuracy, in its limited
flow region, is very good wher predicting velocities in the augmentor tube, but
3 somewhat weaker wnen predicting pressures due to the need to extract them from
strean fuaction inforzation. The model used a large adount of cozpating time
E but provided an enormous amount of detailed information om cell perforzance as
a function of cell design and engine operating conditions.
% The greatest value of the model probably lies in its function as a stepping
. stone to =more advanced 2-D oodeis. Current work is being directed toward a
oodel which utilizes velocities and pressure as the primary variabies. This
f model should izprove both the accuracy and utility of the 2-D —odel and skbould
' provide reasonable solutions for the choked fiow operating conditions.
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