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REVIEW OF THE CONCLUSIONS OF THE AGARD AD HOC COMMITIEE
ON ENGINE AIRPLANE INTERFERENCE AND WALL CORRECTIONS IN TRANSONIC WIND TUNNEL TESTS

Antonio Ferrif
Director, Aerospace Laboratory
Astor Professor of Aerospace Sciences
New York University
Bronx, New York 10453

\

Recent developments of high performance airplanes have generated requirements for the prediction of
the aerodynamic performance of airplane designs with high accuracy, certainly better than that which is
presently possible with available experimental techniques. As a result, a critical review of present
methods for prediction of performances from model and component experimental data is taking place. In
many NATO nations the development of better experimental techniques is in progress; such activities are
carried on at a national level. Special attention is given to the transonic range at low lift or high
L/D where small difference in flow produces large differences in performance. For this reason, the Direc-
tor of the AGARD, supported by the National Delegates, has initiated an Ad Hoc Committee activity for the
purpose of generating a direct exchange of information and techmical opinions,and of stimulating joint pro-
grams in this field. The topics considered by the Ad Hoc Committee are related to two specific problems in
transonic tests: (1) correct representation in wind tunnel tests of the interaction between engine flow
and airplane characteristics; (2) wall interference at high 1lift,

The Committee consisted of specialists from different nations nominated by the National Delegates.
The Ad Hoc Committee has performed this task and has prepared a set of recommendations included in this
report that now should be followed up by existing permanent committees. The purpose of my presentation is
to review briefly some of the recommendations related to engine interference and outline areas where
additional activities are required. The operation of the Committee has been organized as follows:

The Cowmittee prepared a questionnaire which was sent to selected organizations interested in this
problem in each country. The objective of the questionnaire was to obtain consistent and comparable sets
of information on the approaches used to simulate engine interference and to evaluate the effects of in-
complete simulation of wind tunnel tests and on the type of corrections used for evaluating wall inter-
ference, especially at high lift, In addition, justification was requested on the lack of correction
when corrections were not performed, and on the wind tunnel turbulence and its effect on the results,

The results of the different contributions were summarized by members of the Committee and presented
in an organized form to a meeting of Specialists, Such summaries have been published by the AGARD and
are available, At this meeting, only one representative of each organization that replied to the ques-
tionnaire was invited; no observers were present, The main part of the meeting was devote. to the dis-
cussion and preparation of the recommendations.All of the activities were initiated and concluded during
the period of one year,

The Propulsion and Energetic Panel plans to continue such type of activities in the field of engine air-
plane interference with the help of the Fluid Dynamics Panel, and has asked me to outline a possible follow-
up program, My plan is to continue activities in the field of engine airplane integration problems outlined
by the Ad Hoc Committee and to propose a meeting for next year, organized along the same line of operation.
I will discuss some of the topies now, where in my opinion a joint effort could be justified in order to
obtain your suggestions and comments before fixing the program,

The problems to be investigated can be divided into two separate groups: , .

1) Prediction of flight characteristics of the inlet and nozzle design from an engine
performance point of view,

2) Determination of the interaction between the engine power plants and the airplane
and efforts of such interaction on airplane performances.

An optimization of installation needs agood compromise between the two requirements, The most important
topies related to the first group discussed by the panel are inlet characteristics, nozzle characteristics
and definition of engine thrust for a given nozzle design,

Usually in the design and investigation of inlet performances, only the front part of the airplane is
considered to be important and approximately represented in the tests, Usually the inlet in the inlet
tests does not feed an engine; therefore, the exhaust areas of the duct is much larger than the exhaust
area of the actual engine, and thus the rear part of the model is quite different from the actual air-
plane design., TFigure 1 is a typical model used for these kind of tests. In some cases, the characteris-
tics of the flow downstream can affect substantially the flow entering the inlet and the flow field in the
region of the boundary layer scoops or boundary layer bleeds. The Committee recommended that this possi- .
bility be clearly recognized and that in each inlet tested in transonic flow some effort should be devoted
to ascertain that the downstream effects, however small, are correctly represented, The results of this
investigation should be attached to any report describing the experimental results. The Committee feels
that such problems can be solved more easily for engine installations attached to the fuselage, while it
is more difficult for the podded engine installation because the exhaust of the engine affects all of the

flow field (Figs. 2-3)., Attempts are often made to test the inlet at lower entering mass flow and then correc-
tions are introduced to extrapolate performances to the correct mass flow. Such corrections are inaccuarate &t

$Chairman, AGARD Ad Hoc Committee on Engine Airi;lane Interference and Wall Corrections in Transonic Wind
Tunnel Tests
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transonic flow, because of the possibility of discontinuous variation of the flow due to small changes of
inlet mass flow. Here methods to add energy to the inlet flow are required. .

the present activities are completely satisfactory, because some of the engine simulations do not represent

correctly the scaling parameters that define the mixing characteristics downstream of the engine. In some

of the simulations, only the bypass flow is ingested while the mass of the main engine is not ingested by

the .simulator inlet; therefore, the inlet conditions are not simulated. Differenccs in mass flow between

15 and 25% are accepted. Figure 3 indicates a comparision between a simulator used in one of the tests

and the actual engine installation. The difference can be important in the region of the inlet. The

difference can and should be eliminated by passing more air across the fan; therefore, by passing the

correct mass flow through the inlet, an attempt should be made to improve the conditions in the rear. My

intention is to consider this problem as one of the problems to be investigated in the next phase of the k

work., An actual simulator design is shown in Fig. 4. |

The approach of engine simulators developed recently appear Interesting., However, it is not clear that } £

Usually, boundary layer scoops and airplane shapes in front of the inlet are scaled geometrically in
the tests. Sometimes the geometry of the scoop is changed in such a way that the inlet is free from in-
gesting low energy boundary layer. This is obtained by increasing the size of the boundary layer scoop.
The problem of correct aerodynamic representation of the airplane configuration when tested at Reynolds
numbers differcnt from flight is an important problem that exists for all airplane components. Such
problems have not been considered carefully up until now. While the problem of Reynolds number simulation
for the complete configuration requires large facilities, the problem of better simulation of local con-
ditions can be achieved in present facilities. For example, the airplane shape should be changed to take
into account different displacement thicknesses in order to have the correct pressure distribution; additional
tests should be made in order to obtain boundary layer scoop drag and inlet performances especially at
transonic speed when shock waves are found, Special attention should be given to the simulation of
induced fields due to the fuselage in the front of the inlet. Present methods for evaluating scoop, bleed
drag, and spillage drag do not take into account differences in Reynolds numbers and are neither standard
or satisfactory. In addition, the approach used is seldom defined in the report. The Committee felt that
the AGARD should take the initiative to try to define acceptable standards for the performance of such
tests. This is the second topic that I consider for future work.

One of the important quantities to be measured in the inlet is the mass flow. Usually the mass flow
is obtained through flow meters that are calibrated with high accuracy before the tests under uniform
stagnation conditions. In inlet tests, the stagnation conditions often are not uniform because the model
temperature is different from the stagnation temperature of the tunnel and a large amount of distortion
exists ahead of the flow meter. The required accuracy of the order of 1 - 0.5% cannot be insured unless
more complex calibrations are performed.

The dynamic characteristics of the inlet are important; however, scaling criteria are not available
and therefore reduced scale measurements are not completely satisfactory. Additional work is especially
required in order to analyze more accurately the interaction between inlet and engine at the interface
for bypass engines. Here the one~dimensional type of analysis does not apply.

In relation to the nozzle design, several shortcomings have been pointed out by the Committee.
First, the nozzle characteristics as a function of geometry are usually obtained from separate tests where
the engine flow is not simulated and without correct representation of distortion of stagnation conditions
or correct representation of the external flow. Usually, engifie performaficés are measured using a con-—
verging nozzle, These characteristics are used to obtain performances of the engine using a different
nozzle by correcting the measured cngine performance on the basis of the difference of performances be-
tween the new nozzle and the nozzle used in the tests. In the engine tests, the external flow is not simu-
lated; however, in a converging nozzle, the performance of the nozzle is affected by the distribution of the
stagnation conditieon of the internal flew and by the cxtcrnal conditions of the flow becausc these condi-
tions affect the shape of the sonic line (Fig. 7). The characteristics of the nozzles are measured in
facilities using cold air and having uniform stagnation conditions where the external flow is often
simulated. Then the data for the engines are corrected using the measured nozzle characteristics and by
assuming average properties of the engine flow upstream of the nozzle. This method used for the determina-
tion of performances is approximate and can introduce errors of one or two percent for flows having large
gradients of stagnation properties. In Figs. 8, 9, and 10, results of an analysis are presented that
clarify the sources of such error. A nozzle configuration has been analyzed having a given mass flow,
and constant average stagnation conditions, discharging in a converging and slightly diverging nozzle.
In one case uniform conditions p,1 and T,] are assumed to exist at the entrance of the nozzle, while
in other cases a distribution either of stagnation temperature, or stagnation pressure, or both, are
assumed to exist, The assumed distribution is shown in Fig. 8. The average conditions are the same in =7
all cases. The sonic line shape and the Mach number at the throat are shown ‘in Figs. 9 and 10, The L
throat area has been adjusted slightly in each case to have the mass flow constant. Loss of total impulse
occurs because of the presence of viscosity and heat conduction when gradients are present. The losses j .

are largest when stagnation pressure and temperature are variable and are of the order of 2.5% of the
total temperature of the jet, The corresponding loss in thrust is much larger than this value. L e

The performances of actual nozzles for different flight conditions are often obtained from cold tests.
For many flight conditions, separation occurs either inside or outside of the nozzle, The separated flow
region is not represented correctly by cold tests because the separation depends strongly on the mixing
between the external and internal flows. The mixing is controlled by the ratio between velocity and
density of the internal and external flows that are not simulated in cold tests; therefore, the extrapola-
tion of such data to flight conditions can introduce errors.

Figures 11 and 12 show a typical installation used frequently for investigating the interaction between
internal and external flows. The inlets in the case, shown in Fig 12, are not represented, but are sub-
stituted by a faired surface and the air is carried through the support in the fuselage. All boundary -
conditions that influence the region of separation , such as pressure distribution, boundary layers, etc.,
are not simulated in such tests. The problem is more complex in many present engine installations where



bypass or cooling air is injected in the nozzle. Such air usually has stagnation conditions that
are different from the stagnation conditions of the external and engine flows, (Fig. 13). The mixing

"~ of these flows depends on the actual stagnation conditions of the different flows, and the drag of
the nozzle or drag of the external part of the airplane is influenced by these quantities. However,
these quantities are not usually simulated correctly in the present testing techniques, even when engine
aimulators are used. The drag of the rear part of the airplane at transonic speed can be 30 to 40Z of the
total drag of the airplane for a two engine configuration. Such a quantity cannot be obtained accurately
from wind tumel test methods used at the present.time.

When podded engines are investigated, the flow from the engines affect the aerodynamics of the air-
plane, Even where simulators are used and the inlet mass flow is correctly represented, the flow displace-
ment produced by the engine flow is usually not accurately represented. This lack of correct representation
can introduce in some cases differences in the local flow field. A correct representation of the mixing
downstream of the engine requires that the stagnation conditions of the engine jet are correctly repre~
sented; otherwise, the mixing of the two streams produces different displacement thickness, Figure 14
indicates the variation of streamtube area due to mixing at constant pressure for different jet conditions,

“and different engines discharging in a single nozzle. When the interference between the engine and wing

is important, such interference can be evaluated only by means of much more sophisticated experimental
techniques, No indication of the importance of such effects is available, and the importance depends on

the configuration, As a conclusion, the Committee felt that the tests, either of components or of the complete
model, as performed up until now do not represent the best possible effort, Many factors introduce

errors in the results. Reynolds numbers, support interference, aeroelastic effects on the model, tunnel
calibration, and wall interaction are very important parameters. However, additional parameters that

are also very important are accurate determination of inlet performance actual engine thrust with a given
nozzle, nozzle performance and accurate representation of engine airplane interference. The present require~
ments of very accurate predictiuns are above the possibilities of present experimental techniques. There-
fore, a concentrated effort to improve accuracy of present experimental methods is justified, and the
present situation, where more accurate resulta are requested, without giving the experimental groups

the possiblity of improving experimental techniques should be changed.

The introduction of the engine simulators appears very promising for better determination of installed
engine performances and engine airframe interference; however, it complicates substantially the experimental
techniques. In addition, sufficient effort has been devoted to obtaining satisfactory simulation. An
additional shortcoming in all of these problems is that many of the problems are not openly recognized
by the users of the data, and the experimental methods are not standardized.

The Propulsion and Energetics Panel of the AGARD will try to organize an effort to outline some of the
possible efforts required to try to overcome aome of these difficulties,

-D
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INLETS-AIRPLANE TESTING IN TRANSONIC WIND TUNNELS
by

F. JAARSMA

NATIONAL AEROSPACE LABORATORY NLR
AMSTERDAM
THE NETHERLANDS.

SUMMARY

In this paper the results and recommendations on
inlet testing in transonic wind tunnels, as obtained
from the AGARD Ad Hoc Study on"Engine-Airplane Inter-
ferencs in Transonic Tests" are discussed in more detail.
Special attention will bs dircted towards mass flow
measurements, external drag determination, boundary
layer representation for diveriers and hleeds, and un-

steady flow phenomena in inlets.
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INTRODUCTION

In April 1970 an Ad Hoc Committee was initiated by the Director of ACARD and supported by the National
Delegates Board, under leadership of Prof. A. Ferri, for the purpose of studying the generql problem of
performance predictions of aircraft from wind tunnel data and engine specifications, particularly at
transonic speeds. The object was to review the various techniques as ussd in the ACARD countries and, if
possible, to make recommendations for further studies.

In the spring of 1970 a guestionnaire was distributed among aeronautical laboratories operating transonic
wind tunntels, aircraft manufacturers, engine companies, and airplane operators. The questionnaire contain-
ed specific gquestions regarding inlets, engine thrust and exhausts and generally asked for information on
tsst procedures; techniques, applied corrections, obtained and required accuracies and, if available,
comparison between wind tunnel data and free flight data. The response to the questionnaire was very goodj
all leading aviation companies, establishments and agencies in the AGARD countries cooperated in the study
In September 1970 a specialists meeting was held discussing the advantages and limitations of the various
techniques and procedures, observing missing or weak links and recommending further work.

The conclusicns and recommendations are written by Prof. A. Ferri, the Ad Hoc Study Group chairman, and
the technical informations as gathered from this study has been reported by the present author (1). This
paper is a summary of the information as obtained on inlet testing in wind tunnels in the transonic

speed regime. .
The development of high ; ~crmance aircraft requires the prediction of aerodynamic performances with

such high precision, wh¥ above what is currently possible with available technique. This is especial-
ly true for the transonic flight regime, which is of importance for iransports and fighters, the former

for economic cruise reasons, the latter for ferry and combat missions.

Since the exerted net thrust by the engine as felt by the airframe is of primary importance in the
analysis of the engine airframe integration, most emphasis has been given to the thrust and drag components
ag obtained from wind tunnel measurements and engine test bsnch data. Fig. 1 illustrates a schematic re-
presentation of an highly integrated airframe installation. The various drag terms due to engine installat-
ion are defined below. These definitions are not standard however and are not used in a similar manner by
each group. Fig. 2 shows the usual bookkeeping procedurs for combining all test results to provide
compatible thrust and drag performance predictions. In general four models in the thrust minus drag count-
ing are used: (a) the aeroforce model with a reference mass flow through the inlet, (b) the sting sffects
modsl, for corrections on the data of the aeroforcs model due to the support system, (c) the inlet drag
model or propulsion model yielding data on corrections due to the interference between the internal inlet
flow and the external flow, and data on inlet performance, and (d) the jet effects model yielding correct-
ions on the afterbody aerodynamics and nozzle performance in the external flow field.

This summary will concern only the models (a) and (c); the latter being rather obvious, the former for
reasons of correcting the ddgivforce data due to the intern.l flow,

AEROFORCE MOIELS

For aeroforce models of almost all jet powered aircraft the inlet mass flow is usually completely or
almost completely simulated. The basic force coefficients (1ift, drag, moments, etc.) are determined from
such models when the measured data from préssure plotting or balance readings are corrected for the in-
ternal flow through the inlet. A clear statement regarding conditions when complete inlet mass flow du—
plication is required to minimizs the uncertainties of wind tunnel aerodynamic data is not possible on
the basis of past experience. Aircraft which cruise in the transonic speed regime require accurate
accounting for inlet mass flow ratio since both aerodynamic and propulsion performance are sensitive to
mags flow ratio operating conditions. Vehicles of the type which require a rapid acceleration through
transonic Mach numbers are also affected by the direct and indirect effects of mass flow ratio, since
aircraft thrust minus drag is usually a minimum at these conditions.

Two techniques exist for inlet mass flow simulation at transonic speeds namely, flow-through inlets
or pods, and use of powered engine simulators. The former is the simplest and is generally used in the
early stage of wind tunnel testing. In order to apply this technique three conditions must be met:

- adequate exit area v -

* = low pressure at exit, preferably below ambient

- low total head iosses in the internal duct.

Regulation of the inlet airflow below maximum can be accomplished by inserting restrictions in the
duct., Ths advantage of this technique besides its simplicity is its consequent ease of msasuring forces.
The main disadvantage is the need for increased exit area compared to the real jet exhaust which must in-
volve geometric distortion e.g. incorrect nacelle length or boattail angle or elimination of turbine
afterbody in case of podded fans. For complete aircraft models such as with podded engine installations
this increased exit area might be unacceptable and geometric scaled engine pod models are used in that
case. The value of these pods is then not to simulate inlet flow, but to simulate an entire nacelle-
pylon system. Effects of various pod and pylon contours and mounting positions on airplane stability and
drag can be evaluated from increments obtained from flow-through pod-on models. Optimum configurations
can then be investigated further with more refined techniques such as powered simulators or blown na-
celles. Use of turbine driven fan jet simulators is a recsnt development, which extends the power—off
simulation of the flow-through pod to include some effects of both primary and fan exhausts. It is
practice now-a-days that this technique is applied in the final complete wind tunnel models.

The external drag is usually the most difficult problem of measurement. Fig. 3 poses the usual
questions and dilemmas that the experimentalist encounters when planning a complete aeroforce aircraft
model for wind tunnel testing with one of its objectives being the representation and measurement of the
engine nacelle drag. The questions posed are of course only concerned with the inlets and the shape of
the model; there are similar questions associated with the representation of the jet exhaust flow.

The external drag is defined as the sum of the longitudinal forces acting on the force boundaries
of the pre-entry streamtube and those parts of the body and wing which are wetted by the external flow
(but excluding any base area of the nacelles). .

Drag coefficient of the full scale aircraft is then:
c = GC -C -C -G + CD

Dairoraft DBal Dbase Dinternal D2

f
fexternal eXternalairoraft
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where C drag coeffioient of complete oonfiguration (including nacelles) measured in the

system e.g. forces due to model definition to permit rear sting mounting. This
ig done by testing a model with a oorrect rear fuselage shape mounted on a twin
sting support.

= drag coeffioient of any unrepresentative installation base

¢
Doase

CD = skin friction drag coefficient appropriate to all model surfaces wetted by
2 external flow.
£
external
CD = external skin friction drag coeffioient of the aircraft at full scale Reynolds
fexte nal number
rhal  aireraft
C. = standard internal drag coefficient &2
Dinternal
R = - net gtandard thrust coeffioient
or
A
1 2 e
- £,(M ) dA + S T
9o hon fpe 1( e) Mo Ay,
A
]
v
2 ( a¥ lo 2
where f; (Me) = M 177;;7 -1+ yMe) 5
[

Use of this function is verj-benifitical at supersoni speeds and choked exit conditions, especially if
Moo ® 2, than this function is about zero.

Hence, in general four measurements are neoessary to determine external drag of a model with free
flow through the engine ducts: (a) overall force measurement, (b) nacelle and body base pressure, (c)
static pressure distribution in the internal flow at or olose to ite exit, and (d) pitot pressure
distribution in the internal flow at or close to ite exit. Fig. 4a and b illustrate two examples for exit
flow surveys of aeroforce models showing both static and total pressure probes. Typical surveys contain
some 30 to 120 pitot pressures and some 15 to 50 statio pressures. In tests at transonic speeds it is
necessary to measure internal flow by meane of a few fixed pitot tubes supported from the duct walls at
the same time as the base pressure and force measuremente are made., These few pitot measurements are then
used to assess the absolute level of pitot tube measurements taken when surveying the exit flow in a
geparate tunnel run.

SPECIAL INLET MOIELS

Special inlet models are tested on a larger soale than aeroforce models which give first the inlet
performance, and second refined correotions for the airoraft characteristics as determined from the aero-
force model for the complete envelope of the engine(e) operating regimes. Fig., 5 gives an example of
such a bookkeeping procedure, particularly devoted to the inlet drag terms. In the connotation of this
figure the AD value would bc applied to the vehicle drag polar as obtained from the aercforce model.
Compatibility is maintained between external aerodynamio and propulsion forces by correcting the install-
ed engine thrust, FN' by the change in inlet drag from the basio inlet to the propulsion reference inlet,
ADI (a similar correction is included for the nozzle afterbody, ADN). The ADI correction consists of

several incremental oomponents which are mentioned in this figure.

In designing such minlet model for wind tunnel testing, again several questions must be answered.
The major questions are: a) the degree of airframe representation, wings? tail planes? Jet flow?, b) how
ehould the fuselage and compression surface boundary layers be represented (diverter size and bleed),
¢) the degree of simulation of the bleed znd bypase exit conditions,and d) what is the most appropriate
model testing scheme.

Regarding the first questions, at transonic speeds the upstream airframe surfaces and to a great
extent the downstream surfaces must be simulated at inlet tests in the wind tunnel. Usually a compromise
must be made between what is practical and what is desirable. At least checks should be made that
neglected surface, exhaust or system simulation does not influence the required results or can be account-
ed for by some other means. No standard rules are available which oan give a priori an indication of the
interference effects of downstream surfaces on the flow near the inlet, for measuring the inlet drag
terms.

TECHNIQUES

The second important decision that must be made for the design of the special inlet drag model is
whether the complete inlet model (i.e. inlet plus fuselage or wing) is mounted on a balance or only the
inlet. Fig. 6 depicts an arrangement where the inlet alone is mounted on the balance. This leads to
measurement of smaller forces, with those associated with the inlet being predominant. In addition the
means of measuring the internal mass flow can be located whereever desired and whatever means necessary
to ensure accurate measurement can be introduced (e.g. screens, venturi, multi tube rakes etc.) easily.

DBal wind tunnel. This term will include oorrectione associated with the model support
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The dieadvantagee are: (a) the sealing problems at the junction between the metric and non-metric
portions of the duct, (b) the accurate measurement of forces on parts of the fuselage on the balance that
could change as inlet flow conditions change, (c) the difficulties of measuring momentum of the internal
flow at the duct junction position where the flow may still be quite non-uniform, and (d) the general
difficultiee of interpreting forces measured on only part of a model. Changes of geometry which lead to
changee of pressure on non~metric parts of the model can lead to epurious conclusions as to the efficien—~
cy of the geometric changes being studied. Inlet flow is diecharged through an extended duct far enough
downetrsam to avoid any influence on the inlet. Fig. 7 showe a solution to the same problem, where larger
forces are measured by the balancs as in fig. 6. Thie arrangement better includes the complete effect of
inlet, bypass and bleed changes on tho inlet + forebody performance as measured by the balance with the
disadvantage of yielding less refined data. The metric line ie provided along the cylindrical part of the
model, where the external flow is almost uniform. The soal is rolled on itself if the metric part ie
tranglated, sothat the reaction is constant. Thie sealing technique seems to be very satisfactory. Fig. 8
showe the method where the complete model is mounted on the balance, and only the unite used for travers-
ing the internal flow for measurement of mass flow and momentum are non-metiric. The forces being measur—
ed now include fairly large components {eg base, nose and canopy drag) which are not required. This had
the effect of inhibiting the reproduction of other components on the model, such as wings, to reduce the
overall loads and increase the sensitivity of the balance to the force components which are of intsreet.

- Thus the effect of, say, bypass door operation on the stability of the configuration hae to be eacrificed.
The model tends to become rather long if the flow meacurement station is to be at a position where the
flow ie fairly uniform. To avoid diffioultiee due to shock refleotions at low supersonic speeds with a
long model, the rear half has to be made with conetant croes sections; hence true geometrical representat-
ion may be lost. However, the sealing problems as in fig.6 and 7 at the duct junction have disappeared
and changee in geometry of the nacelles can be etudied with the knowledge that their total effect is
being measured. The base drag ie measured by pitot tubes placed approximately 0,5 mm from the baee. The
base ie shrouded to try to produce uniform base pressure under all conditions.

Ae seen in the complete model tests, the external drag ie determined from three drag measurementes

-D -2

Dexternal » Dbalance base internal

The balance force, Dbalanc
(both obtained by pressure plotting), and by the internal drag. The internal drag, D. 4 ie the difference
between the freestream momentum minus the impulse at the measuring station or exit. '™
The installation drag of podded high bypass fan engine may be ae high ae 10 /0 of the net engine
thrust. This fact necessitates careful nacelle and pylon deeign for such configurations in order to
minimize unfavourable interference effeote. The goal of the inlet designer is to achieve a reduced
pressure on the external inlet cowl such that ths axial component of the integrated relative surface
pressure results in a thrust force equal to the additive drag. For reversible inviscid flow complete
additive drag cancellation would ocour., To thie end isolated inlet tests are performed to obtain optimum
cowl deeign at all speeds encountered. As with integrated engine installations for these inlets it ie
possible to approach this problem, at least up to a given Maoh number, by etudying the .force operating on
the forebody cowl with an integrated balance, and by neasuring the internal flow very precisely.
Alternatively the forces can be obtained from preesure measuremente on the forsbody cowl and from
boundary layer measuremente for the skin friotion. The advantage of this last combination is that a
‘detailed description of the flow oan be obtained. This description is neceesary to optimize the ehroud
shape. Fig. 9 shows an experimental set up of this approach of an isolated inlet. The external drag
consists of a term equal to the pressure integration along the deviding stream tube from upstream infinity
to the external station on the shroud until the point whers the external inlet drag is defined (hence
containing additive drag minus shroud euction force), and of a term representing the external friction
forcee on the inlet shroud, which can be determined from the boundary layer rake measurements.
This technique has two practical difficulties:

1. The lip suction force ie very strongly influenced by any error in determining the location of the

stagnation line. o
2, An accurate solution for the compressible equations of motién of the flow ahead of the inlet muet be

calculated before the additive drag can be determined and compared with the measured lip suction force.
Both of these difficulties can be avoided if tests are carried out with an axial force measurement on in-
let models. An arrangement which is proposed to use in a transonic wind tunnel is shown in figure 10 (3).
After making the following definitions,

! needs to be corrocted for the base drag, Dbase' or by the sealing drag

Additive drag D

n

A
/ (p - p,)dA
A

add
4 P4
Suction thrust T, = f (p,, -~ p)dA - [z as . -
S S
1 1 .
External drag : Dext = Dadd - '1'ls

it can be shown that the external lip drag, Dext' can be caloulated from measured quantities on such a
test arrangement as:

Doyt = foo(Vy = Voo ) + A (0 = p) + Ag(p, = p) + A (o -~ b)) - H . .
Thie method faces again the sealing problem and cannot be used under installed conditions. If a pressure
gradient exists along the external side of the sealing, a flow will result within the sealing gap, which
will disturbe the downstream boundary layor, hence influencing the upetream flow, particularly at
transonic sgpeeds.

MASS FLOW FEASUREMENTS

It is obtvious that the inlet mass flow is a primary inlet variable and must be controlled and
measured with extreme precision. For example a double ramp intake operating at M,°°= 2.2 an effective
change of ramp of 1° results in a change of maximum inlet flow (AA°°/Aen) of 1 /o and a change of e
max
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additive drag coefficient AGD of 0,008, It is therefore generally agreed that if the external drag is
add
being determined from the difference of a drag balance measurement and the internal drag~as described in
the previous section - the inlet mass flow should be measured at least within 1/2 °/o. With specially
designed mass flow cells, measurement of mass flow to within 1 °/o certainty oan be normal routine. If
insufficient cars is taken errors as large as 5 /o may result. The least inaccuracy can be expected if
the mass flow is computed from rake surveys in the internal duct only and can only be obtained if the
distortions at the measuring station are small.

The higher accuracies are obtained if the measuring cell is calibrated against a standard. It is
usual that the exit is formed by a sonic or near sonic exhaust with plug. The mass flow can than be
written as a function of the discharge coefficient of the exhaust. What is important in quoiing the -
stated accuracies of these coefficients are the numbers on the standard deviations and on the possible
error of the mean. The former should be at least less than 1/2 ©/o. The presence of noise could cause
perturbations of the order of 1/2 ;/o. By careful calibration the error of the mean of the discharge
coefficient can be less than 0,1 ©/o. However in inlet tests, usually the stagnation temperature
distribution ig not msasured. When the model is at a different temperature as the stagnation temperature
of the tunnel, and heat transfer takes place in the inlet duct, the stagnation temperature distribution
should be measured in front of the flow meter in order to obtain the required accuracy. In addition in
the calibration rigs the actual distortion of the stagnation pressure and temperature measured in the in-
let should be represented. When pcssible, the distortion should be minimized in front of .the flow meter.
For example supercritical internal inlet flow will give distortions and therefore rapid deferioration
in the accuracy of inlet flow and internal drag measurement and could lead to wrong oonclusions regard-
ing the external drag.

Fig. 11 shows a standard cell for measurement of the mass flow which is also used to measure engine
face pressure recovery and flow distortions.This is a completely self contained piece of equipment which
can be made in several sizes (2). Some results of calibration tests are also shown.

Fig. 12 chows an example of a rig used to calibrate these mass flow cells. At the present time a
standard NGTE ohoked nozzle (whose discharge coefficient is known to + 1/4 ®/o) is being used to
calibrate a large range of standard flow orifices. With the NGTE nozzle removed, theee calibrated
orifices are then used to calibrate the mass-flow measurement cells which are operated in a choked exit
condition, A later development is the design of a new standard choked nozzle having very low throat
curvature and laminar flow. This standard will rely on a calculated discharge coeffioient which is (a)
very close to unity and (b) will have very small error (4). This nozzle will be followed by an efficient
diffuser so that it ie hoped that it can be used directly to calibrate the cells, both of them operating
choked.

The author wonders why air mass flow cell calibrations are not performed with rather direct means
without the necessity for introducing corrections for discharge coefficients. Fig. 13 depicts such set-
ups where the mass flow is deduced from the time filling a well-known volume (starting point the switch
over of a three-way valve, and stopping point the rise or drop of pressure in the reference volume) or
from the rate of rigse or descend of a gascontainer. The volumes should typically be between 100 and
1000 m3 for test cells for wind tunnel applications, and do not require large investments. The only
uncertainties arize from time measurements, dimensions, and static pressure and temperature measurementsj
all quantities can be measured to a high degree of accuracy.

BLEED, BYPASS, DIVERTERS

The accurate determination of bleed/Bypass and also of spillage drag effects in the transonic range
of Mach numbers is an important requirement. It is at these speeds where bypase and spillage mass flows
are the greatest and where effects on performance can be large.

Simulation of inlet bleed (including bypess) and spillage effects is accomplished with the inlet
drag model. The hleed/bypass geometry is simulated on this model as accurately as possible. Adjacent
surfaces such as wings, fuselage, etc., which could interact with the flow from the hleed/bypass exhaust
systems must also be duplicated to scale on the inlet model. It is the practice ,during wind tunnel tests
to duplicate & range of hleed/%ypass mass flow ratios in combination with a range of operating inlet mass
flow ratios. In this manner the proper drag increments can be assessed for a wide variety of matched in-
let-engine operating conditions. It is not recommended that any external bleed should be incompletely re-
presented.

The major correction from wind tunnel inlet model to full scale aircraft involves the boundary layer
on the fuselage forebody. The problem on integrated airframe-engine configurations is the adequate scal-
ing of the boundary layer thickness to the geometric scale of the model for the full range of flight
conditions (Mew) and attitudes (o and B). Corrections for the effect of boundary layer thiokness on the
inlet flow field are difficult to accomplish with accuracy. Improperly assessed forebody flow field
effects have been the major reason for past propulsion deficiencies experienosd during full scale flight,
This is particularly trucfor boundary layer scoops or diverters since at the reduced Reynolds number of
the wind tunnel model the ratio of the diverter height (h) and the boundary layer thiokness (v) is
smaller than at full scale if the former is scaled geometrically. In inlet design, a oompromise is
usually roquired between drag and the diverter performance. Such a compromise tends to select a solution
where the outer part of the boundary layer enters the inlet, and it is this compromise that cannot
usually adequately be obtained from wind tunnel tests. In general the parameter h/b is used which des-
eribes the proportion of boundary layer ingested by the intake. Though convenient, it is obvioug that a
parameter which is & ratio of the loss of momentum in the boundary layer air ingested to the momentum of
the remaining "free stream" air entering the intake would be more appropriate, However, it is obvious
that further thought and systematic experimentation is required to elucidate better simulation criteria
for model and full scale representation than just identical h/o values. Whatever parameters do emerge
(and in practice they may still amount to something similar to using identical values of h/b) there re-
mains the problem of how to achieve them physically. As illustrated in fig. 14 to obtain identical values
of h/b, model and full soale, there are the following possibilities of geometrical changes to the models:

Move wall of inlet adjacent to the fuselage side outwards keeping the rest of the intake identical,
. {c) Reduce body size adjacent to the inlets so0 that fineness ratio of the forward fusslage is increased.
d) Bleed some of the boundary layer from the fuselage forward of the position of the intakes.

(ag Move intakes bodily out from the sides of the fuselaga.
b
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The last of these alternatives would appear to be the best but has diffioulties associated with force

measurements, establishment of the corrsot profils turbulent boundary layer beforc the inlet position is

reached, etc. .

Usually the pressure drag of the diverter ACD is determined based on the diverter frontal area, and
div .

this coefficient is then applied to the correct size diverters on the full scale aircraft.

Fig. 15 shows a typical inlet test arrangement with bleed and bypass to the external flow. The goal
of this set-up is to measure the pressure recovery, and flow distortions at the engine face. For models
determining the internal flow the scals should be as large as possible, preferably of the order of 1/6th
for a average fighter aircraft.

In duplicating bleed systems in a model for internal flow quality measurements the goal is to main-
tain a viscous layer through the inlet which reacts to inlet pressure gradients similarly to full scale
flight operation. It is advisable then to perform some theoretical analysis on the flight vehicle bleed
system to determins plenum back pressures and then perform wind tunnel tests over a small range of back
pressures near that value in order to be absolutely certain of acquiring representative data. In cases
where wind tunnel test conditions do not match flight Re (Reynolds number based on boundary layer height),
it may be necessary to make adjustments in the size of bleed holes (or slots) in order to remove the
propsr amount of flow.

EXTERNAL FLOW SIMULATION FOR INLET FLOW TESTS

Besides the problem of diverter and bleed representation in wind tunnels the simulation of the flow
field in which an inlst is immersed can be also, an important and difficult task in transonic wind tunnel
tests. If the inlet system is to operate only at high subsonic Maoh numbers and/br is located reasonably
well ahead of the regions where the flow fields are significantly affected by the proximity of the flight
vehicle, isolated inlet tests are acceptable., An ultimate check-ont is always necessary with the correct
model flow field. When inlets are closely integrated with the flight vehicle and especially when these
inlets are designed for moderate to high supersonic Mach number flight, the inlet flow field is mostly
defined by the vehicle forebody shape and attitude, but oan be affected tangibly by diverter shapes, near
by stabilizer surfaces, nose booms, and external stores. If a large part of the airframe must be simulat-
ed in the wind tunnel for proper flow field duplication, losses must be accepted for the reduced scale,
and hence reduced Reynolds number.

In simulating the external flow field at transonic Mach numbers, it is particularly important to re-
produce viscous conditions, vortices and local flow angularities, local values of Mach number and total
pressure also come into play as part of this simulation. The inlet may be rather sensitive to local flow
angularities with flow separation (internal or external) rssulting from high flow incidence angles with
inlet boundary layer diverters, side platee, or oowls. Vortex formation from some of the possible up~
stream sources mentioned above may be shed into the region where an inlet is to be located and, conse~
quently, should be defined during development wind tunnel tests. Also, in transonic inlet tests it is
advisable to consider duplicating some disturbances downstream of the inlet, e.g., downstream portions of
the wing when the inlet.is shielded by the wing. In this context, the question arises also, does the
actual engine exhaust influence the inlet flow field. Usually this question remains unanswered, but might
be worthy of consideration in many instances.

Fig. 16 shows an example of the type of instrumentation which might be provided for such installat-

“ions including boundary layer profile measurements, wing and fuselage static pressure surveys, and in—
viscid flow field measurements. The flow field measurements should be made with some type of cone probe
arrangement with which local flow angularity, Mach number and total pressure can be determined.

Another testing technique to be explored is the use of small scale forebody tests to determins inlet
flow fields. If a low blockage aerodynamic device oan then be constructed which reproduces the flow field
generated by the actual forebody, it would be possible to teet the larger scale inlet in the correct flow
field generated by this device. The questions to be answered in future investigations of this concept are
whether the flow fields can bs duplicated, whether varying airoraft angles-of-attack can be reproduced,
and whether inlet installation in the simulated flow field has the same effect as i}s installation in the
vieinity of the actual vehicle forebody.

INLET DISTORTIONS

For the inlet flow entering the engine four properties are of primary importance namely, the mass
flow, the pressure recovery, the stationary distortione and the unsteady or dynamic distortions. Mass
flow measurements have been discussed, whereas pressure recovery measurements usually do not generate
many difficulties provided the pitot and static pressure data at the compressor face are sufficiently
detailed, Also the gtatic distortion determination should not present any problem (except for Reynolds
number scaling) provided the data are consistent with the distortion requirements of the sngine as defined
by the engine manufacturer.

The recent advance of the turbofan engine cycle for application in high performance supersonic
vehicles has required more detailed study for engins-interfaocs dynamic-interactions., The engine might
randomly surge after perhaps sometimes gpent at a steady state condition which initially appeared to be
acceptable to the engine. Indications at present are that the engine is insensitive to inflow dynamies
in the lower transonic operation regime. However, during supersonic operation, starting at Moo= 1.1, the
engine is susceptible to the dynamic distortions. Fig. 17 gives an example of the reduction in stall
margin of a turbofan engine (where 10 °/o loss in surge line = 100 °/o reduction in stall margin) versus
the low frequency turbulence level, generated by various means. Ths lower diagram ‘shows the percent loss
in total flow for the same condition. In the first case a correlation can be found; in the latter
correlation is completely lost. It is clear from these figures that more work is needed to establish
better correlations which describe ,the influence of the dynamic distortion properties on the engine
characteristics. Recent experience suggests that the initiation of surge can probably be linked to the
steady state distortion index provided this information can be sampled quickly enough i.e. if the steady
state distortion factor is exceeded while the compressor ie rotating for one revolution then surge can be
initiated (5). If this is true then the measuring problem in the wind tunnel reduces to dynamic measure-
ment- of pressures through the uss of miniature high response pressure transducers.

However after ths measurement in the wind tunnel the problem arises how to translate the wind
tunnsl data to full scale with the aotual engine. The causes of the distortions can be numerous and
probably mutual interference exists. Important factors in this phenomsnum are turbulence caused by
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by separationg, turbulence level and frequency, acoustic characteristics of the main flow, compressor
dynamics and aooustio characteristics. This means that Reynolds numbsr, scale and engine characteristics
are primary psrameters. The dependence of scaling laws on these parameters is unknown (6).

CONCLUDING REMARKS

From the answers as obtained in the questionnaire and from the discussions between specialists held
afterwards,it oan bs concluded that more effort on inlet performancs predictions at transonic speeds is
required, espeoially on the following subjects:
le., Better criteria are needed under which conditions and to which extend the downstream geometry and
systems (e.g. exhaust flow) should be represented in wind tunnel tests for external drag components
(bleed, spillage, bypass, diverter) assessment;

2e. It should be very useful to define one or more standard inlet configurations for testing in the
various test rigs for inlet drag component assessment in order to establish standards for the
accuracy of data gathering and reduction for particular testing schemes and techniquss.

3e. Mors knowledge should become available on the relationships between upstream distortions (pressure,
temperature, unsteady, swirl) on the measuring accuracy of various technigues and test cells for
inlet mass flow measurements; also a standard (or technique) should be formulated for mass flovw test
cell oalibrations. '

4e. Bettsr tschniques and criteria should come available how 1o represent the viscous and inviscid up-
etream flow field for performances tocsting of inlet systems (diverters, bleeds, bypass). What are ths
relevant parameters which should be kept constant. ’

5e. Critsrie should come available how to represent the external flow in which the inlet is operating for
measuring the internal performances of an inlet.

6e. More information is needed on the scaling laws for stationary and unsteady flow distortions at the
compressor entrancs plane, in combination with the engine dynamics and noise characteristics.
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SUMMARY

and in models of the afterbody.
altitude conditions followed by flight tests.

thrust.

facet of testing.
be examined,
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NOZZLE AND EXHAUST TESTING IN TRANSONIC FLIGHT REGIME

by

Dr. Allen E, Fuhs
Frofessor of Aeronautics
Naval Postgraduate School

Monterey, California, 93940

United Stdtes of America

This paper is a broad survey based on the AGARD ad hoc study on Engine Airframe Interference,
In the early stages of development, wind tunnel tests of nozzles and exhausts are conducted both isolated

These topics are discussed for both podded and buried engines,

study related to exhausts and nnzzles are given,

LIST OF SYMROLS

A
e

J

p

A
A

SBU

GU

UaUUUFF

et
F, (X)

Later, thrust measurements are made in test facilities at sea level and
Drag of nozzle, boattail, etc., is determined as well as
Simulation of exhausts by hot and cold gases, ejectors, end powered simulators is an important
Ungteady aerodynamics of internal and external flow and aeroelastic phenomena need to

Major conclusions of the

When one symbol is adjacent to a second symbol in parentheses, the first symbol is the one
commonly used in the United States of America. The symbol in parentheses is the one used in Europe.

nozzle exit area, ftz

Jet cross-sectional area, ftz

area at plane of probe traverse, ftz

wall area of a nozzle, in2

Jet cross—sectignal area at
station x, ft

inlet capture area, ftz

area at sonic conditions, ftz
bypass ratio

discharge coefficient
additive drag coefficient

cowl drag coefficient

"spillage drag coefficient

thrust minus drag coefficient which
is ratic of (F-D) to ideal thrust

gross thrust coefficient
pressure coefficient; specific heat
capacity at constant pressure,
BTU/1b_ °R
m
base pressure coefficient
aireraft drag, lbr; nozzle diameter, ft
afterbody drag, 1bf
base drag, 1bf
exhaust drag, 1bf
nozzle internal drag, lbf
inlet drag, 1b,
external nozzle drag, 1bf
sting drag, 1bf

net thrust, 1b,, (newton)

Fg’ (Xg)

Fis (x,)

innvlo 1 4 (xr)

sz

MEXIT

gross thrust, lbg, (newton)

isentropic gross thrust; ideal gross
thrust, 1bg, (newton)

measured force during engine test, 1bf
net thrust, 1bf

specific static enthalpy at nozzle
exit, BTU/lbm

epecific stagnation enthalpy, BTU/lbm

horsepower

mass flow ratio for an inlet which is
the ratio of actual mass flow rate
to mass flow rate with no spillage

mass flow rate nf air, lbm/sec

mase flow rate through the core of a
turbofan, 1th/sec

mase flow rate in turbine exhaust of a
simulator, 1bm/sec

muas flow rate of fuel; mass flow
passing through the fan of a
turbofan, lbm/sec

mass flow rate of simulator exhaust
Jet, 1bm/aec

inlet mass flow rate, lbm/sec

mass flow rate through turbine,
lbm/sec

ran drag, 1b,, (newtons)
¥ach number

Mach number at engine-bellmouth flange
exhaust Mach number

Mach number at exit plane of a
converging nozzle

freestream or fligbt Mach number
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N, (n) shaf't angular speed, revolutions per
minute, RFM
NFR, (F) nozzle pressure ratio which is nozzle
stagnation preasure divided by Pg
) 2
p static pressure, lbf/in ’ (newton/mz)
Py static pEessure at nozzle exit,
1b,/in
2
Prs (P) stagnation pressure, 1b_ /in®,
g (newton/mB) t
Pr jet stagnatinn pressure, lbf/ft2
P, static pressure at wall, lbf/in2
Py freestresm static preassure, lbf/in2
R gas constant for air,
1715 f:g/secS °R
Re Reynolds number
() subseript tn denote reference values
23 for which drag and thrust
increments are zero
( )R subscript to denote reference values
attained with the aeroforce model
T static temperature, °R, (°K)
T static alr temperature at engine-
L bellmouth flange, “R
Te astatic temperature at nozzle
exit, R
T (Tt) stagnation temrerature, °R, (%K)
TTJ Jet stagnation temperature, °r
v » Vg V, radial, circumferential, and axial
r components of velocity, ft/seo
Va velocity of air at engine-
bellmouth flange, ft/sec
v axial component of exhaust velocity,
= ft/sec
INTRODUCTION 5

A vehicle has a mission to accomplish,
payload, cruise Mach number, cruise altitude, and similar items,

deaign approach to satisfy mission requirements.
include installed thrust, specific fuel consumption, propulsion flexibility (ability to operate under
widely varying conditions), and other facets.

features from energy maneuverability may be included in the map.

Te

Tr

velocity due to ideal expansion,
ft/sec

freestream velocity; flight velocity,
ft/sec

dimenaionless axial distance measured
from throat

radial distance at exit plane of a
converging nozzle, ft

wave number for & wavy wall, 1/ft

fraction of turbine drive mass flow
mixed with the Jet mass flow

ratio of heat capacities

heat capacity ratio for gases in
" exhaust jet .

boundary layer thickness for internal
nozzle flow, in

boundary layer thickness for external
flow, in

amplitude of a wavy wall, ft

ratio of actual temperature to
standard temperature for corrected
variables in turbomachinery; angle
between exhaust velocity vector
and axial component of velocity;
when swirl is present angle between
axial and radial components

swirl angle measured from axial com~
ponent to circumferential component

: 3
gas static density, lbm/ft

compressor stagnation temperature
ratio

ram temperature ratio

turbine stagnation temperature ratio
equal to downstream divided by
upstream stagnation temperature

L4

The mission is basically defined in terms of range,
Vshicle studies indicate the best
In regard to propulsion, results from the studies

The mission defines an operating map in terms of Mach number and altitude, Furthermore, key

Additional operational aspects, such

as remote site operation, multiple fuel operation, maintenance, ete., are part of mission and operational

requirements.

The vehicle design defines ranges of angle of attack, angle of yaw, engine acceleration

and decelerstion times, local Mach number at inlet, local exhaust pressure, and similar details. Engine

gpecifications become more narrowly and precisely defined,

For the propulsion engineer, these

operational requirements translate into hot and cold day limits, distortion limits, blow-out limits,
windmill-start 1imits, stability margins, requirements for peripheral equipment, age and foreign object

damage (FOD) deterioration, engine life, continuity of thrust, etc,

based on uninstalled engine data is essential.

To meet the engine specifications, the propulsion engineer has several chonices: Use
existing engines, modify an existing engine, or develop a new engins, If existing engines are screened
for suitability, it is necessary to trusnslate test cell data to installed values. The best match is
sought between engine performance and engine specifications.

match a mission.

An ability tn predict installed performance
The same is true when a new engine is being developed to
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Some of the difficulties of obtaining insgtalled thrust from test cell results are illustrated
in Figure 1, Inlet flow differs, HNozzle designgand nozzle snvironment differ. There are secondary
4

flows, and there may be tertiary flows. 5
4w

Considering transonic flow, a qualitative graph which depicts the situation in regard to
thrust and drag is given in Figure 2, The width of the band gives the uncertainty due tn measurement
inaccuracies, '

MEASUREMENT OF ENGINE THRUST

The force which the propulsion system develops is the net thrust, F; this is the force which
overcomes aircraft external drag. Net thrust is related to gross thrust, Fg’ by
F= Fg -0V, : (1)
where 1 V  is the ram drag. Obviously, tc obtain net thrust, the mass flow rate of air, i, must Le
measured accurately, Techniques include calibrated venturi and calibrated bellmouth for test cells and

corrected engine speed, N/+/8 , for flight test. Additive drag, which does not appear in Bq (1), must be
accounted for.

Gross thrust can be related to properties at nozzle exit plane

F, = J perdA + J(pe - p JdA (2)

Ae Ae

where Ve is the axial component of exit velocity. A gross thrust coefficient is used and is defined by

Cg = Fg/Fi (3)

where Fi ig an ideal thrust. The gross thrust coefficient has several valuable characteristics, Size

of the engine or nozzle is eliminated, Since the ideal thrust can be readily related to cycle analysis,
rrovides a tie between cycle analysis and actual engine data. A scheme for predicting F_ when nozzle

geometry changes can be based on GFG‘ g

The ideal thrust can be calculated from
F, = (B + rhf)Vi ' (4)

where 1

N ig fuel mass flow rate and Vi is the ideal velocity at nozzle exit, Vi can be calculated from

v =\/2(hT - he) (5)

where h. is stagnation enthalpy and he, the static enthalpy at Te and Py =P . Equation (5) accounts
for varlable heat capacity during expansion, Bquation (5) is a one~dimensional equation. Since

by, = ho{pm,Tn), the values of p, and T, must reprssent the nozzle entrance values in some average sanse,
Hereinliss & problem, i.e,, hoW to define an average for p, pny T, and T.. When there is a profile at
the nozzle entrance, it is not possible to assign an average wgich satistes 81l of the equations of
motion, v

There are several ways to measure F_; two of the techniques (load c¢=11 and exhaust survey)
will be discussed hsre, Consider the test arra%gement shown in Figure '3 which is an altitude test
facility, Figure 4 is a sea level static test arrangement which is included here for comparison. The
gross thrust is given by

F =F +1h v, o+ (corrections) (6)

where F_ is the force measured by the load cell, and m V_ is the ram drag, A calibrated bellmouth can
give ﬁa with an accuracy of 1 per cent. The velocity Is determined from

Va = YRfa Ma =

m
}L = f(pa/pTa)

t o+
The arrows identify the quantities which are measured within the bellmouth.

Corrections are made for forces due to a labyrinth seal at the bellmouth, for hook up of
pipes, tubes, etec., and for induced flow external to the engine, ;\%VE

An alternate approach ig to traverse the nozzle, Within current testing philosophy this is
generally.yedaTaed as 4 getondary method. As shown in Figure 5 & rake 18 moved across the nozzle and
wEASUTEE *pf;”aﬁawT.WAFfom these data M, V, and p are calculated at the plane of the probe. Static
pressure;ports are used to determine Pye Gross thrust is given by

% I P A
» [N Y S . L

Lo
#

%

s L &
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' MART
F = J £ g =— dA + J(p -p,)da+ J(p -~ p,) d4 - (friction on 4 ) (8)
g (1 + tan"© + tan'A) L A
N A

P ) P w
If v, v,y v are the radial, circumferential, and axial components of velocity respectively, then
v_="v_ fan 8 and vf = v_ tanA. The first integral in Eq (8) is placed in the distinct form to
a%{phasfze that swir! angieAis 1n1E‘_rtant. fn gﬁ L VY i bt L el {@\

By careful attention to experimental details it is possible to obtain agreement between F
from Bg (8) and F_ from Eq (6) within 1 per cent. A large snurce of error for C., may be introduced
by the method usel to calculate F,. Using a variety of plausible calculation prodedures for F,, it is
possible to get a spread in C of 3 to 4 per cent., One conclusion is that a consistent and
intellectually appealing way 18 needed to relate cycle analysis to real engine data.

To obtain instulled thrust the approach has been to use CFG as a factor to scale gross
thrust. Suppose you know C for an engine using a converging nozzle.  If a plug nozzle is used, then
R @
o (FLUG, MODEL) ‘\ o

o}
Zcomi, YODEL) gCONV (<)

Fg?Lﬁ;.

Sources of error following this procedure include influence of external flow, totzl temperature of jet,
Reynolds number effects, swirl, leakage, profiles in the flow properties, and occurfence of turhulence
and other unsteady phenoriena., These errors and related details are discussed in later ssctiona of this
paper.

For a given p, and T 7»_ gross thrust is not a function solely of nozzle geometry; i.e., for
given p, and T, 7+ 8 gross ghrust value cannot be assigned to & nozzle geometry. F_ depends on both
internaf and external flow details, The magnitude of the influence of the externfl flow deyends on
nozzle type. Blow-in door ejsctor nozzles, plug nozzles, and, to a lesser degree, convergent nozzles
are asensitive to the external flow. Converging diverging nozzles are almost insensitive tn external flow.

engine types with pronounded profiles,-e.g:i, turbofans with common discharge nozzle for hoth core and fan
streams and turbojets with modulated afterburners. (A comronly used fix for afterburner combustion

Profiles of pgy T., or Mach number have a definite influence on gross thrust., There are )
!
instability or screech is to distritute heat release so as to avoid antinodes in wave patterns.) /

Equation (9) indicates use of modsl nozzle data to obtain prediction for full scale. This is f

valid provided profiles of internal flow properties betwaen models and full scele are similar; otherwise,
errors can be introduced. -

tions were performed. The inputs to the calcufatlons and some of the results are shown in Figure 6,

The Mach number across the exit plane is shown, For Case 1, the Mach number is nearly the same as for
uniform T, based on an average T,., For Case 2, the Mach number at exit is altered. Loss of thrust is \
1,8 per cant for Case 1 and 2,5 per cent for Case 2. N

To emphasize the significance of p,, and T profiles entsring a converging nozzle, calcula- 7

The shape of the sonic line is shown in Figure 7, It is apparent that flow conditions at the
exit change when the internal flow profiles change. This changes the integrand of the integrals in
Eq (2). In addition, the sonic line shape changes with nozzle pressure ratio, which 15 stagnation
pressure at nozzle entrance divided by ambient static pressure,

Engine tests are frequently conducted using a converging nozzle as the raference, Considering
the sensitivity of gross thrust from convergent nozzles to nozzle pressure ratio, a converging diverging
(CD) nozzle may be a better choice for a reference, Use of a CD nozzle does not, however, change the
dependence on entrance profiles.

Figure 8 shows some typical data and illustrates the possible errors between various sources.
Using average p, and T along with a 1-D theory, the value of thrust cosfficient is predicted. (See
dash-dot curve, ? When rodel test data are extrapolated to full scale, the result is shown in Figure 8 as
a dashed curve, The solid curve and data points are for the actual nozzle,

Flow in the gas turpine is three dimensional. When accuracy of 1 per cent or 2 per cent is
desired for thrust, three-dimansional aspects must be accounted for, For coarse wnrk, engine performance
stated in terms of quantities involving 1-D calculations, e.g., F., is adequate, For refined work
engine performance should be given in terms of flow profiles at séme station between the turbine “exit and
nozzle entrance, Thése prof iles Torm the boundary cond1tiofns ToF & vomputer dstsrmined F. or an
#xperimental evaluation of F using model nozzles, g

EXHAUSTS
Introduction
Once a given jet engine has been selected, the nozzle selection remains open. As shown in
Figure 9, there is a wide variety of nozzle designs from which to choose., The aim of this section is to
indicate how a prediction of installed thrust can be made based on wind tunnel data and engine test cell
data. The techniques for estimating nozzle performance and jet interference will be discussed.

The transonic flight regime is a region where afterbody and nozzle drag is high, There are
at least four operating conditions that must be thoroughly investigated: (1) transonic cruise,
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(2) transonic acceleration, (3) transonic deceleration, and (4) high-g mansuvers, Thsse four operating
conditions have different nozzle pressure ratio, sxhaust stagnation temparaturve, nczzle ares ratio, heat
capacity ratio, and aireraft angle of attack. Firure 10 shows the typical range for some of these
variables, ’

Afterbody models are used to complete the necessary drag data, Thess models are in addition
to the aeroforce mndel, which is a reproduction of the complete aircraft. Afterbody drag and nnzzle drag
may be 20 to 40 per cent of couplete aircraft drag at transonic flight. A variety of bookkeeping
procedures has been developed to define, identify, measure, diagnose, and correct forces of various
components,

The trend in nozzle design has been to iris and rlug noszzles, Development of fan engines has
made cooling air avallable. —TUIbGJ&Ts Tiesded a Tlow of Goolifif 81F Which could be obtained from ejector
action of the primary jet. Early jet fighter aircraft placed heavy emphasis on ejector nozzles. For
some supersonic aircraft, blow-in door ejector nozzles provide performance gains in transonie flight.
Variable geometry nozzles are essential for multiple Mach number design points,

There is a wide number of variables related to nozzles and exhausts, Table T lists these
variables, A particular nozzle problem can be stated or specified by taking one adjective for each
variable from the right-band column. When this is done, thsare are 62,208 different cnmblnatmns, imply-
ing that number of nozzle configurations!

TABLE I, VARIABLES RELATED TO EXHAUSTS

Variable Possible Values or Feature
Mainstream Mach Number Subsonic -~ Transonic - Supersonic - Hypersonic
Jet Mach Number Subsonic - Transonic - Supersonic - Hypersonic
Nozzle Frassure Ratio Overexpanded ~ Optimum - Underexpanded
Direction of Jet Parallel - Acute Angle - Normal
Number of Exit Forts Single - Dual ~ Multiple
Spacing of Multiple Jets Narrow - One Jet Diameter -~ Wide
Number of Nozzle Streams Primary - Primary and Secondary - Primary, Secondary, and Tertmry
Geometry of Afterbody Axisymmetric - Nonaxisymmetric
Shape of Afterbody Blunt Base - Smooth Contour
Boundary layer, Internal Laminar - Turbulent
Boundary Layer, External Lamin.ar ~ Turbulent
Ratio 6% to Jet Diameter (Smooth Variation of This Parameter)
Sensitivity to External Flow None =~ Influenced

An important aspect of nozzle and exhauat testing is the fidelity of jet simulation. Jet
simulation will be discussed.

Test planning invsalves many considerations including the type of noazle and tvpe of installa-
tion. Extent of simulation, as mentioned previously, must be decided. Comprcmises are required by ceon-
straints of local facilities and program goals; decisions concerning compromises are based on past
experience.

Accuracy

Accuracy of determination of thrust should be, of course, compatible with the accuracy of
measurement of drag, Since the aircraft sensas net thrust and the procedures yield gross thrust, it is

necessary to have a more precise measursment of gross thrust, The ratio F'/F is 2 to 3 for transonic
flight, Assessment of accuracy is complicated by the many 1nstrm%ygﬁi‘ﬁ”€ﬁi AHADT

?ﬁuﬁ'{‘ce, the many models used for obtaining drag increments and separate portions of overall drag, and
the complex test apparatus. Desired accuracy in the transonic region is 0,5 per cent for Fg.

Isolated Nozzle Versus Complete Model Tests

Isolated nozzle tests are a very close approximation to a two-dimensional flow problem. The
geometry is usually axisymmetric witheut fins, elevators, or other features. An afterbody or complete
model test duplicates the geometry of the aircraft. This is a three-iimensional problem. Figure 11
illustrates the 3-D nature of the external flow by showing local Mach numb.r and boundary layer thickness.
The influence of wings, tails, and other upstream features is clearly evident.

Isolated nozzle tests, which are valuable for comparing different nozsle designs, are usually
conducted early in the development phase. In later phasea of the aircraft develnyment, abtsolute values
for nozzle performance parameters sre needed. For these purposes complete model tests are usually con-
ducted, Advantages and disadvantages for isclated and complete model tests are summarized in Tables II
and III. Figure 12 illustrates two test arrangements for a wind tunnel. Figure 12 is a photograrh
showing an exampls where the feed pipe entera from the plennum, . .



TABLE II.

ISOLATED NOZZLE TESTS

Advantages

Disadvantages

Larger Scale, Hence Larger Re

Larger Scale, Eagsier to Instrument

Larger 3cale, Exact Deteiling Fossible
Necessary for Checking New Nozzle Concepts
__and Basie Stugigg »

Baselirne f-or Uningtalled Performar_xi@

Substantiate Calculations; Easier Geometry
for Which to lMake Fredictions

Relatively Economical

Flow is 2-D Instead of 3-D

Installation Effects May Require Nozzle
Redesign

Do Mot Form Basis for Predicting
Interference in 3-D lodels

Support Structure Fliminates Possibility
for True Isolated Tests

Not Adequate for Interference Between
Multiple Nozzlee

CONMFLETE MODEL TESTS

TABLE III.

Advantegea -

Disadvantagee

T T

" Better External Flow Simulatiou’

Only Means Available to Predict Installed
Nozzle Performance

Verifies Aireraft Design

Influence on Aireraft derodynamies Can Be
Measured

Influence of Exhaust Flume on Control
Surface Effectiveness Can Be Determined

Pylon Design Verified
Flow Visualization Possitle
Multiple Nozzle Designs Verified

Small Size Nozzle or Else Very Large
Tunnel Needed

Complex Shape Requires More Extensive
Ingtrumentation

Simlation of Secondary or Tertiary Flow -~
Difficult

Support System Interference Needs Careful
Checking

Yodels Are Complex and Costly

Low Re for Nozzle Due to Size

Changes in Geometry Are Difficult to Make

Hot Jets Difficult to Incorporate —
Profile into Nozzle May Be Poor D
Difficult to Measure Mass Flow Accurately =

Jot Simulation

Jet simulation involves duplication in a model scale exhaust features from the full scale jet
by using suitable scaling criteria. The relative importance of a particular jet flow property depends
on the uge of the test results. Extent of eimulation depends on type of nozzle, installation of the
propulsion system on the aircraft, and the required accuracy of the test data.

Actual installations are almoet always three dimensional in character. Model size is limited

by blockage restrictions in a transonio tunnel.

Jet gimulation must be incomplete, Laws of fluid

mechanica quite precisely define the scaling rules and the necessary conditions for similitude, The
problem is to determine the consequence when some of the conditions are violated.

. Figure 14 illustrates different nozzle tests. Static tests are conducted without external

flow and closely parallel engine tests in sea level static test stands or im altitude test facilities,

When external flow is added, the tests can be separated into two categories: (1) nozzle flow immune to
external flow and (2) nozzle flow sensitive to external flow.

. In regard to thrust, the key question is whether or not the external flow can influence flow
at the nozzle exit plane, To obtain drag, the pressure distribution on external surfaces is needed. The
key feature is the location of these surfaces relative to the nozzle exit. Surfaces immediately upstream,
e.g., a nozzle boattail, require less strenuous jet sirmlation. Adjacent surfaces located in the far
field regions of the jet require more precise jet simulation in order to obtain suitable accuracy.

For thrust evaluation with the exi

t plane flow immune to external flow, duplication of nozzle

Pitel- 2o

pressure rat{s, NFR, and Jot Hedt capacity ratio, y,, 18 of [rimary imporfance: Distortion into the
ti5zz1e entranice and stagnation temperature are of sfcondary importance, For gross thrust determination

st ~the 8%t plane flow is sensitive to the extern

W, many more flow quantities must be duplicated.

One obviocus set of flow quantities is that defining the external flow, The primary flow quantities to be
duplicated are NFR, v., v,, Ma, 6,/D, and 5,/D. lack of total temperature duplication can be accounted

for although the ratid T 1sYsignificant.
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Considering drag due to flow over gurfaces in the near field of the jet, e.g., base flow, the

plume shape at the nozzle exit must be duplicated,
K. When nixing is important, (RT;) j/(RTT)w should be duplicated.

3

This requires a duplication of NFR, Yj’ Y5y My and

For determining jet interference effects on adjacent surfaces in the far field, plume shape
at the exlt, reflection coefficients at the jet boundaries, and mixing both from momentum and heat trans-
fer point of view are important. Jets are usually turbulent as in the external flow, Duplication of
plume shape is probably the most severe case for jet simulation requiring duplication of NFR, Yj’ Yt
Mar Moy TTj’ and TT@' Turbulent and laminar Reymolds and Prandtl numbers are also important.



Wind Tunnel Testing Schemes

There are numerous schemes for obtalning drag, thrust, and thrust minus drag. One such
method will be discussed here to illustrate the scope of a complete test and to show how the afterbody
tests fit into the procedures.

Adreraft performance is defined in part by thrust minus drag. The engine company sells
thrust, and the airframe manufecturer minimizes drag, Since there are ltems in the force bookkeeping
procedure which must be assigned to drag or to thrust, careful definitiona are required.

Bookkeeping of forces usually involves increments to drag or thrust for operation at soms
point other than the reference conditlon. At a given V,, three variables are usually specifiled as
standard or reference values. Toese are NFR, nnzzle area ratio, and angle of attack; subseript r denntes
reference values, Deviation from these reference conditions gives rise to force increments. One
philosophy for assignment of the force Increments 1s to alter thrust if the increment results from a
throttle change. If the increment is due to a change in angle of attack, it is assigned to drag.

The drag of inlets depends on mass flow ratlo, m, into the air induction system. The drag of
exhaust systems depends on nozzle pressure ratio, P, for a given flight condition. Variable geometry of
inlets or nozzles adds ce '\ity and alters drag. Changes in m, P, and area ratios are mainly due to
throttle changes and henc 2 ussigned to thrust,

The seroforce model is mounted on a sting and force F, determined; see Flgure 15. For this
test there are reference values of and F. which may not be the same as, or even close to, the values
chosen as the standard flight confipguration and dennted hy suhseript r. At m, and Pr’ drag increments
due to the inlet or nozzle flow are set equal to zero.

‘FPigure 15 shows schematically how drag 1s ottained from the asroforce molel, the inlet model,
and the exhaust model, Variation of force due to variation of m or P is resdily obtained from the test
data, The change in the force on the inlet repreaented by F, - F/ would be charged to thrust since it is
a result of throttle (mass flow) changes. The change of force refresented by F, - Py vould also be
charged to thrust slnce nozzle pressure ratio is a function of throttle setting.

Fropulsion system installed gross thrust is obtained from

installed ﬁeat cell Increment Inecrement, Increment f;.ncrement

gross >= < 'gross +< dus to +< due to +4 due to +< due to (10)
thrust thrust inlet exhsust engine secmdary
k flow

The test cell F_ was discussed previously; Eq (6) is relevant. The incrément terms need tc be defined
and discussed.

The increment due to the inlet includes the followings (1) spillage drag, (2) bleed drag,
and (3) bypass drag. Spillage drag consists of additive drag and the chiange in foree on the inlet cowl.
Usually data are rejorted in terms of C 1° To control shock-wave-houndary~
layer interaction, it is neceasary to pargiaily ren%gg uh‘ bnuﬁqary layer at critical portions of the
inlet, The tlesd air is dumped overboard, For some flight oconditlons it ia hetter to take excess air
on board and then dump it overboard, Inlet stability or the trade off between splllage and bypzss drag
may make 1t desirable to swallow air in excese of engilne n=eds.

Several fuctors determine the size of the drag increment due to the exhaust: (1) correction
for external flow, (2) base drag, (3) hozttail drag, and (4) exhauat interference.’ Inatalled gross
thrust 1is at some flight Mach number. The test cell gross thrust ia at static conditions. A correction
must be made for the external flow Influence on internsl flow, For the CD nozzle illustrated in
Figure 14, this correction may be very amull, For the CONV, PLUG, or BIDE nozzles of Figure 14, this
may be a relatively large correction. The correction is obtained from the subtraction of stztic nozzle
thrust from the thrust of the same nozzle installed in an afterbody model. The nnzzle 1s metric within
the afterbody model, An example of the correction for external flow ia shown in Figure 16 for a plug
nozzle. 4lso the boattaill and base drag correctione are shown,

Before proceeding with additional discussion of base drag, boattail drag, ete., it is worth-
while to examine Figure 17 which 1llustrates areas for drag definitiens. Hotice the split Letween the
forsbody 'and afterbody of the alrcraft model; this implies the afterbody is metric as we shall see.
Afterbody drag inclules tail, feirings, and boattail, The boattzil 1a the surface which reduces the area
from the forebody-afterliody split to the ares at the nozzle exit. For variatle geometry nozzles, there
ars usually external nozzle surfaces exposed to the extsrnal flow giving rise to external nozzle drag,

D . The drag, D, may be included with boattail drag., Base flow 13 a downstream flow reglon where the
streamlines do not follow the body contotir. Such an anmlsr srea is illustrated in Figure 17, The
Internal nozzle drag 1s not important for these discussilons having been accounted far by CFG'

When the base flow reglon is an annulus surrounding the nozzle exit, as showa in Figure 17,
the correction for base drag cun be lumped into boattail drzg., When there are multipls exhuust nozzles,
there may bLe tase flow regions not at the nozzle exit plane, If this is the ense, ths baae drug can be
iIncluded with the exhaust intarfsrence term,

Chaages 1n nozzle pressure ratlo, use of aftarburnsr for thrust augmentation, and other
propulsion system operating points cause changes in the exhaust plune gesmetry. As & result, the
external flow is modified. Changes in the external flow may alter the pressure distrituticn on the
elevator, rudder, wing, or fuselage, The dreg increment termed exhaust intsrference accounts for this
aspect of the exhauat,
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Continuing with the various terms on the right-hand side of Eq (10), consider now the incre-
ment due to tke engire. As a result of m 4ifferent from m_, inlet pressure recovery and level of
distortion at the compressor face may change. These changes can influence engine operation. Based on
data obtained from test programs in sea level static test cells or altitude facilities, corrections can
be made,

Power may be extracted from the engine either by bleeding air off the compressor or by
driveshafts for alternmators, rumrs, etc, Bleed air from the compressor to provide boundary layer
control on the wing, air conditioning for the crew, or fo actuate pneumatic devices causes a loss of
thrust. This thrust loss 1s accounted for in the term "increment due to engine,"

The final term in Eq (10) is the increment due to secondary flow. {Secondary flow can be
defined as air taken on board from freestream conditions and returned to the ambient atmosphere without
forming part of the engine working fluid,) When the secondary flow, e.g., cooling air, forms part of
the nozzle flow, there is a thrust increment which changes with the engine operating conditions, The
eecondary air may be dumped overboard through its own nozzle or exit door. Fressures on the aircraft
may be changed, The ram drag associated with secondary air is the mass flow rate of secondary air times
vehicle velocity,

Equation (10) indicates the corrections which must be made to convert test cell gross thrust
to installed gross thrust. The number of corrections becomes quite large as the preceding discussion has
indicated, FEach correction or increment has its own accuracy and is a source of error. The bookkeeping
gohemes should strive for the minimum number of increments required to adequately describe forces on an
aircraft, The increments may be based on & variety of model sizes. Typical model sizes providing data
are indicated in Table IV,

TABLE IV. TRANSONIC TESTING MODEL SIZES*
(TYPICAL FIGHTER AIRCRAFT)

|
Model Percentage of Tull Scale i
i

*Models less than 1/20 scale have so many compromises
. relative to geometric detail and Heynolds number that
tests are not attempted.

Aeroforce YModel 5 i
Inlet Model © 7 gao v
Isolated Nozzle Test 25 l
Afterbody Model : 8-10 l
!
1]

Afterbody Tests

The models illustrated in Figure 15 do not show the details of the output of powered after-
body tests, Additional discussion of the various approaches is worthwhile,

Figures 18 to 21 show four afterbody models. The arrangement of Figure 18 has only one
balance which measures F_ ~ Da - Db’ In BEq (10) these would be the terms installed gross thrust and the
increment due to the exhiust,® ThiS scheme has the disadvantage that F_ 1is an order of magnitude larger
than D.. Results of modifications of the afterbody to improve D, are fot. readily determined.

The arrangement shown in Figure 19 permits direct measurement of D_ + D,. The balance size
can be selected to fit the level of D + D, . An arrangement such as that showh in Prgu're 20 decreases
force on the balance compared to FiguTe 18, The balance reading can be interpreted differently using a
momentum control volume., Seal problems are difficult with the system of Figure 20.

Tandem belances offer many advantages, Figure 20 shows one possible arrangement, Both
balance@ and can be sized to match the force, The main disadvantage is the complexity of the model.

Simulation Technigues
There are general requirements for afterbody modele, some of which are dictatcd by practical

constraints, Here are some of these requirements:
(1) small diameter feed pipes for small stings or {5) no deformation of model due to thermal stresses

.etruts (6) controllable and accurately repeatable jet
(2) minimum interference of feed pipes with . simulator
balance system (7) low model costs
(3) momentum of flow in feed pipes normal to drag (8) low operating costs
axis (9) safe operation
(4) balances isolated from heat flux within model (10) compatible with wind tunnel; no contamination of
due to hot exhaust air in closed circuit wind tunnel; no explosion

hazard in wind tunnel
There are several techniques for obtaining a jet; these are: cold gases, hot gases, and cold jet powered
turbine engines,

. When the jet is simulated using cold gases, air or N, are most commonly used. As indicated
in Figure 10, ¥ of exhaust gas is mot 1.4 for a turbojet with af%erburner. Table V gives flow data for
different conditions, Rows 1 and 2 have the same NFR, The Mach number for ¥ = 1,3 is higher, and the
area ratio is also larger. HRows 1 and 3 have the same area ratio as would be the case for geometrically
gimilar nozzles., A larger NFR is required for ¥ = 1l.4-to obtain ideal expansion; the exit Mach number is
also larger, For a gas with large ¥, the NFR is higher which means the density in the feed pipes should
be larger, Since small struts are desired, this is an advantage, Cold gases do not provide simulation
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of jet momentum. For underexpanded nozzles, the plume shape is not correctly simulated when NFR is
duplicated; however, by adjusting NFR, tha exhaust plume near the nozsle exit can be duplicated.

TABLE V, COMPARISON OF NOZZLE FLOVS FOR DIFFERENT RATIOS OF HEAT CAFACITIES

Row Ratio of Nozzla " Area Mach
Number Heat Capacity, Pressure Ratio, Number
¥ Ratio, A/A¥
R NPR
1.3 5.0 1.4 1.7
1.4 5.0 1.% 1.7
3 1.4 5.5 1.4 1.7

Gas mixtures have been suggested to tailor gas density and heat capacity ratio. Polyatomic
gases decrease Y; gases with small molecular weight adjust gas density and speed of sound. Many nnzzla
test rigs hava flows of 2 to 8 1bm/sec. Gas mixtures are expensiva. The wind tunnel becomes con-
taminated.

Use of hot gases is much more complicated requiring careful model design. Ignition sources,
thermal shielding, safety precautions, fuel supply, and a control system increase complexity. Due to
emall geometric scale, combustion may be incomplete so that there can be burning in the exhaust plume.
Incomplete combustion makes it difficult to determine the gas temperature,

Hot gas can be obtained using hydrogen peroxide decomposition or combustion of a fuel and
oxidizer, usually air. The fuel may be propane, hydrogen, methana, ethylene, gasoline, or kerosine.

By using hot gas, vy, and T’I‘ can be eimulated. Figure 22 shows v as a function of
(RTT)j/(RT ), for hydrogen pero)iide decgmposition. The values for a turbofan are alsa shown. A gnod
matcb”is obtained. Decomposition is initiated by a catalyst pack which fits within the volume conetraint
of a scale modal,

A rew technique being rapidly developed is the use of miniature turbine-powered compressors,
Figure 23 shows a propulsion system simulator. Tha compressor air does not go through the turbine., The
turbine is povered with an external supply of gas, To modify the mass flow in the nozzle, some of the
supply gas can be mixed with the compressor flow, Both inlet and exhaust flows can be simultaneously
simlated witb this device. Since the turbine removes considerable energy frow the supply gas, the
exhaust _gas will be extremely &5Id. Te& ToTfAtion WILHIN THE Todel can bé & proble Since powered
sitmilafors are impor'ﬁﬁﬁi;ﬁ;@pﬁ;%gmn, toﬁfbm,ﬁrﬂéen‘aevoted'to it

1
e e

Nozzle tests can ba conducted in a wind tunnel with a repeatability of thrust minus drag of
0.2 per cent for supersonic tests and 1,0 per cent or less for transonic tests. Stundard nozzles are
available for verification of balances. A theoretical prediction of thrust of standard nozzles is
poesible, These predictions agree with measurements. For isolated nozzles, the accuracy of 0.5 per cent
previously stated as being required seems to be possible.

Experimenters in this field are encouraged to report data as measured without scale
correctionsg, Corrections, which are given in sufficient detail to be understandable, can then be
applied. One such correction is for real gas effacts. Variable y can be handled readily by existing
computer programs. Other corrections may involve viscous effects.

Reynolds number is rarely duplicated in model tests with the result’that boundary layer
thickness and boundary layer transition are not simulated. Flow separation on the boattail occurs more
frequently on models due to low Reynolds number.

Variable geometry nozzles have leakage between leaves. 'Inis is not simulated in model tests.
Correction of model data to account for leakage would be desirable if it could be done accurately;
however, this is not the case. In addition, manufacturing tolerance will result in production nozzles
with different leakage rates,

Exhaust-Airframe Interference Other Than Thrust Minus Drag

There are numerous interference effects other than thrust minug drag. These are listed in
Table VI. Tests very similar to those described previously are conducted to determine increments in
1if't and moment coefficients. Partial models are used less frequently; the complete aircraft is tested
to obtain the external flow. Semi-models or half-span models mounted =i the tunnel wall may be used.

TABLE VI. INTERFERENCE OTHER THAN THRUST MINUS DRAG

- Alter pressure distribution on surfaces Alter unsteady flow affects.

changing Cp, Cy. Alter external nozzle pressure.
Subject surfaces to heating.

Distort boundary layer due to heating.
Reduce or augment control effectiveness,

Alter thrust axis at low pj/p 5
Change shock wave locations.
Stimulate panel flutter; acoustic fatigue.

Three different engine installations will be discussed from the point of view of exhaust and
propulsion interference, These are wing mounted fan engine, fuselage mounted fan engine, and the engine
buried in the airframe. g

B |
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High bypase engines, pylon mounted on the wing, can have an influence on wing circulation
and, at transonic speeds, on shock formation. Due to the large mass flow of air through the engine, a
significant deviation of external streamtubes can te caused by changes in engine mass flow,

To duplicate the interference effects, the exhaust plume of the fan should be reproduced.
The fan exhaust gtream is transonic. 4n estimate of exhaust Mach number, Me, is given by

r

T. -1

1)

Z =
"

vhere 7T is the ram temperature change given by 1 + (v - 1)Mi/ 2, and 7° is the stagnation temperature
change due to fan work. Typical values are M,= 0.8 and 7. = 1.12. FSr these values, M = 1,2, Since
the jet flow ia high transonic or supersonic, the exhaust pfume shape is determined by Je% Mach number
and v,. Wave reflections are duplicated leading to a similar jet structure, Jet Mach number is a strong
function of NFR.

Viscous mixing occurs at the shear layer between the jet and the external stream, Growth of
the mixing region, or shear layer, has a displacement thickness similar to a boundary layer, When the
Jet boundary increases in area, the jet acts as a snurce distribution;, When the jet streamtube area
decreases, the external flow moves toward the jet axis, Figure 24 shows the results of a calculation of
Jet area, Ax’ compared to streamtube area, A,, entering the inlet,

Case 1 in Figure 24 iz for a turbojet with turbulent mixing. Case la is a slight modifica-
tion with a laminar jet for 0 x/D { 2 followed by turbulent mixing. Case 2 is a turbofan simulator
with a bypass ratin of 2, The core and fan pressure and temperature ratios are shown. Cagse 3 is a
turbofan simulutor with cold gases. Mass flow has heen increased so that A, and M, are equal to that of
Case 2. Finally, Case 4 is for a flow-through nacelle with the correct Am.J The i&fluence of laminar
versus turbulent mixing, hot versus cold Jets, and low stagnation pressure versus high stagnation
pressure jets is shown by Ficure 24.

A difficulty with simulation of high bypass engines is the duplication of both inlet and
exhaust flows. One approach is to use a turbine driven fan, Another technique is to use ejectors
within the fan cowl. Another method is to close a portion of the inlet with a bullet-shaped insert and
to feed the nozzle with externally supplied air,

For a pylon mounted engine on a wing, there are three interactions: wing~inlet, wing-
exhaust, and inlet~exhaust, An important question is whether or not the interference effects are
additive, If the interference is additive, one can run a series of experiments varying only inlet flow
and examine influence on the wing. A second set of experiments can be conducted varying only exhaust
conditions and examining the influence on the wing, For a combined deviation of both inlet and exhaust
flow, the influence on the wing wonld be obtained from addition of the two experimental results.
Evidence indicates that the exhaust-wing interference is much greater than inlet-wing interference.

“hddition of effects may be valid.

A rear fuselage mounted engine can alter forces on the aircraft either by direct jet impinge-~
ment, wave impingement, or constraints on the external flew. The rear mounted engine can influence
effective angle of attack on tail surfaces, chunge aircraft drag, heat surfaces due te jet impingement,
or stimulate vibration of panels leading ts acoustic fatigue.

In contrast to pylon mounted engine simulators where thrust measurements are made, the rear
mounted engine mekes balance installation difficult., Semi-models are frequently used with wing mounted
engines., With rear mounted engines, this is not feasibtle. lodels with rear mounted engines may be
supported in the wind tunnel by struts at the wing tips.

For buried engine installations, e.g., a fighter aircraft, the jet plume may cause separation
with an oblique shock interacting with tail surfaces. Some installations have the nozale planes at the
rearmost stution, Other installations have the exhaust exits upstream of the fuselage aftend. In this
case, the exhaust plume can have a more pronounced influence on the aircraft drag, control effective-
ness, surface heating, boundary layer characteristics controlling skin friction, eto.

Although this report focuses on thrust minus dvag, it is apparent that a oomplete aircraft
develoyment program will examine the interference effects briefly introduced in the preceding paragraphs,

Conparison of Wind Tunnel and Flight Test Results

There are only limited data available in the transonic region fsmparing flight test resulta
with wind tunnel results, One such paper is that by 3amanich and Burley.( Figure 25 is rerroduced
from that paper. This figure compares flight test data for nnzzle gross thrust coefficient with that
obtained from isolated nozzle tests. In the Mach number range 0.8 to 1.2, installation effects cause
considerable difference between the two measurements. Figure 26 gives the circumferential variation in
pressure coefficient on the primary nozzle flap of the plug nozzle, A4lse shown are the deta for the same
nozzle tested isolated with cold flow in a wind tunnel. The flap location can be seen in the t~p graph
of Figure 25. The data tend to emphasize the comments made previously concerning the three-dimensional
character of flow in installed nozzles. In extreme cases it has besn found experimentally with BIDE
nozzles that flow may enter one door and leave through another,

As aircralt development programs proceed, the configuration evolves and changes. By the time
the actual aircraft flies, there is little motivatior to obtain wind tunnrel data on an exact replica of
the flight test aircraft, This fact hinders comparisen of aircraft flight test results with wird tunnel
data. Usefulness of future wind tunnel programs is degraded by lack of careful camparison of data.

!
i.
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Wind tunnel data should be digestéd, corrected, and otherwise modified before comparison with
flight test data, There is a natural tendency to factor in that one last correction for boundary layer
ssparation, or other good cause, so that the two test results agree.

Unsteady Asrodynamicg of Exhausts

One aspsct of aircraft exhausts which may be overlooked is unsteady flow. (Unsteady flow may
be overlooked from the pnint of view of its influence on nozzle performance, e,g., Cp.. Aeroelastic
phenomena leading to destructive instabilities are certainly not overlooked.) There dre several ways in
which time dependent flow manifests itself: (1) shock wave oscillation in the external flow as the
result of a large plume from an wnderexpanded nozzle, (2) unsteady separation zones in the sxternal flow,
(3) unsteady separation zones in the internal nozzle flow, (4) time varying flow from door to door into
blow-in—door-sjector nozzles, (5) flutter of leaves in variable geometry nozzles, and (6) pulsations in
secondary flows. The unsteadiness of the flow may be spatial and/or temporal,

There are. experimental results which indicate the existence of large fluctuating pressure,
See Figure 27, . Base pressure coefficient is given for Me = 0.9, 1.0, and 1.2, For a stagnation pressure
ratio of 2 at unity Mach number, the unsteady pressure fluctuation exceeds 20 per cent of the steady
value,

Due to the compression of the external flow caused by the plume of an underexpanded nouzle,
one might expect unsteady motion of the oblique shock wave, This is analogous to transonic buffet on
airfoila.

Summary Remarks on Exhausgts '
In this part of the "Exhausts" section various items will be llisted and briefly discussed.

(1) Models tested in the wind tunnel do nnt represent accurate scaled models of the actual airplane.
Davelopment programs are paced by schedules and constrained by resources. In a development program
wind tunnel data are of importance only to the extent that the data help to produce a gond perform-
ing airrlane, The wind tunnel data sre relepated to the file cabinet as soon as the aircraft is
certified. Most aireraft prograns do not include resources to reexamine the quality of wind tunnel
data in the light of flight test results. Since the model may not match the airplane, some key
roints may need checking in the wind tunnel with a new, accurate mndel,

(2) similarity rules of fluid mechanics are violated in nearly every wind tunnel test. Rarely is
Reynolds number correctly duplicated. The problem with interpretation of wind tunnel exhaust
data is to know the consequence of inexact similitude and scaling. With the advances in computa~
tional fluid mechanics coupled with analytical approaches, new insight may be gained.

(3) Unsteady aerodynamics certainly occurs in the external flow field in the transonic regime. Time
dependent exhaust flow may be an overlooked feature when evaluating exhaust system performance -
or when svaluating the luck of performance.
—
(4) Thrust coefficients are based on an ideal nozzle. Thrust coefficients are a one-dimensional concept g
trying to quantitatively define performance of & three—dimensional flow device, Thrust coefficients |
and ideal thrust neatly tie cycle analysis to exhaust system hardware and its performance. The tie
becomes confusing and has sources of error in the number to assign to ideal thrust when there are \j

profiles of Py or Tpo”

(5) Bookkeeping procedures based on increments have several advantages such as conceptual simplicity;
however, to fully exercise the complets bookkeeping procedure, numerous additions and subtractions
of data obtained from many differsnt models of widely varying scales must be accomplished, Book-
keeping procedures which do not clearly define the division of responsibility between the engine and
airframe .companies do not gain acceptance. Being practical and astute, this is a recognized require-
ment on bookkeeping procedure; however, the airoraft responds to thrust minus drag. Is the split of
responsibility a factor whic}}’Ahigdqrs optimization of thrust minus drag? b e s

(6) Pressnt methods of defining thrust permit verification of full scale engine quality by testing out-
gide the aircraft. This is certainly desirable,

(7) Inlet spillage may have an influence on exhaust performance. Remember the accuracy goals are 0.5 per
cent, Limited work has been done to define inlet interference on exhausts for engines buried in the
fuselage. More extensive work has besn done on pylon mounted turbofan engines, Faired inlets may
diatort installed nozzle performance,

(8) A Mach number of unity is difficult to achieve in a wind tunnel. Wind tunnel tests near M= 1 are
difficult to conduct without tunnel interference,

(9) Pressure ratios are smll in the streamtube passing through the fan. The potential for mutual /
interference between a wing and a turbofan is great, ’

(10) Sources of error in exhaust testing include struts to hold model, roughness in the model flow
channel, omission of small detail due to mecdel scale, and incorrect profiles at noszle entrance.

———

SIMULATORS

Intrcduction

As the preceding discussion has shown, separate forebody - inlet and afterbody - exhaust
tests are conducted. These tests are in sddition to the aeroforce model. Some exhaust systems and
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bookkeeping procedures require a propulsion model also. One reason the numerous models and teats are
necessdary is that the aeroforce model cannot be designed to take on board the full inlet mass flow and
eject the gas with a proper scale exhaust. Only by adding energy to increase p, and T, can both inlet
and exhaust flows be simulated. The power requirements are large, and the space available in the model
is amall,

» One approach would be to drive a suitable compressor with an electric motor. To obtain the
correct preasure ratio having a reasonable number of stages, the compressor speed is high - 60,000 to
20,000 RFM. The electric motnr with enough horsepower will not fit in the model. Electric motors
driven by variable frequency generator sets were used in the old days of wind tunnel testing to power
propellors on models,

Another approach would be to pipe the inlet air to a compressor and/or burner ougside the
wind tunnel., Of interest is transonic testing. At.M= 1, the product, pu, which is mass flow rate per
unit area, is a maxirmm., This means that the pipes leading from the inlet to a position outside the
tunnel must be as large in cross section as the inlect capture area. This is a lower bound on pipe size
assuming frictionless pipes. To power the nozzle, smuller feed pipes could be used at higher pressure,
Semi-models or half-span models with engines in t lqge can use this approach since there is room
for the necesaary plumbing, . /}Vﬂﬁ-e N

To indicate power requirements, “consider the simulator shown in Figure 27, Designate the
entrance to the compressor as station 2 and the exit as station 3. Denote freestream ccnditions by a
subscript o, From Figure 10 pick & typical operating point, e.g., WFR= 8 and ¥_ = 1.4, The horsepover
is given by ° .

(12)

HP = me(TT? - TTZ)

Assume an inlet capture area of 3 inch diametgr. Smaller sizes would hardly be practical., Using values
of ao 1100 ft/sec, M =14, po=14x10 1b ft ' (equivalent to 45,000 £t altitude), and
Ao .08 I‘t2, the mass flow is found to be 1.7 lbm/sec. Define the I‘ollowing symbol

7o = T1v/Tr2
The horsepower becomes

HP = WG 'rTz(r 1) (13)

Using a compressor ratio of 2,52 along with ram pressure recovery, the nozzle pressure ratio of 8 can be
achieved, With an efficiency of 0,85 for the compressor, the stagnation temperature ratio, 7., is 1. 36,
A value of T consistent with & is chosen; also T T The value of C_ is 0,24 ETU/1b sec.
Finally, witR these values insefted in Eq (1?) and using the conversion factor HP = 1,415 sBc/BTU, the
horsepower is calculated to be 150 HF, This is like stuffing two VW engines in a three-inch pipe!

Simulators with Energy Addition in the Model

To begin, a few symbole will be defined:

fnf mass flow in the fan exhaust 1'11t mass flow in the turbine (left-hand pipe in

k mass flow in the exhaust of the core of Figure 23)

¢ turbofan M. mass flow in the turbinerexhaust (right-hand
x'u:j  mass flow in the exhaust of a turbojet pire in Figure 23)
. . 1'n° inlet mass flow

There are seversl possible designs. For a turbojet aimulator

r'nj = h, + finy (14)

To congerve masa
= (1~ )iy s (15)

The fraction of the turbine mass flow mixed with the compressor flow is f. This permits flexibility in
controlling jet plume parameters, Figure 28 is an exploded view of a turbojet simulator for supersonic
flight speeds., Figure 29 is a photograph of the same simulator on the teat stand.

For turbofan simulators the inlet mass flow is used as the fan mass flow, i.e., m = .

Such a turbofan is illustrated in Figure 0, The turbine drive gas forms the engine core e'(haust i.e.,
fnt = f .+ An actual turbofan has r'no =t + x’n if fuel addition is neglected. Bypass ratio, B, is defined
as x'nf/ﬁx which becomes in terms of mo

i .
2 0__c.. 0o _
B= ) 1 (16)



For the simulator, the effective byyass ratio is

| f 5
£ o
Bz o=z o (17)
mc mc .

Comparing Eqs (16) and (17), it is apparent there is an error. For high bypass engines, this is
relatively insignificant. ¥hea the msss flow in the exhaust of both core and fan are properly simulauted,
there is a deficiency of mass flow into the similator inlet compared to the actual engine. Spillage drag
becomes a factor. .

As discussed previously, when a nacelle is pylen mounted on a wing, it is possible to use
serispan models as shown in Figure 31, The wing is vertical, and the wndel is mounted on a turntable,
The turntable is above the tunnel floor to divert the tunnel boundary layer., One difficulty with semi-
apan models is the tunnel wall boundary layer.

The exhaust temperature of the flow, M , is very low. OConsider the turtojet simulator
previously discussed in connection with Egs (12) and (13). The yower to drive the compressor equals the
turbine output power, Usine this fact, the turbine exhaust terperature can he estirated, The equality
of power is : .

(7, -1) = & a-7.) T e

Mo ]' 'I'2 p Tl.
Stations 4 =nd 5 are upstream and downstream of the turbine; 7, is defined as TT5/T’14 Solving for 7,
yields

A _
Tt—l-—‘;—Té(‘r -1) , (19)
T4

values of T, are -260°F (=244°K) for equal mags flow.through I?n co?ﬂ}"i'e;é Cfarbine.” If the mass
fl‘bﬂhfﬁﬁggé the compressor is roughly 1.4 times la.rger than Thaf through ‘the turbine, one beg;ms to
1liquify oxygen in the air. To avnid this problem, dry 1 n2 e¢an be used to drive the turbine.

o
} 1t is apparent from Eq (19) that the smaller fi, the smaller T For T, equal to Toom temperatu;-e,k t‘le7

The technique nf Zinternally powered simulators is being developed. The most significant
motivation for developing and using simulators is the high degree of girultaneous simulation of both
inlet and exhaust flows. For turbofans, hypass ratio is nnt correct. For both turkofan and turbojet
simulators, the exhaust temperutures are much too low., Burners are being developed to correct the
exhaust temperature.

Similar procedures can be used for both the turbojet or turbofan simulator and the full scale
engine. Static tests can be run. Figure 29 is a photegraph of the supersonic turbnjet simulator under-
going such a sea level static test, Tests in the wind tunnel with the simulator can duplicate aircraft
mass flows, ’

g Powered simulators offer high fidelity testing; however, there are disadvantages. Tests are

/ expensive to opcrate. Simulators must be tailored to the particulsr engine heing modeled. Sxtensive
instrumentation is necessary to control and monitor gimulator operation, Bearings are small ‘and sub- ;
jected o severe loads wifn theé donisequence ‘that 1ife id Iimited. Past experience has indicated that %
repedtability is Timited:™ Two™ ‘§imilators manufactured under similar conditions may show different per- !
£oTiancs characteristids; variations of 5 per cent in net thrust have been observed, Separation of j}
thrust and drag terms is difficult due mainly to inaccurate determination of nozZlé coefficients,

Further, development will undoubtedly improve many of the adverse features.

R
Eleotors

Bjectors have no moving parts, There are nn rotating components. As a consequence, ejectors
are easier to manufacture. Ejectors are relatively easy to scale, and the prediction of performsnce can
be quite precise, The nozzle pressure ratio is limited. Mass flow into the inlet is also less than
desired for turbojet or turbofan instullations. There are large distortions in the p, profile at the
nozzle entrance. Characteristics of an ejector powered nacelle do not match that of an engine in the
nacelle, Ejectors are not used for similation of thrust but are useful for interference studies. Due
to the low NFR, ejectors can be used for simulation of 1ift engines and V/STOL propulsion installations.
Ejectors offer economy and simplicity; for these two reasons, ejectors deserve more attention for
propulsion system simulation.

Figure 32 shows an ejector system developed for a V/STOL fighter or attack aircraft. In
spite of the sizable plumbing, the system is used with a balance so that forces on the model aircraft can
be measured, The usual ejector has the high-momentum stream interior to the low~momentum stream, The
ejector shown in Figure 32 has different topology; the high velocity stream is external to the low-
velocity flow, This arrangement is necessary to induce the flow into the inlet and provide for suitable
seals. The combined flow from the inlet and high pressure air into the model supplies the nozzles.

Simulators with Energy Addition External to the Model |

Using a semi-model for a buried engine installation, it is possible to route large pipes 1nto
and out of the model, By adding energy external to the model, the severe volume constraints are
eliminated. Control of the inlet and exhaust mass flows is flexible. The main difficulty is the
boundary layer on the reflection plane. .
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Effo

within the fuselage. This technique is not being used currently,
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APPENUIX -~ SIGNIFICAICE OF TRAJSONIC REGINE

It is worthwhile to state why transonic flow is particﬂularly difficult and, being difficult,
why it remaing important and cannot be avoided.

First of all, look at the influence soefficient formulation for fractional velocity change
in & one-dimensional flow

du _ 1 dA
" (m)
u M ~-1A

In transonic flow, i.e., Y near unity, the factor multiplying dA/A is large. A very amall change in
dA/A causes a very large change in du/u and other flow properties. This sensitivity accounts for the
extremely low blockage factors which can be tolerated.

- Consider the lineariszed solution for wavy wall in toth subsonic ard supersonic flows., For
& subsonic flow, the solution is '

- . .
- ¢ vy o S T exp[—ay-‘ll - X-rJ sinux (A2)
2 .

1-M

for a flow, U, over a wavy wall, y =& ginax., Note that in subsonic flow the perturbation velocity, u,
decays with y, As M approuaches one, the decay becomes less and less, Of course, the solution is not
valid for M near one, but the trend is clear, This trsnd indicates that perturbations are experienced
at graat distances laterally as one approaches Mach number unity,

For supersonic flow over the same wavy wall,

UEX

‘\/}‘2 -1

In eupersonic flow there is no-#=zay. A line given by x '-—,y-\,hfz - 1 has constant amplitude of perturba-
tion, As M approaches one, this approaches x = constant, “which means perturbations occur laterally to
the main stream, Three points have been illustrateds (1) extreme sensitivity of the flow to small
changes in streamtube area, (2) little decay of perturbations laterally, and (3) perturbations perpen-
dicular to the flow. .

u= - cosa{x - y /M -~ 1) (A3)

Difficulty of transonic flow analytically arises from the nonlinear nature of the squations
of motion, Solutions depend either on rather specialized approximations which may not be valid every-
where in the flow or else on numerical calculations. In the case nf transonic flow, the analytical
companion to expsrimentation is very weak,

Examine the reagons transonic flow cannot be avoided., For the best range consistent with the
desire for maximum speed, the flight Mach number usually is on the doorstep of the transonic drag rise.
Ferry operations are transonic. Due to sonic boom restrictions, SST aircraft will fly transonically
over populated land, Supersonic aireraft must accelerate through the transonic regime whiczh is a region
of increasing drag end d=caying thrust, Supersonic fighter aircraft do not have sufficient thrust to
pull high-g maneuvers and maintain supersonic flight. Aerial combat moves toward itransonic speeds due
to this limitation. Transonic flight is as important as it is difficult.
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PROBLEHES DE MESURE SUR MAQUETTE DE LA POUSSEE D'UN ARRIERE-CORPS D'AVION SUPERSONIQUE
TUYERES DE REFERENCE .

par Bernard MASURE (*)
OFFICE NATIONAL, D'ETUDES ET DE RECHERCHES AEROSPATIALES (ONERA)
92 ~ CHATILLON - FRANCE

RESWME  ~

La technique de mesure de la poussée d'un arridre-corps en soufflerie, couramment utilisée & 1'0.N.E.R.A,,
A 1'aide d'un support cylindrique amont est décrite. Cette mesure sert en particulier A corriger les mesures
globales effectuées sur magquette compléte aveo fuseau creux eimplifié, La précision est contr$lée par divers
tarsges comprenant en particulier 1'eseai d'une tuydre convergente-divergente de référence.

Le contrdle et 1'analyse des résultats d'étude de configurations complexes comportant une tuydre primaire
convergente s'appuient sur la conraissance des débits et pouseées des tuyéres soniques correspondantes. Les
données concernant de telles tuydres pour une assez large variété de formes résultent d'essais précis effcctuds
& 1'atmosphdre sans écoulement extérne. Les résultats en sont présentés et sont comparés aux données théoriques
actuellement disponibles.

SWMARY ~

PROBLFHS OF HEASUREMENT ON MODEL OF THE THRUST OF A SUPERSONIC ATRCRAFT AFTER-BODY .
STANDARD NOZZLES .

The technique) currenthy used at ONERA, for measuring in wind tunrel, through an upstream cylindrical strut, \
the thrust of an after-body is described. With this messurement it is possible, in particular, to correct the g
global measurements made on complete models with simplified hollow nacelles. Precision is checked by various 1
calibrations including, among others, tests on a etandard convergent-divergent nozzle. |

Checking and analysingthe results on complex configurations including a primary convergent nozzle are based
on the knowledge of mass flow rates and thrusts of corresponding sonic nozzles. Data concerning such nozzles for
a rather broad variety of shapes result from precise tests performed within the atmosphere, without external flow.
Their results are presented and compared with theoretical data currently available,

1 ~ INTRODUCTION ~ : ' ¢
La miee au point d'un avion de trensport eupersonique nécessite une optimisation poussée de ses divers consti-
tuants et une estimation ausei correcte que possible de eee futures performances. Il en est ainsi de 1'avion

"CONCORDE" dont le fuseau moteur et, plus particulidrement, 1'arriére-corps sont 1l'objet d'une étude expérimen-
tale minutieuse qui est poursuivie depuis plusieure années dans les eouffleriesde 1'0,N.E.R.A, ot & 1'étranger.

« La note présente se propose de rappeler les techniquee miees enoeuvre & 1'0.N.E.R.A. pour évaluer, en gaz
froid et sur une maquette d'arridre-corps isolé, lee performances de poussée du systéme d'éjection qui comple-
tent les mesures éffectudes dans d'autres laboratoires eur un moddle d'avion complet et & partir desquelles il
est poseible de classer les diverses eolutions d'arridre~corps envisagées.

Les caractéristiques essentielles de la balance de poussée utilisée dans le soufflerie supersonique S5 Ch de
1'0,N.E.R.A, seront donc rappelées et la voie euivie pour évaluer les débits, poussées et taux de détente sera
décrite. La précision des mesures est contr8lée par divers tarages comprenant en particulier 1l'essai d'une
tuydre convergente~divergente étalon dont le coefficient de poussée peut Stre évalué théoriquement. le caleul
de ce coefficient, qui met en jeu diverses corrections, est développé : 1 occasion est ainsi donnée de mettre
1'accent, en ce qui concerne la poussée, sur les dietorsions des loie de détente de 1'air par rapport & celles
d'un gaz parfait de chaleurs spécifiques constantes & ¥ = 1,4,

Les mesures effectuées en soufflerie sur arridére-corps isold et aveo écoulement externe sont complétées 2
1'0.N.E.R.A, par des mesures exécutées eu point fixe permettant une optimisation séparée de la géométrie in-
terne de 1'arridre corps puisque, en configuretion de croisidre supersonique, les caractéristiques adrodyna-
migues des écoulements internes sont indépendantes de celles de 1'écoulement externs. Le banc au point fixe

qui permet ces mesures est bridvement déerit. Quelques résultats obtenus sur ce banc et concernant des tuyéres
convergentes coniques de formes varides sont d'abord donnée et comparés & quelques données théoriques actuelle-
ment dieponibles, Ils peuvent servir de point de départ pour aborder, sous 1'angle du calcul, 1'étude de confi-
gurations plus complexee. Un exemple d'une recherche d'optimisation de la géométrie interme d'une tuydre biflux
type MCONCORDE", mettant bien en lumidre le degré de précieion atteint dans les mesures effectuées sur le banc
au point fixe, est enfin présenté,

2 - DETERMINATION DES PERFORMANCES D'UN ARRIERE~CORPS EN PRESENCE D'ECOULENENT EXTERKE -

2.1. ~ Mesures sur maquette -

Les mesures sur arridre-corps isolé, avec simulation des jets internes & 1'aide d'air comprimé froid, sont
d'une exdécution relativement eimple. Elles compldtent, comme nous l'avons dit dans 1'introduction, les mesures
réalisées sur une maquette d'avion complet ol la eimulation des écoulements internes du fuseau moteur n'est en

général pas respectée. Pour préciser notre propos, considérons par exemple le cas des mesures exécutées 3
1'0.N.E.RsAs; & la demande de la S.N.E.C.M.A., pour 1'avion "CONCORDE".

(*) Ingénieur Chef de Groupe de Recherches, Direction Aérodymamique.
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Nous avons représenté sur la figure 1, d'une part, le schéma de 1'avion CONCORDE complet muni de scs
deux nacelles bi-moteurs et d'autre part, la partie de ces nacelles effectivement étudiée en soufflerie a
1'0..E.R.A,

pleque de symekrie
(simolation dv plan de symelrie de \écov\emen\j

canne de la
balonce de poussée

ARRIERE - CORPS
1SOLE

(arriére-r.orps de reference
ov arridre- corps niali:.\“e)

MAQUETTE D'AVION COMPLET
(hocelles crevses avec Qrrigre-Corps de re‘Fe'rence)

Fig. 1 - Hesure de poussée sur arridre-corps isolé,

En raison de la symétrie approchée que présentent les deux systdmes propulsifs d'une méme nacelle, on se
contente en soufflerie d'étudier la partie arridre d'une demi-nacelle en matérialisant, par une plaque, le plan
de symétrie de la nacelle. Ce demi arridre—corps muni de ea plague de symétrie est placé & 1'extrémité de la
carme pesée d'une balance de poussée que nous déerivons plus loin.

Les différentes étapes nécessaires pour évaluer les performances globales sont les suivantes @

2,1.1, ~ Mggures sur maquette d'avion complet =

Ia maquette d'avion complet est équipée de deux nacelles creuses présentant dans leur partie aval des formes
externes dites de "référence”. Les conduits internes de ces nacelles, volontairement simplifiés par rapport au cas
réel dans leur partie terminale, sont parcourus par un écoulement naturel qui, pénétrant dans les prises d'air
& 1'amont, est évacué en rézime sonique ou légérement eupersonique & 1l'avals, La loi de section des conduits
internes est telle que le débit qui y circule est égal au débit exact qui péndtrerait dans les prises d'air si
la maquette était motorisée.

Ltécoulement externs est, en conséquence, correctement simulé au voisinage de 1'entrée des nacelles,
_Déns le plan de sortie par contre, 1'écoulement interne ne posséde pas lee oaractéristiques aérodynamiques
du cas réel : la similation y est donc incorrecte.

Les mesures exécutées en soufflerie sur ce type de maquette permettent de soustraire de 1'effort total
mesuré la trafnée due 4 1'écoulement interne et de déduira celle due & 1'écoulement externe.

Imaginons maintenant le cas réel de 1'avion motorisé et muni de nacelles,identiques dans leur partie amont
4 celles du cas précédent, mais possédant dans lewr partie aval lss carsctéristiques géométriques d'un arriére-corps
réaliste tant du point de vue externe que du point de vue interne. Si 1'on veut alors déterminer les performances
globales dans ce dernier cas, il faut compléter la mesure de la trafnée externe précédemment évoquée de celles
de la poussée interne du systéme propulsif et de 1l'écart des trafndesexternes existant entre 1'arribre-corps
"réaliste” et 1'arridre~corps "de référence",

Clest la somme de ces deux derniers termes qui est estimée, en premidre approximation, en soufflerie a 1'aide
de notre balance de poussée en simulant la propulsion au moyen d'air comprimé froid.

2.1.2, ~ Mesure en soufflerie de la trafnde de 1'arridre-—corps de réfévence (O.N.EaR.A.)

On place & 1'extrémité de la camne pesée de la balance de poussée wn demi arridre-corps de référence muni
de sa plaque de symétrie. La canalisation interne de cet arri¢re-coros, identique & celle de la maquette d'avion
complet, est parcourue par un écoulement de mémes caractéristiques que celles de 1'écoulement naturel qui traver—
8ait les nacelles creuses de la maquette d'avion complet. L'écoulement externe a pour nombre.de Mach Mye On tire
alors dela relation qui traduit 1'équilibre de la partie pcsée de la balance une grandeur X4 Sgale 4 la sorme
algébrique de la poussée de 1'écoulement interne Xiner , d'un frottement parasite Xg,. le long de la
partie cylindrique de la camme pesée et de la trafnée externe Dggm de 1'arridre-corps de référence :

(1) )<1 = X -+ Xp4 — DREF

LRer

La poussée interne XLREF est, par ailleurs, déduite de la connaissance du débit interne et de celle du
coefficient de poussée de la {uydre sonique ou légdrement supersonique que constitue la canalisation interne.
Ce coefficient de poussée interne est évalué sur le banc au point fire que nous décrirons bridvement plus loins



Connaissant par conséquent xl'-REF

A4 REF

(@)
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) ’
s on déduit de (1) la grandeur X4 =X4_XtR s S0it encore

EF

2,1+3, - Mesure en soufflerie sur 1'arridre-corps réaliste (O.N.E.R.A.) -

On remplace le demi arriére-corps de référence par un demi arridére-corps réaliste muni, lui aussi, d'une

plaque de symétrie., L'écoulement externe

a le méme nombre de Hach M, que lors de la mesure précédente et 1'on

eimule la motorisation {écoulement primaire et secondaire) au moyen d'air comprimé froid.

On tire de 1'équation d'équilibre de la partie pesée une grandeur Xg égale, comme plus haut, & la somme

algébrique de trois termes

Letanste

+XF2—:D

REALISTE

2,144, - Synthése -~

Connaissant maintenant, grice aux deux mesures précédentes, les valeurs des grandeurs

déduit par différence
r
Xa - X4

AX¢p
AD

en posant

Comme, de plus, le niveau de la
mesure [ F2—

i
REBUISTE

XFz - XH
D

RERLISTE

4
X4 et Xz, on

+ AXy — AD

-D

REFERENCE

pression génératrice de la eoufflerie est le méme pour les deux types de

Les mesures réalisées & 1'0,N.E.R.A. permettent donc d'évaluer, comme il le fallait, la somme 3

\

AD

X Leeausre —

S A
Déerivons done maintenant les caractéristiques essentielles de l'installation expérimentale utilisée pour

les mesures précédentes,

2.2, - Description succincbe de la balance de poussée (Fige 2) -

Le moriéle étudié est placé 3 1'extrémité d'une conduite cylindrique qui traverse le col de la eoufflerie et
permet le passage des flux d'air comprimé froid simulant les jets primaire et secondaire.

Cette conduite, constituant la partie mobile de la balance de poussée, est euspendue par 1'intermédiaire
d'un parallélogramme déformable & 1'intérieur d'un caisson placé dans le collecteur de la soufflerie. La poussée
de 1'arridre-corps est équilibrée par une contre pression réglable e'exergant sur un piston 1ié & la conduite.

capsules de
mise o zero

B

&mm o

4

v

& D

R patass==

Membranes
d’efancheite

l//@ Secondaire  Primaire
= 3
PR m T
MY i "
h 5 o7 TR
& c
f 7 // —
ARRANY \z ” '« /Cylindre 4} maquelte
'e—
\@) /U\ é/(fro\-remo:nr parasife)id ‘arriere - corps
Dynamometre Suspension

& &)

Fig. 2 ~ Balance de poussée (soufflerie supersonique S5 de CHATATS-MEUDON)

3

Afin d'éviter tout effort parasite &
ment & 1'axe de la poussée.

Nous remarquons en A les branches de

contraintes dues & des déformations provoquées par les dilatations

1'admission d'eir comprimé, lee alimentations se font perpendiculaire-

la suspension dont 1'une est composée d'un trois barres pour éviter les
en B les capsules servant & afficher la

.
'

.
:
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preseion néoessairc au retour & zéro de la partie suspendue ; en C le dynamomdtre utilisé pour vérifier cette
remise en équilibre. Enfin en D nous voyons les membranes de caoutchouc qui sont utilisées pour assurer 1'étan-
chéité au niveau des alimentations en air comprimé, Ces membranes roulent trés légérement sur elles-mémes lors
du déplacement de la partie suspendue. Ce déplacement a été réduit au minimum (40,04 mm) gréce ¥ des butdes,
non reprgsentées sur la figure. On pourra se reporter & [1] pour de plus amples détails relatifs & la balance
de poussées

La veine de la soufflerie, bidimensionnelle, est constituée de deux blocs tuydres identiques susceptibles
de subir, indépendamment 1'un de 1'autre, une légére rotation par rapport & leurs positions nominales. Il est
ainsi possible de corriger, partiellement, la perturbation provoquée par la canne de la balance ct d'obtenir,
au niveau du plan de raccordement avec la maquette, un nombre de Mach sensiblement constant et égal au nombre
de Hach moyen. qui existe, sur la maquette d'avion complet, dans le méme plan,

Le montage déerit ici ne peut cependant pas représenter exactement les phénomdnes réels et nous considérons
que les résletats obtemus ont surtout une valeur relative et permettent de classer entre elles les diverses
solutions car nous avons constaté que la similitude étailt assez correctement rdalisée en ce qui conoerne les
épaisseurs de couche limite externe au niveau de 1'arriére-corps.

Précisons meintenant quelques grandeurs $ | o T . ,

' Dimensions de la veine de.3 : 300 x 300 mn?m"tfwwwié‘} Crwps PPeaiind ) { i

.« Dimensions de la canne de oo iranm wil) X 70 mu? (environ 6 % d'obstruction) e~ redels hovy eCTEN

« Pression génératrice de la soufflerie :as 1/2 bar P gy

» Température génératrice de la soufflerie : ~ +40°C ’ ‘ é "7 f Pt @r{ﬂ.ﬂ.ﬁ’,‘/«}

« Bffort moyen mesuré par la balance:~ 15 dal . ' /

o Débit d'air comprimé traversant la maquette i 300 g/s.

R

Posons ¢

X 3 résultante des actions mécaniques exercées sur la canne et la majuette par 1'écoulement extérieur et
les écoulements internes

Sy ¢ eection de la canne

H t effort transmis par les capsules aprds remise & zéro

P4 t pression régnant dans le carter

P5 . t pression régnant sous la coiffe de raccordement (voir fig. 2).

o4 ¢ aire efficace d'action de la pression Py (évaluée par un tarage préliminaire)

L'équation 4'équilibre de la partie pesée s'derit alors :
X+(O(1‘..Sc)'P5 == H+o(4P,‘

ou

(@) X = H oy B - (-5 K

Pour simplificr, nous avons omis dans la relation (4) 1es réactions parasites 1légdres que les tarages mettent
quelquefois en lumidre au niveau des membranes d'alimentation. !

Clest en utilisant la relation (4) et en procédant 3 deux mesures successives qu'il est possible, oomme
nous 1'avons expliqué aux § 2.1.2. et 2.1.3,, d'évaluer les performances d'un arridére-corpse

Analysons maintenant la vole suivie pour caractériser les propriétés des flux intermes.

/
2.3, ~ Oglcul des débits -

Les débits eont évalués par la méthode du col sonique, universellement reconnue comme la plus précise, et au
suJét de laquelle divers travaux ont été entrepris & 1'0.N.E.R.A. ces dernidres amnées [2], [3} . [45.

Rappelons la formule 3

(%) 9= x Co, =[kx3': A eagcs )]« Ca,

T,

dans laqueile 3 . ¥4

- k = constante = \ /_8. (__2__>2(X-4:
aR ¥ +1

aveo X =1,4

m
’R = constante universelle des gaz parfaits.

nombre de molécules~gramme d'air par unité de masse

~ py = pression d'arrét isentropique de 1'écoulement en dehors de la couche limite
~ T; = température d'arrét isentropique (en degré absolu)
~ A = aire géométrique du col
-4 (C:,kc%) = aire sonique aérodynamique
avec C:DS = coefficient de réduction de débit due & 1'effet de la viscosité

Co,_ = coefficient de réduction de débit due & la courbure de la ligne sonique (écoulement
w q
non uniforme dans le plan du col)




- C = facteur miltipliant le débit § calculd pour un gaz calorifiquement parfait & &
compte de 1'effet %e compressibilité (effet viriel). Ce dernier facteur est donmé
simple euivante {2] s,
Cp, = 140,05 P ()
T, =~ 240

Lo caleul d'un débit par (5) ndcessite done, outre la mesure de p; et Ty, 1'évaluation des coelTrviocmw- .,
ot Cyp S
<
Coefficient @5 : Ce coetéjscient, égalhda,ns le cas d'un col débitmétrique & eymétrie de révolution, &
t~2 :,/h ( 5‘:) s épaisseur de déplacement de la couche limite au col 3
h s rayon du col) peut &tre relié [5] au nombre de Reynolds (Rei_h,, St % par une loi
simple qui, dans le cas d'une couche limite turbulente, prend la forme 3 L

(6) (’4 - C:ng> Re;\f = Cse

I1 euffit donc de calculer la couche limite, pour une géométrie donnée, dans un cas particu-
lier (intégration approchée de 1'équation intégrale de von Karman) pour cornaftre G, dans
tous les cas par application de (6) &

Coefficient C;pk s Le calcul par développements limités de la fonction potentielle d'un écoulement irrotationnel

T 4 symétrie de révolution permet de définir complitement 1'écoulement au voisinage du point
sonique sur 1'axe. I1 est alors possible, par une simple intégration, de calculer le coeffi-
cient de débit Cyh_ d'une tuyere dont le profil serait identique & une ligne de courant maté-
rinlisée de 1'écoulement calculé,

Comme les développements mathématiques mis en oeuvre pour calculer la fonction potentielle ne sont valables
qu'au voisinage immédiat du point sonique sur 1l'axe, on ne retient du champ d!écoulement calculd que la partie
proche de ce point sonique et 1'on se contente de caractériser les lignes de courant par leurs taux de courbure
h /R en leurs sommetse On peut ainsi établir une correspondance entre ce taux de courbure locale et le coeffi~
clent de débit ka o Attribuant alors & cette correspondance un caractére d'universalité, on peut caleuler le
coefficient de débit C“’w d'une tuyére quelconque pourvu que celle-ci présente au col une courbure modérée.

C'est ainsi que 1'on procéde & 1'0.N.E.R.A, oU les méridiennes des cols débitmétriques sont girculaires
avec un taux de courbure égal & 0,25 (’R/\r\_ =4). Le coefficient CJ,“_ vaut alors : 1 = 1,4.10°3,

Si 1'on vouleit par contre utiliser un col débitmétrique & courbure prononcée, afin de réduire par exemple
la correction due & la couche limite et limiter de cette fagon la part d'incertitude que comporte toujours une
telle correction, il y aurait lieu de tenir compte non seulement du taux de courbure de la paroi am col mais
aussi de la nature exacte du profil de celle-ci & l'amont du col, pour calculer C:b“_ .

La figure 3, tirée de {4] en apporte la preuve. Les résultats expérimentaux présentés sur cette figure
montrent,en effet,que pour des taux de courbure élevés au col, le coefficient Coq . est, comme il fallait
1'attendre, trds eensible & 1'angle de la paroi & 1'amont du col. ¥

Donnons pour ter-
3 ' miner et firer les
idées les valeurs
que nous attribuons
jrernir— 3 Cp :CJ’S et C:Dv
pour évaluer, au
moyen de la rela-
tion (5), le débit
primaire pour les
conditions d'essais
habituelles rencon-
trées eur l'instal-
lation de poussée
de 1z soufflerie
S5 Ch ¢

C3,“=1 ~1,4.10-3

Coszt -5.103

Gzt +4.10-3
v

R/h
.

l | | |
z

Fige 3 =~ Coefficient de débit ka d'une tuydre axisymétrique 3 courbure élevée
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244, ~ Caleul du taux de détente -

Nous appelons taux de détente le rapport de la pression génératrice -pq- de 1'écoulement principal (le jet
primaire) 3 la pression statique py de 1'écoulement externe 3 Py /VPD

la pression statique p, est calculée & partir du nombre de Mach moyen de 1'écoulement externe au niveau du
plan de raccordement du modile avec la canne et de la pression génératrice de la soufflerie mesurée dans le
collecteur,

- la pression génératrice-P;y de 1'écoulement primaire pourrait 8tre évalude tout simplement au moyen d'une
ou plusieurs prises de pression d'arrét (tubc npitoth), judicieusement réparties dans 1'dcoulement et dont les
mesures permettraient, aprés pondération, de définir une pression génératrice moyenne,

Cette méthode n'a pas été retenue et on lui a préféré une méthode moins directe olt la pression génératrice
est déduite du débit réduit q\/'ﬁI , ce qui permet de s'affranchir des difficultés qui surgiesent toujours quand
il stagit de définir une pression génératrice moyemne dans un écoulement qui présente, inévitablement, certaines
distorsions de pression d'arrét,.

Cette méthode nécessite, comme nous allons le montrer, la mesure de la température génératrice TZ_:_ et la
détermination au préalable de 1l'aire sonique aérodynamique de 1'écoulement.

La loi de conservation de la masse en écoulement permanent conduit en effet & la relation euivante, avec les
indices D et J respectivement pour le débitmdtre et la tuyere en essais (fig. 4)s

(7 ._.['_k“‘_”i_a._A:> Cp, Co, ) ]c =[ P A_(cs C;D) ]c
q V-T-"'; ( par) mvm o Ti.'_\' T( S w/x :DVI
Cotte relation permet de ecaleculer le gmupemeﬂt Py AT auquel nous rapportons lea efforts mesurés i

(8) (anA:)* = [ Py Ay (C:".s CJK)I] Covy = AVTiz/k par

¥
~ Tt
(©) ('P"-T AJ’) "[ Pip AZD (L:Dé ka)y] C:.Dv L
> Tip
*

Ia relation (9) montre que le groupement (“Piy Pr) est connu si 1'on mesure, outre Pipet Tim, la tem-
pérature Tiy . Il est alors possible par (8) de calculer “Piy si 1'on commaft, par ailleurs, le coeffi-
cient de débit (Cog C->“.\=. de la tuydre (la présence du coefficient correctif Cyp ne fait que compliquer
1égdrement la situation eh nécessitant un calcul itératif), e

a";’
“PL) 3 ‘“’ +‘|7
= ta _ il
B T
Ti‘P ﬂﬁ) .,l'f T“l'-\'
/L I
G 7/
c""s, avmeay an cuivre
DEBITMETRE A Col SONIQUE MAQUETTE

Fige 4 - Débitmitre et tuydre d'éjection primaire.

» Ia température d'arrét isentropique'ﬂ_;— est mesurde au moyen d'un anncau en cuivre qui relie entre eux trois
thermocouples et qui est placé légdrement & 1'amont du col de la tuybre primaire. Des mesures précises ont
montré que le coefficient de récupération 2 de cet anneau est égal au coefficient de récupération d'un ther—
mocouple & fil tendu (§ = 0,8 mn). Ia valeur trouvée 2 = 0,62 est en bon accord avec [6]. La température Ty,
est ainsi donnée par v

2z
Te = T 1+ 02 Mx ol M-_,-est le nombre de Mach moyen de 1'écoulement au niveau de 1'anneau.
annaay T ' :
A+2x 0.2MF

Quant au ooefficient de débit (C;ps CJ’\-:) 5 (appelé eussi coefficient de striction), il est déterminé hors
eoufflerie eur un banc,spécialement aménagé & cet effet et situé & CHATAIS-HEUDON,comportant un col sonique
débitmétrique et une chambre de tranquillisation en amont de la tuybre étudide. Les dimensions de cette chambre
de tranquillisation sont telles que la pression génératrice de 1'écoulement peut y 8tre définie sans ambigufté.
I1 suffit donc de compléter la mesure de la température génératrice dans cette chambre par celle de la pression
générag:sice pour caleuler le coefficient de débit (Cl‘s C;,K)T de la tuybre en utilisant encore la rela-
tion .

Nous présenterons plus loin quelques résultats de coefficient de débit obtenus récemment & 1'0.H.E.R.A.,
non pas sur 1'installation de CHALAIS mais sur le banc de mesure au point fixe de MODANE qui fait aussi office
de bano de etriction,
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2.5, - Définition et calcul d'autres grandeure -

En ce qui concerne 1'écoulement eecondaire (8 ) 1'usage veut qu'on le caractérise par sa pression généra-
trice-P;g et le paramdtre sans dimension rbdéfini par

t(, . %‘5— ;I_& ol Qg , 9y sont les débite et Tt'-s 'T}_ gy lee températures génératrices des écoulements
¥ [4
aecondaire et primaire respectivement.
En soufflerie T . m Tiy . Onpose done W & 9s
is T q

la pression génératrice de 1'écoulement sccondaire —Pig est, ooit mesurée directement avec un tube
"pitot®, soit calculde & partir de la mesure d'une pression statique et du débit secondaire Qe

*
Quant aux poussées, elles sont rapportées systématiquement au groupement (’P(-:r AJ.) = q;— Ti.:r / 1%
mais nous n'entrerons pas ici dans la définition des différenta coefficients de poussée que 1l'on déduit des
meaures faites en soufflerie.

3 ~ MESURE SUR UNE TUYERE ETALON ~

3.1s - Introduction - ’

I1 est intéressant de pouvoir se prononcer sur la précision absolue des mesures réalisées en eoufflerie.
On utilise & cet effet une tuybre étalon de caractéristiques géométriques simples et dont le coefficient de
poussée peut &tre calculé par voie théoriques En procédant alors & des meeures directes sur cette tuydre avec
la balance de poussée, on peut effectuer un contrfle global de 1'installation de mesure en comparant les valeurs
expérimentales du coefficient de poussée aux valeurs calculées, i

Nous allons présenter cette tuydre, rappeler les étapes nécessaires pour évaluer théoriquement le coefficient
de poussée et présenter la technique expérimentale adoptée.

3.2, - Présentation de la tuybre étalon -

La tuydre étalon choisie est & symétrie de révolution. Son profil évolutif a été calculé par la méthode des
caractéristiques, & partir d'une

9 ligne de départ (L) de la région

, transsonique et appliquée & un gaz

parfait non visqueux de chaleurs

spéeifiques constantes

Ee/Cv = ¥= 4.4] ae fagon telle

que 1'écoulement dans le plan de

eortie soit uniforme et paralldle

& ll'axe de la tuyére, le nombre de

Mach étant dans ce plan égal a 2,

SN Dans la région du col, la méridienne
WA - . s €5t circulaire. SiR et h représentent
B B’ % respectivement le rayon de la méri-
diemne et le rayon géométrique du col,
Fig, 5 - Schéma de la tuydrs étalon - onaR/h =4, ;
343¢ ~ Calcul du coefficient de pousgée ~ 5 {

Nous appellerons confficient*de poussde interne absolu le rapport de la poussée interne absolue (dans le
vide) K eu groupement C’PU‘AT) égal, comme mous l'avons vu, a Ch["r._. Y« . Nous poserons :

'Fv

v . ,
e ("PL-: ﬂ:)* 'q\/;-;Jk : _ ,

(10) Kra

Caloulons ce coefficient.

3e3.1. - Coefficient de poussée en gaz calorifiquement parfait ( ¥ = 1,4) non visqueux -

Fo = . Pe +qVe
GP;;—A;) = "Pi-y QJ‘ x C_-ka_

Pe = pression statique uniforme dans le plan de sortie
; : 1 : '
QE=TR:= aire de sortie ; Py =T W~ = alre géométrique du col
q = débit masse

Vg = vitesse uniforme dans le plan de sortie
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En appelant ME la solution de 1'équation en M (astermination supersonique) 3

Tal Xl
A = (m) avee 2 (M) = (_g__)a(r-o 4 (4.» 1 Mq)"*sz(x-x
F\T C:pk ¥ E+1 ) M 2 .
3 =¥ .
et en posant W(M) = (4 ¥+ B=b M'L) un caleul simple montre que le coefficient KTﬁi_ peut 5'éerire 3.
[ Ko, = ¢(ME) ] avec +(M) = w‘(M)z(M)(a{_\.XM"-)

Dans motro cas ¢+ ¥ =1,4 et Mg =2 et 1'on trouve :

Ko, =123
(a2 parfait & ¥ = 1,4 sans viecositd)

3.3.2. =~ Coefficient de poussée en gaz calorifiquement parfait (% =1 ,4) et visqueux -

Il se développe, & la paroi de la tuydre, une couche limite dont les effets essentiels sont de réduire le
débit et d*altérer le nombre de Maoh moyen dens le plan de sortie.

Le coefficient de poussée KTn calculé plus haut doit subir, de ce fait,une correction que nous
allons précisers .

Considérons done la tuybre étalon que nous supposons alimentée en gaz parfait (Wp= §RV ; ¥W=1.4) nais
maintenant viequeux et soient Piy et Tiy la pression génératrice et la température génératrice de 1'écoule~
ment. La pousede dans le vide ¥, de le tuyére n'eet autre que 1'intégrale, dans le plan de sortie, de la
grandeur -p + §V* «(Nous supposons, malgré la présence de la couche limite, 1'écoulement paralldle & 1l'axe
dans le plan de sortie). :

Re
'
2
an Fy = f (preV?) Ty dy
o
!
En appelant maintenant Mg 1a valeur du nombre de Mach vérifiant

1) :
Z(M’E) = %E—:—TC“—RE% ol C:Ds = est le coefficient de réduction de dévit dfl & la visco-
MPry L5 ] ..
sité et ol 5‘2 est J'1'epea:i.s:‘seur:;ie déplacement de la couche limite dans le plan de eortie, la poussée?v stéerit

J H g RE z ]
F\r = “Pg He + . QV 2'“"5 d.g ) la pression pg , uniforme dans le plan de sortie, étant relide & la

pression génératrice “Ppy por : ¥ - «}j
! -1 o
4o ’ _ ¥t M2
E“Pi;- ._-'w(ME) ( nous rappelons que W(M) = [’H- TM ] ).

]
Soient Qe et Vg les valeurs de la densité et de la vitesse de 1'écoulement dans le plan de sortie de la

tuybre, & 1'extérieur de la couche limite : ces valeurs eont relides i 1'état générateur par 1'intermédiaire du
nombre de Nach ! " introduit ci-dessus. *

% iz By C.nkx C—"’b‘;—

Te débit q de la tuydre, égal 2 est aussi donné par :

1 U 0 VT:'.
(12) q = §e Ve (Re- 2wRS)

Compte tem de (12), 1'expreseion (11) prend, aprds quelques développements simples, la fome &

!

(13) Fo = e Pe +qVe - 2w Ry gEL” S v

2]
avec Sé): épaisseur de quantité de mouvement de la couche limite dans le plan de sortie.

Montrons maintenant, en reprenant le raisonnement proposé dans [7]) que la relation ci-dessus peut prendre
une forme simplifide.
. Considérons dans ce but une tuydre fictive, alimentée en gaz non visqueux, de mdme pression génératrice “Piy

et température génératrice Ty que la tuydre réelle, ayant la méme aire de eortie HE et traversée par le
néne débit q que la tuydre réelle,

Puisque, par hypothdse, ~P;x ;'T'i.:;- , 9 sont les mémes dans les deux tuydres, 1'aire aérodynamique
critique de la tuydre fictive o est donnde par

.S/ *
HJ’:@ = n:' CJ’\\‘:' C:’S:

"
Soit 'F\,- la poussée dans le vide de cette tuydre fictive alimentde en air non visqueux &

"

-F\,. = “P'é HE _\.qV;’

. " ; A
avec UPE/’PU' = '(D'(M e el = (M z) = s C: o
. wky oy




. Pormons la différence F,",. —-F;: :
[ " , V' 5—(17 VL " q "
'F»v"F'V..=,.'“PEQE+q e~ 2TRe O §. Ve —("PE E+qve>
Coms  q = ¢ Vg Ag
] “ [ v nog ' n 2, (X3
Fy~-Fp = Re [(“PE ~pe) + 9 Ve (Ve - VE)] — 2T Re Sé)g'e Ve
Or "P'E st ~P'E peuvent 8tre considérées comme les valeurs de la pression ds deux états voisins au cours

dtung détsnts isentropiqus & partir ds la pression génératrice Piy . State caractérisés par les nombrss de
Mach proches l'un ds ltautre My et Mg

' v
Ds méme pour Vg e+ Vg,

On peut donc éorire "P'E - vp'; = 5~pE
. Ve ~Ve = 8Ve
Or, lss rslations dH = TdS «+ d_J?’_ " (thermodynanique)

et H %«\,’:2,'.: .'\»C'Y"é:‘:‘_ (énsregie)
" Jomnsnt aveo dS = O L 1'-’:--3V§\/+&p =0
On a dono ) " @ 12
Far-Foy = = 2T Re S¢ gEVE
(14)
'
Lo coefficient ds poussée K’rm_ en air visqueux, égal par définition & F ss calouls alors
facilemsnt en utilisant (14). qﬁJ Y
On trouve, aprés quelques calculs trds eimples @
2 ()
g MY) — ¥w (ML) (ML) M) S
(1) (tuyérs';ée":l.le ¢( E) ( E) ( E) E -
air viequeux ¥ = 1,4)

% v
Nous rappelons que < = w = {4 42"‘6"M"> et que le nombre de Mach Mg est domné par
E‘(M"E) g As Le nombre de Mach n'a donc aucune eignification physiques
3'c

3’\§:Q.Zb ¥ . S(‘)
On voit ainsi qu'il est nécessaire, pour appliquer (15),de cornattre 1'épaisseur ds déplacement © ¢ au col
ds la tuydrs et 1'épaisseur de quantité de mouvement ;) dans le plan de sortie. Nous donnsrons une application
numérique plus loins

3¢3.3¢ = Corrsotion due & 1l'effet de compressibilité -

La loi = gR'T' doit &tre remplacée par la relation exacte :-p =% ¢ RT ol Z est 1s factsur de
compressibilitée Il en résulte en particulier, qu'au cours d'une détente isentropique par exemple, dss éoarts
apparaisssnt & la fois sur les débits, les poussées et les modes de détente par rapport aux lois ds 1'écoulement
ds 1'air supposé parfait et & ¥ =1,4s .

Ces écarts ont été calculéds pour le cas simplifié des détentes monodimensionnelles & partir ds tablee ther-
modynamiquss tenant compte de 1l'effet de compressibilité [8] pour des températuves génératrices aseez proches de
* 1'eambiants ( 0t & TMiy & 75°c) et des pressions génératrices s'élevant jusqu'd 50 atm snviron. Ces résultats
ont 4té reportés en [2]. Rappeions—en 1'essentiel s

Pour les débits mesurds par la méthode du col somique, 1'écart atteint presque 2 % pour T(J = 2088%K ot
L7 = 40 atm par exemple, comme on peut le constater en appliquant la relation donnant Cqp,, Que nous avons
rappelde au § 2.3, o

Pour les poussées, le mode de comparaison est le suivant : nous considérons deux tuydres géométriquement
identiquee, d'airs somique A, et d'aire de sortie A.

« La premitre est alimentée par un gaz parfait et 3 ¥ = 1,4, de mfme masse moléculaire que 1l'air, de pression
génératrics iy et température géndratrice Vi et nous calculons la poussée Ty et le débit @ par
les lois ds détente des écoulements monodimensionnels & ¥ = 1,4, Diolr s

(’F‘r/Q UT‘.’I )pag}eu.\’ ;8= L4
« La ssconde est alimentée en air réel, 2 la méme pression génératrice ~Piy et mlme températurs génératrice
T,-_;. « Lee tables thermodynamiquee 8] permettent alors de calculer de méme la grandeur
(Fr [ QVTS ) aie et
(Nous rappelons qu'il est fait abstraction des effets de Ja viscosité dans ce calcul).
On constate alors qus le rapport R/ QAVTir Jan et est, & température _r;_: invariable, une

4 Vie 3 ¥=h4h
fonction pratiquement linéaire de( vp;-? . L‘érflﬁgaé}m'ontr% nos résultats dans le cas partioulisr-ri: = 288°K

pour les trois types de tuydreAfR.= 1 ; 1,7 ; 3
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. (FVIQJA‘LV

1IQ:vJQ)n|.& Hemezaup ¢
On a supprimé, sur la
figure 6, le radical
4 _ VTiy qui figure au
mumérateur et au déno-
minateur du rapport
précédent puisque la
comparaison est faite
pour la méme valeur
0,995 _| e T .
vy
On voit ainsi sur la
figure 6 que, pour une
: tuyere A/A, =3, il
0.990_] 8.4 (Mg 24) existe un écart d'en-
viron 1 % enire 1es
A 2 coefficients de
E‘e, 1.7 (ME"_' '2) poussée pour VP‘.-I = 20 ahw.
A, Mg 2.6
0.985__1 g 3 3
f T T T onul
o) 40 20 30 Peg (otm)

Figs 6 -~ Bffet viriel sur la pousaée

3.3.4+ - Application mumérigue -

diamdtre du col = 37,40 mm

Les dimensions de la tuyére sont é diamdtre de la sortie = 48,5 m

Pour ces dimensions et les conditions génératrices que nous adoptons pour les essais de cette tuyere
(-‘pi_ ~ 1 atm, 1;-1' o 320°K), les épaisseurs caractéristiques de la couche limite, supposée turbulente,
sonts (0] e 4

S, = 0,05 mm {épaisseur de déplacement au col)

2
5‘6‘ = 0,13 mn (4paisseur de quantité de mouvement dans le plan de sortie).
Ces épaisseurs eont obtenues par intégration de 1'équation intégrale de von Karman en commengant 1'intégra-

tion en un point situé & 1'amont du col de la tuydre ol le nombre de Mach est égal & 0,3 et en suivant la méthode
proposde en [ 9]

toh Ggy =1 5,503 } c C_% o
. 3 » -
: Cyo =1 -1,40107 5 Bz

Ky

En appliquant la relation (15), on.trouve alors t

Krag = 1,415
¥ = 1,4
(couche limite turbulente)

La correction dleffet viriel est insignifiante dans le cas considéré. ici en raison du nivea: trés modéré de
la pression s elle est en effet égale & -0,3 % .

En résumé 3

Krny = 1,423 Ko = 1,415 . Ky =1,4m
(gaz parfait & ¥ =1,4 {gaz parfait & ¥ =1,4 - (air mbel
non visqueur) couche limite turbulente) Py =1 atm)

3e4e ~ Mesures expérimentales sur la tuydre étalon -

Ia tuydre étalon est vissde & l'extrdmité du canal primaire de la balance de poussées Elle est entourde
d'un carénage qui prolonge la canne de la balance, comme les arridre—corps présentés au § 2,1,, mais qui est
cylindrique. On procéde,comme pour les mesures Bur arri®re-corps, en deux temps 3 on évalue tout d'abord, en
1tabsence de jet, la trafnde exterme qui est ici une tratnée de frottement uniquements Cette trafnée est ensuite
déduite de la mesure effectuée avec jot & la poussée interne et le coefficient Y\‘Tn' en résultents

|5

Pour ce type de mesure, le débit qui circule dans la tuydre est égal & celui qui traverse, lors d'une mesure
courante, le moddle dfun arridre-corpse. On se place ainsi délibérément, pour les mesures de contr8le, dans des
conditions dessais identiques & celles adoptées pour les mesures sur arridre-corpss
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Afin de contr8ler les calculs de la couche limite, un sondage expérimental de la couche limite a été effeotud
dans le plan de sortie de la tuydre. Les résultats sont g

8(»)
€  expérimental = 0,37 mm
(z)
55 expé(z")imental = 0,12 m
H i ) E - 3'14

NG
€ ) . ~
Ces valeurs sont en excellent accord avec les valeurs calculdes en couche limite turbulente et qui sont 3
(i)

E = 0,41 mn
2
Sé) = 0,13 mm (couche limite turbulents)}alors que 1'accord me serait pas du tout Satisfaisant avec
" les valeurs calculées en coucho limite laminaire :
. =3
"
SE( = 0,23
@
S, = 0,04 (ecouche 1imite laminaire)
E ]
H =5,3 '

Les hypothéses retenues pour le calcul de la couche limite sont ainsi justifides,

I) serait fastidieux d'émmérer ici les diverses valeurs expérimentales du coefficient de poussée
de la tuydre étalon que nous avons vbtemues au cours des mesures répétées qui accompagnent toutes nos campagnes
dtessaje, Ces valeurs sont habituellement trds proches de la valeur théorique, 1'écart étant en géndral inférieur
2 0,7 . Elles permettent d'affirmer qu' aucune erreur grave n'est commise dans nos mesures ; elles permebtent
aussi d'améliorer, par recalage, la cohérence entre les diverses campagnes d'essais.

4 — MESURES EFFECTUEES SUR UN BANC AU POINT FIXE -

4.1. ~ Introduction -

Lo Centre d'essais de 1'O.N.E.R.A. & MODANE-AVRIEUX possdde, en service depuis 1967, un bane de poussée au
point five destiné & chiffrer les performances internes de tuydres de réacteurs & échelle réduite et & un ou
plusieurs flux. La simulation est obtenue, 14 encore, au moyen d'air comprimé froid. Les débits peuvent atteindre
20 kg/s et les taur de détente réalisables sont d'un nivesu identique 2 ceux de 1'avion de transport sunersonique
"CONCORDE", ('est & 1'étude des performances de poussée de cet avion qu'a &té consacrée jusqu'd naintenant cette
installation expérimentale.

Aprés avoir présenté trés bridvement 1'installation, nous donnerons quelques xésultats obtenus en monofliux
eur des convergents de formes variées, résultats qui peuvent servir de point de départ & 1'étude théorique ou
expérimentale de configurations de tuydres plus complexes. Nous présenterons enfin un exemple d'une recherche
d'optimisation interne d'une tuydre & deux flux.

4.2, = Deecription de 1'installation = . -

La figure 7, extraite de [10], montre 1'installation. La balance de poussée comporte un équipage mobile
euspendu élastiquement et bridé par un dynamomdtre trds rigide dont la capacité actuelle-est de 1 000 dall,

1. Dynamométre

2. Suspensions & iames élastiques
3 et 4 : Arrivées du débit primaire
5. Arrivée du débit secondaire

6. Bloc de distribution des flux

7. Membranes d'étanchéité

8. Chambre de tranquiilisation

9, Tuydre essayée (essal & bi-flux)
10, Plaque de garde

— 3 ] %

Fig, 7 ~ Bane de poussée au point fixe

Le systime propulsif étudié, 2 un ou deux flux, est fixé & cet &quipage mobile par 1'intermédiaire d'une
chambre de tranquillisation centrale pour 1'écoulement principal et » éventuellement, d'une chambre périphérique
pour 1'écoulement auxiliaire. .

et i B DU
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La chambre centrale a été largement dimensionnée : les conditions génératrices d'éjection de 1'écoule
primaire peuvent ainsi y 8tre définies avec préoision au moyen de thermocouples & Fil tendu pour la tempér.
génératrice Tiy et de prisee de pression statique & la paroi pour la pression génératrice Pey Cette
installation de mesure de poussée est donc simultanément un banc de striction,

L'air comprimé, prélevé sur des bouteilles & haute pression,alimente, aprés conditionnement thermique, un
réservoir tampon dans lequel pression et température sont maintenues constantes en cours d'essai. Aprés passage
dans des débitmétres A col sonique, l'air péndtre dans la balance de poussée normalement & 1'axe de mesure de
1teffort,

443 - Coofficient de striction de convergents coniques axisymétriques -

En reison de 1l'intérét pratique que présente 1'étude des convergents coniques axisymétriques, puisque ce
type de tuybre équipe habituellement les réacteurs d'avion, une série d'essais a été récemment effectude &
MODANE sur des convergents coniques (2 h , h) (voir figure 6) ot dont le 1/2 angle o a varié de 2° & 809,

v La figure 8, extraite
de [4), donne les résul-
tats de cette étude en
ce qui concerne le coef-
ficient de débit

" . o les valews
experimentalee sont rs—
présentées par des si-
gnes + , Toutes ces
mesures ont été réalisées
dans des conditions d'é-

4,00

998

0,96

par exemple, Bi ok = £0°,
le taux de détente cri-
tique ("choked pressure
ratio), est » 20]

Pour donnexr plus de
généralité & ces résul-
tats, nous avons caleulé
approximativement la
valeur de Cog pour
chaque tuydre, en inté-
grant, depuis un point

- situé bien & 1'amont,
088 ) 1téquation intégrale de
\ ¥ von Karman, Il en a ré-
eulté les valeurs de
\\ Cp\ représentdes par
[=1:1:] ] les signes ©@ o la
courbe en trait contim
qui joint ces points
. semble trés cohérente 3
v elle passe bien par le
1 ! 1 ] 1 | 1 | | Dk.k point [d = 0° ; G -“1]
o 10 20 30 40 50 60 To 80 90 “

Fige. 8 ~ Coefficient de striction de convergents coniques

092

0,90

4.4, ~ Influence du ftaux de contraction sur le coef- .QCDK

ficient de débit d'un convergent conique - 4,001

Les résultats de la figure 8 concernent des tu-
yeres convergentes coniques dont le taux de contrac—
tion est égal & 4. Qu'advient-il du coefficient de
débit d'un oonvergent conique quand le taux de
contraction varie ? C'est une question que veut ee 095
poserl'ingénieur qui doit caleuler la tuyére d'ua el i
réacteur. Nous avons donné en [4] une premidre ré-
ponse pour un convergent conique de 1/2 angle

Ak = 20°, Nous donnons sur la figure 9 une réponse
beaucoup plus géndrale s les résultats présentés sur
cette figure résultent de calculs en écoulerent plan
par la méthode de 1l'hodographe [ 11]. I1 apparaft que 090
le coefficient Cp, est d'zutant plus sensible au
coefficient de contraction que llangle o est plus
élevé, Ce résultat est logique. Dans le domaine d'u=

“/ﬁ
Moo

$ilité pratione pour un réacteur d'avion[o'éo( ' 7.5"; — - —— - —
Mot 0.6] le taux de contraction, que nous carac-

térisons sur la figure 9 par le nombre de Kach M. , ()37 - %9

ne joue pratiquement pas. Ces résultats mériteraient

d'8tre généralisés au cas de 1l'écoulement de révo-

lution. M
: S IR SO TR RS TV S - 2
0z 04 0 08 3,0

Fige 9 -~ Coefficient de débit C,pken éconlement plan
(méthode de 1'hodographe)
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4.5, = Coofficient de poussée do convergents coniques ~

Avant de donmer nos résultats expérimentaux, montrons que 1'on peut prévoir de fagon approchée, le coeffi=-
cient de poussée TA.d'\m convergent. .
L

Rappeldns & cet effet la relation (15)

” " " 'I2 cl)
Mo = P(MC) - s@(ME)Z(Mi)M, 2 S
air vi:qué‘vn RE
¥=Cle r
le nombre de Mach M g est donné par la solution (détermination supersonique) de 1'équation :

Z(my) = 5L
. Ay Cay Co,

Admettons que la relation (15) puisse 8tre appliquée au cas limite d'un convergent.

En ce cas AE == nx
pon Z(My) = 2

C:"S:r C:DK:
Or
O (!)
1 = .4 4_[ 4 ]4~ 08N 4 A 9 3o
= X = ————yr | — + e e N e— —
o, Ca, Cog Cp,, LA-2&a | o, ¢ WG, G %
Remarquant que $ , considérée comme uns fonction de . , vérifie j; =W ,

on g @

"y A 58
b(M" ) 4’(2:6:15'“) +28e w

Comme le nombre de Mach mipyen de 1'écoulement est proche de ltunité, on déduit pour kTA.-_
® @)
K = 4)(23-:.._4_.) -+ Z_S.Q__W(d)—xw(4),‘2 5S¢
Co, h h

air vi??uiéux
10}
s / (2)
©/&ec : -

(16) Heae = & (z’:A/CDk) + @) [4—(:"’ ][4 - _:4{2 ]

air visqueux
X = cte

Pour ¥ = 1,4 et une couche limite turbulente au ool ( H, =1,8), 1« relation (16) devient
(15:) Km\: — 4’(2'4/017“)"’ 0-42(4" Cibs)

¥ =1,4
vigcosité, turbulente

ou, en posant Hc

REMARQUE ~ Nous avons admie que la relation (15) est applicable au cas d'un convergents Rien ne le justifie
a priori puisque 1'hypoth®se qui a &té retenue pour établir (15), & savoir que la pression statique
est constante dans le plan de eortie de la tuyére, n'est manii 3tement pas respectée si ka &=
On peut montrer cependant, par un raisonnement tout & fait différent qui met en jeu le développement
limité[dei fonotions ¥ et wr (A+¥M?) autour de ¥ = 1, que la relation approchée (16) est
bonne | 12].

Examinons maintenant nos résultats expérimentaux -~

Les valeurs expérimentales brutes du coefficient de poussée dans le vide Km;_ont tout d'abord été ramendes
aux valeurs qu'auKraient prises ce coefficient si 1'air était un gaz parfait & ¥ = 1,4, Ces nouvelles valeurs
‘sont appelées .

it AL (1,4 :
; S .

L'écart entre KT“L et KTA;_ (¥=1, 4 ) eet ici appréciable.

Par exemple, pour & = 80°, la pression nécessaire pour atteindre le régime supercritique a été de 1'ordre
de 20 atm et 1'on a sk

KT“L (X_._.,l 4) = KTRL ( /‘ + 0.75 Z)
POU\" T"_ = 4 5°C

Les valeurs du coefficient K—rn;_ s"ramendes & ¥ = 1,47, ont été reportées sur la figure 10 deo la
page euivante, pour chaque convergent, en fonction du coefficient Cm
5 ¥y
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On a aussi tracé eur cette figure
la courbe KTR.‘_= 4’(2‘=\ en trait

continu épais, Si 1'on remarque que
le terme 0,12 (1—-Cpg) est tout &

A KTAL (¥=44) fait négligeable puisque 1-Cwpg est
Ay | de l'ordre de quelques milliémes, on
! peut juger la valeur de la relation
& Y approchée (16!) en comparent la courbe
. (z- C;p“) en trait continu épais et la courbe
132 | expérimentale en trait interrompu qui
joint au mieux les points expérimen—
taux,
4!“ - v ry
Ltapproximation est bonne pour
0,95¢ QDK &1 ou encore:
13 | O ¢ £ 25°
On a aussi tracé sur la figure, en
trait contim fin, la droite (D) qui
traduit la relation
423 | p
Wen o) =1 _ 53
A — Coxp
428 | . \ad
proposée dans [13].
-
Cette dernidre relation, non justi-
427 | fiée dans | 13], eet une bonne appro-
O T feeres ximation,
426 | |
| | | Cox
085 030 095 1
Fige 10 = Coefficient de poussée de convergents coniques.
446, - Exemple d'une étude d'optimisation internme d'une tuyére biflux -

Flux primoire

Krai( ¥y =14)

Divergent aval

(s
Flux secondoire 1 R

1384 _

BKmai 1%
Krai R —cT Ty
_1_. — s 0137 =
MR o
1723, - L .
4791 -
05 0fs . 025 035 045 055 Ay

Fige. 11 - Performance interne d'une tuydre biflux type "CONCORDE"

Influence du paramétre AX .

Pour terminer cet exposé, nous pré-
eentons enfin les résultats d'une étude
d'optimisation de la géométrie interne
d'une tuydre biflux. Cette &tude expéri-
mentale a été effectude, & la demande de
la SNECMA, sur le banc au point fixe de
MODANE. La tuydre biflux expérimentée,

" du type "CONCORDE", est présentée sur la

figure 11, Elle comportait des éléments
fixes s tuydre primaire, divergence (&)
et aire de sortie (F\Es du divergent

aval et des éléments variables s aire (AR)
de la section de reprise, distance (AX )
séparant celle-ci du plan de sortie de

1la tuydre primaire.

L'étude consistait & évaluer les va-
riations du coefficient de poussée K-rg;_
en fonction de AX , pour des valeurs
données du coefficient p= 3y5%

s L oV

ol dans le cas des essais ‘en gaz
froids) et du rapport Ps/Ps
(Ps , T pressions génératrices de 1'é-
coulement secondaire et primaire respec—
tivement). Les résultats présentés, sur
la figure 11 concernent le cas § /Q: 6%
et fournissent la synthése finale de
1'étude pour ce cas.

Ies § courbes en trait interrompu cor—
respordent & 5 valeurs différentes de la
section de reprise A'R et, par conséquent,
A 5 types de divergent.

Chacune de ces courbes a été obtenue
en translatant longitudinalement le diver-
gent correspondant ¢t en mesurant, pour
différentes valeurs de AX, le coefficient
de poussée YyaL (que 1'on a ramené
ensuite & ¥ = 1,4).
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On a ensuite superposé sur le réseau des courbes en trait interrompu, celui, en trait oontinu, des courbes
iso. Ps /Py . On peut alors tirer, de 1'cbservation de ce dernier réseau, ia conclusion euivante, valable pour

L=6%: '
La valeur optimale de AX dépend du niveau de B3/ Py . §'il y a intérét, pour les faibles valeurs de'% /Pa_ .
4 domner & AX des valeurs importantes, il faut inversement réduire AX pour les valeurs élevées de Ty /e -
k)

REMARQUE - Si 1'on tient compte de ce que représente, sur 1l'dchelle des ordonnées, une variation relative du
coefficient de poussée égale & 1 %, on voit qu'une grande précision des mesures était nécessaire
pour pouvoir définmir ce résean de synthise et donner les éléments d'appréciation suffisamment sfirs
au constructeurs

5 - CONCLUSION ~

Sels = les méthodes de mesure utilisées & 1'0.N.E.R.A. pour la détermination des performanoces d'un arridre-corps
ont été présentées et les dispositifs expérimentaux utilieds dans les centre de 1'0,N.E.R.A. & CHALATS-}EUDON
et & NODANE ont été déerits.

542, = Le contr8le de la validité dee mesures est obtenu en comparant les performances calculdes d'uno tuydre
étalon et les résultats obtenus expérimentalement. Pour ce faire, des coefficiente correcteurs prenant en compte
los effets de viscosité et de compressibilité de l'air utilisé dans les essais sont introduits. L'accord obtenu
sur les coefficients de poussée est en général meilleur qu'a 0,3 % pres.

5e¢3. = Des résultats de caloul ou de mesure de débits et de pousede de tuydres ont té présentds, ainsi qu'une
synthése partielle ooncernant les recherches d'optimisation au point fixe d'un arridre~corps de type "CONCORDEM,
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MOYENS ET EXEMPLES D'ESSAIS AU C.E, Pr.
par

Jean-Claude RIPOLL Ing, en Chef de 1'Armement et Jean-Bernard COCHETEUX Ing, de 1'Armement
Centre d'Essais des Propulseurs - SACLAY 91-ORSAY - FRANCE

RESUME, - Le C,E, Pr, est un Etablissement d'Etat qui participe au développement des mo-
teurs aéronautiques en mettant a la disposition des Industriels des moyens d'essais en vol simulé uni-
ques en Europe Continentale,

L'installation comprend principalement des machines de traitement de 1'air et des
gaz d'échappement mues soit par 1'électricité soit par la vapeur, un réseau complexe de conduites, 8
cellules d'essais de moteurs en vol simulé et 7 veines d'essais de sous ensembles, Les mesures sont
principalement assurées par un ordinateur central,

Parmi les nombreux types d'essais relatifs aux entrées d'air et aux tuyéres, on
donne a titre d'exemples des indications sur deux essais pour Concorde et sur les études couplées de
bruit et de poussée,

Premiére partie : Moyens d'essais

- 1, - Introduction, - Le C, E, Pr., a été créé et développé par les autorités étatiques chargées de l'ar-
mement aéronautique, Il dépend actuellement de la D, M, A, au sein du Ministére d'Etat chargé de
la Défense Nationale,

Sa mission comporte deux aspects essentiels :

- c'est le lieu des épreuves officielles d'homologation des moteurs aéronautiques
fabriqués en France,

- Il met 2 1a disposition des Industriels des moyens d'essals de recherches et de
développement constituant des investissements lourds dont le regroupement est
plus rentable,

Depuis plusieurs années des constructeurs étrangers y sont également venus réa-

liser des essais, dont certains pour la certification de leurs matériels,

Installé a 'origine dans 1l'enceinte d'un fort désaffecté qui contient toujours la plu-
part des banes d' essais au sol, le C, E, Pr, a rapidement débordé sur le plateau de Saclay pour éta-
blir les installations d'essais en vol simulé,en profitant de la présence des étangs, créés par Louis
X1V, qui constituent la " source froide " indispensable & l'ensemble des machines thermiques,

L'emplacement retenu apparaft aujourd'hui comme particuliérement favorable car
il se situe sur l'axe intellectuel du sud ouest parisien avec la proximité del'ONER A, du CEN,
des Universités {Orsay) et grandes Ecoles (Polytechnique, Centrale) et une liaison facile avec les
usines de la S, N. E, C, M, A, par les autoroutes en construction,

L'Etablissement compte aujourd'hui 1000 personnes dont :

350 pour les services administratifs et d'assistance technique

100 pour le Laboratoire d'essais sur les carburants et équipements

550 pour le service des essais de moteurs et les méthodes et mesures associées,

2, - Le vol simulé, - Le caractére spéceifique du C, E, Pr, réside essentiellement dans ses installations
de vol simulé qui sont uniques en Europe continentale, Ces moyens ont pu étre heureusement adap-
tés jusqu'a ce jour aux orientations successives de l'effort aéronautique : avénement du réacteur,
tendance vers le statoréacteur, développement des post-combustions, réacteurs évolués pour avions
supersoniques ; les moteurs 4 grand rapport de dilution posen un nouveau probléme d'investisse-
ments complémentaires,

Les essais en vol simulé sont surtout des essais de développement, qu'ils portent
sur des sous-ensembles ou sur des moteurs complets ; cependant la certification de nacelles com-
plétes en givrage et des épreuves d'endurance 4 grande vitesse sont la source d'une activité notable,

3.- Le Batiment B, - Le complexe principal, dit "B&timent B", s'étend actuellement sur 48 000 m2,
une extension de 5000 m2 étant en cours de réalisation, Schématiquement il s'agit de 2 halls ras-
semblant les caissons et veines d'essais, séparés par le hall des machines dans le prolongement
duguel se trouvent les chaufferies,

"En effet 1a plupart des compresseurs et extracteurs sont mus par des turbines a
vapeur qui autorisent plus de souplesse dans les régimes de fonctionnement, D'autre part 1'électri-
cité actionne quelques compresseurs et surtout les pompes qui puisent jusqu'id 50 000 m3/h dans
les étangs pour alimenter les réfrigérants disposés sur les circuits, Le tableau 1 rassemble les
caractéristiques générales des sources de puissance, Les graphiques du tableau II montrent 1'évo-
lution des consommations en électricité et en fuel lourd, carburant des chaufferies, correspondant
a 1'accroissement de la charge en essais,

Les machines de traitement de 1l'air et des gaz d'échappement sont connectées a
un réseau de tuyauteries qui dessert les bancs d'essais, Ce réseau comprend trois circuits, 1'un
d'extraction, les 2 autres d'alimentation, 1'un en air comprimé et chaud, 1'autre en air déprimé et
froid, De nombreuses liaisons entre ces circuits permettent toute sorte de combinaisons et de join-
dre pratiquement n'importe quel banc a n'importe quelle machine, Sur ces circuits se placent éga-

lement les réchauffeurs d'air, les échangeurs et les sécheurs fournissant aux machines 1'air condi-
tionné nécessaire, (tableau 1If),



Tableau I Sources de Puissance

Mode Installation Fluide Puissance
Vapeur
Chaufferie 1 24 bars 370 °C 360t /h
Chaufferie II 24 bars 300 °C 200t/ Surchauffeur & 370°C
Chaufferie IIT 62 b 490 °C 140 t/h ) en cours de réalisation
Chaufferie IV 62 b 490 °C 140 t/h ) mise en service 1973
Blectriclté | peseaunnT | 63kvi8%50Hz | 26 MW | Limite & $MW aux H, P, Hiver

Réseau M T 2 postes 63 15kV 2x20MVA | Puissance installée o~ 50 MVA

Chaleur

Fours RCy RCyj 3 bars 675° C 2x28MW .
Fours RC3RCy 3 5et25b 250°C | 2x11Mw | Combustion de fuel lourd
5:;:‘;11?15' Chateau d'eau | Industriel 1,5bar | 50000m3/hl Température variable"
Incendie 4,5 bars 2500 ma/h 4° C en hiver 30°C en été
Electricité Fuel lourd
103MWh g 103 tonnes
25 I, ! i 20
. 18,48 18,65 *+ 24,25
o=m— q\‘
/ \ /* 22,83
\’
/- 50,52 1A% —=018:99
20 / DA, W . 15
/ ~ 15,00
eIl f *9.34 = = = Fyel lourd
oN_ 1220/ /1 : : Electricité
13 oo\\\&ol/
\’7
16,56
15 10
1965 66 67 68 69 70 7 Années
Tableau 1II Consommations d'énergie
TABLEAU III DISPOSITIFS STATIQUES
Sécheurl Alumine activée 170t absorption 9t d'eau
N Air 100 kg/s entrée 100kPa 15°C point de rosée 10°C
SN sortie 98 35 - 22
Réchauffeurs‘ Pression maxi Débit Température
bars kg/s °C
RC1 7 50 140 4 675
RC 2 7 50 140 2 875
RC 3 16 20 160 & 675
RC 4 25 22 200 & 650
Réfrigérants| Alimentation en froid TS 8tours 2 saumure 80 kg/s
sous 90 kPa & - 10°C
Sortie des RCV 15 débit 1500 m3/h tubes d'air
Compresseurs RCN 35 d'leau  2000m3/h -"a
Circuits R S1 5000m3/h tubes d'eau
‘| d'extraction RN 2 4250 m3/h “u T
RN 6 4200 m3/h SR
Entrées RV 8 2100m3/h tubes d'air
d'extracteurs RV 15 800 m3/h LI
ER (6 appareils) 2400 m3/h -"-
BBO (3 appareils}) 2800 m3/h tubes d'eau
%ox"ties de Eg g 2500 m3/h tubes d'eau
Gk RLN 17 2599 mi/h Tns
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Le réseau de tuyauteries ne peut &tre représenté facilement sur une figure de
petites dimensions ; il fait 1'objet d'une planche en couleurs projetée qui est un diagramme fonc-
tionnel, le plan géographique étant sensiblement plus compliqué, Ce réseau construit pas & pas
est en permanente évolution et s'enrichit chaque année de branchements nouveaux qui en accrois-
sent la souplesse ; cependant 1'espace disponible se sature progressivement,

Les machines, - Les machines de traitement des gaz et de 1'air présentent également une grande
diversité de missions qui contribue notablement a élargir le domaine d'emploi de 1'installation,
Ainsi .

- le groupe G, P, O, peut fournir de 1'air comprimé a température reglable de + 30° 4 + 180°C mais
également de 1'air froid détendu grace A une turbine placée sur le m@me arbre,

- les deux chafnes ' Rateau " de trois extracteurs chacune peuvent &tre associées de différentes
manidres en parallele, ’

- lés groupes "' Verdon "' peuvent 2tre utilisés soit en extracteurs soit en compresseurs et peuvent
#tre connectés en série, '

- il en est de m@me des 2 compresseurs T A et de 2 des 4 compresseurs T B

- les éxtracteurs T B peuvent &tre mis en série avec les " Verdon " ou avec les " Rateau

- le groupe B, B, O peut fournir de 1'air haute pression (24 bars), de 1'air froid, ou servir d'ex-
tracteur i basse pression,

- dans sa configuration finale le nouveau groupe C A C B offrira la mise en parall2le en compres-
sion, en parallele ou série en extraction, de 1l'air haute pression (25 ou peut étre 40 bars), de
1'air froid & la pression ambiante,

Les performances obtenues de ces machines dont les caractéristiques sont
rappelées dans le tableau IV dépendent donc des combinaisons adoptées ; seules les principales
figurent sur les planches suivantes relatives aux valeurs ' machines " proprement dites,

1 : Compression 2 : Exiraction 3 : Production d'air froid
TABLEAU 1V CARACTERISTIQUES DES MACHINES
BBO BP Axial 16 étages - Haute Pression MP +HP
TMW MP Centrif, 5 étages Surchauffe par R C 4
Flectricité - Extraction BP + MP
Zoecirielle Turbine Axiale 2 étages
Détente - Air froid MD +HD +TD
7MW |HP Centrif, 5 étages a p?ressmn atmosphérique
GPO Compresseur Cent, 3 étages |- Air comprimé & température
AMW régulée
Turbine Détente AX. 4 ét. |_ aj. troid.détendu
TA 2 compresseurs axiaux " |- Compression 1 ou2 T A
25 MW 4 17 étages - Extraction lou2TA
TB 25 MW | 4 compresseurs axiaux - Compression 1 ou2 T B
4 17 étages - Extraction 1-2-3-4 T B
Vapeur V15 11 MW/ 3 compresseurs - Compression1_2_3 v 15
centrifuges 1 étage - Extraction
V8 6 MW 2 compresseurs - Compression lou2Vs
centrifuges 1 étage - Extraction
ER sMw!BP centrif, 2 étages - EB:%racI:v}ign Sﬁl%enﬁ/?rg-‘-ﬂp
- + - +
Nord M P centrif, 2 étages IERtMP - BEtME
1,L7MW; HP centrif, 2 étages - MP en parallele avec HP
S}?ch{ Meme définition et mémes possibilités que ER Nord,
Mises en série possibles TB—> V15 ou V8 TB—= ER
V15 ———— V3§ V15— ER
En construction : C A 25 MW 2 compresseurs Mémes utilisations
(fin 1973) CB 25 MW 4 compresseurs que TAetTB &
Autre possibilité ¢ extraction 4 CB—=1 CA
Ultérieurement :  haute pression, turbine de détente,

Les pertes de charge dans les conduits, la recompression dans les éjecteurs
et les limitations en vitesse dans les tuyauteries font que chaque cas particulier doit 2tre examiné
attentivement 2 partir de ces données de base, Nous avons également fait figurer sur ces diagram-
mes les possibilités supplémentaires qui seront cffertes par le nouveau groupe CA-CB de 2x25MW
qui entrera en service a la fin de 1973,
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5. - Les veines d'essais, - Ces installations ont pour mission les essals de sous-ensembles :

~ compresseurs aux banes Cj et C3; le montage en caisson et le raccordement au systéme d'air
conditionné permet de faire varier largement le nombre de Reynolds et d'obtenir des vitesses
équivalentes élevées,

- chambres de combustion aux banes K3, K6, K7etL 2

~ turbines aux bancs TU et K5

~ canaux de post-combustion au banc R 4

- tuydres de dimensions réduites au banc K5 ° .

Les possibilités de ces veines sont résumées dans le tableau V,

TABLEAU V C.E.Pr. Veines d'essais
Compresseury Puissance | Vitesse de rotation| Limites |
Admission :
11 MW | §00 a 18000 Pression 5 4 105 kPa (LRGN e
C2 | Turbine & un seul sens Température -50°a+ 50°C | Echappement double flux
vapeur . Echappement
(ho;alrivt\; de Débits primaire 40 kg/s
amon réduits secondaire 120kg/s
Admission
cl1 11 000 tr/mn Pression 5 & 120 kPa Caisson (3,2 m
1000 kW deux sens Température -50°4 +80°C Motorisation en cours de
Echappement réalisation
Débit réduit 40 kg/s
Combustion | Débit normalisé | Alimentation Echappement
maximal Pression Température Diameétre Pression Température Diametre
K 3 50 kg/s 7b -50 a570°C 900 mm 1,5b 800° C 2000 mm,
Ié 2 25 kg/s 25b 502600°C 500mm | 25b 650°C 1000 mm,
Turbines iPuissance i Vitesse de rotation Limites
1 ]
TU 11 MW 1000 2 12 000 tr/mn Alimentation 4,5 bars 350° C
Débit standard 65 kg/s Echappement 800° C
5,5 MW 25 000 tr/mn En cours de réalisation .
P.C, i Dimensions |I Débit li Limites ] Carburant
I
'Calsson @ 3,7 m.l normalisé¢ ! Entrée|Sortie | Normal 27 m3/h 80b
R 4 |Admiss1on (251 2m, | maximal | Pression kPa | 650 150 Chaud ~300°C
| Echappement @1, 5ml 90 kg/s | Température [350°C |600°C ’ 5m3h 80b

6. - Les caissons d'essais, - Ces caissons se prétent 4 tous les essais aérodynamiques et aux essais
de moteurs complets en veine forcée ou en jet libre, La planche 4 compare les caractéristiques
générales des 7 caissons du C, E, Pr. Nous allons examinrer plus particulidrement les caissons R5
et R 6 qui ne différent que par la température maximale d'entrée, On remarquera que la valeur de
675°C fournie par les fours permet de simuler exactement Mach = 4,1 & Z = 23 km; en effet ces
caissons ont d'abord été destinés A des essais de statoréacteurs,

Le domaine de simulation effectivement accessible dépend de nombreux
facteurs attachés tant aux machines de traitement qu'aux tuyauteries et au caisson, Le point de vue
industriel se traduit par un diagramme débit-pression (planche 5) et celui des essais par des dia-
grammes Nombre de Mach, Altitude (planches 6 et 7). l.orsque la pression génératrice est voisine
de l'ambiante les configurations peuvent etre trés variables, c¢'est pourquoi leslirnitations repré-
sentées dans ces régions ne doivent pas &tre prises au sens strict,

Le banc R5 est équipé pour les essais "chauds', Le banc R 6 est équipé
d'une installation de production de nuages givrants capable de traiter d'assez gros moteurs (plan-
che 8),

Mesures, ~ 1l en sera plus amplement question dans la seconde partie, Le diagramme
de la planche 9 montre 1'organisation générale du central numérique dont les services ont considé-
rablement modifié et amélioré les méthodes d'essais, Les programmes particuliers permettent
outre le relevé des points stabilisés 1'enregistrement des transitoires (essais de fusées) et 1'analy- -
se des vibrations acoustiques,
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Planche 4 CAISSONS Débit max,; Dimensions A.dmission Echappement Poussée Equipement_s
———— Standard ® x long Pression Température Température (1971) spéciaux
R1 160 3,5 x 16 120 kPa 200° C 750° C 10000 da N Pluie artificielle
_-__II . 1200° intermittent veine 600 x 600 mm?2
R 2 135 3,5x 16 120 kPa 200° C 750° C Givrage
> 0000 daN
1200° intermittent 10000 92 (grille ¢ 1150 mm)
E L _ 9 S1 100 3,5x15,5 700 kPa 350° C 800° C 5 000 da N Tuyére supersonique
| | 1200°C intermittent Extraction latérale
R 3 135 3,7x18,4 | 200 kPa 200° C 800° C
-6 l 1300° Cintermittent |20 000 42 N
1 _ ’ R4 13 1 00 kP
B R tooso aux MmEe
1300° C intermittent P
° ° -
RS 315 5,0 x 30 650 kPa 700° C 1800. [o} 30 000 da N Admission haute
pré-réfrigérant température
] T Extraction latérale
‘6 - " - — R 6 315 5,0 x 30 700 kPa 380° C 1800° C 30 000 da N Tuyére supersonique
| pré-réfrigérant Extraction latérale
Givrage
( grille ¢ 2000 mm )

1975 2

Projet de caisson pour moteurs & grands rapports de dilution et turbopropulseurs avec hélices

en vol simulé,

Equipement de certification ( givrage, pluie )
Capable de la totalité des moyens d'extraction du C, E, Pr,

N. B.

Balance latérale 3000 da N adaptable i tout banc,

L-9
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Circuit no 1
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MOYENS ET EXEMPLES D'ESSAIS AU C.E.Pr.
Planche ©

Organisation des Mesures et de leur Traitemoent

"BANCS R
oRESS! —_—— = LIGNES CENTRAL STOCKAGE
EIOND SCANNING 12 ) DEFINITIF PAR
22 MESURES VALVE MAXI 1 1
2 REFERENCES : NOMBRE DE BANCS RELIES FIN 1871: 15 ESSAl
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Deuxidme partie : exemples d'essais
1, - Essai de turboréacteur en veine forcée Olympus 593 au banc R5.

1,1, - Montage d'essai. - Ce montage est orienté vers l'obtention d'une mesure précise des per-
formances, la figure 1 en donne le principe,
Les dimensions du compartiment de tranquillisation assurent une vitesse de 1'ordre de 10 m/s
favorable au fonctionnement du pavillon, a la mesure de la pression génératrice et a la protec~
tion du moteur en cas de rupture du filtre, Lie débit d'air est calculable gréce A un étalonnage soi-
gné du pavillon qui est identique & ceux des bancs de sol,
La bascule de mesure d'effort d'un type habituel au C. E, Pr., comporte un plateau reposant sur
des lames élastiques, Le dynamometre 4 jauges d'une grande raideur peut travailler en traction
et en compression (suppression du systdme de précharge) : ceci garantit la fidelité de la mesure,
La cellule, dont la gamme est adaptée A la poussée du.réacteur, est placée dans un caisson iso-
therme non étanche ; la chaine de mesure est réétalonnée régulidrement ; de plus un vérin et une
cellule secondaire permettent de vérifier que la mise en place du moteur n'altére pas 1'étalonnage
et de contrdler la chaine de mesure avant chaque séance d'essai, Au cours d'un point de mesures
1'indication de la cellule est relevée 24 fois et moyennée ; grice A ces précautions 1'effort est
mesuré avec une incertitude inférieure & 1 pour mille de la pleine gamme,
Le pavillon d'aspiration n'est pas 1ié mécaniquement au moteur. Le dispositif d'étanchéité com-
porte un joint torique coulissant et gonflable et un labyrinthe pressurisé ; le joint, maintenu sous
une différence de pressions trés faible n'est gonflé qu'au moment du relevé de mesures ce qui
lui évite toute déformation, Le montage permet également 1'utilisation de grilles d'obstacles de
distorsion,
La tuyere divergente est alimentée en air secondaire A partir du compartiment amont ; le débit
régulé est mesuré, Le montage, spécifique de 1'Olympus, a été congu pour ne pas perturber la
mesure de poussée, .

1. 2, - Mesures, - Le systéme d'acquisition automatique des données permet d'enregistrer
plus de 300 paramatres en 6 secondes, Ceci améliore la précision grace a la multiplication des
mesures permettant de tenir compte d'effets secondaires, et au multiplexage des parametres pri-
mordiaux, Un contrdle permanent et instantané de la chaine de mesures est rendu possible par le
calcul en temps réel. Enfin 1'acquisition automatique réduit de 50 % la durée des essais par rap-
port au relevé manuel,

1. 3, - Essais effectués, - La majeure partie des 300 heures d'essais effectuées sur Olympus au
R 5 a porté sur 1'étude des performances de la tuyere de propulsion., Cette étude pose un probléme
aigu de précision des mesures; elle ne peut se faire en effet que par comparaison de deux essais
effectués, 1'un avec une tuy2re simplement convergente, 1'autre avec la tuyere comple*s,

La qualité des résultats peut se juger sur la figure 2 : la dispersion sur le coeffcient de poussée
d'une tuy2re convergente de 1'Olympus est de 1'ordre de * 2 %, Ce résultat est d'autant plus re-
marquable que ce coefficient est fonction non geulement de la poussée mesurée, mais aussi des
débits d'air et de carburant du moteur,

2, - Essai en jet libre : Maquette motorisée du fuseau moteur double du Concorde au R 6.

2.1, - But de 1'essali, - L'essai étalt destiné & 1'étude des intéractions entre les deux unités
d'un méme fuseau : Intéractions liées au fonctionnement interne de chaque entrée d'air ou de cha-
que moteur ou résultant d'un phénomene externe (vol dérapé, rafale latérale etc,,.).

L'essai 4 échelle grandeur, souhaitable pour ce type d'essais, était incompatible avec les possi-
bilités du C. E, Pr, L'échelle 1/3 rendait 1'essai possible et avait le mérite de combler un vide
entre les essais aérodynamiques au dixidme et 1'essal & échelle grandeur sur entrée d'air moto-
risée simple au NG T E,

Pour confirmer les essais a petite échelle et apporter des enseig. 2ments 4 1'essai du NG T E,
il était donc demandé au C, E, Pr. une caractérisation de la maquette de M=1,6 a4 M= 2,3, Le
maitre d'oeuvre de 1'essai était Nord-Aviation constructeur de la maquette,

2. 2. - Description de 1a maquette (figure 3). - Le moteur de simulation devait avoir un débit surfacique
aussi proche que possible de celui de 1'Olympus et pouvoir fonctionner a 390°K, température gé-
nératrice minimale pour simuler M = 2, 3 sans choc de condensation avec les sécheurs du C.EPr,
Seul le G, E. CJ 610 remplit la deuxidme condition dans la gamme des moteurs de 20 kg/s de
débit d'air, .

Meame en fonctionnant A une température inférieure de 50° & la température I S A, le CJ 610 a un
débit surfacique trop faible de 11 % d'o la nécessité de prolonger légerement le divergent de la
manche, Le C J 610 pouvait 2tre équipé d'un obstructeur de tuyére destiné a le sensibiliser au
pompage,

L'échelle exacte de la maquette, fixée par le choix du moteur est de 1/3, 06, Chaque entrée d'air
peut &tre équipée soit du C J 610, soit d'un obstructeur variable (3 configurations d'essais possi-
bles). Les préldvements d'air inférieurs (Dunp door, échangeur) sont mesurés par des venturi,
Le débit de prél2dvement des rampes est régulé par deux vannes indépendantes simulant la tuyere
moteur et le volet de décharge ' Spill ', Les éléments mobiles de la maquette peuvent &tre réglés
manuellement ou commandés par la régulation,

2.3, - Montage d'essai (figure 4), - Le montage d'essai devait assurer un écoulement cylindrique et
sain & 1'entrée de la maquette (1,6 < M < 2, 3) et la simulation du dérapage (amplitude ¥ 50, vi-
tesse allant jusqu'a 5°/s ), éviter toute intéraotion entre le systdme d'onde de chocs de la maquet-
te et 1a tuyere, permetire une visualisation par ombroscopie, et alléger au maximum la charge
des extracteurs,
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Deux expérimentations furent réalisées pour définir le montage d'essai. L'uneal' ONER A
pour étudier deux configurations d'essai (jet libre ou veine guidée) 1'autre au banc A 10 du CE Pr,
sur un ensemble & 1'échelle 1/10 du montage du R 6.

La tuydre de Mach est bidimensionnelle ; ses parois latérales et supérieures sont fixes (cette
derniére se continue par le plancher de la maquette simulant l'intrados) alors que le profil évo-
lutif inférieur peut pivoter permettant une variation en essai du nombre de Mach de 0,2 par minu-
te, Deux profils assurent 1a couverture de la gamme de nombre de Mach,

Le dérapage est obtenu par rotation de la tuyére autour d'un axe vertical ; 1'amplitude est de tge
avec deux vitesses de variation {5°/s et 4'/s),

Le tableau ci-dessous donne le débit de la tuyére pour les conditions Pjo = 100 kPa, Tip= 390°K

M 1,6 11,7 '1,8 11,9 2 12,1 |22 | 2.3
Dé¢bit tuyere 110,4 l104,8 j99,3 | 93,6 187,8 182,2 76,9 | 71,1
kg/s
Débﬁ‘g};‘aq“e”e 40,7 138 135,83 | 32,7 130,1127,6 125,4 | 23,2
. Débit tuyere N i
Dentt momomette | 272 2,7b= 2, 81 2,87I 2,922,907 | 3,02 3,06

La sortie de la tuyére est biseautée afin de permetire la visualisation par ombroscopie,

Le diffuseur destiné A augmenter la pression du compartiment C est réglable en position. Son
efficacité est améliorée en extrayant dans le compartiment B une faible partie (1 %) du débit de
la tuyére (extraction de couche limite). Ceci assure également un écoulement cylindrique,

Pour M = 2 le rapport entre pression génératrice et pression d'extraction principale est de 3, 8.
L'extraction du débit de prélévement des rampes (piége & couche limite) est assurée par une
trompe & air fonctionnant entre les compartiments A et C. En effet, en régime fortement super-
critique ; la pression du pidge peut &tre inférieure a la pression du compartiment C,

2.4, - Mesures et dépouillements, ~ La maquette est équipée de trés nombreuses prises de pression
et en particulier d'un peigne tournant &4 quatre bras situé i l'entrée de chaque moteur et compor-
tant une vingtaine de prises de pression totale et s*atique ainsi que ¢4 sondes directionnelles
(clinometre) permettant la mesure des vitesses radiale et circonférentielle en deux rayons,

Au total plus de 200 pressions étaient & mesurer.

En régime stabilisé deux types de manometre ont été utilisés : appareil "Belin'' (multimanome-

tre aliquide avec lecture par cellule photoélectrique et impression sur bande perforée) ; appareil

"Scanivalve' avec impression sur bande perforée au début de l'essai, puis avec acquisition auto-

matique, .

En régime transitoire les indications des capteurs de pression C E C et ON E R A (fréquence de

résonnance respective § et 8 KHz) étaient enregistrées sur enregistreur photographique a gran-

de bande passante et sur enregistreur magnétique fonctionnant en modulation de fréquence,

L'enregistreur magnétique s'est révélé tres utile pour l'étude des fluctuations de pression &

I'entrée d'un moteur en permettant les opérations suivantes :

- restitution graphique des signaux onregistrés avec utilisation de filtres passe-bas (50Hz et
200 Hz ) ou non,

- Analyse spectrale par tiers d'octave & l'aide d'analyseur Bruel et Kjoer de la chaine d'analyse
de bruit de la chambre anéchoifque du C, E, Pr, pour des fréquences de 5 Hz & 50 Hz, 20Hz &
200 Hz, 50 Hz & 2000 Hz. Pour ces opérations la vitesse de lecture de la bande était quatre fois
supérieure & la vitesse d'enregistrement (38 cm/s). (voir exemple figure 5),

- Analyse au pas de 1 Hz par densimétre spectral de Nord-Aviation,

2, 5, - Essais effectués, - Les essais se sont déroulés de juillet 65 A& octobre 68 ; au total plus
de 300 heures de fonctionnement ont été réalisées,
Les essais ont principalement porté sur les points suivants :
- caractérisation de 1'entrée d'air
- Etude des parametres de régulation
- Etude et optimisation de différents types de régulation
- Etude de 1l'influence du dérapage sur le pompage du moteur
- Etude de 1'influence du pompage d'une entrée d'air sur 1'autre
- Etude de 1'influence du pompage d'un moteur sur 1'autre entrée d'air
- Analyse des fluctuations de pression & l'entrée du moteur en fonction du dérapage.

3. - Essai de caractérisation d'un silencieux de tuyére, - La chambre anéchofque A 17 et le banc
de poussée A 04 du C. E. Pr, qui peuvent admettre des maquettes de tuyére de mémes dimensions,
permettent au constructeur de réaliser de meilleur compromis entre le gain acoustique et la perte
d'un silencieux de tuyére,

3.1, - Le banc A 04 {figure §) permet d'évaluer les performances de tuyéres & simple ou double
flux d'un débit maximal de 2,5 kg/s & des rapports de détente allant jusqu'a 16, La tuyére est
fixée sur un canal cylindrique & deux parois supporté par des lames élastiques et limité en dé-
placement par une cellule & jauges,
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Figure 3 HCHEMA DE LA MAGUETTE
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Les deux débits d'air sont mesurés par des cols soniques ; leur alimentation ce fait radialement
et sans aucun contact mécanique avec le canal : les fuites des labyrinthes de 1'ordre de 5%, du
débit réel (jeu trés faible 0, 04 mm avec détection électrique de contact accidentel) sont périodi-
quement é&talonnées, La bascule est étalonnée en statique avant chaque campagne par un systéme
de pesons, L'ensemble de la chafne de mesure est contrdlé avant chaque séance par une tuyere
étalon, Une installation de strioscopie compléte la connaissance aérodynamique du jet,

Pendant 1'essai les conditions génératrices sont maintenues constantes, le taux de détente est
réglé par la pression du compartiment d'essai, Les mesures et dépoulllements entiérement au-
tomathues permettent d'obtenir trés rapidement les coefficients de poussée ( T 2 %, ) et de débit
(% 1 %,) delatuyére avec et sans silencieux,

3. 2. - Essal de performances acoustiques, - La chambre anéchofque A 17 a été spécialement

congue pour 1'étude des bruits de jet, Il s'agit d'une chambre de 630 m3 ( figure 7 ) flottant a
I'intérieur d'un premier local et reliée a un canal de dilution et 4 un conduit d'échappement des
gaz, Elle peut recevoir des tuyéres a simple ou double flux d'un d&bit maximal de 7,5 kg/s. La
température génératrice maximale de 1350 °K est obtenue grice a une chambre de combustion
double au propane,

L3 encore le processus d'acquisition et de traitement des données est entierement automatique :
1'ordinateur suit le déplacement du microphone et commande 'acquisition, .

Une table tragante permet d'obtenir en temps réel le tracé correspondant au programme d'ac-
quisition choisi au début du point, Un de ces programmes d'acquisition donne directement les
niveaux de bruit moteur évalués en PNdB ou EPNJAB et, griace & un analyseur spectral au
1/3 d'octave (200 £ f £ 100, 000 Hz ) les caractéristiques du spectre acoustique & 1'angle
d'émission sonore maximale,

La chaifne de mesure est périodiquement réétalonnée a l'aide d'un générateur de bruit blanc
parfaitement connu,

Figure 7
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MEASUREMENT FULL-SCALE (F PROPELLING NOZZLE
PERFORMANCE IN AN ALTITUDE TEST FACILITY

by

J C Ascough

National Gae Turbine Establishment, Pyestock
Farnborough, Hampshire, England

SIMMARY

The Paper desoribee full-ecale thrust-performance tests made in
an altitude teet cell at NCTE on a prototype two-etream propelling nozzls
fitted to a turbojet engine installed within a eimulated aircraft nacelle.
The teets were made at oonditions repreeenting flight at Mach 2 at 20 km
gltitude.

Nozzle thrust efficienoy obtained from these full scale tsets is
compared with that from a 1/10 ecale model teet rig. The preliminary
anglyeie gave unerpectedly low full-soale effioiencies and, to investigate
thie, epecial tesis were made with the secondary part of the nozzls
removeds As a result of theee primary nozzle teete, corrections were made
to eecondary nozzle teet pointe giving eatisfaotory sgreement between full-
eoale and model.




11sT OF SYIBOLS
(Notex strict 8.I. units can be applied to every Eg. in this Paper)

A ares .
Cp - discharge coefficient
[Inf.Coef influence coefficient
KCA model test epecific thrust
Ky ratio of effective to observed flow in the Jet pipe = (WJ‘/E'E)effec /We Ty calc
M Maoh number : '
P total preasure
P statio pressure
T total temperature
v velooity
w maes flow rate
x distance between primary and secondary nozzle throats
X4 a gensral measurement
Xg gauge stream thrust (vhen this refers to a nozzle exit plane, it is usually called "the gross
thruet") :
Xon absolute stream thrust
Xpy, pre-load
Xy, load on the thrust meter
¥y & performance result (= "]XG)
Ay leakage maee flow rate
e gange thrust efficiency (sometimes called nF)
TXGA absolute thrust efficiency (sometimes called T]s)
u mase flow ratio = Wg./Tg /WJ NGt
2 standard deviation ]
Suffices which indiocate location
b nozzle base '
B bleed flow exit
& cell envirorment
B exit plane of secondary nozzle
J primary nozzle throat
S gecondary nozzle throat
SJ glip joint
6 turbine exit
Other suffioces
calc ogloulation, not direct measurement
oon convergent’ nozzle i.e. isentropic expaneion limited to M € 1
cor oorrected for leakage
effec effective, i.e. relating the observed full soale convergent nozzle thrust to model teet
performance
I internal, i.e. does not include external effects
isen isentropic value

J is B, isentropic expansion from Py to Fg
meas measured by conventional test frame methods using readings external to the nozzle
model model test value )

u meaeured flow, i.e. assuming no leaks
X nozzle flow, after leaks have taken place
ref reference instrumentation measurement

BisP, isentropic expansion from Pg to P,
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1. INTRCDUCTION

In the interests of economy, most propelling nozzle research is carried out on scale models. But
some questions can only be answered by tests on the full-scale engine and nozzle under flight conditions
in an altitude test cell. One needs to know the effects of temperature and pressure profiles, of heat
transfer, the effects of scale per se, and one must always expect the unexpected to turn up with the real
hardware. Again in the interests of economy, it is the custom to fit full-scale performance tests into a
programme of other features such as endurance tests, icing tests, re-lighting tests etc. And so it was
that the opportunity arose to carry out some full-scale performance tests on a prototype two-stream nozzle
with a turbojet engine installed within a simulated aircraft nacelle (SAN) in Cell 3 of the NGTE Engine
Test Facility, for which the main test object was the investigation of heat transfer environmment prior to
aircraft flight tests.

In the present Paper, an account is given of these performance tests, with an analysis which con-
centrates on the efficiency of the nozzle, comparing the full-scale results with those obtained on a 1/10
scale model test rig.

2. COMPARTSON BETWEEN FULL SCALE AND MODEL SCALE TEST ARRANGEMENTS
2.1 FULL SCALE TEST ARRANGEMENT

An impression of the arrangement is shown in Figure 4. The engine and primary nozzle are fitted
inside the SAN which is mounted on the floating test frame. Dry air, at the correct conditions of gimula-
ted flight (in this case M = 2 at 20 km altitude) is supplied to the engine through an inlet slip joint,
having passed through the Cell 3 airflow meter. Secondary air is taken from the upstream plemum chamber
and supplied to the SAN through four pipes with separate orifice plate air meters and separate slip joints.
Unlike the model nozzle test rig, the inlet atream forces in Cell 3 are not zero, in fact they are of the
same order of magnitude as that of powerplant gross thrust. The thrust equations are described in
Section 3.

Details of the full scale prototype two-stream nozzle are shown in Figure 2. The jet pipe commences
at the turbine exit annulus (englne station '6' where the instrumentation rakes are situated to measure
B Des T,). Within the jet pipe is the reheat flame holder. A varisble primary nozzle of ares Ay is
fitted at the end of the jet pipe. For the first analysis of nozzle performance, it was assumed that the
mass flow through the primary nozzle was equal to that at station '6' (i.e. no leaks). This primary flow
is denoted W4 but it is based upon the cell air meter measurement. The primary nozzle temperature
Ts(calc is based upon measured engine inlet temperature Ti together with temperature rise due to combus-
tion of  engine fuel flow, assuming manufacturer's data for combustion efficiency. Compressor work is
balanced against turbine work (with small adjustments for air bleeds).

The secondary nozzle has a fixed throat of area Ag positioned an axial distance x away from the
primary throat. Thrust-reverser buckets, positioned just ahead of the secondary nozzle throast, were locked
open. throughout the tests. Downstream of the secondary throat, the first part of the divergence is fixed
but the second part cousists of hinged flaps which are free to vary.

Extensive instrumentation was fitted at many stations within the secondary amnulus and nozzle,
Indeed, one object of the Cell 3 teets was to evaluate alternative sites for secondary pressure and temp-
erature measurement. But for the present Report, the total pressure Py and’ temperature Tg is taken to be
that which was measured just shead of the primary nozzle exit. The secondary mass flow Vg was given by the
total flow measured at the four secondary inlet orifice plates.

2.2 MODEL SCALE TEST ARRANGEMENT

Yodel two-gtream nozzles at 1/10 scale have been tested at NGTE on the rig depicted in Figure 3.
A full discussion is given in Reference 1. 3Briefly, the model nozzle under teet is mounted inside a
depression box on the end of a pipe which is supported by air bhearings. Dry air is supplied radislly to
the pipe inlet so that there is zero inlet stream force. Hence the measured groes gauge thrust of the
test nozzle is simply:-

Xemodel = ZXmeter * Apieton (Proom - Pb) + Xinlet box lesks * Xdepression box leaks sens()

Details of the model two-stream nozzle with its immediate upstream supply are shown in Figure 4. Different
test arrangements could be built up of the secondary throat area Ag and for the axial distance x between
primary and secondary throats. These geometric parameters are expressed non-dimensionally as AS/A] and

by

Variable fluid parameters are W= (Wg/Tg)/(¥7/T7); Ps/Py; and APR = Py/Pp. In fact, the parameter
B is equal to Ws/WJ because Tg = Tg(=300K). The primary flow (WJ/TJ) ie given by Poar/Prer making use of
a previous calibration with a standard convergent nozzle. The secondary flow Wg is given by a British
Standard orifice plate as shown in Figure 3. N

For the model nozzle tests, the geometry was known very accurately while very uniform fluid condi-
tions were measured as accurately as required.

3. " THE SAN THRUST EQUATIONS IN CELL 3

The distribution of the various components in force is shown in Figure 5. The object of the Cell 3
tests is to evalunate the internal gross gauge thrust Xgr of the two-stream nozzle from readings of the
thrust meters, after allowing for all the other forces at play. Xy, is the load on the main thrust meter
while Xp1, is the pre-load which is sometimes applied to prevent X, from becoming negative.

At the main engine inlet slip joint, and also at each of the four secondary slip joints, there is a
Gauge Stream Force of the form:-

Xesa() = W) V(1) *+ A) (1) - o) ceen(2)
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and 6o, adding up the five elip Jointe we gbett-'

;xw(i) (3

Agaln, there are three overboard bleeds from the engine which diecharged rearwarde to produoce a little
extra thrust of the formi-

%) = ) V@) * M) () - %) vees(4)
and eo, adding up the three bleeds we geti- :
o - S e R
Finally, accounting for all the forcee in F;":;Lu'e 5 we geti- '
‘ XoImeas = (X1 - Xpr) + Xgsy - XoB . N ()

»nle efficiency, we need to oalculate the leentropic gauge
-7 £low, with both flowe completely expanded to oell preeeure
—Ao leake, we have:-

Now, before we oan evaluate the dwon-str
thrust of the primary flow ang m:izflie.
Poe Thus, for the primary flow We, aseumiuy

v
XgJiePe = Wg/Tscalo (’ﬁ) = Ve VyiePo ceee(T)
. JisPo . .

and for the eecondary flow, aesuming no leaks, we have:-

A4

Xgsiere = Wg/Ig ﬁ) = Wy Vgiero eeee(B)
SisPo

Hence the gauge thrust efficiency ile:-

x(‘xlmea.s . .
Nyn = vees
X& 7 Wy Viispe *+ ¥s VsisPe ()

4. CQMPARISON BETWEEN FULL-~SCALE AND MODEL SCALE NOZZLE EFFICIENCY

4.1 PRELIMINARY ANALYSIS OF FULL-SCALE NOZZLE FFFICIENCY

Reeultie fram the preliminary analysie of the full-scale teete in Cell 3 are shomn in Figure 6,
together with the NGTE model teet performance for the eame range of flow ratio M as in the full-ecale
teete.

An immediate impreeeion from the Figure ie that the pre]im:lnary full-ecale nozzle thrust efficiency
is about 1.7 per oent low compared with model teste. Ome poesible explanation ie the preeence of leaks
from the jet pipe into the secondary annulue, and also from the nacelle into the cell environment. Alter-
native explanations include the possibility of errore of measurement. To examine theee poesibilities
epecial teate were made on the primary nozzle alone with the eecondary nozzle removed, as deecribed in
Section 4.2.

4.2 TESTS ON PRIMARY NOZZLE ALONE
Fron teets on the model nozzle rig the abeolute thrust efficiency of a convergent nozzle had pre-
viously been eetabliehed, viz:-

P

measured Xy + Ay Py

5 ()
geseea con,model

Thie efficiency oan be oarried acroee to the analysie of the full-scale teete (ae Figure {1 but with primary
nozzle only) to deduce the effective flow through the nozzle, from meaeuremente of nozzle thrust, vizi-

NxG4,00on,model vees(10)

meaeured Xg + Ay Py

*q
( lc_&) XG4, con,model
w/T),
SRS con,Cell 3

4o & matter of convenience, the denominator of Eq.{11) was applied in the form of the parameter, KCA:-

(WJ Ve )efi‘eo

eena(11)

Xoa
ECA = w—ﬁ' anGA,con,model -aaa(12)
Jeen,con
Resulte from the full-ecale teete in Cell 3, expreeeed in the form:-

Wy /T
2y (¥7 /T3)etse0 ceee(13)

Ws /Ts calc

are showmn in Figure 7.
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A epacial difficulty with ths full-scale teete ie the measurement of variable nozzle area 45 neas
ae used for ths upper curvs in Figurs 7. The unexpectsd rapid rise of the Ky cuxve to values greater than
1.00 at low Py/Pg is thought to be due to error in 4AJ,neas+ An alternative anslysis putting Ay = A\T,isen/
Cp,model lsads to ths lowsr curve in Figure 7. Eithsr way, for PyP greatsr than 4 the valus of Ky

wl,lich ie relativsly insensitive to Ay at ths highsr valuss of Py, ch levelled out at about 0.984 whereas
before thess tssts it would have been expected that Ky would bs in the range 0.995 to 1.000 - here was a
olus to ths low performance of the complete two-etrsam nozzle (Figu.re 6).

4.3 CORRECTION OF FULL-SCALE NOZZLE EFFICIENCY
4.3.1 ALTERNATIVE HYPOTHESES

© A more dstalled expression for Ky oan bs assembled from Egs. (13), (12), (1) and an squation similar
to (6)1-

(Xq, - Xpr) + Xgsg - X + 47 Bo

— [Xaa
Vo /Te cale

W m)
Y ligen,00m oon,Cell 3

and a correspondingly detailed expression for Tz oan bs assembled from Fgs. (9), (8), (7), (6):-
(x;, - Xpp) + s
1, Xoss - Xop - ceen(15)

V)
waﬂjcalo(ﬁ) +WS\/ETS-(ﬁ)
L o contasc,Csll 3

Both Fq.(14) and Eq.(45) show many explioit terms for which error of measurement could possibly causs the
value of Ky and of Myxg to be low. Furthsrmore, it ie conceivable that epurious effects upon the Cell 3
teet eystem, such as test frame friction or stray pressurs forces which are not explicitly measured at all
in Egs. (145 and (15), could also caues Ky and Mxg t0 bs low. Then there ie ths possibility of leakags
from the jet pipe euch that Wy does not equal We and leaskage from the eecondary annulus such that Ws
passing through the nozzle does not squal ths msasursd valus of Wg. All these poeeibilitiss can be classi-
fied into the following two extreme hypotheses:~-

H(I): that ths low value of Xy in the primary nozzle tests, and the low valus of Mygg in the secondary
nozzle tests is due to a combination of error in explioitly msasured terms, together with the
preeence of spurious non-measursd effscts upon the Cell 3 tset system. (This hypothssie assumes
that there are no leaks.)

H(II): that leaks exist such that primary leakage is rseponsible for ths low value of Ky, and such that
both primary and secondary leakage ie rssponsible for ths low valus of Mxg for ths complets
esoondary nozzls.

The arguments and corrections developing from Hypotheeee (I) and (II) are given in Sections 4.3.2
and 4.3.3.

K = ceee(14)

N R
nxGA, con,model

e =

JieP SisPo

4.3.2 CORRECTION OF RESULTS UNDER HYPOTHESIS (I)

If we accept Hypothesis (I), thie ie to eay that moaeurement error, or some other effect apart from
lsekage, oausee full-scale performance to appear wores than modsl teet psrformancs as manifest by the
departurs of Ky from the valus of 1.000. And so the 'effeotivs' properties of the gas entsring the primary

nozzls are given by:- )
(W‘T ‘/-T—J-)effeo =% (We AP oalo) o eee(46)

Returning now to ths analysis of the full-soale eeocondary nozzls reeults, we can apply Eq.(16) to ths cal-
oulation of isentropic thrust of ths primary flow, as an alternative to Eq.(7):-

xG‘.]':LsPc = K (Wam) "vﬁ eeee(47)
) JisPe
= Ky We Vyiero
Thence the corrected fuil-scale nozzls thrust efficiency, under Eypothesis (I) ie given by:-

xGImeza.s
Ky We VJiePo + W3 VsisPo

ﬂx'G - ---.(18)

The test points from the preliminary analysis in Figure 6, when re-evaluated by Eq.(18) with Ky
from ths upper curve in Figure 7, givs the corrected reeulte shown in Figure 8.

Thue the full-scale nozzls efficiency when corrected under Eypothesis(I) bacomes about Q.5 per
oent lsse than that of NGTE model tssta.

4.3.3 CORRECTION OF RESULTS UNDER EYPOTHESIS (II)

Lst us suppose that thers ars lsaks AWy from jst pipe to secondary annnlus and AWy from secondary
annulus to cell enviromment, as shown in Figure 9. Then following Hypothssis (II), the proportional jet
ripe leskags can be givsn by the Ky rssulte, vizi-

Wyg = Wy - AV eees(19)
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_ Mgy T vees(20)
_ W - Vo
Referring back to Eq.(13) and putting .
Yo % - (1)
N LPVAN calc
. AW
we obbain W_J_;_ - 1-K ' veas(22)

. The next problem is to find the eecondary leakage AWg. Thie has been estimated by a treatment due
to Lewis and Armstrong of NGTE using the secondary nozzle swallowing characteristics shown in Figure 10.

From Figure 10 we can find values of A}, where: -

VanvTon Ve v/Tan

By =By =
¥ RUASTRVAIS SR T VAR T

ceee(23)

Now, from Figure 9 we eee thab:-
AWg = Wgy - gy + AWy ' ceen(24)

which can be combined with Eq.(23) to give:-

AWS 1 iyt AWJ E§_ Qb e 1) I1 ) AWJ Tag ceen(25)
Wg = by |TMT W [T i Vo f [Ten
/ ; _
Eq.(25) has been evaluated for two specimen test points from Figure 6 to give the eecondary leak-

age AWS/WS, which wae found to be of the order of 10 per cent.

Hence Way = Wgy+ AWy - AW vees(26) )

Then expanding the nozzle flows Wy and Wgy isentropically to Peg we have for the nozzle gauge thrust
efficiency, corrected for leakage:- '

X(}Imea.s

N8, = : eeee(27)
X6 Wi VaisPe * Vsw Vsispe

Results of these corrections under Hypothesis (II) applied to the two specimen test points are shown in
Figure 14» Thus the full-ecale nozzle effioiency when corrected under Bypothesis (II) for both primary
and secondary leakage becomee about 0.7 per cent less than the efficiency given by NGTE model tests.

5. PRIGISION AND ACCURACY

Before discussing this topic, it is important to define the terminoclogy. The word 'precision!
refere t0 uncertainty of a value due to the presence of random error (i.e. noise)s The word 'accuracy!'
refers to uncertainty of a value due %0 the preeence of systematic error (i.e. bias).

An investigation by K F A Walles of NGTE showed that the scatter of nyg results in Figure 6 of the
preeent Paper follows a Gaussian (i.e. Normal) distribution about the fitted line, with a standard devia-
tion of ¢ = 0.0015. Thus the 95 per cent level of precision of Ty is +20 = :20.0030 or #0.3 per cent for
a eingle test point. The precision of the fitted line itself is improved by the factor 1/ fl;papproxi-
mately for n test points, and so the NMyg line in Figure 6 has a 95 per cent level of precision of
$0.0030/./37 = +0.0005 = 20.05 per cent, which is a negligible wicertainty.

Unfortunately, as a fundamental rule, one cannot be so definite about accuracy because systematic
error is never obvious, although every precaution is taken to eliminate it by calibration of measuring
instruments against other standards. To help identify the most important sources of such systematic
error, Walles made an analysis of the Influence Coefficients of the measurements which were made during
the Cell 3 teste on the SAN. An Influence Coefficient is defined ass:- r

Xs

[Influence Coefficient of x; relative to y] = a—a;z—}i veea(28)
. ,O%i
where in thie case ¥y = Txe

and X =a general measurement (e.g. airmeter AP).
An slternative definition of Influence Coefficient would be the percentage change injxg resulting from a

1 per cent change in x;. Hence each individual percentage measurement error (100 dx; xi) makes a oorres-—
ponding percentage contribution (100 dyj/y ) to errer in y (¥ = myg here) thus:-

dyy i doey
(100 —y—) < llnf Coef] x (100 ;l—) : ) veee(29)
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Then, assuming that these systematic error contributions follow a prcbability distribution, the total
systematic error in y (= Migg) is calculated by root sum of squares:-
1
2\2
[ &
(Total % systematic error iny) = N I.In.t‘ Coef] 100 == eeea(30)
i

‘T

At the simulated flight condition of M = 2 at 20 km altitude in Cell 3, the Influence Coefficients
were as shown in Table I.

.

Now, a formal assessment of all the elements dx; of systematic measurement error has not been made
for these particular SAN tests in Cell 3 but, as an example, if we were to put (100 dxj/xi) = 1 per cent
for every element in Eq.(30) and taking values of Influence Coefficients from Table I we would have:-

Z {[In.t‘ Coef] ) | eeea(31)

"

(Total % systematic error in y(=nm))

= 0.996 per cent

This result is dominated by the greatest Influence Coefficient (= +0.81) in Table I, which is that of the
engine inlet slip joint total pressure Pgyy. However, this particular pressure is measured very carefully
by means of an array of 60 different pitot tubes, and so putting xj = (mean of 60 measurements) we should
have only a small errvor dx; which will balance the large Influence Coefficient in Eq.(30) to produce an
acceptable error contribution dyy. 4And so, even though a complete formal systematic error analysis has
not been made, one feels that the accuracy (due to systematic error or bias§ of the Mgg results in Cell 3
should be better than Eq.{31) and is perhaps about 0.5 per cent.

6o DISCUSSION

Credibility of the full scale nozzle thrust efficiency is judged by comparison with model test
results, The observed discrepancy of about 1.7 per cent in the preliminary analysis, after allowing for
a full-scale 'technology losg' of about 0.5 per cent due to practical features not present in the model,
is about 1.2 per cent. Now the accuracy, due to residual systematic measurement error, is thought %o be
within about 0.5 per cent (precision of the fitted Mxqg line due to test measurement random error is prac-
tically perfect) and so there is a need to explain by other means a discrepancy of at least 0.7 per cent
inTyg. ‘ :

The two extreme hypotheses, of H(I): explicit measurement errors plus spurious non-measured
effects, and of H(II): leakage, are each separately able to explain the full-scale discrepancy but it is
impossible to tell in retrospect which combination of H{I) and H(II) was actually responsible. It would
be wise to guard against the future possibility of leakage - the full effects of which can only be deteo-
ted by altitude cell tests such as described in the present Paper.

0 CONCLUSIONS

Performance tests were made on a prototype two-stream propelling nozzle fitted to a turbojet engine
within a simulated aircraft nacelle. Conditions at engine inlet and at nozzle exit were selected to
represent flight at llach 2 at 20 km altitude.

Preliminary analysis of the two-stream nozzle thrust efficiency gave low performance compared with
model tests. To throw light on this, the secondary part of the nozzle was removed and special perform-
ance tests were made with the primary nozzle alone - again low thrust performance was observed.

Two hypotheses are set up to explain the discrepancy between full-scale and model, representing
either H(I): explicit measurement errors plus spurious non-measured effects, or H(II): leakage. Each
hypothesis can by itself explain the shortfall in the full scale nozzle efficiency.

Only by making tests in an altitude cell under correctly represented flight conditions such as
described in this Paper, including tests on the jet pipe and primary nozzle alone, is it possible to
check the existence and magnitude of such full-scale performance problems.

Precision (due to random error, or noise) of the full-scale performance results is #0.3 per cent
for a single test point, or *0.05 per cent for the fitted myg line. Accuracy (due to residual systematic
measurement error or bias) is thought to be within 0.5 per cent. .
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Cell 3 measurements xj Infi:;::; v(;o:.gfé;éent
Primary air meter AP -0.23
Primary air meter p -0.27
Primary air meter T +0.27
Fuel mass flow -0.03
Turbine exit pressurs P, <0.14
Engins slip joint pressurs PgJy +0.81
Pngine slip joint temperature Ty -0.11
Thrustmeter load Xy +0.25
Primary nozzle area Ay ' 0
Secondary noz-le oxit area AR 0

S Secondrgtiton @wbapg AP +0.03
Secondary flow meters p - +0.03
Secondary slip joint pressurss Pgg,g +0,20

TABLE I - INFLUENCE COEFFICIIENTS RELATIVE TO Myg FOR
SAN TESTS IN CELL 3
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'FIG.1 TURBOJET ENGINE WITH SIMULATED AIRCRAFT NACELLE AND PROTOTYPE NOZZLE IN NGTE ETF CELL 3
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INLET-ENGINE-NOZZLE WIND TUNNEL TEST TECHNIQUES
by
D, N. Bowditch

Lewis Research Center
National Aeronautics ‘and Space Administration
Cleveland, Ohio

SUMMARY

Experimental investigations of the inlet, engine and exhaust nozzle of a supersonic propulsion
gystem have been underway at the Lewis Research Center, Exhaust nozzle results are presented which
compare wind tunnel and flight results and assess the accuracy of “ﬁlght measurements Compamsons
are aiso’ presented for nozzle performance obtained with a cold jet, a powered turbojet mmulator and
d'solid ]et boundary 51mulator The effect of the loca.l boundary layer on nozzle performance is also
discussed. The need for good dynamic measurements during inlet-engine testing is illustrated for
transients such ag inlet unstart and engine stall. Also, the transient nature of inlet distortion and its

effect on the engine is presented for two different operating conditions.

SYMBOLS

An nacelle cross sectional area

Cg gross thrust coefficient, T—D/Tip
Cp B boattail drag coefficient, D ﬁ/qAn )

D drag

Dg boattail drag’ , B _. “ose

dn nacelle diameter

d 3 cowl lip diameter

My free stream Mach number .

M2 compressor face Mach number ‘

N/ND\/'@ corrected portion of design engine speed

P0 free stream total pressure

P2 compressor face total pressure

—1;2 a'verage compressor face total pressure

P3 compressor exit total pressure

Apzrm - root mean square value of dynamic component of compressor face pressure
AP_zl,ms average value of APyrms .

" Py compressor face static pressure ’ ’
Pomax maximum compressor face static pressure during hammershock after surge .
q dynamic pressure
r rounded boattail radius B
T thrust
Tip ideal primary thrust

angle of attack

“standard deviation
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INTRODUCTION

Within existing ground test facilities experimental investigation of the aircraft propulsion sys-
tem can rarely be done under the exact conditions that will exist in flight. Facilities are normally too
small or models become too complex to simulate the actual flight conditions. Therefore, compromises
are necessary and these must be made in such a way that their effect is negligible, or understood well
enough so that the results can be corrected properly. Several experimental programs in this area of
supersonic propulsion systems are currently underway at the Lewis Research Center, references 1-3,

Much testing of supersonic exhaust nozzles is required at off design speeds corresponding to
high subsonic and transonic flight conditions. The geometry of a large area ratio nozzle that is effi-
cient at supersonic pressure ratios of 20 and 30 must be changed at subsonic conditions in order to
operate efficiently at much lower pressure ratios of 2 to 4, Collapsing the nozzle normally exposes a
boattail or opens inlets on the nozzle which makes it a potential source of drag and the resulting per-
fo?mance is very sensitive to exte'?":‘-; Fiow conditions. These problems are investigated in the 8- by
6-foot wind tunnel using isolated naceiié models and subscale aircraft models, In addition, to over-
come the size limitations of transonic wind tunnel testing, a flight test program utilizing underwing
nacelles on an F-106 aircraft was initiated as illustrated in figure 1. This permits tests of a wide
variety of complex nozzles on a complete aircraft configuration that is similar to that required for a
supersonic cruise aircraft. The aircraft testing technique and its accuracy will be reviewed as well as
several comparisons with wind tunnel data on similar configurations, Several other wind tunnel test
techniques will also be described,

In the 10x10 supersonic propulsion wind tunnel, recent inlet-engine test programs have investi-
gated the propulsion system stability and its integration with the airframe., Dynamic considerations
are of primary importance in understanding the system operation under conditions such as inlet un-
start, engine stall and high distortion. If the significancc of thc dynamic response of the propulsion
system is not recognized, system iustabilities may be encountered which could have been avoided by
proper measurement and interpretation of dynamic conditions. To study the inlet-engine compatibility
problem, several supersonic mixed-compression inlets have been tested with J-85 turbojet engines at
Mach 2. 5 cruise conditions. Highlights from these tests are used tc demonstrate the test techniques
used and the considerations necessary to properly evaluate the large-scale dynamic interactions of the
propulsion system and airframe. '

EXHAUST NOZZLE TESTING

Typical models used for exhaust nozzle testing in the 8x6 foot wind tunnel are shown in figure 2.
The isolated nacelle model is used to investigated external flow effects on nozzles, Separate primary
and secondary flows are provided through the strut from an external source. The model is of sufficient
length that the nozzle performance is not influenced by the disturbances caused by the closed nose of
the nacelle and by the support strut at high subsonic speeds. Unfortunately it also provides an unde-
sirably thick boundary layer. The two aircraft models are 5% and, 22% scale models of the F-106 air-
craft. The smaller model has been used to investigate the effect of various nacelle shapes and results
from those tests indicated the engine accessory bump had negligible effect on boattail drag. Because of
transonic tunnel blockage limitations, the flow through nacelles were about 3 centimeters in diameter,
and only capable of investigating simple boattails which simulated a variable flap ejector nozzle. The
larger 22% scale model had a powered turbojet simulator in the undefwing nacelle allowing both inlet
and exhaust nozzle flows to be simulated. The model was also large enough to permit investigation of
more complex exhaust nozzles. This model is large enough to cause concern about transonic wind
tunnel wall interference, and comparison with F-106 flight data is being used to verify the interference-
free speed range.

The smaller model utilized a cylindrical tube as a jet boundary simulator since a realistic jet
was not practical for such small scale. This concept has been investigated on the isolated jet exit
model where the boattail drag was measured with a fully expanded cold air jet and a cylindrical jet
boundary simulator, reference 4, Results from that test are compared on figure 3, The drag coefficient
of a sharp-edged 15° boattail is presented as a function of free-stream Mach number. The dashed and
solid lines represent the drag for a fully expanded jet and jet-off respectively. The data symbols are
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for the drag wlth a jet boundary simulator and it is obvious that the simulator is a good representatlon
of a flowing jet for this case where the flow over the boattail was attached and well behaved,

Since model testing is obviously limited by transonic wind tunnel interference considerations,
the F-106 flight test program was initiated at Lewis to permit investigation of propulsion systems at
transonic speeds, references 5-8. The research nacelles are illustrated in figure 4. Two J85-13 after-
burning turbojet engines are housed in nacelles under the aircraft wings. The nacelle location is typicat
of supersonic cruise aircraft, with the exhaust nozzle extended just beyond the trailing edge of the
wing. The installation permits study of complex Installed exhaust nozzles at relatively large size and
at transonic speeds. The instaliation is also belng used to make flyby noise measurements to deter-
mine flight velocity effects on the effectiveness of jet noise suppressors. This aircraft is partlcularly
useful for this type of work because it is easy to make major changes in nozzle geometry and because a
complete data system is available onboard the aircraft to monitor engine and aircraft operating condi-
tions. .

The method of nozzle evaluation is illustrated In figure 4, The uacelle is supported by a
parallelogram linkage with a load cell restraining the nacelle along its axis to measure the net thrust
minus drag. An accelerometer is used to determine any components of nacelle weight or inertia forces
alined with the thrust axis. The drag of the nacelle forward of the nozzle attachment station was
evaluated throughout the aircraft operating envelope using a reference nozzle. The internal perform-
ance of this nozzle was calibrated and the drag of the well-defined base region was easily obtained with
a few pressure measurements, The calibrated nacelle drag is added to the load cell reading of net
thrust minus drag to determine research nozzle thrust minus drag. In order to evaluate nozzle per-
formance, the primary conditions must be accurately determined. This was done by calibration of the
J-85 engines in an altitude test facility prior to flight testing. Primary flow is obtained in flight testing
by combining the airflow from the compessor calibration with the measured fuel flows. The nozzle
total pressure and temperature were obtained from measurements at the turbine exit and an afterburner
callbration of temperature rise and pressure drop. The ideal thrust of this primary flow is then com-
pared with the measured thrust minus drag of the nozzle. . Reference nozzle flights were performed at
several tlmes during the program to initlally evaluate nacelle drag and later to evaluate system repeat-
ability. The measurement accuracy of nozzle performance on the F-106 was determined from these
flights, reference 9, and is presented in flgure 5. The table contains the influence coefficient for each
parameter on the nozzle gross thrust, C_, the standard deviation for each parameter and the resulting
standard deviation for the gross thrust coefficient. The standard deviation for each of the parameters
was estimated by combining standard deviations of calibrations and required instrument accuracies.
The resulting standard deviation of nozzle gross thrust coefficient of about one and one-half percent is
consistent with observed data scatter. ‘

In order to develop a testing technique that uses a model large enough to accommodate a
powered turbojet simulator, the 22% scale F-106 model was tested. The model is shown installed In
the 8x6 supersonic wind tunnel in figure §, The total frontal area of the half-plane model was 1, 8 per-
cent of the wind tunnel cross sectional ared and the sptitter plate'and supports added another percent
blockage to that. The wing of the model is mounted on a multi-component balance and the nacelle 1s
mounted to the wing on a thrust balance. A powered turbojet simulator is mounted in the nacelle where
it provided simulation of both the J-85 inlet and exhaust nozzle flows.

A cutaway drawing of the turbojet slmulator is shown in figure 7. It is designed to simulate a
modern supersonic turbojet engine. The slx-stage axial flow compressor provides a peak pressure
ratio of 3.5. The compressor and turbine flows, which are matched in bressure and temperature,
join just downstream of the turbine, Makeup air can be added to the resulting primary stream to pro-
vide the higher weight flows required to simulate afterburner operation. Secondary air is furnlshed
by a third pipe for testing ejector nozzles. These pipes are mounted rigidly to the simulator, and are
housed in the wing, They are connected to fixed mounts outside the wind tunnel by flexible connectors
to permlt thrust measurement,

A comparison of data from the three sources - flight, 5% scale, and 22% scale - is shown In
figures 8 and 9. Sharp edged 15° boattail drag coefficients for the 5% scale model and flight data are
compared with isolated values in figure 8. The installation effect of delaying the drag rise for the sharp
edged boattail is obvious. Also the agreement of the model and flight data is very good except in the
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region of Mach 1.0, The 5% scale data utilized cylindrical jet boundary simulators representing a
fully expanded jet, The aircraft nozzle did not become fully expanded until slightly above Mach 1, 0
which explains some of the difference between the two sets of data.

The nozzle gross thrust coefficient for a variable flap ejector nozzle is compared for the 22%
scale model and flight, figure 9, This performance was derived from nacelle force measurements in
both cases. Agreement is very good at subsonic Mach numbers less than 0,9, However, at higher
speeds the flight thrust coefficient initially increases and then drops quickly at Mach 0, 95 as the nacelle
terminal shock passes over the nozzle. On the wind tunnel model, this shock movement was apparently
delayed until a Mach number greater than 1.0. Above Mach 1.1 the agreement is only fair,

To illustrate the problems encountered in testing a complex nozzle, consider the auxiliary
inlet ejector nozzle shown in figure 10.. For this nozzle, part of the exit area variation required for
efficient operation at all speeds is obtained by collapsing the trailing overlapping flaps and seals. The
remaining area is too large for low pressure ratio operation, and doors are opened to provide air to
fill the annulus between the primary jet and the leaves. To save actuator weight, these flaps and doors
are positioned by the areodynamic forces on the nozzle, Because the nozzle contains many complex
moving parts, the tendency is to test with the boattail or doors fixed, This can lead to optimistic re-
sults are shown on figure 11, where the nozzle gross thrust coefficient is presented over a range of
pressure ratios for several combinations of fixed and floating hardware. The best performance is ob-
tained if the inlet doors and trailing flaps are fixed in the desired positions, If only the doors are
allowed to float, they partially close, which reduces the thrust about 4 percent. Floating both the
doors and flaps, reduces the performance an additional one to 3 percent depending on pressure ratio.
Exact duplication of the floating linkage must be made to properly evaluate off-design performance.
Another aspect of floating nozzles requiring similar investigation is the stability of the floating system.
There are so many possible oscillation modes that testing the floating hardware is the only positive way
to evaluate stability.

Another aspect of the nozzle flow field that is difficult to evaluate is the boundary layer, On
many exit models used in tunnel testing the boundary layer is too thick due to excessive length or too
low Reynolds number., In addition, the boundary layer is not uniformly thick at the nozzle when it is
installed at the rear of an aircraft, It is nearly impossible to duplicate the actual installed condition.
The effect of boundary layer thickness on boattail drag is presented in figure 12 and is discussed fur-
ther in reference 10, In the case of both a sharp-edged boattail and a more rounded boattail, increasing
boundary-layer thickness reduced drag. In this case, the thicker boundary layer appeared to effectively
round the boattail corner thus reducing the drag.

A different problem is presented by the boattails in figure 13, These were designed with final
angles of 24° and were to operate near to but without separation, They were investigated inflight on
the F-106 aircraft at different altitudes to obtain Reynolds number effects. Case I and Il were the
same boattail with Case I extended farther beyond the wing trailing edge. Case Il is a completely
rounded boattail. Figure 14 shows that for all three boattails, the drag uecreased as Reynolde number
increased, Since boundary-layer thickness should be smaller relative to the body at higher Reynolds
number, this is just the opposite of the previous case, By studying tuft pictures and boattail pressure
distributions, it was possible to determine that separation regions on the boattails were decreasing
with increasing Reynolds number, Therefore, the drag decrease was due to less separation in this
case, causing drag to decrease wifh decreasing boundary-layer thickness. It is therefore necessary
to determine the detailed flowfield causing drag before deciding how Reynolds number for boundary-
layer thickness) will affect the drag.

DYNAMIC INLET-ENGINE TESTING

The Mach 2. 5 mixed-compression inlet and J-85 engine installation used for propulsion system
investigations is shown in figure 15. The inlet centerbody translates for inlet starting and for off-
design Mach number operation, Bypass doors just ahead of the engine face provide control of the
terminal shock position. Bleed is provided on the cowl and also on the centerbody where it is exhausted
through support struts. Dynamic pressure measurements have been made at the compressor face with
six 5-tube rakes, at the compressor exit, and throughout the inlet and compressor.

]
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To investigate large transients for an axisymmetric nacelle located under a wing, the inlet-
engine system was mounted just below a wing simulator (ref. 11) as shown in figuré 16, Because of
test section size limitations on the length of the simulator, it is difficult to obtain a thick enough
boundary layer to simulate some engine installations, so the protuberances at the leading edge of the
plate were used to articifically thicken the boundary layer. As described in more detail in refer-
ence 12, the desired momentum decrement was obtained with the leading-edge protuberances. The
resulting boundary-layer profile near the leading edge was near separation, but was predicted to be
well developed when it reached the area of interest ahead of the inlet. Separation tests with a forward-
facing step showed it to be separated by a pressure rise almost exactly ‘equal to that required for sep-
aration of a natural plate boundary layer. The location of the inlet relative to the plate is shown in
more detail in figure 17, The cowl lip was tested at several heights equal to and larger than the
boundary-layer height. )

When the inlet unstarts, the shock system travels farthest forward during the initial transient.
Several pictures from a movie of such a transient are presented in figure 18, These pictures show
only the upper cowl lip and top half of the spike cone and the plate and boundary layer above the inlet.
From these figures, it can be seen that the inlet shock system progresses clear to the spike tip during
the transient, and also separates the plate boundary layer which transmits the distrubance even farther
forward. The maximum extent of such a disturbance will determine how widely an adjacent nacelle
must be separated in order to avoid one inlet unstart from disturbing an adjacent inlet, Either nacelle
separation or some containment of the disturbance by fences must be used to prevent communication of
disturbance between nacelles.

The extent of the unstart disturbance on the wing was measured by transient pressure instru-
mentation, and is presented in figure 19. Inlet unstart from different operating conditions cause vari-
ations in the extent of the disturbance. Without an engine installed, the inlet was unstarted by closing
the bypass doors and forcing the terminal shock ahead of the inlet throat., The square and triangle
represent data for a choke point at the engine face and for one about 2. 5 meters downstream of the en-
gine face, respectively, It is apparent that internal conditions affect the disturbance extent. For un-
starts with an engine installed, the diamond represents the extent for an unstart initlated by bypass
closure. However, by far the largest disturbance is caused by an unstart resulting from engine stall,
which forces boundary-layer separation almost three diameters ahead of the inlet. Therefore, to avoid
disturbing an adjacent inlet, its centerline would have to be about three and one-half dilameters from
the unstarted inlet centerline. It is worth noting again that this requirement is dictated by the extreme
extent of the unstart transient and its amplification by the adjacent wing boundary layer. A criteria
based on steady-state unstarted conditions without the wing would be totally inadequate.

The unstart not only could disturb adjacent inlets, but also presents a large transient to the
engine operation (ref. 13). Unstart normally causes engine stall which can be easily understood by
studying figure 20, The left transient is for a mild unstart at Mach 2 where the engine did not stall,
The bottom curve of compressor face pressure shows that this pressure drops in about 8 milliseconds.
From the center trace, it can be seen that the compressor exit pressure does not stop dropping until
about 20 milliseconds after the transient is initiated due to the flow capacitance of the large combustor
volume downstream of the compressor. As a result, the compressor pressure ratio increases momen-
tarily to a value near stall but returns to the steady-state pressure ratio as shown in the top trace.
Therefore, the transient pressure ratio did not exceed the stall value, and no stall occurred. The
middle trace shows a similar case but this time the compressor pressure ratio starts from a higher
value, reaches the steady-state stall line during the unstart transient and a stall occurs. The normal
steady-state stall line therefore appears to be a valid criteria for engine stall during a transient such as
unstart., This may not be surprising since the period for the compressor rotation is about 4 milli-
seconds. Since in distortion testing the critical distortion angle or rotation angle required for stalling
a portion of a parallel compressor is considered to be less than half a compressor rotation, it is not
surprising to see the compressor stall at its steady-state stall line during a transient requiring several
compressor rotation periods. The traces at the far right are for an inlet unstart and engine stall at
M= 2.5. While the compressor pressure ratio greatly exceeds the steady-state stall line before stall
is reached, the compressor stalls in about 2. 5 milliseconds or a little over one-half rotor revolution,



. Another transient important to inlet design is the internal inlet overpressure caused by the
hammershock following compressor stall. Several values of this obtained during J-85 inlet tests are
presented in figure 21, The figure presents the peak hammershock static pressure ratioed to the com-
pressor face total pressure _P2 just prior to stall. The most important points are the circles for
which the compressor stalled at high pressure, PZ’ before inlet unstart, causing the highest internal
overpressures. However, it is interesting to note the similarity of the pressure ratios obtained from
stall after unstart when the compressor inlet pressure, 32, is about half the higher started value,

The data shown correlate well with corrected weight flow per unit frontal area. However, it also cor-
relates well with compressor exit pressure as proposed in reference 14. The overperssure has also
been associated with the rate of flow stoppage within the duet during stall (ref. 15), However, this can
be a function of duct geometry since compressor interstage and compressor face instrumentation show
that compreésor stall for the J-85 is not a uniform one-dimensional phenomeua, but a progressively
growing rotating process. Therefore, in the test inlet which had the subsonic diffuser divided by three
struts, the rotating stall procezs%7o0uld stop the flow in one third of the duct in about one third of the
time required to stop the full duct flow. Therefore, simple approximations to obtain hammershock
overpressure should be used with care.

Since most inlet testing is conducted without an engine present, it is important to determine
the effect of the engine on inlet operation. A comparison of inlet distortion measured at similar inlet
operating conditions is presented in figure 22, The dashed contours represent coldpipe data where
the internal flow system was open from the compressor face station to a choke point about 2. 5 meters
downstream. The solid lines represent contours with the engine installed. Surprisingly little differ-
ence exist between the two total pressure distortions. However, a significant difference can be seen
in the static pressures in the three portions of the subsonic diffuser between the centerbody support
struts. With the coldpipe mstalled (dashed underlines) the static pressure in each of the ducts was
about equal at the compressor face With the engine inst:iled, the static pressure in the bottom ducts
were lower and the top duct static pressure increased, Therefore, the requirement for constant static
pressure in cold pipe testing is changed by the pumping action of the compressor giving more equal
Mach numbers in each duct, reference 16,

Dynamic measurements have also contributed to understanding in the area of inlet distortion
effects on compressor operation. In a recent inlet engine test in the 10x10 Foot Supersonic Wind
Tunnel, the compressor face was instrumented with six 5-tube rakes which measured both the dynamic
pressure variations and the steady-state or time-averaged pressures. During inlet operation at many
different conditions, the J-85 engine was purposely stalled to determine the available stall margin.
The steady-state and dynamic compressor face pressures were measured before and during stall so
that comparisons could be made with steady-state stall parameters obtained from screen distortion
testing references 17 and 18,

Distortion from a typical 'drift'' stall point is shown in figure 23 for a low recovery super-
critical condition at zero angle-of-attack, Drift stalls occurred when the engine stalled during a period
when no changes were made to any model or engine settings. They occurred most often at fairly high

" dynamic conditions. The distortion shown on the left is the normal steady-state radial distortion
pattern, where the edges between constant density bands represents a line of constant total pressure
recovery. Darker regions indicate lower recovery flow. It is a hub radial distortion. The distortion
pattern on the right represents the amplitude of the dynamic component of total pressure at the com-
pressor face, This amplitude is presented as the root mean square, rms, of the dynamic pressure
component divided by the average compressor face pressure, The rms levels range from less than
0.04 to 0.08 of compressor face average pressure —I_’z, with an average value of 0.066. Since these
pressure fluctuations are random in nature, the peak-to-peak pressure fluctuations can reach four to
six times the rms values. Here the darker bands represent higher dynamic pressure levels. Itis in-
teresting to note the location of the dynamics relative to the average total pressure bands. In the low
total pressure region near the hub, the dynamic levels are lower. The high dynamic region, in this
case, corresponds to the higher total pressure region, indicating that the major pressure fluctuations
are occurring there, )

A similar set of distortion profiles is shown in figure 24 for five degrees angle-of-attack with
a total pressure recovery of 0,77, The steady-state circumferential distortion is typical for such an
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operating condition with high recovery air at. the top, leeward side of the inlet and low pressure air at
the bottom, Now, however, the relationship between the high dynamic and high pressure regions is
different in this case than for zero angle-of-attack, The dynamic level is again farily low in the low
total pressure region at the bottom of the inlet, but it'is at an even lower dynamic level in the high total
pressure region at the top of the inlet. In this case, the high dynamics occur between the high and low
pressure regions. The different locations of the high dynamic regions in the zero and five degree
angle-of-attack case will be discussed again when instantaneous distortions are presented.

In addition to the steady state and rms dynamic distortion plots, the pressure data were
simultaneously digitized at a high rate for all thirty probes, and a steady-state distortion parameter
and instantaneous distortion contour plots were made., The variation of the steady-state distortion
parameter with time for the zero degree angle-of-attack case is presented in figure 25. The time of
compressor stall was determined from compressor interstage dynamic pressure data, The parameter
presented here is developed in reference 19 and is sensitive only to circumferential distortion, and
would have a near zero value for the steady-state distortion pattern of figure 23, However, the instan-
taneous distortion pattern has an average value of about 0,04 and reaches the critical level required to
cause stall once during the observed time span. Therefore, the instantaneous patterns must be con-
giderably different for this case than the time-averaged pattern, A similar presentation of the distor-
tion index variation with time is presented in figure 26 for the five degree angle-of-attack point. Here
the average distortion level is higher, as would be expected from the steady-state distortion plot of
figure 24, However, it can be seen that the average value is about 35 percent less than the value of
0.15 required for compressor stall, Transiently, however, the distortion does reach and exceed the
critical level of distortion several times before compressor stall, A total of twelve stall points have
been analyzed in a similar manner and in all but two cases, the time-varying distortion exceeded the
critical level required to stall the engine, tr

To obtain a better understanding of the cause of the large transient distortion levels, an in-
stantaneous contour plot of the peak transient distortion is compared with the steady-~state contour in
figures 27 and 28 for the zero and five degree angle-of-attack cases. At zero angle-of-attack, (fig. 27)
the peak instantaneous distortion is primarily circumferential in nature, The pressures do not change
drastically near the hub where the dynamics were low in the rms contour plot. Where the dynamics
were high in the steady-state high pressure region, total pressure reaches as much as 20 percent less
than the steady-state value in the lower left portion of the inlet, Since the rms contours were nearly
symmetrical around the inlet at zero angle-of-attack, a similar pattern could probably occur in any
orientation over a long period of time, The dynamics therefore indicated what appear to be large
separate regions forming and disappering which cause major circumferential distortions. A similar
comparison of the instantaneousg and steady-state distortion contours for five degrees angle-of-attack
are presented in figure 28. Here the two contour plots are very similar, with the instantaneous plot
having a broader high pressure region and lower pressure at the bottom of the inlet. Both effects
tend to increase the circumferential distortion. The high dynamic regions were observed between the
high and low pressure regions on the rms contour plots, and this can be correlated with the constant
total pressure boundaries expanding and contracting across this region. Lower dynamics were ob-
gserved at the top and bottom of the inlet where the high and low pressure region remain stably located,
but vary somewhat in level,

Therefore inlet dynamics are apparently associated with unstable flow in the diffuser and not
with turbulence in the classical sense. The dynamic level is not associated with any particular region
of the steady-state distortion pattern. It is associated with the high pressure flow region passing back
and forth over the measurement point as flow which is separating and attaching to a wall might do.

This is a recognized operational regime for subsonic diffusers, reference 20, Therefore, the probable
cause of most of the dynamic distortion measured in inlets, is transient flow separation in the subsonic
diffuser combined with the terminal shock boundary layer interaction. Hence test techniques are re-
quired which determine if significant dynamic distortion is present, and if so, enough dynamic instru-
mentation is required to determine the instantaneous distortion pattern,
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CONCLUDING REMARKS

Most wind tunnel testing of supersonic exhaust nozzles is done to obtain off design performance
in the speed range near Mach 1.0. Because of the complex internal and externall flows, it is very
difficult to duplicate all conditions simulatneously. It has been demonstrated that jet boundary simula-
tors can provide good data if the flow is well behaved in the nozzle region. However, if separation is
present, this method would probably become suspect. Then more complex models such as powered
simulators should be used. Results from such a model were compared with flight data and were shown
to agree up to high subsonic Mach numbers, However, viscous effects can still affect the nozzle drag
and full Reynolds number testing is currently impossible in existing facilities. Two cases were pre-
sented where boundary-layer thickness affected the drag in opposite directions and demonstrated the
need to fully understand the flow conditions. The viscous affects area is not completely understood yet
and work in this area is continuing at IL.ewis.

Dynamic measurements: s+ Absolutely necessary to understand the interactions of an inlet-
engine combination. Nacelle spacing is determined by a maximum transient disturbance extent during
unstart that is much larger than the steady-state disturbance. Engine stall during inlet unstart was
easily explained by utilizing dynamic measurements of compressor pressure ratio, Nacelle strength
is partially determined by the overpressures due to the hammershock after compressor stall and it
must be carefully measured with dynamic instrumentation. Probably the most complex flow phenomena
revealed by dynamic measurements is dynamic distortion. Proper reduction of dynamic distortion data
holds promise for explaining inlet-engine compatibility in terms of comparing the instantaneous distor-
tion with the steady-state screen distortion required to stall the compressor, Several cases were
presented demonstrating the nature of the flow fluctuations for different inlet operating conditions. The
number of cases investigated so far has been limited due to the difficulty of data reduction but this is
becoming easier with new methods. Work is continuing at-Lewis on dynamic distortion, and should
provide further understanding of the dynamic interaction of the inlet and engine,

REFERENCES

1. Belheim, Milton A.; Anderson, Bernhard H.; Clark, John S.; Corson, Blake W., Jr.; Stitt,
Leonard E.; and Wilcox, Fred A.: Supersonic Exhaust Nozzles, Aircraft Propulsion. NASA
SP-259, 1971, pp. 233-282. i

2. Bowditch, David N.; Coltrin, Robert E.; Sanders, Bobby W.; Sorensen, Norman E.; and
Wasserbauer, Joseph F,: Supersonic Cruise Inlets. Aircraft Propulsion, NASA SP-259, 1971,
pp. 283-312,

3, 'Povolny, John H.; Burcham, F. W,, Jr.; Calogeras, James E,; Meyer, Carl L.; and Rudey,
Richard A, : Effects of Engine Inlet Disturbances on Engine Stall Performance. Aircraft Propul-
sion. NASA SP-259, 1971, pp. 313-349.

4, Harrington, Douglas E.: Jet Effects on Boattail Pressure Drag of Isolated Ejector Nozzles at Mach
Numbers From 0.60 to 1.47. NASA TM X-1785, 1969.

5. Wilcox, Fred A.; Samanich, Nick E.; and Blaha, Bernard J.: Flight and Wind Tunnel Investiga-
tion of Installation Effects on Supersonic Cruise Exhaust Nozzles at Transonic Speeds. 69-427,
ATAA, June 1969,

6. Samanich, Nick E.; and Burley, Richard R.: Flight Performance of Auxiliary Inlet Ejector and
Plug Nozzle at Transonic Speeds. Paper 70-701, AIAA, June 1970,

7. Mikkelson, Daniel C.; and Head, Verlon L.: Flight Investigation of Airframe Installation Effects
on a Variable Flap Ejector Nozzle of an Under wing Engine Nacelle at Mach Numbers From
0.5to 1.3. NASA TM X-2010, 1970.

8. Mikkelson, Daniel C.; and Blaha, Bernard J,: Flight and Wind Tunnel Investigation of Installation
Effects on Underwing Supersonic Cruise Exhaust Nozzles at Transonic Speeds. Presented at
the AGARD Aerodynamic Interference Specialists Meeting, Silver Spring, Md, Sept. 28-30, 1970,



10,

11,

12.

i3.

14,

15.
16,

17,

18,

19.

20,

. Groth, Harold W.: Nozzle Performance Measurements on Underwing Nacelles of an F-106

Utilizing Calibrated Engines and Load Cells, Paper 71-681, ATAA, June 1971,

Blaha, Bernard J.; and Bresnahan, Donald L. ! Wind Tunnel Installation Effects on Isolated After-
bodies at Mach Numbers From 0.56 to 1.5. NASA TM X-52581, 1969,

Mitchell, Glenn A.; and Johnson, David F.: Experimental Investigation of the Interaction of a
Nacelle-Mounted Supersonic Propulsion System with 2 Wing Boundary Layer. NASA TM X-2184,
1971.

Jobnson, David F.; and Mitchell, Glenn A. ;- Experimental Investigation of Two Methods for
Generating an Artificially Thickened Boundary Layer, NASA TM X-2238, 1971,

Choby, David A.; Burstadt, Paul L.; and Calogeras, James E,: Unstart and Stall Interactions
Between a Turbojet Engine and an Axisymmetric Inlet With 60-Percent Internal-Area Contraction.
NASA TM X-2192, 1971,

Bellman, Donald R, ; and Hughes, Donald L.: The Flight Investigation of Pressure Phenomena in
the Air Intake of an F~111 A Airplane, Paper 69-488, ATIAA, June 1969,

Mays, Ronald A,: Inlet Dynamics and Compressor Surge. Paper 69-484, ATAA, June 1969,

Coltrin, Robert E.; and Choby, David A,: Steady-State Interactions From Mach 1,98 t{o 2,58
Between a Turbojet Engine and an Axisymmetric Inlet With 60 Percent Internal Area Contraction,
NASA TM X-1780, 1969,

Calogeras, James E,; Mehalic, Charles M, ; and Burstadt, Paul L.: Experimental Investigation
of the Effect of Screen~-Induced Total Pressure Distortion on Turbojet Stall Margin. NASA
TMX-2239, 1971,

Calogeras, James E.; Burstadt, Paul L.; and Coltrin, Robert E.: Instantaneous and Dynamic
Analysis of Supersonic Inlet-Engine Compatability. Paper 71-667, AIAA, June 1971,

Calogeras, James E,; Mehalic, Charles M.; and Burstadt, Paul L,: Experimental Investigation
of the Effect of Screen-Induced Total-Pressure Distortion on Turbojet Stall Margin. NASA
TM X-2239, March 1971,

Sovran, Gino; and Klomp, Edward D,: Experimentally Determined Optimum Geometries for

Rectilinear Diffusers with Rectangular, Conical or Annular Cross-Section, Fluid Mechanics of
Internal Flow. Gino Sovran, ed., Elsevier Publ, Co., 1967, pp. 270-319,



7-10

NASA
C-69-2871

ST )

ISOLATED NOZZLE 5% SCALE F-106

22% SCALE F-106

Figure 2, - Exhaust nozzle test models.



E}

8 5 =

BOATTAIL PRESSURE DRAG COEFFICIENT, CDﬁ
2

7-11

‘ TR oapcrw
I | e NRARUNG FXED ELEVON
(SJ 0 N ] SEcTIoN
/ SECONDARY /
-FuLLY N FLOW VALVE ENGINE
+” EXPANDED JET R e, S,

& R

______ = ACCELEROMETER &

‘{ACCESSORY PACKAGE Cs-56999
. T /7 - Figure 4, - Nacelfe-engine installation,
| (_jo "\\\ 150 /
| &2 "~ JET BOUNDARY SIMULATOR-
b O - | ( | PARAMETER INFLUENCE | STANDARD
' 0 0T s COEFFICIENT | DEVIATION
FREE STREAM MACH NUMBER ’ FOR €g o
Figure 3. - Comparison of boattafl drag for jet boundary simufator EXPERIMENTAL NACELLE TARE 0.598 . L%
and jet on and off,
IDEAL THRUST (GAS GENERATOR) .994 1L11
LOAD CELL FORCE .395 .00
NOZZLE GROSS THRUST COEFFICIENT, Cg L47

Figure 5. - F106 Nozzle performance measurement accuracy.

akhedl ¢

Figure 6, - 22% F-106 model.

" SECONDARY

AR
MAKE-UP & /7
L \/ R

AIR PRESSURE
TO SEALS 7

oL, Ok op

3

OISR A

COMPRESSOR ™ o
METAR o~ S
Figure 7, - Turbojet engine simulator. .



7-12

2 BOATTAIL
e RADIUS RATIO, ;.
BOATTAIL -1 > S 8 : e :
0RAG .
£l =
Cé’;"' et 3N = o 0.50 .
.0 WIND TUNNEL ;
. P DATA E .08
=—==—COL0 FLOW IS0- o} !
LATED NOZZLE = !
- By 2 i
4 £ 9 10 LT LZ 13 Lé L5 = :
FLIGHT MACH NUMBER, My  cs-48425 e L0 :
Flgure 8. -Comparison of flight and wind tunnel data, 5 .
< Variable flap 8jector nozzle rfdy, = 0, A :
Lo & .04 i
g ————— 22PERCENT SCALEFIOf == f
e F106 FLIGHT
g a\ &
g LY | | | | :
8 .06 08 .10 12 .14 ]
Iz RATIO OF BOUNDARY-LAYER THICKNESS i
§ TO MODEL DIAMETER, dldy,
“ , i
8 Figure 12, - Effect of boundary-layer thickness :
° . on boattail pressure drag; 15° - conical boattails :
; |- ] at Mach 0.90, :
e
i 1 1 i L [ .-
.6 ) Lz 13 -

.8 9 L0 L1
FREE STREAM MACH NUMBER, My

Figure 9. ~ Comparisan of variable flap ejector performance from
model and flight data.

CASE 1 - r/d,, = 0,72 EXTENDED /2 DIAM CASE 2: ridy = 0.72 b

R S I e
]

3 CASE 3-

€5+57004 254 CIRCULAR ARC

Figure 13, - Variable convergent-divergent nozzles.

TR

Figure 10. - Auxillary inlet ejector. 20 BOATTAILS
Mg+ 0.9
100~ - r@ CASE
N
AUXILIARY INLET EJECTOR ) ST :
=090 -G8 / {
‘% L RATIO OF ° e
. BOATTAIL _og | @
FIXED FLAPS DRAG TO 4
GROSS FIXED INLETS IDEAL g4} 3 2
THRUST .92 |— THRUST @ 0 @ :
o 5
C%EFF FIXED FLAPS K18 3 " :
FLOATING INLETS o @
88k [1] S ) I L L
"~ FLOATING FLAPS 2 3 4 5 6 Mo
FLOATING INLETS : REYNOLOS NO. Cs-5699%
84 | I f ] | | Figure 14, - Reynoids number effect on boattail drag.
1 2 3 4 5 6 1
C5-56954 NOZZLE PRESSURE RATIO

Figure 11 - Effect of floating components on performance,




7-13

J
CD-9740-01

e
G

.

Figure 16, - Propulsion system and wing simulator installation in 10-by 10,

Figure 17. - Inlet location near wing simulator,




P14

STALL FREE, §g - 2.0 ENGINE STALL, Mg = 2.0. _
g .  STEADY-STATE ZERO DISTORTION STALL LINE
2 . " '} L A !
ge i
a = o] { | Tt
§ g ;_‘_ 1 W | | | /”
gz i i ’ /
£ - i
= 1
. 8 1—
S § < ] "
TRANSIENT é = f': 6 4
O UNSTART FOLLOWING ENGINE STALL S0 a4 | I
O UNSTART FROM PEAK WITH ENGINE OPERATING g8z |, L Ny L
O UNSTART FROM PEAK WITH COLDPIPE INSTALLED 5ok ™t
A UNSTART FROM PEAK WITH CHOKE PLATE INSTALLED oL g o .
&° —— ——EXTRAPOLATED DATA JUST UPSTREAM OF INSTRU- 35 O  ENGINE STALL CAUSING
F o4 MENTATION = INLET UNSTART
p ET 5 HAMMER SHOCK i L8 < ENGINE STALL FOLLOWING
g a2 1 /| OVERPRESSURE s
E 6 £y -5 T"" WH\“-‘M | £ . INLET UNSTART
Z P e % 22 ( i 5 §§|n.“'
& e NiNp ~8 & C o1 .02.05 .04 0.0 R
g .01 .02.03 . .01.02.03 .04 .05 .06 . ]
E L. \\Mo D 5 .06.07 Eéz_ g 14
s =2 o
2 Si= e
51— r-81 ENGINE STALL, My * 2.5, s
o w LIS I — =
2 ) E B I p' sTEADY-STATE ZERO i 1.0 i J
s o : g g | [[APISTORTION STALL Lse e .2 .3 .4 .5
' ™ [ !
= et T | i COMPRESSOR FACE MACH NUMBER, M,
= &= 51 : i PR . 5
2 - %g 4 ,..,..,..../ i 1 Figure 21, - Ham{nershock peak
= Z e (il { pressure following compressor
o ’ + l . A stall.
gz J :
a38a am - . :
ghy 19
o DD -
Lo 1 TR IEEANER
LATERAL DISTANCE RATIO, yid, soy L@+ i
Sis
19, - Maximum wing surface disturbances during Inlet unstart = =
Htg:ar:slents. M;n_\ s ing 9 we Lo b 1 WEAK HAMMER SHOCK
g S5 m [ /| PRESSURE RISE
o 40 | !
& ar ‘ /!
o= L i I
23 0 | L=}
g 01.02.03 .04 .0 106.07

TIME MEASURED FROM START OF TRANSIENT, SEC

Figure 20. - Effect of inlet unstart on turbojet encine stabllity,



ENGINE DATA
— ——— COLDPIPE DATA

M = 2.6
*uo - 4,5
pzl'Pn* .820

8P2rms/P2

cs-se833  STEADY-STATE; PP, = 0.788 ' DYNAMIC; (AP, )P, = 0.0658

Figure 33, - Dynamic and steady state distortion. Mg=2.5 0° angie of attack

(R e

cs-s8832  STEADY-STATE; Py/P, = 0.769 DYNAMIC; (APgppc)/Py = 0.046

Figure 24, - Dynamic and steady state distortion, My 2.6; 50 angle of attack,

7-15



WEIGHTED DISTORTION INDEX

WEIGHTED DISTORTION INDEX

ABRUPT
COMPRESSOR
STALL — STALL

N\ HAMMERSHOCK >

A

-

2 5
TIME, MSEC

|
3 40 45 20

Figure 25, - Instantaneous distortion just prior to compressor stafl, Mg~ 25

0° angle of attack.

1

ABRUPT COMPRESSOR STALL

STALL
HAMMERSHOCK =

v

20 25 30
TIME, MSEC

Figure 26. - Instantaneous distortion just prior to compressor stall. Mg» 26

50 angle of attack.

e nmanands

91-14

e

cs-58834  STEADY-STATE; EZIPO =0.788 PEAK INSTANTANEOUS; TIME = 22,625 mSEC

Figure 27, - Comparison of steady state and peak instantaneous distortion. Mg = 2’5 0° angle of attack.

Cs-58831  STEADY-STATE; T’zl Py~ 0.769

PEAK INSTANTANEQOUS; TIME = 38 50 mSEC

Figure 28, - Comparison of steady state and peak instantaneous distortion. My=2.6 59 angle of attack. !



.

< << v 0

. !
WIND TUNNEL TESTING OF V/STOL ENGINE MODELS -~
SOME OBSERVED FLOW INTERACTION AND TUNNEL EFFECTS

R.A. Tyler and R.G. Williamson
Gas Dynamles Laboratory
Division of Mechanilcal Engineering
National Research Council of Canada
Ottawa K1A OR6, Ontario, Canada

SUMMARY

The interpretation of force measurements on V/STOL-related models incorporating
inflows and/or outflows 1is discussed in relation to continuing investigations concerned
mainly with the transition performance of lift-fan configurations and utilising balance
mounted powered models of about 1000 hp in the closed test section of the 10 ft x 20 ft
N.R.C. V/STOL Propulsion Tunnel.

With models produclng:* g downwash an overrlding testing limilt arises in closed
wind tunnels from the formaulicii of a stable floor vortex system resulting from the
interactlon of stagnating model flow wilth the malnstream., An experimental study of this
effect as it relates to downward directed jets 1s descrlbed. Vortex formation limits
are correlated 1n terms of a Jjet force coefficlent for a wilde range of jet inclination
to the vertical and for both single and pailred Jjets. Interference velocity measurements,
with limited data from the maln programme and other sources, are used to deduce corre-
sponding tunnel flow breakdown limits. These testing limits are indicated to be
sensltive to model characteristics.

SYMBOLS

Test section width

F/qoh2

CT cos o

Jet diameter at nozzle

Effective diameter based on total Jet area at nozzles

Drag

M.V

Nozzle distance from impingement wall

Test section height

Mass flow rate

pv2/2

Nozzle spacing

Mean velocity ;

R qo:qj ) P

x-axis Axis through centre of nozzle exit parallel to mainstream (positive in
mainstream direction) .

=]
=

=2 ;o> U({m an o aow

Xg x~-coordinate of stagnation point, Xy (Fig. 5)
Xg x~-coordinate of stagnation point, Xp (Fig. 5)
xp x~coordinate of probe point

z-axls Axis through centre of nozzle exlt, perpendiéular to impingement surface
(positive towards surface)

o Inclination of nozzle axis (in xz-plane) to positive z-axis (positive in
mainstream direction)

§ Boundary layer thilckness

A Prefix denoting Jet-induced increment

€ Flow pitch angle (positive upwards)

p Mass density

] Flow yaw angle (positive towards near sidewall)

Suffix

o) Mainstream

J Jet

* Relative to datum value at incipient stagnation
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1. INTRODUCTION

Prospective jet V/STOL developments in civil aviation have generated the need for
the evaluation of reaction lift systems in transition flight by model tests. Since 1967
an experimental programme has been conducted in the NRC 10 ft x 20 ft V/STOL Pr-~pulsion
Tunnel on balance-mounted V/STOL engine models predicated on the use of fan thrust. The
tunnel is of the open circuit type with closed test section and is described in some
detail in Reference 1. Unheated compressed air is available at the test section for
driving fan equipped models absorbing up to several thousand horsepower. In the present
context typical engine models incorporate turbine drives of about 1000 horsepower
commected to thrusting fans of 12 to 15 in (0.30 to 0.38 m) tip diameter. Drive air is
provided through the model mounting system. Typical studies have involved measurement
of fan thrust in crossflow, i.e. in simulated transition. Tunnel speeds to about 200
ft/sec (60 m/sec) are available for this purpose. Models are characterized in general
by inflow and efflux directions substantially at right angles to the mainstream.

To date, testing has been confined to relatively simple encased models invelving
single fans with minimal external structure. Interference forces arising from flow
interactions are largely incif~n%al to the model set-up, i.e. without full scale
significance. Test conditic:c -  -main interest (distorted inflow) involve (high) ratios
of tunnel/model flow rates ati “iifich tunnel effects are unlikely to be significant in
relation to engine performance data. In line with existing proposals for civil V/STOL
lift-fan aircraft, however, increasingly sophisticated models are anticipated. Current
attention, for 1nstance, is directed towards a model simulating sponson-housed multiple
lift-fan systems. While interest remains centred on fan performance in transition,
interactions among the freestream and individual fan flows (at intake and exit) in the
presence of representatlive surfaces are of real concern. In addition, simulation of
transition flight profiles calls in general for a significant range of fore-and-aft fan
tilt and sponson incldence., Furthermore, increased lower limits on model size obtain -
set basically by the lowest number of model fans needed for adequate representation of
flow interaction effects and by the smallest fan diameter meeting blade Reynolds number
requirements (3 fans of 12.0 in (0.30 m) tip diameter in current model).

The extent to whilch the wind tunnel remains a usgful tool for the investigation of
models of this kind 1s not clear at this time. Published experimental data and analyt-
ical treatments relevant to the tunnel testing of models incorporating inflows and
issuing Jets are few. The present paper outlines briefly some more or less relevant
data arising from testing experience to date, together with the main results of an
experimental investlgation into a particular aspect of testing limits pertaining to jet
models in closed test sections. R

2. WIND TUNNEL LIMITATIONS

Various special problems attach to the wind tunnel testing of bodies incorporating
inflows and jet effluxes. In general, the major sources of differences between test data
obtalned 1n wind tunnel testing and in free-flight are well known (scale effects, solid
blockage, wall constraints, etec.)., Corrections valid for lightly loaded models have been
used with good results for many years. The advent of models generated by STOL and V/STOL
research, involving large force coefficients and highly deflected wakes, has pointed up
the inadequacies of the classical theory. Some progress has been made in establishing
correction procedures for such cases, particularly with respect to wall constraints.
Heyson has described the development of wall-induced interference calculation methods
for arbltrary liftlng systems based on increasingly sophisticated description of the
deflected wake (Ref. 2). The methods proceed from the assumption of a straight wake
passing downwards (wlth representation of the test section surfaces by an external image
system) to vortex lattice methods capable of handling more realistic curved representa-
tions of the wake, 1ncluding, through iteration, interference effects on wake position.
In principle, at least, (and glven adequate digital computer support) the latter method
appears applicable to models incorporating discrete jets i1ssuing at large angles to the
mainstream. For models of thils kind, wall-induced interference veloclty will, in general,
exhibit large spatlal gradients, making valid correction procedures difficult to estab-
lish. 1In practice, the interference analysis might prove most useful in evaluating limlts
(on, for instance, the ratio of model/tunnel flow rates) within which wall-induced
interference velocltles are of a magnitude considered unimportant for a particular model

type.

In free flight, bodles involving inflows and Jet effluxes are subject, in general,
to interference forces due to induced flows arising from body flow-freestream inter-
action. These interference forces are usually modified in proximity to the ground.
Effects of this kind are encountered in jet-model tunnel testing, presumably modified by
factors present in the wind tunnel but absent in free air. Little or no information
appears to exist on thls point.

Furthermore, the available wall constraint calculation methods are necessarily
predicated on an ideal wind tunnel providing a uniform incoming flow. In real tunnels
interaction between model flow and incoming tunnel flow can modify the latter to an
extent rendering the measured data meaningless. Model flow impinging on a tunnel
surface may penetrate forward in the boundary layer inducing separation of the tunnel
flow upstream of the model (Ref. 3). Ground effect measurements on jet models, with
and without moving ground plane (Ref. 4),indicated the data to be affected by floor
boundary layer at model heights in the neighbourhood of one effective jet diameter
(h = de = ﬁ). 0f more general significance in closed test sections is the flow
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breakdown resulting from the stagnation of high energy downwash flow on the tunnel floor
with the formation of a stable vortex system, This phenomenon was first reported, i1n
connection with 1lifting rotor systems, in Reference 5. Tunnel flow breakdown limits for
models with more or less uniform spanwlse 1ift distribution (rotor, tilt wing, jet flap)
have been presented in terms of a minimum wake impingement distance behind the model
(Refs. 6, 7) or a maximum 1ift coefficient (Ref. 8). Little information appears to be
avallable for models involving discrete Jets. In view of the overriding limits imposed
by thils phenomenon some experiments were undertaken to 1lnvestigate this effect in
relation to jet~model testing in the NRC 10 ft x 20 ft tunnel.

3. OBSERVED INTERFERENCE EFFECTS

Various instances of jet, sink, and/or wall induced interference forces have been
encountered in the experimental programme to date. These usually represent unwanted
modification to indicated fan forces requiring direct assessment when relatively small
and cilrcumvention when large. A typical single-fan test model is shown installed
vertically in the tunnel test section in Figure 1. The model proper is represented by
the fan-intake configuration. The direction of fan gross thrust and model incidence are
each independently variable through 360°. At 90° incidence, fan thrust was measured in
essence as the lncrease in drag-balance reading on vectoring fan thrust through 90°
downwards from a direction parallel to the tunnel axis (downstream). The second reading
included intake momentum drag and interference force components induced by fan efflux
and inflow. The interference forces were assessed directly by measurement in isolation
on appropriate model mock-ups, as described in Reference 9. The results are shown
plotted against non-dimensional fan flow rate in Figure 2. While the indicated inflow
interference components are small (but not zero), the efflux effects are relatively
strong and of similar magnitude to nominal momentum drag.

As indicated earlier, special difficulties arise at tunnel speeds sufficiently low
relatlive to jet veloclty to allow stagnation of downward directed Jets on the tunnel
floor. An extreme instance of this occurs at zero tunnel speed, for example in the
attempted measurement of static thrust in a closed test section (Ref. 10). Figure 3
shows the effect of model-floor distance on lift-balance reading (ostensibly fan thrust)
for the model of Figure 1 at zero incidence (fan axis horizontal) with fan efflux
directed vertically downward. Constraint-enhanced ground effects are evident at all
available model heights. In this particular case, satisfactory static thrust readings,
at the required fan nozzle orientation, were obtained by simply rotating the model to
90° incidence or by completely inverting the model (180° incidence) and removing the
tunnel roof. A potentlially more troublesome difficulty occurring at non-zero tunnel
speeds is 1llustrated by the data of Figure 4. Drag-balance readings for the model at
90° incidence with fan efflux directed vertically downwards are shown plotted against
fan rotational speed at constant nominal tunnel speed. A radical change in flow pattern
at the higher fan speeds is indicated by a sharp break 1n the data trend. These data are
representative of more than twenty sets of readings for the same model set-up equipped
wlth different intake-fan configurations (Ref. 9). The effect is associated with the
fan efflux, occurs at a critical low value of mainstream/fan efflux veloclty ratio, and
1s evidently a manifestation of the stagnation phenomenon referred to earlier. In this
instance the implied lower 1limit on useful tunnel speed was of no consequence. However,
the Implications for future models involving multiple and inclined jets are significant.
As mentioned earlier, an experimental study was instituted to provide some background on
tunnel flow breakdown limits with respect to jet-model testing in general.

4. TUNNEL FLOW BREAKDOWN

The development of tunnel flow breakdown in the presence of high-1ift models has
been described in Reference 11, The flow flelds assoclated with several devices
producing high energy downwash (jet flap, rotor and fan-in-wing models) were investigated
visually at the floor, over a range of tunnel speed. The authors identify several stages
in the development of unwanted tunnel secondary flows. For a given 1ift, tunnel flow is
relatively undisturbed at high tunnel speeds. With reduction in tunnel speed model
downwash becomes sufficiently deflected to interact with the tunnel boundary layer,
causing agitation of tufts on the fleoor. With further decrease of tunnel speed a
condition is reached in which the model wake penetrates the boundary layer to stagnate
on the floor. Thils condition 1s unstable with intermittent periods of upstream surface
flow forming small horseshoe vortices. The authors designate this condition as 'incipient
stagnation'. With sti1ll further reduction in tunnel speed the flow becomes stable with
well defined stagnation. A portion of the wake flows upstream to roll up into a stable
vortex, The vortex size Increases with decrease in tunnel speed, Finally the tunnel
flow 1s rendered unrepresentative of free flow conditions to a degree beyond correction.
This condition constitutes 'tunnel flow breakdown'.

Some simple experiments were set up in the NRC 10 ft x 20 ft tunnel to examine these
phenomena as they arise from lnclined circular jets originating in the tunnel test
section. An initial objective was to relate quantitatively some observable elements of
the breakdown process with jet conditions. These elements are illustrated schematically
in Figure 5. Figure 5a 1lndicates a typical flow breakdown situation at relatively low
tunnel speed. In the plane through the nozzle axls parallel to the mainstream, the flow
1s characterized by two stable stagnation points on the tunnel floor, Xp and Xp. The
positions of these stagnation polnts are easlily determined in practice from wool tuft
observations. A portion of the jet flows radially upstream from the vicinity of Xp,
rolling up into a stable vortex to define Xg. The separation between Xg and Xp decreases
with increasing tunnel speed (Figure 5b), tending to zero at the unstable condition of
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incipient stagnation (Figure 5¢). There is a corresponding reduction in vortex size.
At higher tunnel speeds, any Jet flow close to the floor is in the general downstream
direction (Figure 5d4).

The stable vortex formation implies lateral jet flow and can result in flow up the
side walls at sufficiently low tunnel speed (Ref. 12). This is shown schematically in
Figure 6. In the experiments to be described, this general picture was confirmed by
flow visualization using smoke. The more forward origin, increasing size and steepening
trailing arms of the floor vortex system were clearly indicated as tunnel speed was
reduced.

From a practical standpoint it would be desirable to establish to what degree vortex
formation could be allowed to proceed without significant effect on jet-model test
results. This would determine the lowest useful tunnel speed. In detail however such
a 1limit would depend not only on the specific jet arrangements but on other configura-
tional aspects of the model and tunnel, Attention was directed first therefore towards
the quantitative correlation of observed flow stagnation positions (corresponding to Xp,
Xp) using selected basic jet arrangements encompassing parameter ranges relevant to
foreseeable model testing. For the range of nozzle height/diameter ratio of interest
such data should be broadly -iiws=pendent of tunnel characteristics (including floor
boundary layer) and should #uiizide a generally useful indication of the conditions
pertaining to incipient stagnation. Such conditions define an operating limit for floor
vortex formation, i.e. a conservative but safe minimum tunnel speed for meaningful model
testing.

5. INCIPIENT STAGNATION LIMITS FOR SINGLE-JETS AND JET-PAIRS

Preliminary experiments employed plain cylindrical jet nozzles located at mid-width
and directed vertically downward from various heights above the tunnel floor (Ref. 13).
Three jet sizes (d = 6.63 in (0.168 m), 8.19 in (0.208 m), 9.78 in (0.248 m)) at seven
values of h/d (from 8.33 to 18.,11) were operated at mean jet velocities up to 700 ft/sec
(200 m/s). Observatlons, using wool tufts, were concerned mainly with the location of
the stagnation point, Xp, relative to the nozzle. The correlation of approximately 250
data points indicated that, within the range of test variables, the non-dimensional
distance xp/h was a function of the parameter Vgh/d. A second experimental set-up
utilized the fan efflux nozzle. section of the lift-fan model of Figure 1. This arrange-
ment allowed the observation ©l floor stagnation positions for a single-jet (4 = 8,03 in
(0.204 m)) and a jet pair (s/d = 4.3), operated at mean Jet velocities up to 500 ft/sec
(150 m/s) over a range of jet inclination to the vertical from -30° to +30° (Ref. 14).
Two nozzle heights above the floor (h/d = 8.3 and 12.4) were used with each jet arrange-
ment., In conformity with the earlier results, both xp/h and xp/h were found to correlate
reasonably well in terms of VgRh/d. The faired results for the single-jet case are shown
in Figure 7. The curves illustrate the rearward migration and decreasing separation of
the floor stagnation regions with increasing mainstream/mean jet velocity ratio. A
minor extrapolation to intersection of the observation-based curves of xp/h and xp/h
defines, at each a, a critical VRh/d corresponding to the state of incipient stagnation.
(This condition 1s not amenable to direct observation by wool tufts owing to instability.)
The curves of impingement stagnation position, xp/h, of Figure 7, embody data observed
at zero tunnel speed. Jet velocity was held constant (at about 200 ft/sec (60 m/s)) and
inclination, a, increased from zero in increments of 5°. Stagnation position was well
defined (by wool tuft indications of strong radial flow) for values of « up to 50°. At
o = 55° a change 1n the character of the floor flow had become evident. The motion of
the affected tufts nearest the nozzle had become highly irregular, indicating turbulence
from the periphery of the jet. Apparently a state corresponding to incipient stagnation
was achileved at a value of o between 50° and 55°. The static data were used to extrapo-
late the incipient stagnation limits of Figure 7 to values of inclination beyond +30°.
Additional observations, using a third model set-up (described below), were made at
negative values of inclination to -50°. Figure 8 shows, in summary, an approximate
representation of the conditions for inciplent stagnation for a downward directed jet
inclined to the vertical over a range of angle from -50° to & limiting value of about
+53°. The curve indicates the single-jet operating limits for floor vortex formation
in the NRC tunnel for values of h/d in the neighbourhood of 10. For this order of
nozzle height and providing a solid floor is present, these 1limits should be broadly
applicable to other tunnel configurations.

It is noted that the parameter VRh/d can be expressed in terms of a force
coefficient based on jet thrust, F (= MgV ), dynamic pressure, qo, and an appropriate
area. Defining Cqp = F/qohz, then VRh/d ="v7/2Cp. The results of Figures 7 and 8 can
be recast in terms of Cg or, to facilitate comparison with other data, in terms of
Cpy = Cp cos a, the coefficient based on jet force normal to the impingement surface.
Figure 9 shows the single-jet incipient stagnation limits of Figure 8 replotted as
limiting Cpy against «. Over a range of jet inclinatlon from about -5° to +20°, the
conditions for incilpient stagnation are represented by a constant value of Cqy (= 0.62).
Also shown on Figure 9 are the corresponding limits for a jet-pair (s/d = 4.3) in both
transverse and tandem alignment (i.e. with the line of nozzle centres perpendicular and
parallel, respectively, to the tunnel axis). For these cases the force coefficient is
based on total jet force (equivalent to the use of effective jet diameter based on total
nozzle area in Vgh/d). On this basis the incipient stagnation limits for the tandem
Jet-pair are quite similar to those for the single jet. A similar correspondence holds
for observed stagnation positions. It is inferred that, from the standpoint of tunnel
flow breakdown, a tandem jet-pair (s/d < 4.3) may be regarded as a single jet of the
same total nozzle area (centred at the mid-point of paired nozzle centres). It seems
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probable, by extension, that a similar approach can be taken with respect to multipie
in-line jets.

6. INDICATED JET MODEL TESTING LIMITS (a = 0)

The incipient stagnation limit defines the minimum tunnel speed for no vortex
formation. In practice, tunnel flow breakdown will occur at a lower tunnel speed
depending on the degree of vortex development that can take place without prejudice to
measured data. This in turn depends, presumably, on the specific model and tunnel
arrangements. The avallable experimental data on this point appear few, particularly
for jet models. Vogler has reported force measurements on a jet equipped wing-fuselage
model at various ground clearances in the 17-~foot test section of the Langley 7 ft x 10
ft tunnel (Ref. 4). Owen has examined Vogler's 1ift data for evidence of tunnel flow
breakdown (Ref. 15). The relevant 1ift data pertain to a = 0, h/dg, = 2 to 10, de = 3.5
in (0.089 m). In some cases a reversal in expected 1lift trend was noted (lift decreased
as ground clearance was reduced). Owen's estimate of the implied testing limits for
single-jet models is shown in terms of h/d and VR in Figure 10. The incipient stagnation
l1limit of Figure 8 is included for comparison. Apparently considerable floor vortex
strength was developed before the 1ift data of Reference U4 reflected tunnel flow break-
down. Included in Figure 10 are the rectangular hyperbolas representing (VRh/d)* = 0.45,
0.55, and 0.65. These curves straddle the Owen line and none 1s inconsistent with the
{ill-defined) appearance of anomalies in the 1ift data of Reference 4. Very limited
existing data suggest, therefore, that tunnel speed may be reduced to roughly 55% of the
speed at which floor stagnation first appears before single-jet model data (o = Q) are
invalidated by tunnel flow breakdown. The appearance of the anomalous drag~balance
readings of Figure 4 (relating to the model type of Figure 1) corresponds to the
operation of a transverse jet-pair at Vgh/de = 0.86 (the value of VRh/d associlated with
the turbine exhaust is well beyond that for stagnation). In thils case the ratio of
tunnel speed at breakdown to that at incipient stagnation is approximately 0.65 (Fig. 9).
Considering the disparity in model-tunnel dimensions and configuration, this value is
in reasonable conformity with the indications of the Langley data.

7. LOCAL FLOW MEASUREMENTS AT NOZZLE HEIGHT (SINGLE JET)

To obtaln more information on the allowable extent of vortex formation, additional
measurements were made using the single-jet arrangement shown in Figure 11, The
rotatable jet nozzle (d = 8.03 i1n (0.204 m)) was centred between side-walls at a height
9.9 d above the floor. Two five-hole probes were located at nozzle height, equidistant
(4 d) from the nozzle centre. Probe A was positioned directly ahead of the nozzle,
probe B at U45° to the side and rear., The effect of jet operatlon on local flow conditions
is 1llustrated, for o = 0, in Figures 12 and 13. The data at both probe points show
vortex~-induced effects rapidly becoming dominant as mainstream/jet velocity ratio 1s
reduced through the value for incipient stagnation. While the extreme values are beyond
probe calibration and approximate, the trends are clear. At nozzle height, increasingly
strong downwash and longitudinal interference effects reflect growing vortex size with
reduction in Vg. Yaw readings at the off-centre position B demonstrate explicitly the
corresponding steepening in the vortex trailing arms. Furthermore, while only two probes
were used, it is evident from Figures 12 and 13 that considerable point-to-point
differences exist in the response of local flow conditions to vortex development. This
is i1llustrated in Figure 14 which shows the variation of (VR)* with longitudinal position
at nozzle height (non~dimensionalized by h, as suggested by the observations of stagna-
tion position) for various constant values of vortex-induced downwash angle. The data
of Figure 12 are augmented here by measurements made with the jet nozzle (and attached
probe) repositioned at 5.4 4 above the floor. Over the limited test range of xy/h,
vortex effects at nozzle height occur earlier (i.e. at higher VR) the farther downstreanm
the polnt of measurement. Clearly the overall testing condltions representing tunnel
flow breakdown will depend ultimately on the model arrangements associated with the Jet.
A general testing limit will provide at best a useful guide to minimum tunnel speed in a
speciflc jet-model situation.

Figure 15 shows flow pitch angle, at positions A and B, plotted agailnst (VR)* for a
range of jet lnclination from -30° to +30°. In the regime of vortex-induced downwash the
data for all values of 1nclination are represented reasonably well by a single curve.

The longiltudinal interference data show similar trends. These results suggest that model
testing limits and incipilent stagnation limits vary simllarly with jet inclination,
tunnel flow breakdown occurring at an essentlally constant value of (VRh/d)* over the
test range of a. The single-jet testing limits for a = 0, indicated by the 1ift data

of Reference U, ((VRh/d)* = 0.45 to 0.65), are shown extended on this basis to other
values of jet inclination in Figure 16. Included for reference in Figure 16 are curves
of constant vortex-induced downwash angle, -Ae, measured at positions A and B for the
specific single-jet arrangement of Figure 11.

While of limited coverage and tunnel-dependent, these data suggest that the
indicated testing limits are unduly optimistic even for approximate purposes (at least
in relation to the NRC tunnel). The indicated limlts appear to be associated with
significant vortex-induced downwash in the vicinity of the model., It is noted that, in
the vortex-free regime, the probe measurements at nozzle height indicate appreciable
induced upwash ahead of the Jet. Figure 17 shows jJjet-induced flow pltch angle, Ae, at
positions A and B for a range of jet inclination from -50° to +50°, The limited data
show a marked dependence of vertical interference velocity on position and on Jet
inclination. 1In distinction to the vortex~induced interference, these effects, insofar
as they arise from wall constraints, are in principle calculable (Ref. 2). The resulting
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corrections to incidence are positive. The actual presence near the model of vortex-
induced downwash indicates tunnel flow deterloration beyond the point where constraint
‘corrections are useful, i.e. beyond the correctability limit properly defining tunnel
flow breakdown. This 1limit is not necessarily the same as that indicated by manifest
anomalies in observed data and is, in general, more restrictive. The limited single-jet
data of PFigure 15 indicate that little reduction in tunnel speed below the ineipient
stagnation level 1s necessary for flow conditlons at nozzle helght to be noticeably
affected by the floor vortex system. From the correctability standpoint, it would seem
advisable in practice to avoid vortex effects altogether by testing Jet-models to the
incipient stagnation limits only.

In the NRC tunnel it may be possible in some circumstances to circumvent the rather
severe restriction on minimum tunnel speed implied by the .incipient stagnation limits.
The tunnel was designed ab initio, to meet what were envisaged (in 1960) as the require-
ments for the transition testing of V/STOL propulsion systems involving reaction. jets.
The general features of the installation reflect this approach, e.g. the high test section
rectangularity (H/B = 2). The entire test section (40 ft (12 m) long) is carried on a
steel plenum chamber (vertical walls, 4% ft (1.4 m) deep) supporting<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>