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Within AGARD, particularly within the Propulsion and Energetics, and the Fluid Dynamics Panels, it is felt that 
large uncertainties exist with respect to  the present techniques for predicting aircraft performance at transonic speed, 
particularly with respect to  engine installation and high lift. In order to  review the present techniques as used in the 
various NATO countries and to  gain insight into their specific merits and shortcomings, an Ad Hoc Committee under 
the leadership of Prof A.Ferri, was proposed by the Director of AGARD, and approved by the National Delegates at 
the 1970 Annual Meeting. The purpose was to study the above problems and, if possible, to  make recommendations 
for further studies. 

The selection of committee members by the National Delegates was completed in April 1970. The members of 
the Committee are as follows: 

For France: 
LBerger, J.M.Hardy, B.Masure, P.Poisson-Quinton. 

For Germany: 
W.Alvermann, A.Heyser, E.Riester. 

For Italy: 
C.Casci, R.Monti. 

For the Netherlands: 
M.E.E.Enthoven, F. J aarsma. 

For the United Kingdom: 
E.C.Carter, E.L.Goldsmith. 

For the United States of America: 
P.Antonatos, A.Ferri (Chairman), A.E.Fuhs, J.Jones, D.Zonars. 

The Committee selected a list of technical organizations interested in the accuracy of wind tunnel data derived 
from three groups: (a) Wind tunnel operators and experimental research workers, (b) Airplane designers and air- 
plane manufacturers, and (c) Airplane users and design evaluators. 

As an initial step for the preparation of a meeting of the specialists, the Committee prepared a questionnaire 
for the selected organizations interested in this problem in each country; this was distributed by the members of 
the Committee of that 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 incomplete simu- 
lation in wind tunnel tests of engine flow. A second questionnaire requested information on the type of corrections 
used for evaluating wall interference at high lift, on the criteria used for justifying the lack of corrections where 
corrections were not performed, and on the wind tunnel turbulence and its effects. Such questionnaires were pre- 
pared and finalized at the first meeting of the Ad Hoc Committee which took place at AGARD Headquarters on 
July 15-17, 1970. The questionnaire was distributed to  all components of the three groups. A meeting of the 
interested specialists was planned at that time. It was decided that the results of the different contributions would 
be presented in an organized form and discussed, and that a set of conclusions and recommendations would then be 
generated. The Committee decided that at this second meeting only one representative of each organization that 
responded to  the questionnaire would be invited, and that observers would be excluded. 

The following companies, agencies and establishments cooperated in the study: 

For France: 
SNECMA, ONERA, SNIAS, Dassault. 

For Germany: 
DFVLR - AVA, Hamburger Flugzeugbau, Messerschmitt-Bolkow-Blohm, Vereinigte Flugtechnische Werke. 

For Italy: 
Fiat. 

For the Netherlands: 
N.L.R., Fokker. 

For the United Kingdom: 
A.R.A. 
RAE (Farnborough and Bedford) 
Rolls Royce (Hucknall and Bristol) 
British Aircraft Corporation (Filton, Warton, Weybridge) 
Hawker Siddeley Aviation (Brough, Hatfield, Kingston, Woodford). 
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For the United States of America: 
NASA (Ames, Langley, Lewis), USAF,(ASD, FDL, APL, AEDC), ARO, Inc., Boeing 
Fairchild Hiller (Republic Aviation Division) 
Fluid yne 
General Dynamics (Convair Division) 
General Dynamics (Fort Worth Division) 
General Motors (Allison Division) 
Grumman Aerospace 
LockheedGeorgia Co. 
LTV-Vought Aeronautics Division 
McDonnell Douglas Corp. 
Northrop, United Aircraft (Pratt and Whitney Division). 

The second meeting was scheduled for 21-23 September 1970 in Florence, Italy at the Scuola d i  Guerra Aerea. 
The participants at the second meeting totalled 42; this list is available at AGARD. The discussions and presentations 
of the summaries took place on the first two days, September 21 and 22. On the third day the Committee members 
outlined the conclusions and recommendations to be transmitted to the organizations active in this field, and to  the 
National Research Laboratories of the NATO Nations. 
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1. INTRODUCTION 

Recent developments of high performance airplanes have generated requirements for the prediction of the aerodynamic perfor- 
mance of airplane designs with extremely high accuracy, certainly better than that which is presently possible with available experi- 
mental techniques. As a result, a critical review of present experimental methods is taking place, and development of new experi- 
mental techniques is in progress.' Such activity is primarily carried on at a national level; however, substantial activity in this field 
exists to some degree .in several of the NATO nations. For this reason, the Director of AGARD, supported by the National 
Delegates, has initiated an Ad Hoc Committee for the purpose of generating a direct exchange of information and technical 
opinions, and where feasible, to stimulate joint programs in this field. As a first step in this program, two separate efforts were 
initiated by AGARD related to experiments in transonic flows: (a) one was sponsored by the Fluid Dynamics Panel and, as 
reported in AGARD-AR-35-7 1, related to the effects of Reynolds number on aircraft performance and to the design of high 
Reynolds number wind tunnels; (b) the second related to correct representation in wind tunnel tests of the interaction between 
engine flow and airplane characteristics, and on wall interference at high lift. The second task, because of its specialized nature, 
was assigned to an Ad Hoc Committee recommended by the Propulsion and Energetics Panel, reporting to the AGARD Director 
and consisting of specialists from different nations who were nominated by the National Delegates. The Committee has performed 
the first phase of the technical activities and has prepared a technical report which contains a description of the techniques used, 
and as summarised in Sections 2 and 3 below, the comments, conclusions and recommendations of the Ad Hoc Committee. 

2 .  ENGINE-AIRFRAME INTERFERENCE IN TRANSONIC TESTS 

The review of the experimental methods used for  determining cor rec t ly  engine a i rp lane  in te r fe rence  
i n  transonic t e n t s  has been divided i n t o  the following topics :  

1. I n l e t  a i rp lane  interference,  

2. Definit ion of engine th rus t  consistent with the de f in i t i on  of 
the  a i rp lane  drag and nozzle charac te r i s t ics .  

3. Exhaust flow and a i rp lane  interference.  

4. Determination of interference of the engine flow on the  aero- 
dynamic charac te r i s t ics  of t he  complete configuratioa. 

The j u s t i f i c a t i o n  for  such a d iv is ion  w a s  based on the f a c t  t ha t  the  i n l e t  and nozzle are developed i n  
experimental investigations which are separate from the investigation of a complete configuration, while 
the thrus t  of the engine is  measured independently and the de f in i t i on  i s  based on the  experimental ap- 
proach used fo r  the measurement of thrust by engine manufacturers. 

The Committee found tha t  the present methods used by d i f f e ren t  groups  have subs tan t ia l  s imi l a r i t y  and 
some differences.  
and shortcomings tha t  a r e  not necessarily sa t i s f ac to ry  when thrust-minus-drag is  t o  be predicted with one 
or two percent accuracy. Better and more sa t i s f ac to ry  approaches a re  required. 
completely ava i lab le ;  therefore action on the  pa r t  of the research groups involved is required i n  order 
t o  develop new techniques and t o  improve ex i s t ing  experimental techniques. 

However, the panel has concluded tha t  a l l  of the approaches used have important unknowns 

Such approaches a re  not 

Listed here are spec i f i c  comments and recomnendations by the Committee. 

2.1 Inlet 

(1) In  i n l e t  tests, only a small par t  of the  a i rp lane  configuration is  usually represented, t h l s  being 
usually limited t o  the par t  ahead or  i n  the proximity of the in l e t .  
of the  i n l e t  is not cor rec t ly  represented i n  the tests. In  many cases, the  cha rac t e r i s t i c s  of the down- 
stream flow a f fec t s  subs tan t ia l ly  the flow f i e l d  entering the i n l e t s ,  and the flow of the boundary layer 
scoops or boundary layer bleeds. 
flow be  devoted t o  ascer ta in ing  that t he  downstream e f f e c t s  either are small, or  are cor rec t ly  repre- 
sented. 
perimental r e su l t s  on in l e t s .  
f ee l s  t ha t  such a problem can be  solved more eas i ly  fo r  engine in s t a l l a t ions  attached t o  the fuselage? 
while i t  i s  extremely d i f f i c u l t  fo r  podded engine in s t a l l a t ions .  
flow are required. An approach recent ly  developed along t h i s  l i n e  is the use  of the engine simulators. 
The panel recommends that t h i s  d i rec t ion  be encouraged. 
ment of engine simulators carefu l  a t t en t ion  be  given t o  represent cor rec t ly  the sca l ing  parameters that  
define the pumping cha rac t e r i s t i c s  and therefore  the mixing of the engine jet  with the outside flow. Unless 
such-characterist ics are cor rec t ly  represented,.the use of the  engine simulator does not: assure  correct 
representation of the downstream influence. 

Usually the flow somewhat downstream 

The Committee recommends tha t  t he  f i r s t  s t ep  of an i n l e t  test i n  transonic 

The re su l t s  of t h i s  par t  of the investigation should be  attached t o  any repor t  documenting ex- 
This prac t ice  is  not generally followed i n  the  present programs. The panel 

Here methods to add energy t o  the i n l e t  

However, i t  is important that  i n  the develop- 

Analytical  and experimental work is  required i n  t h i s  f i e ld .  

(2) The boundary layer scoops, boundary layer bleeds, and the dimensions of t he  i n l e t  entrance cannot 
b e  t r u l y  represented geometrically i n  the  model unless the experiments are made a t  f u l l  scale Reynolds 
numbers. Usually i n  present tests, the geometry is e i t h e r  conserved or changed i n  such a way tha t  the  
a i r  entering the i n l e t  i s  f r e e  from nonrepresentative low energy boundary layers produced by the f ront  
par t  of the airplane.  This is obtained either by increasing the  s i z e  of the  boundary layer scoops, or  by 
modifying the a i rp lane  shape. 

The problem of cor rec t  aerodynamic representation of  the a i rp lane  configuration i s  a very important 
one, and exists fo r  a l l  a i rp lane  components. 
a t ten t ion .  
placement thickness, bu t  a l s o  because of differences i n  aeroe las t ic  deformations. 
compromise is  usually required between drag of the  boundary layer scoops and i n l e t  performances. 
compromise tends t o  select a so lu t ion  where the outer pa r t  of the  boundary layer en ters  the i n l e t .  
compromise is usually not s i m l a t e d  i n  i n l e t  tests. Present methods fo r  evaluating scoops and bleed drag 
for  representation of the boundary layer flow f i e l d  i n  f ront  of the  i n l e t ,  and fo r  se lec t ing  the required 

Such problems, u n t i l  now, have not received the required 
Not only should the a i rp lane  shape be  changed because of differences i n  boundary layer d i s -  

In  i n l e t  design, a 
Such a 

This 
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changes i n  the airplane configuration i n  order t o  account for  the d i f fe ren t  Reynolds numbers, a r e  nei ther  
standard nor  sat isfactory.  The approach used with respect  t o  t h i s  simulation is  usual ly  not described i n  
i n l e t  reports .  
the  purpose of defining an acceptable standard method for  a t tacking such a problem, and to  out l ine  accept- 
ab le  experimental techniques required t o  determine more accurately the performance of the  i n l e t  and t o  
evaluate the drag of the i n l e t  and boindary layer scoop of the airplane.  

The Committee recommends tha t  an a c t i v i t y  be i n i t i a t e d ,  possibly sponsored by AGARD, f o r  

( 3 )  One of the important quant i t ies  t o  be measured i n  the i n l e t  and exhaust nozzle tes t  is the  mass 

In  i n l e t  tests, t h i s  stagna- 
flow. Systems capable of obtaining accuracy on the order of 1 t o  0.5% can be produced, provided tha t  the 
d i s t o r t i o n  of stagnation pressure and temperature prof i les  are negligible.  
t ion  temperature d is t r ibu t ion  is usual ly  not measured. When the model is a t  a d i f fe ren t  temperature from 
the stagnation temperature of the  tunnel, and heat  t ransfer  takes place i n  the i n l e t  duct,  the  stagnation 
temperature d is t r ibu t ion  should be measured i n  f ront  of the  flow meter i n  order to  obtain the required 
accuracy. 
ac tua l  d i s tor t ion  of stagnation pressure and temperature measured i n  the i n l e t  can be represented. When 
possible,  the d i s t o r t i o n  should be minimized i n  f ront  of the flow meter; b e t t e r  accuracy can then be ob- 
tained, t h i s  being required i n  order t o  have more accurate information on external  drag. For good accu- 
racy of r e s u l t s ,  precision on the order of 0.5 i s  required. Reports on experiments should descr ibe the 
approach used t o  define the accuracy quoted for  the flow meter. 

I n  addi t ion,  ca l ibra t ion  r i g s  should be used for  the ca l ibra t ion  of the  flow meter where the 

( 4 )  The measurement of dynamic charac te r i s t ics  of the  i n l e t  is important for  some f l i g h t  conditions 
and engine designs s o  as t o  allow analysis  of the compatibility of i n l e t  and engine near s t a l l i n g .  

The dynamic charac te r i s t ics  depend on the acoust ic  charac te r i s t ics  of the main flow, and on the 
dynamic charac te r i s t ics  of the boundary layer. Disturbances generated downstream can produce loca l  sep -  
a ra t ion  of the i n l e t  boundary layer ,  or  move the  separation point of the boundary layer. 
amplify the in tens i ty  of nonsteady disturbances. The Committee recommends t h a t  such a phenomenon be-in- 
vest igated i n  order t o  def ine the scal ing laws, and the experimental techniques t o  be used. Some ac t iv-  
i t y  already e x i s t s  i n  t h i s  f i e l d ;  however, the scal ing c r i t e r i a  for  the experiments a r e  not yet  ava i l -  
able. Additional bas ic  research i n  t h i s  f i e l d  is  necessary. 
nat ional  level.  

Such ef fec ts  can 

Such research should be carr ied on a t  the  

1 

2.2 Engine Thrust 

1 

The def in i t ion  of engine thrus t  as  given by the engine manufacturer is based on the method used t o  

In  t h i s  measurement a convergent 
measure engine thrus t  i n  the test c e l l s .  
the tangent ia l  force produced by the engine is  measured i n  a balance. 
nozzle usually is  u t i l i z e d  t o  t h r o t t l e  the engine. 
average flow veloci ty  i s  zero, the s t a t i c  pressure a t  some dis tance from the engine i s  measured during 
the tests. 

The impulse of the enter ing flow i s  measured accurately,  and 

The nozzle discharging in to  a chamber where the 

Mass average values of the stagnation pressure and temperature a r e  measured and quoted and the nozzle 
coef f ic ien t  of the nozzle used i n  the test is  a l s o  given. 
separate  nozzle tests where the average stagnation pressure and temperature measured i n  the engine a r e  
used as stagnation conditions. 
d i f fe ren t  f l i g h t  conditions. 

The Committee fee ls  tha t  the  use of average stagnation quant i t ies  t o  define the  engine performance 
is  not sa t i s fac tory  for  advanced engines. 
brat ion of the engine is not the b e s t  approach for  an accurate thrus t  def ini t ion.  These two approaches 
can introduce e r rors  i n  the def in i t ion  of the ac tua l  th rus t  of the engine to  be used i n  the determination 
of th rus t  minus drag. 

Such a value is determined experimentally i n  

Such quant i t ies  a r e  a l s o  used to  define the thrus t  of the engine f o r  

I n  addi t ion,  the use of converging conical nozzles for  the c a l i -  

In  advanced turbojet  engines of the bypass type,or  those having p a r t i a l  af terburners ,  large non- 
uniformities i n  stagnation pressure and temperature can ex is t .  The nonuniformities have several  e f f e c t s ;  
because of veloci ty  and temperature gradients ,  v i scos i ty  and heat  conduction a r e  important. 
Such ef fec ts  produce entropy rises i n  the flow; therefore,  the  nozzle flow is not isentropic .  The use of 
nozzle coef f ic ien ts  obtained from tests where the nonuniformity is not represented introduces e r rors  i n  
the evaluation of th rus t  minus drag. 
the flow f i e l d  a t  :)e e x i t  of the nozzle is  d i f fe ren t  from tha t  obtained i n  a flow having uniform stagna- 
t ion  pressure and temperature equal t o  the mass average values. 
of a convergent nozzle is d i f fe ren t  (and higher) than the average value of the s t a t i c  pressure i n  the 
discharge chamber. 
the presence of nonuniformities i n  stagnation conditions. Thus the nozzle coef f ic ien t  obtained by using 
uniform quant i t ies  is not equal t o  tha t  obtained i n  the engine. 
errors as high a s  2% i n  th rus t  have been calculated d u e  t o  these differences.  

Because of the  nonuniformity i n  stagnation pressure and temperature, 

The pressure d is t r ibu t ion  a t  the e x i t  

The sonic l i n e  and the Mach number a t  the e x i t  of a converging nozzle are affected by 

For converging nozzles a t  transonic speed, 

The second objection is re la ted  t o  the use of a convergent conical nozzle a s  a reference nozzle. 
flow f i e l d  a t  the  e x i t  of a convergent conical nozzle is not unequivocally defined even i f  the pressure 
r a t i o  through the nozzle is above c r i t i c a l ,  The sonic l i n e  starts a t  the end of the  nozzle; however, the 
flow a t  the sect ion a t  the end of the nozzle i s  subsonic. 
pressure disturbances along the streamline tha t  divides external  and in te rna l  flow u n t i l  the  flow is com- 
p le te ly  supersonic. 
I n  the test c e l l ,  such d i s t r i b u t i o n  depends on the mixing phenomena between external  and in te rna l  flows. 
Such phenomena a r e  strongly affected by local  conditions and cannot be defined completely by s i m p l e  parameters. 
Therefore, i n  order t o  obtain consis tent  ca l ibra t ions ,  the Camnittee recommends tha t  a nozzle having a small 
diverging region downstream of the t h r o a t  be used for  the def in i t ion  of th rus t  s o  tha t  the external  
conditions w i l l  not be important. This problem i s  of special  importance for  bypass engines t h a t  discharge 
the two flows separately.  
a f f e c t s  the  s p l i t  between main flow and bypass flow. In  t h i s  case i t  is important t h a t  the flow a t  the 
e x i t  of a bypass engine be careful ly  analyzed and i f  required,  correct ly  represented. 
e x p e r h n t a l  work is  recommended i n  t h i s  topic to  determine the importance of these e f fec ts  and methods 
for  eliminating such errors .  

The 

The sonic l i n e  is affected by the  s t a t i c  

Such pressure i n  f l i g h t  depends on the f l i g h t  Mach number and airplane configuration. 

In  t h i s  case an incorrect  representation of the nozzle flow for  the bypass a i r  

Analytical and 
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2.3 Nozzle 

The Committee fee ls  tha t  subs tan t ia l  addi t ional  ana ly t ica l  and experimental work i s  required f o r  the 
se lec t ion  of optimum nozzle shape and for  the experimental determination of the  nozzle performances. The 
spec i f ic  recommendations a re :  

1. Simple nozzles where only engine flow i s  injected should be investigated by taking in to  account 
ac tua l  d i s tor t ions  i n  s tagcat ion temperature and pressure. 
without d i s t o r t i o n  a r e  not representat ive when d i s t o r t i o n  is present. Analytical methods tha t  consider 
the e f fec ts  of d i s t o r t i o n  and t ransport  properties should be generated and made e a s i l y  avai lable  to  in-  
dus t ry .  

2.  Recognition should be given t o  the f a c t  tha t  external  flow can subs tan t ia l ly  a f f e c t  the nozzle 
performance. 
correct ly  simulate the mixing phenomena a t  the e x i t  of the nozzle. 
formances and external  drag. 
t e s t s  to  determine such ef for t s .  

Nozzle coef f ic ien ts  determined from tests 

Tests performed f o r  the determination of such ef fec ts  a r e  unsat isfactory because they do not 
Such phenomena influence nozzle p e r -  

Similar i ty  laws should be developed t o  permit the performance of accurate 

3 .  Nozzles where secondary flows such as  bypass flows, cooling flow, or  external  flows a r e  u t i l i z e d ,  
have i n  pr inciple  the poss ib i l i ty  of increasing the performance or f l e x i b i l i t y  of present nozzle i n s t a l l a -  
t ions;  however, methods for  designing such nozzles a r e  lacking. Present methods of analysis  usually ne- 
g lec t  important parameters such as  mixing, boundary layer flows, or  three-dimensional e f fec ts .  
Committee recommends tha t  ana ly t ica l  and experimental research be increased i n  t h i s  f i e l d ,  a t  the nat ional  
level .  

The 

4 .  Very l i t t l e  information is  avai lable  on the nozzle performances when leakage is  present,  or  when 
the nozzle discharges i n  a nonuniform f i e l d .  The importance of such a problem should be investigated.  

5. The in te rac t ion  between i n t e r n a l  and external  flows depends on the  d e t a i l s  of the flows i n  the 
region of the mixing between them, 
flows. Velocity, stagnation temperature and pressure should be correct ly  simulated i n  the tests. The 
invest igat ion of such in te rac t ion  requires  correct  representation of t h e  external  flow. Extensive re- 
search on ana ly t ica l  and experimental techniques to  invest igate  such phenomena is  recommended. 
ana ly t ica l  work should be directed toward determining methods for  correct ing tests performed with in-  
complete simulation, and t o  determine the parameters tha t  should be correct ly  represented i n  the tests. 

Such d e t a i l s  are affected by the boundary layer properties of the two 

The 

2.4 Complete Model Tests 

Many d i f fe ren t  aspects a r e  t o  be considered today i n  order t o  i n t e r p r e t  the  r e s u l t s  of complete 
model tests. 
of experimental techniques and a r e  not spec i f ic  t o  engine airplane interference.  
portant are:  Reynolds number, support interference,  aeroe las t ic  e f fec ts  on the  model, tunnel ca l ibra t ion ,  
e tc .  However, the engine airplane interference simulation plays a major r o l e  a l s o  on the  in te rpre ta t ion  
of data.  I n  the ac tua l  a i rplane,  the in te rna l  var ia t ion  of stream tube area from the entrance of the 
i n l e t  to  the e x i t  of the nozzle is such t h a t  for  many engines the e x i t  area when the flow is  expanded t o  
ambient pressure is s l i g h t l y  smaller or about equal to  the entrance area.  
energy addi t ion i n  the in te rna l  flow, then the e x i t  area required i n  order t o  pass the correct  mass flow 
through the i n l e t  is of the  order of twice the area required for  correct  simulation. For bypass engines, 
t h i s  difference i n  streamtube representat ion is so large tha t  ser ious e r rors  a r e  introduced i n  the de te r -  
mination of the drag of the airplane.  

Many of the problems involved i n  such in te rpre ta t ions  are re la ted  t o  the general  l imitat ions 
Some of the  most i m -  

I f  the model is  tes ted without 

The var ia t ion  of the streamtube of the flow leaving the  engine is  a l so  important for  the  drag deter-  
mination when the  a i rp lane  extends downstream of the engine exhaust. 
pressure f i e l d  produced by the airplane and on the mixing process between i n t e r n a l  and external  flows. 
The mixing process depends on the  r a t i o  of products of densi ty  and ve loc i ty  i n  the two mixing streams. 
For given external  conditions,  large differences i n  var ia t ion  of the streamtube along the length occurs 
depending on the  stagnation temperature and pressure of t h e  in te rna l  stream. 
r a t i o  of the product of the ve loc i ty  and densi ty  of je t  to  tha t  of the  outside flow should be simulated. 
In  addi t ion,  the mixing should be turbulent.  A t  the  present t i m e ,  the  use of engine simulators appears 
t o  be a good solut ion to  such a problem, which i s  very ser ious for podded type engines placed under the 
wing. However, the use of engine simulators tha t  use ro ta t ing  components complicates the t e s t i n g  programs 
and makes the program more expensive. In  addi t ion,  it introduces ser ious d i f f i c u l t i e s  i n  the model design 
because the thrus t  of the engine simulator mst be determined independently during the  t e s t s  i n  order t o  
measure accurately the drag of the model. Such requirements increase the complexity. For tests of t h i s  
type attempts should be made t o  simulate correct ly  the mass flow and stagnation temperature a t  the exit of 
the nozzle. Schemes where the stagnation pressure and Mach number a r e  simulated, and where an increase 
of mass flow is used t o  balance a decrease of stagnation temperature, could introduce e r rors  because of 
the difference i n  mixing a t  the  e x i t  of the nozzle and during mixing downstream of the discharge plane, 
due to  the incorrect  j e t  ve loc i ty  and density.  
s t a l l e d  i n  pods under the wing is  d i f f e r e n t  from the  problem of tes t ing  airplanes having engines ins ta l led  
near the fuselage or i n  the rear par t  of the fuselage. 
poss ib i l i ty  of changing the model support o r  of tests of a ha l f  model with re f lec t ing  plates  should be 
investigated.  
some of the d i f f i c u l t i e s  encountered could probablyleel iminated i f  a systematic invest igat ion of the 
problems could be made before such s teps  a r e  taken. 

This var ia t ion  depends on the 

When t h i s  is important, the  

The problem of t e s t i n g  configurations having engines in-  

For the  second family of configurations,  the 

Such methods have been attempted i n  the past by several  groups without much success; however, 

The conclusion of the  Camnittee is t h a t  subs tan t ia l  addi t ional  work is  j u s t i f i e d  i n  t h i s  f ie ld .  
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2.5 Future Plans 

Because of the magnitude of the research programs required t o  solve the  problems described above, the  
Committee suggests tha t  AGARD consider the advisabi l i ty  of out l ining a program of research t o  be supported 
on a voluntary bas is  by several  NATO nation8 a t  a nat ional  level  but integrated a t  an internat ional  level  
by AGARD. 
and would avoid unnecessary dupl icat ion of e f f o r t ,  thereby decreasing for  each nat ion the  overa l l  cos t s  
required t o  obtain posi t ive resu l t s .  
representatives of industry present a t  the meeting, tha t  a second meeting be planned t o  review the  progress 
on such problems and to  be held one year from the f i r s t  meeting. 

3. WIND TUNNEL WALL INTERFERENCE I N  TRANSONIC TESTS W I T H  HIGH LIFT 

The Committee reviewed the  methods used by d i f fe ren t  groups for taking i n t o  account the e f fec ts  of 

This coordination, i f  possible,  would permit an exchange of information, cor re la t ion  of resu l t s ,  

I n  addition, the Committee supports the  request expressed by the 

wal l  interferences for  models with high l i f t .  

Usually, the wal l  interference parameter used has been the blockage parameter, t h a t  is the r a t i o  of 
the  cross-sectional area of the model to  the wind tunnel cross-sectional area.  In  the past  the  tendency 
has been t o  use s u f f i c i e n t l y  low blockage i n  order t o  avoid the necessity of performing corrections 
because presently,  uncertainty e x i s t s  on the  poss ib i l i ty  of making such corrections.  A s ing le  c r i t e r i o n  
has been used a t  a l l  angles of a t tack.  
i s  too small a t  small l i f t .  The same parameter is used f o r  zero l i f t  and for  l i f t i n g  models. 

The main observations and recommendations of the Committee i n  t h i s  f i e l d  are as follows: 

1. While up u n t i l  now corrections used f o r  considering w a l l  in terference have been minimal and used 

I f  the value is  sa t i s fac tory  a t  high l i f t ,  then probably the  value 

only when large porosity e x i s t s  a t  the w a l l ,  some experimental a c t i v i t i e s  are i n  progress today i n  several  
laboratories t o  t r y  t o  improve r e s u l t s  by developing correction c r i t e r i a ,  and t o  determine tha  most s a t i s -  
factory value of the wal l  permeability to  be used, 
presently used var ies  i n  d i f fe ren t  wind tunnels. 
understanding of the problem. 

It must be noted tha t  the value of wal l  permeability 
The r e s u l t s  of these e f f o r t s  w i l l  generate a be t te r  

2. The Committee f e e l s  tha t  the blockage c r i t e r i o n  used, which is  re la ted  only t o  the  maximum cross- 
sect ional  area,  is  not a sa t i s fac tory  c r i t e r i o n  for  models with high l i f t .  The assumption tha t  correc- 
t ions a r e  small and can be neglected i s  j u s t i f i e d  only when the disturbances a t  the boundary of the  wind 
tunnel a r e  small, and therefore a r e  represented with good accuracy by porous or s l o t t e d  w a l l s .  The in-  
tens i ty  of such disturbances i s  re la ted  to  t h e  model s i z e  as w e l l  a s  t o  the var ia t ion  of cross-sectional 
area of the  model and to  l i f t  and not only t o  the value of the maximum area;  therefore ,  b e t t e r  c r i t e r i a  
should be developed. 
added t o  the  blockage parameter such as  separation parameter, wake parameter, blockage due t o  l i f t ,  e tc .  
The panel fee ls  tha t  b e t t e r  c r i t e r i a  should be developed i n  order to  determine a prac t ica l  c r i t e r i o n  for  
defining when wal l  e f fec ts  a r e  small. 
pressure disturbances occuring a t  the wall .  
therefore,  the accuracy of the  c r i t e r i o n  can be checked. 

Several parameters have been suggested by the par t ic ipants  a t  the meeting to be 

Possibly such c r i t e r i a  should be based on the values of the 
Such values can be, and should be measured during the tests; 

3. I n  order t o  generate a b e t t e r  understanding of wal l  interference and i t s  dependence on model 
charac te r i s t ics ,  systematic invest igat ions a r e  required. The Cormnittee recommends tha t  a panel be formed 
by AGARD to  define simple su i tab le  models t o  be tes ted when possible i n  a su i tab le  s i z e  i n  a l l  transonic 
wind tunnels i n  the NATO nations.  This panel should a l s o  out l ine  d e t a i l s  of the experiments. Possibly 
several  scales  of models should be tested i n  each wind tunnel,  and when possible d i f fe ren t  porosi t ies  
should be used. An a l t e r n a t e  approach i s  t o  control  the flow outside of the  test section. Several e x i s t -  
ing wind tunnels have such capabi l i t i es .  
tests, carefu l  def in i t ion  of the flow f i e l d  i n  the test  sect ion i n  the absence of models should be made 
ava i lab le  and detai led information of the  pressure f i e l d  and flow f i e l d  a t  the walls i n  the  region of the 
model should be obtained, 
t ion  be obtained. 'he Committee recommends the following members for  such a task: 

Such types of control  should be investigated.  In  a l l  of these 

In addi t ion,  the Committee recommends tha t  f l i g h t  data  of the same configura- 

France - Netherlands U.S.A. 

M r .  Poisson-Quinton M r .  Enthoven D r .  Zonars 

Germany United Kingdom 
hlr. Jones 

D r  . Lorenz -Meyer M r .  Carter 

This invest igat ion w i l l  furnish the required information necessary f o r  any introduction of wal l  corrections.  
The Committee, of course, real izek tha t  such a recommendation involves a subs tan t ia l  amount of work. 
However, from the  discussions among the par t ic ipants ,  i t  appears tha t  subs tan t ia l  work i n  t h i s  d i rec t ion  
is already planned a t  the na t iona l  sca le  i n  many countries. 
t ion  is  t h a t  the AGARD attempt t o  organize i n  prac t ica l  form these a c t i v i t i e s  a t  an internat ional  level.  
Then a l l  groups w i l l  benef i t  subs tan t ia l ly  with the increased sources of  information. 

The main point of the Committee's recommenda- 

4. The bas ic  concept of porous or  s l o t t e d  wind tunnels i s  based on the superimposition of so l id  and 
open wind tunnel wal l  corrections.  However, subs tan t ia l  differences e x i s t  between s lo t ted  and porous 
wind tunnels. I n  addi t ion,  the bes t  porosity d is t r ibu t ion  required is a function of disturbances produced 
by the model. Presently,  several  groups are invest igat ing the poss ib i l i ty  of using var iab le  porosity. 
The Committee r e c m e n d s  tha t  subs tan t ia l  addi t ional  e f f o r t s  be committed t o  ana ly t ica l  work t o  support 
such an  invest igat ion,  par t icu lar ly  with regard to  the appropriate downstream conditions t h a t  simulate the 
dawnwash for  the case of a model with l i f t .  
can produce good resu l t s .  

Only a good integrat ion of experimental and ana ly t ica l  work 
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5.  The Committee f e e l s  t h a t  by d i rec t ing  t h e  experimental program by means of analysis ,  there  e x i s t s  
the poss ib i l i ty  of improving experimental r e s u l t s  and tes t ing  larger  models where su i tab le  w a l l  corrections 
could be introduced. Therefore, the a v a i l a b i l i t y  of advanced analysis  is  urgent because i t  could have an 
input on the design of fu ture  high Reynolds number wind tunnels. 
of t h e  cross sect ion of the wind tunnel, the design of the chambers outside of the porousor s lo t ted  walls 
and the  design of the walls. 

For example, i t  would a f f e c t  the shape 

6. From the review of the contributions obtained, i t  appears tha t  very l i t t l e  is  known on the sca le  
and leve l  of turbulence of d i f fe ren t  wind tunnels. 
the aerodynamic charac te r i s t ics  of the boundary layer i s  a l so  unknown. Usually, because of the low 
Reynolds number of the  tests, t rans i t ion  from laminar t o  turbulent flow is obtained a r t i f i c i a l l y .  
length of the t r a n s i t i o n a l  region is  not cer ta in ,  and nor is  the  in te rac t ion  of the tunnel turbulence with 
these phenomena. The Committee recommends t h a t  the e f f e c t  of stream turbulence i n  experimental r e s u l t s  
be investigated and measured. 
used and of the wind tunnel design. 
.of s u p e r c r i t i c a l  wings. 

3.1 Future Plans 

In addi t ion,  the  influence of the turbulence level  on 

The 

The sca le  and level  of turbulence is  probably affected by the  type of wal l  
The e f f e c t  of turbulence level  can be important for  the development 

Presently,  subs tan t ia l  e f f o r t s  a r e  under way i n  many countries t o  t r y  'to determine the e f fec t  of 
Reynolds number a t  transonic speed. 
mation i n  t h i s  f ie ld .  I f  such an e f f o r t  is  contemplated by AGARD, the  Conunittee reconmends t h a t  an in-  
v i t a t i o n  t o  par t ic ipa te  i n  t h i s  e f f o r t  be extended t o  Canada. 

AGARD could t r y  t o  organize a systematic exchange of data  and i n f o r  
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ABSTRACT 

, 

This part of the report is a compilation of the response to a distributed 
questionnaire on engine-airframe interference in transonic tests among aero- 
nautical laboratories operating transonic wind tunnels, aircraft manufacturers, 
engine companies, and airplane users in the AGARD countries. 

The experimental techniques, correction procedures, advantages and limit- 
ations of inlet, nozzle/afterbody and complete model testing &nd of engine 
thrust determination are discussed in a technical order without reference to 
the source of the information. 

BACKCROUNTI STATEMENT 
The basic method for the prediction of aircraft flight performance from ground tests involves 

independent aesessment of the airframe aerodynamic performance from wind tunnel tests and the engine 
thrUEt performance from static thrust etand tests. The degree to which these primary vehicle components 
interact with each other has not been adequately investigated in the past by either the aerodynamicists 
or the propulsion speoialists. Standardized techniques do not exist for proper simulation of these inter- 
action effects at transonic speeds, nor have correction procedures been well established. It can be 
argued that for certain aircraft configurations, such as transporte, which stress the independent mount- 
ing of engine pods substantially free from the wing-body flow fields, the two components are essentially 
independent with only minor interactions. Equally true is the fact that for well integrated airframe- 
engine configurations (e .g.  fighters) a high degree of mutual interaction exists which must be accurate- 
ly assessed during wind tunnel and static thrust engine tests to substantiate total vehicle flight 
oapability. Many examples exist, both military and commercial, of vehicles with flight capabilities in- 
accurately assessed because of the inability to simulate and properly account for the aerodynamic inter- 
actions between the airframe and engine flow fields. This inability has been due in a large part to the 
practice of utilizing small-scale models for the purpose of obtaining vehicle external aerodynamic 
performance, and to the application of marginal, unrefined analytical procedures to the problem of scale 
corrections necessary in predicting full-scale flight performance. These methods, although appropriate 
in the early stages .of feaeibility and preliminary design study, are not consistant with the accuracy re- 
quired for projeotions of performance for prototype vehicles. A s  a result of this experience, the more 
recent programs of air vehicle development include detailed wind tunnel testing whereby several large- 
scale wind tunnel models are tested in a manner to allow an accurate bookkeeping of all the airframe- 
propulsion eystem aerodynamic interactions. Likewise, flight-size engine systems are being evaluated 
under conditions which closely simulate the spatial and dynamic environment to which the engine is ex- 
posed in flight. These procedures are both discussed in detail in thie part of the report using inputs 
from a working group of aerodynamic and propulsion specialists. Emphasis has been placed on the engine- 
airplane interference at transonic conditions where inaccuracies can have a significant influence on pre- 
dicted flight performance. 

To thie end a questionnaire was distributed in order to obtain information on specific questions and 
doing EO obtaining a complete review of the techniques used in the various ACARD countries. Appendix A is 
the questionnaire as distributed. It oontains three topics: inlets, engine thrust and exhauets, and 
generally asks for information on teat procedures, techniques, applied corrections, obtained and required 
accuracies and, if available, comparisons between wind tunnel and flight data. The response to this 
questionnaire was very good, although not eaoh topic was or could be equally well covered. 

This part of the report is a compilation of the response including the results of a discussion 
between the propulsion and aerodynamic specialists of the co-operating establishments, agencies and 
companies. This discussion was part of the study and was held after each group had submitted the answers 
to the questionnaire. 
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- I INTRODUCTION 

Development of present dey high performance airplanes requires  prediction of aerodynamio performance 
with accuracy above what i s  possible with avai lable  teohniques. This i s  especial ly  t rue  f o r  the transonic 
f l i g h t  regime, which is important f o r  both c i v i l  and mil i tary a i rc raf t ;  the  former f o r  eoonomic cruise 
performance, the l a t t e r  f o r  low fue l  consumption, during transonic f e r r y  and combat missions. 

Three p a r t i e s  are  involved i n  the airplane design: the customer or a i r c r a f t  ueer,  the airframe 
manufacturer and the engine company. The customer demands suoh s t r ingent  aircraft performanoe that optimum 
integrat ion of engine i n t o  the airframe is  a necessity. The airframe manufacturer i s  responsible f o r  t h i s  
optimum integrat ion e.g. f o r  the aerodynamic design. The engine company guarantees the engine performance 
i f  the oompressor entrance flow conditions a re  me t  and if a company-defined reference exhaust nozzle i s  
used. The aerodynamic airframe design should be suoh that minimum losses  a re  generated at the i n l e t  and 
at the exhauet. Therefore i n  the wind tunnel tests conducted f o r  the evaluation of external and in te rna l  
geometry, emphasis i s  given t o  the i n l e t  and exhaust with two objeotives i n  mind. F i r s t  objeotive is t o  
determine how the i n l e t  and exhaust flows influence the external  aerodynamics, and the second i a  how the 
external  flow af feo ts  the in te rna l  flow and engine performance. Due t o  the scal ing and the i n a b i l i t y  t o  
represent simultaneously the complete inlet and exhaust flows correct ions must be introduced t o  prediot 
the full scale  f r e e  f l i g h t  performances. The degree of accuracy depends on the experimental techniques 
used and the methods f o r  the determining correotions. 

analysis  of engine airframe integrat ion,  most emphasis w i l l  be given i n  t h i s  report  t o  th rus t  and drag 
components. However, s i m i l a r  analysis  and techniques apply f o r  terms suoh as l i f t ,  pi tching moment and 
s t a b i l i t y  derivatives.  

various drag terms due t o  the engine i n s t a l l a t i o n  q e  indicated and defined below the drawing. These 
def in i t ions  a re  not standard, however, and are 'no t  used i n  a s imilar  manner by every group. It is f e l t  
that the def in i t ions  as given represent a su i tab le  average. Fig. 1.2 gives the major elements of a w i n g -  
pylon-nacelle flow f i e l d  of an i so la ted  engine ins ta l la t ion .  

Current pract ice  f o r  the wind tunnel evaluation of vehicle external  aerodynamic performance of the 
combined engine and airframe i s  t o  u t i l i z e  three separate large scale  force models. The bookkeeping 
procedure f o r  combining all  t e s t  r e s u l t s  t o  provide compatible drag and thrus t  performance i s  sohematic- 
a l l y  shown i n  f igure 1.3. The basic  aero force model shown i n  f igure 1.3 (A) dupl icates  the external geo- 
metry of the ful l -scale  vehicle as accurately as possible and is  tes ted  with flow-through i n l e t s  operat- 
ing  at a referenoe mass flow r a t i o .  The mounting s t i n g  or s t r u t  geometry usually r e s u l t s  i n  modified 
closure l i n e s  near the model aft end which requires  an.afterbody drag correction (E). In  addition j e t  
exhaust e f f e c t s  which are usually not simulated contribute t o  the afterbody drag correc t ion .  Basic, 
force coef f ic ien ts  ( l i f t ,  drag, moments, e tc . )  a re  determined using the aero force and moment model. 
Afterbody drag correct ions a re  obtained from a j e t  e f f e c t s  model ( f ig .  I.3D). This model i s  usually e t r u t  
mounted t o  minimize interference e f f e c t s  and duplioates the aft-end geometry and j e t  exhaust flow condit- 
ions. An aero reference configuration s imilar  t o  the modified closure l i n e s  (with dummy s t i n g  e f f e c t s  in- 
cluded) of the aero force model is sometimes a l s o  tes ted  on the-nozzle afterbody model. The i n s t a l l e d  af- 
terbody drag is  then equal t o  the drag f o r  the correct  afterbody plus  j e t  e f f e c t  minus the drag of the 
aero reference. Both afterbody geometry and power s e t t i n g  e f f e c t s  a re  obtained with the j e t  e f feo ts  model. 
These are obtained i n  a manner which allows oorreotions t o  both the aero force model aerodynamio data and 
the i n s t a l l e d  engine thrus t .  It i s  usual pract ice  t o  fair over the i n l e t s  of the j e t  e f f e c t s  model. 

r a t i o  on the i n s t a l l e d  engine net thrust. I n  some cases external  a e r o d y n d c  performance i s  a l s o  correct-  
ed based on i n l e t  drag model resu l t s .  The resu l t ing  thrus t  which a l s o  oontains nozzle afterbody correot- 
ions i s  usually termed the net i n s t a l l e d  propulsion system t h r u s t ,  F . As was mentioned e a r l i e r ,  the  
vehicle external aerodynamics a re  measured on the aero force model whch  is operated at some speoified 
reference mass flow r a t i o  condition. The i n l e t  drag model, therefore ,  i s  necessary t o  account f o r  the 
e f fec t  of i n l e t  mass flow r a t i o  var ia t ion  (engine power se t t ing)  on the i n l e t  and adjacent vehicle 
surfaces. 

t e s t s  are conducted. The wind tunnel experimentalist  should be sure tha t  the i n l e t  flow does not have an 
e f f e c t  on the afterbody drag and vice versa  that the j e t  flow does not influence the i n l e t  conditions. In  
transonic flow t h i s  experimental setup i s  uaually correct  f o r  a i rplane geometries with widely separated 
i n l e t s  and exhausts e.g. f o r  integrated engine-airframe systems. For a podded engine i n s t a l l a t i o n ,  suoh as 
f i g .  1.2, the non interference between i n l e t  flow and afterbody flow is not so evident. It can be shown 
tha t  under cer ta in  conditions independence occurs. It can be argued tha t  f o r  podded engine i n s t a l l a t i o n s  
the engine-airframe interference i s  l e s s  pronounced and l e s s  care could therefore be devoted t o  it. How- 
ever due t o  the large mass flow of the newly developed high by-pass r a t i o  engines and due t o  the f a c t  tha t  
the net th rus t  i s  only a small f rac t ion  of the engine gross thrus t ,  new interferenoe problems a r i s e  f o r  
such ins ta l la t ions .  This i s  t rue  f o r  engines mounted e i t h e r  under the  w i n g s  or aft on the fuselage. For 
engine representation i n  wind tunnels a scaled engine simulator with an external ly  driven compressor can 
be u t i l i z e d  providing close simulation of both i n l e t  and exhaust flow. The use of powered engine 
simulators i s  ra ther  new. Additional experienoe i s  needed t o  define the best  ca l ibra t ion  and t e s t i n g  
techniques. The main advantage of t h i s  teohnique, besides its good simulation propert ies ,  is that the 
ca l ibra t ion  and i n s t a l l a t i o n  procedures f o r  t e s t  benches and the wind tunnel nearly duplicate the prooe- 
dures f o r  the actual  engine i n  the actual  airplane.  
However, the d i f f i c u l t y  of data  reduction and scal ing t o  the f l i g h t  conditions remains and l i t t l e  is 
known of the achievable accuracy of performance predictions.  After treatment of the i n l e t s ,  engine thrus t ,  
and exhausts i n  chapters 11, I11 and I V  respectively,  the problem and necessity of complete model t e s t s  
w i l l  be considered i n  chapter V. 

Since at transonic speeds the engine thrus t  f e l t  by the airframe is  of primary importance i n  the 

Fig. 1.1 is a schematic representation of an highly integrated engine airframe ins ta l la t ion .  The 

An i n l e t  drag or propulsion model ( f ig .  I.3C) i s  used t o  correct  f o r  the e f f e c t  of i n l e t  mass flow 

Great care should be taken f o r  each aerodynamic geometry whenever the above mentioned separated model 
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Fu 
F,  

A F N  

DN 

AFINL = DIFFERENCE I N  GROSS THRUST DUE TO I N L E T  FLOW DISTORTIONS AND NOT COMPLETE PRESSURE RECOVERY 

DsplLL =SPILLAGE DRAG DUE TO A,<A; VS A, - A i  

=UNINSTALLEO GROSS THRUST AS SPECIFIED BY ENGINE COMPANY WITH REFERENCE NOZZLE 

E INSTALLED GROSS THRUST = Fu + O F N  -DN+ OFINL, 

=DIFFERENCE IN GROSS THRUST O F  ACTUAL NOZZLE DIFFERENT FROM REFERENCE NOZZLE EXHAUSTING INTO 
QUIESCENT ATMOSPHERE. 

= DIFFERENCE IN GROSS THRUST O F  ACTUAL NOZZLE EXHAUSTING INTO QUIESCENT ATMOSPHERE AN0 WITH 
EXTERNAL FLOW 

=DAD, + A D E X T  

DAD, = ADDITIVE OR PRE ENTRY DRAG ( PRESSURE FORCES ACTING ON STREAMTUBE ) 

ADExT = CHANGE IN INLET EXTERNAL DRAG, PRESSURE DRAG, WAVE DRAG, FRICTION DRAG (IDEALLY DAPv;dDExT1 
DINT = INTERNAL I N L E T  DRAG 

DEL 
DE,, 

CHANGE IN AIRPLANE DRAG WITH BOUNDARY LAYER BLEED VS NO BLEED 

= CHANGE I N  AIRPLANE DRAG WITH BY -PASS INSTALLED VS NO BY -PASS 

ADw+A = CHANGE IN AIRPLANE DRAG ( E X C E P T  I N L E T )  DUE TO A,CAi VS A, = A i  OR A, = A R E F  

DA,, 
A D A F T  =CHANGE IN AIRPLANE DRAGDUE TO A C T U A L N O Z Z L E  FLOW ANDREFERENCENOZZLE FLOWOR REFERENCE 

= CHANGE IN AIRPLANE DRAG DUE TO AUXILIARY AIRSYSTEM I N S t A L L E D V S  NO AUX. SYSTEM INSTALLED 

NOZZLE GEOMETRY 

FN = NET THRUST = F ,  - V, f ENGINE MASS FLOW) 
, 

FIG. 1 . 1  SCHEMATIC REPRESENTATION O F  VARIOUS THRUST AND DRAG TERMS. 

W I N G  STAGNATION LEADING 
POINT B PRESSURE / E D G E  FLOW 

WING SHOCK 

/ 

CHANNEL FLO 

NACELLE AFTERBOD 

JET FLOW STR E AMTU BE INTERNAL FLOWS FLOW 

FIG. I. z MAJOR ELEMENTS OF WING/PYLON /NACELLE FLOW FIELD. 
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- 2.1 INFLUENCE OF INLET MASS FLOW ON EXTERNAL AERODYNAMICS AND MEASURED FORCES 

2.1.1 GENERAL - 
For aero force models of almost all j e t  powered aircraft the  i n l e t  mass flow is  usual ly  completely. 

or almost completely, simulated. The basic  force coef f ic ien ts  ( l i f t ,  drag, moments, e tc . )  &e determined 
from such models when the measured data from pressure p l o t t i n g  or balance readings are corrected f o r  the 
in te rna l  flow through the  i n l e t .  The correct ion procedure i s  disCUs6ed i n  2.1.2. Use of a reference mass 
flow is  a necessi ty  f o r  large by-pass turbo fan engines since at transonic speeds changes i n  the i n l e t  
flow a l t e r s  the pressure d is t r ibu t ion  on wings. This i s  especial ly  t rue  f o r  r e a r  fuselage mounted engines. 
Also f o r  supersonic cowl shapes reduction i n  i n l e t  mass flow of wind tunnels models i s  very undesirable i f  
the air sp i l lage  (e.g. i n l e t  mass reduction from AI 

The external  drag is  usual ly  the  most d i f f i c u l t  problem of measurement. Fig. 11.1 poses the usual 
questions and dilemmas t h a t  the experimentalist faces  when planning a complete aero force a i r c r a f t  model 
f o r  wind tunnel t e s t i n g  when one of the object ives  is the representat ion and measurement of t h e  en@ne 
nacelle drag. The questions posed are  of course only concerned with the  i n l e t s  and the shape of the model. 
There a re  many s i m i l a r  questions associated with the  representat ion of the j e t  exhaust flow8 these quest- 
ions w i l l  be considered i n  chapter I V .  

For measuring the  drag terms associated with the  i n l e t  ( sp i l lage ,  bleed, d iver te r ,  by pass,  addi t ive)  
special  i n l e t  models are t e s t e d  incorporating the external  surfaces which might influence the  values of 
i n l e t  drag terms. It is evident t h a t  the  model i n l e t  mass flow r a t i o  should duplicate t h e  f l i g h t  envelope. 
The problem concerning these measurements w i l l  be discussed i n  2.1.2. 

not possible on the bas i s  of past  experience. Each program must be reviewed as t o  i ts  object ives  and the 
general layout of the test configurations. Interference e f f e c t s  are of primary importance i n  es tab l i sh ing  
accurate drag l e v e l s  as s a i d  before,  although examples e x i s t  (reference 11-1) where l i f t  and pi tching 
moments were af fec ted  by c los ing  i n l e t s  with an aerodynamically smooth fa i r ing .  

Whereas the aircraft of reference 11-1 has twin side-mounted i n l e t s ,  the  F-8 model had a large air intake 
duct located under the  nose of the fuselage. The unpublished data indicate  no effect of c los ing  the inlet  
on l i f t  and drag c h a r a c t e r i s t i c s  of the configuration after appropriate correct ions f o r  the in te rna l  drag 
and base drag were applied. Although there  w a s  no e f fec t  on the aerodynamic center  locat ion as a r e s u l t  of 
c los ing  the i n l e t ,  there  w a s  a small s h i f t  i n  pi tching moment with the inlet  closed. 

References 11-2 and 11-3 contain information on the  e f f e c t  of mass flow r a t i o  on external  l i f t ,  drag 
and pi tching moment f o r  underslung and submerged i n l e t s .  The data show the  expected increase i n  external  
drag ae mass flow r a t i o  w a s  reduced. There i s  a small effect of mass flow r a t i o  on l i f t  and pi tching 
moment. 

Simulation of mass flow r a t i o  i s  of doubtful value i f  d e t a i l s  of the airplane geometry (cowl shape and 
leading edge contours, e.g.) are not duplicated. hren though the airplane geometry is duplicated by the 
model, Reynolds number e f f e c t s  may s igni f icant ly  affect the r e l a t i v e  cowl l i p  pressures (drag) which occur 
on the model and airplane.  This i s  par t icu lar ly  t rue  when separation effects predominate. I n  those cases  
where experimental external  aerodynamics are obtained using nonrepresentative model test conditions,  
correct ions must be applied t o  the force and moment data. These correct ions account f o r  the e f f e c t  of in- 
l e t  mass flow r a t i o  on external  drag using data acquired on a separate large scale  i n l e t  drag model as dis- 
cussed later. Analytical predict ions of the var ia t ion  of i so la ted  i n l e t  drag with -66 flow r a t i o  have been 
attempted with reasonable success. References 11-4 t o  11-10 cover the  most s ign i f icant  contr ibut ions i n  
t h i s  area. 

of the  a i r c r a f t  has not been adequately studied i n  the past .  Thus, i n s t a l l a t i o n  e f f e c t s  have been v i r t u a l l y  
omitted from analy t ica l  predict ions of t o t a l  external  i n l e t  drag coeff ic ients .  More e f f o r t  i s  needed, 
par t icu lar ly  at t ransonic  conditions,  t o  ident i fy  the interference drag e f f e c t s  f o r  various inlet-airplane 
combinations. A program i s  formulated i n  the  USA t o  study interference drag on a typica l  f i g h t e r  a i r c r a f t  
due t o  the  sp i l lage  of i n l e t  airflow. Experimental data w i l l  be obtained over a range of subsonic, transon- 
i c ,  and supersonic Mach numbers on a wing-body model incorporating a typical  two dimensional i n l e t  and 
nacelle.  I n l e t  locat ion,  geometry, and UWE flow r a t i o  w i l l  be varied.  Experimentally deterplined drag w i l l  
be compared with theore t ica l  predictions.  

flow dupl icat ion is t h a t  f o r  f ina l ized  
predict ions of a i r c r a f t  performance the i n l e t  
perimantal tests. A s  mentioned previously, it is  not the pract ice  t o  simulate the f u l l  operational range 
of i n l e t  mass flow r a t i o s  on the  aero force model from which the basic  external  aerodynamic force and 
moment characteristics are obtained. Rather, these data are corrected on the bas i s  of data obtained on a 
large scale  i n l e t  drag model which provides an accurate simulation of the  full  range of i n l e t  mass flow 
r a t i o s .  If the  scale of the aero force model is too  small t o  prevent dupl icat ion of the  proper cowl l i p  
flow it is  recommended t h a t  the  i n l e t  be operated at a mass flow r a t i o  as close t o  uni ty  as possible f o r  
purposes of determining the  minimum drag reference. I n l e t  oompression surfaces are eliminated t o  provide 
t h i s  reference flow condition. The drag due t o  l i f t  and moment Character is t ics  can best be obtained at a 
representat ive operational  BEE flow condition. 

Although it appears no hard and fast guideline can be establ ished regarding deCi6iOns whether or not 
models should have complete or p a r t i a l  i n l e t  mass flow or complete i n l e t  fa i r ings ,  some general observat- 
ions  can be made. When it is  possible t o  simulate the i n l e t  mass flow requirements without adversely affect-  
ing the external  l i n e s  of the configuration, then it is  strongly recommended that the  aero force model be 
constructed and t e s t e d  with flow through nacelles.  On the  other  hand, i f  it appears t h a t  because of model 
s i z e  l imi ta t ions  it is  not possible t o  provide the  model with suf f ic ien t  i n l e t  mass flow r a t i o  f o r  the 
speed range considered, then the i n l e t s  should be f a i r e d  closed. I n  t h a t  case the  representat ion of small 
mass flow and the required measurements a r e  more nuisance than they are worth. A s  i s  well known, improper 
i n l e t  mass flow matching could r e s u l t  i n  adverse separation from the l i p s  of the i n l e t s  thus causing 
erroneous external  aerodynamic measuremants. 

Many bookkeeping procedures a re  possible under the  system which u t i l i z e s  a number of wind tunnel . 
models t o  provide the data f o r  predict ion of f l i g h t  performance. The pr incipal  requirement f o r  any method 
i s  careful  a t ten t ion  t o  providing consis tent  correct ions f o r  i n l e t   BEE flow r a t i o  e f f e c t s  between the  ex- 
t e r n a l  aerodynamic forces  and the engine thrus t  forces.  

A m ) i s  outside the range of f l i g h t  requirements. 

A c l e a r  statement def ining the conditions when complete i n l e t  -6 flow duplication is required i s  

Similar t e s t s  were conducted using an F-8 model which utul ized the  NASA Supercr i t ical  Ai r fo i l  section. 

I n  general ,  it is  thought desirable  t o  duplicate i n l e t  -66 flow r a t i o  when determining model drag. 

The interference drag t h a t  accounts f o r  the e f f e c t  of i n l e t  a i r f low sp i l lage  on the external  surfaces 

Basically,  the consensus of opinion on incomplete i n l e t  
flow must be duplicated during some phase of the ex- 
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- 2.1.2 TECHNIQUES FOR OBTAINING EXTERNAL AERODYNAMIC DATA WITH COMPLETE MASS FLOM REPRESENTATION 

- A 

p l e t e  simulation of i n l e t  mass flow r a t i o  and t o  the proper force correct ions resu l t ing  from i n l e t  
flow ef fec ts .  Aircraft  which c ru ise  i n  t h i s  speed regime require an accurate acoounting f o r  i n l e t  mass 
flow r a t i o  since both aerodynamic and propulsion performance a re  sensi t ive t o  mass flow r a t i o  operating 
conditions. Vehicles of the type which require a rapid accelerat ion through transonic Maah numbers a re  
a l s o  affected by the d i rec t  and ind i rec t  e f f e c t s  of mass flow r a t i o ,  since a i r c r a f t  th rus t  minus drag i s  
usually a minimum at these conditions. In  t h i s  Mach number range, i n l e t  drag i s  r e l a t i v e l y  large and is 
sens i t ive  t o  i n l e t  mass flow r a t i o  operating conditions. 

Two techniques e x i s t  f o r  i n l e t  mass flow simulation at transonic speeds namely flow-through i n l e t s  
and use of powered engine simulators. The former i s  the simplest and i s  generally used i n  the ear ly  stage 
of wind tunnel tes t ing.  I n  order t o  apply t h i s  technique three conditions mu& be met: ( a ) ,  adequate e x i t  
area,  (b) ,  low pressure at e x i t ,  preferably below ambient, and ( c ) ,  low t o t a l  head losses  i n  the in te rna l  
duct . 
duct. The advantage of t h i s  technique besides i ts  s implici ty  i s  its oonsequent ease of measuring forces.  
The main disadvantage is the need f o r  increased e x i t  a rea  compared t o  the r e a l  j e t  exhaust which must in- 
volve geometric d i s t o r t i o n  e.g. incorrect  nacelle length or b o a t t a i l  angle or elemination of turbine af ter-  
body i n  case of podded fans.  For complete a i r c r a f t  models suoh as with podded engine i n s t a l l a t i o n s  t h i s  
inoreased e x i t  a rea  might be unacceptable and geometric scaled engine pod models a re  used i n  that case. 
The value of these pode is then not t o  simulate i n l e t  flow, but t o  simulate an e n t i r e  nacelle-pylon system. 
Effec ts  of various pod and pylon contours and mounting posi t ions on airplane s t a b i l i t y  and drag can be 
evaluated from increments obtained from flow-through pod-on models. Optimum configurations can then be in- 
vest igated fur ther  with more ref ined techniques such as powered simulators or blown nacelles.  Use of 
turbine driven fan j e t  simulators is a recent development, which extends the power-off simulation of the 
flow-through pod t o  include some e f f e c t s  of both primary and fan exhausts. It i s  pract ice  nowadays that 
t h i s  teohnique i s  applied i n  the f i n a l  complete wind tunnel models. Operation of these u n i t s  has become a 
technology i n  i t s e l f  and deserves a separate sect ion f o r  complete di6Cu66iOn, i t  i s  covered l a t e r .  

Fig. 11.2 i l l u s t r a t e s  one par t icu lar  choice of answers t o  the questions as posed i n  f i g .  11.1. I n  
t h i s  case, t h a t  of the Concorde a i rc raf t , (Ref .  11-11) the choice of a l te rna t ives  waa dominated by two 
considerations (1) the maximum scale  of a complete model ( l imited t o  1/30) and (2) the  need t o  obtain a 
very accurate value f o r  drag f o r  sustained cruise  f l i g h t  at M - 2.0 - 2.2. The nacelle w a s  represented on 
t h i s  complete a i r c r a f t  model e i t h e r  without any or with only a s ingle  7 O  we- compression surface and 
( i n  the first a l te rna t ive)  without a boundary layer  d iver te r ,  the e x i t  area was f ixed and t raversed i n  
great  d e t a i l  t o  get an accurate value of in te rna l  drag EO as t o  obtain the i n s t a l l e d  wave drag of the na- 
c e l l e  at datum intake flow. Pre-entry drag and l i f t  at f u l l  flow was not obtained from these t e s t s  because 
the  r e l a t i v e l y  low Reynolds number of the t e s t s  would undoubtedly have meant tha t  with correct  represent- 
a t ion  of the compression surface geometry external shock waves would be i n  incorrect  posi t ions and sub- 
s t a n t i a l  drag errors would occur. For the geometry of the Concorde nacelle (i .e.  an i so la ted  nacel le  on a 
wing with the external  shocks from the compression surfaces not impinging d i r e c t l y  on adjacent surfaces 
of the a i r c r a f t )  t h i s  w a s  probably a correct  ohoice. If the compression surfaoes had been turned through a 
r i g h t  angle as i n  the B70 f o r  example t h i s  choice would probably have been unwise i n  that v i t a l  interact-  
ions would have been missed between the intake and airframe flow f i e l d s  that were dependent on the oorrect 
representation of the compression surfaces. 

moment from complete a i r c r a f t  models corrected f o r  the e f f e c t  of the in te rna l  USE flow. 

the pre-entry streamtube and those p a r t s  of the body and wing which are  wetted by the  external  flow (but 
excluding any base a rea  of the nacel les) .  Drag coeff ic ient  of the f u l l  scale  a i rc raf t  i s  then: 

COMPLETE OR AERO FORCE MODELS 
The u t i l i z a t i o n  of wind tunnel models f o r  transonic t e s t s  requires  par t icu lar  a t ten t ion  t o  the oom- 

Regulation of the i n l e t  airflow below maximum can be acoomplished by inser t ing  r e s t r i o t i o n s  i n  the  

A descr ipt ion i s  given below of a procedure used t o  determine the external  drag, l i f t  and pi tching 

The external  drag i s  defined as the sum of the longitudinal forces  act ing on the force boundaries of 

C - c  1 

fexternal  

'external . a i r c r a f t  
where C I drag coeff ic ient  of complete configuration (including nacel les)  measured i n  the wind 

DBal tunnel. (Fig. 11.2). This term w i l l  include correct ions associated with the model 
support system e.g. forces  due t o  model def in i t ion  t o  permit r e a r  s t i n g  mounting. Thie 
is done by t e s t i n g  a model with a correct  rear  fuselage shape mounted on a twin s t i n g  
support (Fig. 11.3). 

C drag coeff ic ient  of any unrepresentative i n s t a l l a t i o n  base. 

C 

abase 

Dinternal  
- standard in te rna l  drag coeff ic ient  (see Fig. I I .4 . for  symbols). 

P - net standard thrus t .  

(G- dynamic pressure and A reference engine area) .  en 
C - akin f r i c t i o n  drag coeff ic ient  appropriate t o  a l l  model surfaces wetted by external  
D2 flow (from Ref. 11.12). 

fexternal  - external  skin f r i c t i o n  drag coeff ic ient  of the a i r c r a f t  at f u l l  scale  Reynolds 
' * E O  from Ref. 11.12). 
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FlQ. 0.  1 PROBLEMS OF REPRESENTATION O F  AIR INTAKES ON COMPLETE AlRCBAFT MODELS. 
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FOB EXIT FLOW SURVEY. 
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The f u l l  aoale rimraft lift and pitohing n o r n t s  oan be writ ten s imilar ly  am 

Other f o r m  of external drag ooeffioient that have b e n  found t o  b. wful are8 

Pa '2 %ana ' internal '2 
External preeeun drag C I C - C - c  - c  
omff io i en t  

and i n s t a l l a t i o n  drag ooaff ic ient  

P fexterllpl 

where C - drag coefficient of wing plus  body without naoellas 

I &in f r i c t i o n  drag of wing and body without naoelles . '1 

D1 
'external 

C 

Four manwensnts  are neoeesary t o  determina external drw of a w&l with h e  f low through the 

-ell# and body bam preenwe 
mtrtio proamwe dintr ibut ion i n  the i n t e rna l  flow at or 010" t o  its e x i t  /I p i t o t  premsure d i e t r ibu t ion  i n  the in t e rna l  f l o w  at or oloee t o  its ex i t .  

engine dvotnr 

a) o v e r d l  foroe m a w e m n t  

The in t e rna l  drag equation ( i ~ l u d i n g  additive drag) oan be rewri t ten .e (Ref. 11-13) 
Dint - P v2 Am- j (pa - pm + 

Ae 
$1 e U 

Uee of th io  iunction i n  very ben i f i t i oa l  at mupersodo opes& end .hooked exit oonditione, especial ly  if 
Y = 2, than t h i m  fmmtion i m  about wro. 

Comproheneive e-ye (i.e. 50 e t a t i o  and 120 p i t o t  p r e n n m e  of any A 
single  e t a t i o  proema four tuba p i t o t  rake t o  evaluate p and f(Ye) (Fig. PI.5). 

A t  supareonio .peed. it is neoeaaary t o  maawe tho %an PNaNre (by bass o ta t ioe )  at the 0- t im 
a. foroe m u u n m n t e  are ud.. The e x i t  flow -ye are ..d. on a "parat. woasion M of oourw tho 
~ X W M U O ~  of the exit m w e y  probe would alter b a n  p m m e .  

In  tent. at traneonio mp0.d. it i n  neoeeury  t o  ~ M W  i n t e rna l  flow by mano of a few f ixed p i t o t  
tubes supported from the dvot n l ls  at tho up. time M the bass p n a n u e  and foros  mauuramnts  M ud.. 
Thew few p i t o t  manwements a r m  thon u u d  t o  useen the  abmolute l eve l  of p i t o t  t ub .  mL.uTamnte taken 

2 - 23 om 1-e ud. u i n g  a 

when m y i n g  the  e x i t  flow i n  a ..parate turwl nul. 
For teat. of nrbeonio en@e i n a t a l l a t i o n r  (Figm. 11.6 and 11.7) SOW aimplifioation of the abow 

p romdun  ~ c l l  b. .ad. fo r  tho "mnt of i n t e rna l  drag. From m u w e m n t  of duot w a l l  s t a t i o  p n s m s  
at tho e x i t  plane md a oaloulation of tho boundary lyrr th iokmsa  at the exit plane, internal  drag and 
maas flow OUI be evaluated. ( S e  Ref. 11-14). 

Sinoe i n  those e n g i ~  i n a t a l l a t i o n  the i n t e d  drw i a  W1, the required a o o u r ~ y  of m w r s w n t  
oan b. la. 

For example the m a w e d  msn f low does not need t o  be manured within 5 "/o, therefore simple rake 
mamuremntm are nr f f io i en t  f o r  thome oanee. 

- B SPECIAL I" MOIELS 

I n  the ea r ly  stage of the wind t-1 program of an a i r o r a f t  design the engine i n s t a l l a t i o n  i n  the 
aero fome m o d e l  is  nohematioally represented. The prirmsy goal fo r  those t a s t e  is t o  determine the O O W  
p l e t e  rimraft oharaotsr is t iea .  Correotians are node f o r  the in t e rna l  airflow through the i n l e t s  IU in- 
dioated i n  aeotion 2.1.2 A. 

separately apeeial i n l e t  models are t e s t ed  on a larpr  ale whioh give, f i r s t  the i n l e t  perfor.anos 



1 
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FIQ. U. 5 FOUR P m O T  TUBE BAKE AND SINQLE S T A T E  TUBE FOR EXIT FtOW SURVEY. 

d 

FIQ. U 6 W I m N I C  TRANSPORT HOD= INSTILLLED ON mQLE EUNQ WIPPOBT. 

FIQ. 0. 'I SUB80NIC TRANSPORT MODEL INSTALLED ON lWlN g l w Q  WIPPORT. 
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and, Beccnd ref ined c c r r m t i o m  f o r  the aircraft charaoter ia t ica  88 detemined from t h e  aero force model 
f o r  t h e  complete envelope of t h e  ene;ine(s) operating reg ima.  Fig. 11.6 gives an erample of mwh a bcck- 
keeping procedure, pa r t i cu la r ly  devoted t o  .the i n l e t  drag terms, which axe important f o r  the aircraft per- 
formance. In  t h e  connotation of this f igu re  the ADref v e w  would he applied t o  the vehicle drag polar as 
obtained from the aero force model. Compatibility 18 "fainad between ex€erd aaroqvMmic and prcpuls- 
i on  fcrces by correct ing the i n s t a l l e d  engine th rus t ,  FN,,by the 0- i n  i n l e t  drag f rom the baeic i n l e t  
t o  the propulsion reference inlet, AD 
The AD correction consis ts  of s e v e r d  inc remnta l  components which are specif ied i n  this figwe. The term 

ADI 

r a t i o  and the reference i n l e t  which i a  generally operated at a capture axes r a t i o  (mass f l o w  r a t i o )  as 
d o s e  t c  1.0 ae possible by using minimum inlet ccmpreaaicn eurfaoea. The e f feo te  of i n l e t  m i l l a g s  b e l w  
t h e  c r i t i c a l  mass-flow r a t i o  would be included i n  the term ADI , . Both ABI and ADI . w i l l  nema- 

u i l y  account fo r  chaoges i n  loca l  inlet forces  such as i n l e t  cowl drag and i n l e t  additive drag.') Also, 
interference e f f e c t s  due t o  interant ions between the external f low f i e l d  and €he i n l e t  flow f i e l d  w i l l  be 
a c o m t a d  f o r  i n  these Cwc terms. 

(a similar correction is included f o r  the ncsele afterbcdy, p91). 

kccounts for the drag differences between the basic i n l e t  cpsrs t ing at its critical (or) mass flow 
cr 

spill c r  s p i l l  

The "aining dr- q u n t i t i e a  AD and ADI include the f low " e n t u  loa. b a t m m  fr.* e t n u  
Iblc bp 

wd exit oonditions f o r  the nmg.otiva flws p lus  t h e  i n s t a l l e d  door or lower drag. The effmots of i n t e l c  
fermnee ba tmen bleed/bypan f low and t h e  external mrfaoes of the rimraft M almo ineluded. Ruther 
information on tho mbjeot  of sngine-drplum interfarunce urd bookkeeping procedunm i. oontained in - 
f*rEncE. 11-15-18. 

Fig. 11.9 pome similar questions t o  tho" i n  Fig. 11.1 for the design f o r  an inlet -1 spsoifical- 
l y  t o  m a "  the va r iow inlets drag oompcmnts. Then queationa primarily oom*rn him i n t e w a t e d  an- 
gine-aiairirama des lp  Noh U a f ighter .  The t e s t i n g  of inlet. for podded h i g  bypus ra t io  fan enginm n- 
quirea a different  oonnidrcation. Tharefore f i r a t  a t t e n t i o n  w i l l  be given t o  the in tomated  wmtam ( s i )  
and later t o  the  podded .ymtems (B2) 
- B1 1maumsm - 

At trenaonio speeds the upstream airfr- surfaoen and t o  a great extent the downstream w f a o s e  nut 
be simulated during i n l e t  t e s t s  in the wind tunnel. U n u l l y  a compromse muat lm made lmtween w h a t  is 
practical and w h a t  i s  desirable.  A t  l e a s t  cheoke mhould lm lado that neglected sarfaoe or yrmtem simulat- 
ion dwm not inflwnqe the r e w e d  r e s u l t s  or can be Mocunted for by eom other m-a. No atrndard rules 
are avaalable which can e v e  a p r i o r i  an indicat ion of the i n t e r f e n n e e  e f f ec t s  of downstream nrrfacam on 

Complete simulation fo r  the operating ran@ of i n l e t  mans f low r a t i o s  i a  mqrured for this i n l e t  drag 
model. If i s  desirable  t o  si- the model t o  as large a scale ae poasible and thus provide for simulation 
of the boundary layer on all i n l e t  and funlagu nurfaoaa. Usvllly a t o t a l  Reynolda numlmr equal t o  f l i g h t  
cannot im aoheved  and artificial manu M needed t o  mila the bound.rg. 1wrs on t h e  wd.1 t o  equal t h e  
gnometrio ecale. In so- oaees t h a  i s  aocomp1iSh.d by f u i n g  boundmy laymr t r a m i t i o n  f o N a r d  of the 
point where t r a n s i t i o n  normally would OCOUT. In other cases whera the vimoow charaotar is t ioe are not 
properly matohed t o  tha i n l e t  geomtry,  the p o m t r y  Can adjwted .  For example, the inlet oan he placed 
further from t h e  airfram mrfaoe t o  provide the proper aeroqvnuic sca l ing  of the boundavy-1-r thiok- 
MSS r e l a t i v e  t o  the diverter height. Yare a t t en t ion  w i l l  lm e v e n  t o  it 1n 2.1.4. Inlet drag models whioh 
can lm adapted i n  t h i n  manner should lm on the  order of 1/12 moale or larger .  

"WEUIQUES 

the flow Mm the inlet. 

Som t e o h n i p m  and asmplea  u u w d  by w i o u e  groups w i l l  ba &Mumud next. 
Robably  the primary ohoioa in th. deaign of a special ised i n l e t  "1 18 whethar tha whola model 

(i.. . i n t d  plus  f u w l y  or w i n g )  i m  mounted on a balance or just the intake i t s e l f ,  Fig. 11.10 .bnn 
an a r r q m n t  whem the - raw0  intaka alone is on t h e  b.lmoe. This lud. t o  ma-nt of d l m r  
forwm, with t h o n  u w i a t m d  with t h e  intaka baing pmdorinmt. In sddi t ion the mano of muwing tha 
in t e rna l  m u m  f1m1 oan im looated whenver d e a i n d ,  urd wbtevmr mum neoaa8uy t o  * m m  wowatm 
I M n w n t  ean ba intrcduoed (a.& aonans, venturi ,  d t i  tuba r d a  *to.) a u i l y .  Tha diud*.nty.m 
.n: (a) the maling problem at the junotion lmt*.an t h e  "lid' md Warthed" portiona of tha duot, (b) 
the urourate manuremut  of fmes  on part. of t h e  h s e l a g u  on the brlanoa tht could 0h.ag. U intaka 

jurration pomition wham t h e  fiar y a t i l l  be qute non-unifon, wd (d) t h e  gnneral diffioultiss of la- 
tmrpreting forcem m a a u n d  on only par t  of a model. Changes of g e o r t r y  whioh l a r d  t o  0h.ag.a of p m m n m  
on non-mtrio parts of the wdel oan lead t o  spurious oonclusiow U t o  the efficieney of the gaomtrio 
ohangus brag s t w e d .  Inlet f l W  ill discharged through an extended duot far enough dnm8tream t o  avoid 
aqf inflwunos on tha inlet. 

Inlet maan flow r a t i o  i s  wuallr oontrolled and w-d by a variable  area ncrsle  or plug ( r t r i o  
or non-metric). For most wind tunnel coz&ticM the no5510 o m  lm cperatad at choked f low c0nditiona 
whioh d m  poeaible a muuramnt of DUE flow r a t i o  at the minimu flw area atation. The ".onic p l w  
mthod of m-mnt umme uniform ohoked f low conditions at the exit plug a t a t ion  with m i n i "  f low 

I t e r a  d l y  downstream of the f l o w  masuring s t a t ion .  Calibration is urcomplimhed vndar s t a t i o  condit- 
io- w i n g  en axternal pump rrraugemnt or, if maoe p e r m t s ,  under dnd tunnsl flow conditions us- an 
a t taohmnt  to the  model whoh la removed after the oa l ib ra t ion  
maam-emnts. 

using plug myaten a remot* oontrol drive motor can b. u a d  for r w i d  wd p n o i m  f low ohauges. Liw 
t rmsoa io  Mach numlmr t e s t i n g  requires the  uw of ratam (to+& urd s t a t i o  p r e s ~ u r e  mamrmg prolmm) or 
f low rtera  for meas f low r a € i o  m a m r m n t ,  s i m a  scnio flow i m  d i f f i o d t  t o  attain. The MOW SO^ of any 
maam f l o w  m a " e n t  deomans with a &CMU~ i n  velooi ty  at the r a m r i n g  mtation. The oa l ib ra t ion  pro- 
osdum for the rake mthod requires p o i a i m  wd mumt inolud.  the f u l l  rangm of f low oonditionm w h o h  
rill =our at the raka during t h e  wind tllnrul temta. YM a t t en t ion  t o  "a f l o w  m-mnta rill ba 
given i n  2.1.3. 

2 )  Mditiw drag i s  a foro. oorreotion which urooumts for tiu W n t m  d i f f a n m m  k h m n  frn a t n a  

f l W  O O n d i t i D M  0-v ( 0 )  the d i f f l O U l t i E .  Of IMUring momntm O f  the  i n t * d  f l W  at the duet 

U.8 ( throat) .  Tb. flow O O . f f i O i ( u l t  Of %he wtering Q&eU ill Obtained by iM&ing oal ibrat ion flow 

t o  prevent enoumbaFing t h e  foro. 

Variation of the th roa t  arm i n  the  mans by whioh m u m  flow ratio i a  W d ,  and in tho" OW. 

O O U d i t i O M  Uld O O U d i t % O M  at the i n l e t  0011 h d n g  0 d g . e  
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AERD REF YODEL PRDPULSIDN REf INLET P RDPULUDN BASIC INLET 

PROPULSION TEST CONFIWRATIMYS 

PMPULSIDN YODEL 

F y r  F G -  AD1 

ODI  DPWP BASIC -DPWP REF 
-AD1 +AD1 + A D I  + A D l  

CR AW .LC BP 
A D I  OBTAINED FOR RAN= D f  U 

INTAKE DRAG MODEL 

FOR MEASUREMENT OF : - 

I 
BLEED ON DEGREE OF 

REPRESENTATION O F  BLEED AND/OR DIVERTER? COMPRESYDN 
OF AIRFRAME. BYPASS EXIT SURFACE? 
WINGS OR STUB CONDITIONS P 
WINE? 
TAILPLANE AND FIN ? 
NACELLE ON NACELLE ONLY ? 
AFTERBODY P COMPLETE (PARTIAL) 
JET FLOW ? MODEL ? 

I 
SIZE O F  

I 
REPRESENTATION 

I 

BALANCE MEASUREMENT 

I W .  0 . 8  PROBLEMS OF MTAUE DEM MODELS 
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i RA- b VARIABLE OUTLET 

R(1. U 10 INLET MODEL W l n i  METRIC MLEX ONLY. 
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A simplier set-up, w e l l  mounting, is uasd by enother group aa ahawn i n  fig. 11.11s for e two 
d iwns ional  aupernonio inlet. The metric pa r t  (inlet + boundnry layer d ive r t e r  between w e l l  end inlet) is 
o m e a t a d  t o  the balance with e t ru t a  through the r i n d  tunnel w e l l .  The bleed flow i e  e jected by e tube 
with oalibrated-stiffness bellws. Internal  s t a t i o  p r e s w e ,  p , and base pressures pb, (30 points)  are 
meeured in  a first step.  Then, the presmra  ducts are disoonn&ted, end the fames ard m a w e d .  The rig 
y i e l d .  the intake drag (D ) using mom e lemnta ry  r e l a t ions ;  the mas f l o w  is deduoed from the  
manured p2, with the annf@tion% e sonio diacherg~ th roa t .  This permits only measurements i n  high eub- 
sonic flow as e te t ed  before. A reference cowl drag is e lso  manured. f o r  oomparison, aocording t o  t h e  
fi- 11.1lb. 

n y .  I*o d i f f i o u l t i e s  LC. enoountaredr (a) the impr fac t ion  of the w e  flw m u u r s m n t ,  due t o  the non- 
uniformity of t h e  in t e rna l  flow, end (b) the hpe r feo t ion  of the bene drag m u u r e m n t ,  duo t o  the mu- 
uniformity of the  b a n  p ~ s s r r r e .  Then two d i f f i c u l t i e s  oen be aolved by oonmoting the rear pe r t  of the 
model on e W. flow amtar urd on UI ejeotor ,  by s c r  cal ibrated-et i f fness  rubber wels, sothat a similar 
wt up ie obtained as in Fig. 11.10. Thie w i l l  also prmit w u u r e m n t a  at lonr k h  numbers. The 
. u d n e t i o n  of the drag oclouletion from the t e a t  result. shovad that t h e  result is very w n e i t i v e  t o  t h e  
h h  mber def in i t i on  of the wind tmMl; i n  other xorde, it is neoemmarY t o  ve r i fy  that the wind tmMl 
*.oh number ie  r e p r a w n t a t i n  of the  upetream Meah number for the model. Emever, prel ioinary tests have 
provided m o m  r e l i a b l e  values of the i n l e t  drag " m o t i o n  with the maan flw r e t e  i n  s p i t e  of the  
d i f f i d t i e e  d a t e d  e-. 

model is mounted on the belmw, end only the  un i t e  uoed for t ravers ing the in t e rna l  flow for m a s n m m n t  
of maas flow end -ntum em "earthed". The f a m e s  being manured now include f a i r l y  larp components 
(eg bew, mn urd onuopy drag) whioh em not required. This he# the effeot  of i nb ib i t i ng  the reproduotion 
of other oompoMnts on the model, suCh an winps, t o  reduoe the overall l a d s  end iMmuIe the BeMit iv i ty  
of the  balewe t o  the f a m e  oomponente which arm of interest. Thu the e f f ec t  of, ew, bypass door operet- 
ion,  M the a t e b i l i t y  of the configoretion hen t o  be saorifioad. The model tend.  t o  beoom ra the r  long if 
t h e  flw m-mnt s t a t i o n  is t o  be et a posi t ion where the flw is  f a i r l y  uniform. To avoid d i f f iou l t -  
ies d m  t o  .hwk reflwtions at lor .up.reonio .peed. with e long model, the rear half hen t o  be urde with 
oolutur t  cross eeotions( hence, additional true pamtrical reprewnte t ion  may be l o s t .  Howaver, the  nal- 
ing p r o b l e u  U i n  Fig. 11.10 md 11 et the duot jnnotion hen dimeppeemd and 0hang.s i n  somet ry  of the 
rmoellee OUI be s t a e d  with t h e  Imwledg. that t h e i r  t o t a l  e f f eo t  i s  being m-d. The bane drag is 
m-d by p i t o t  tubes p l w d  eppror imte ly  0,5 mm from the b ~ e .  Ths h e  is  ahrouded t o  t r y  t o  produce 
trnifora bew  pres.^^ under ell oonditiom (Ref. 11-19). 

md 11.12. The r t r i c  l i n s  is provided d o n g  the oyl indrioel  p& of the model, w h e r e  the external f lw is 
elm& Uniforr. The seal is r o l l e d  on itself if the mtrio pa r t  i a  translated, sothat the re.OtiOn is 
ooxwtent. This w a l i n g  teohaique weam t o  be very matinfactory. 

+ D 

Validity limits for the mL(mremntm not been d e r i n d ,  beoanw of the lack of o w l  pmswe NT 

Fig. 11.128 md b shw mother lathod for manuring the aam quantit ies.  In this o e w  the  complete 

Fig. 11.13. end b ahw a solut ion t o  the azaa p5oblem somwhere between t h e  solut ions of Fig. 11.11 

As sWII at the 00.plete =del t e d a ,  the uternal drag MIMt be d e t ~ l d n e d  f r o m  t h e  drag m e ~ m n t e i  

Dext- - %- - L e  - "internal . 
Tha balewe fme ,  
obtainad by presflv. p l o t t h g ,  .nd by the  in t e rna l  drag. The in t e rna l  drag, Dint, is t h e  differOM0 between 
t h e  f r e e s t m m  "mxtly dmu the iapula at the ruuring a te t ion  or exit 

Dint - i Vs - !'[Pa (1 + Y<) - P, 1 d* 

need. t o  be cormcted  for the  bane drag, &, or by the n a l i n g  drag, hoth 

A. 

where the aubsoripte denotes e x i t  p lum or w u u r i n g  s t a t i o n  end Ae repnsentm e NfereMe engine eme. If 
the manuring s ta t ion is U p s t N m  or d o n u t m m  of the intmrnal we? the  duot area MIMt be CoMtent .nd 
para l l e l .  Than the  in t e rna l  drag oen bs oarrooted for estimated in t e rna l  f r i o t i o n  forces. Tha r e w e d  ex- 
tarnal drag is then the prn-entry or a d d i t i m  drag rims the  motion forces on the o w l  plum the external 
Jdn f r io t ion  drag. If b l m d .  and bypaown arm prcrridad, t h e w  term are iMluded in  t h e  external drag. 

2 PO" "IOPIS 
The i n s t a l l a t i o n  drag of an high bypass. fur engins i n  pode m y  be U high as 10 "/a of the net engine 

thmut. This fact MO0llBitetes careful  nacelle end pylon design i n  order t o  minimise unfavourable inter- 
fereme effects.  The goal of the i n l e t  desipr i n  t o  pchim e reduced p r e m w e  on the  externel i n l e t  
o w l  Buch that the axia l  component of the integrated r e l a t i v e  aurfaoe presaure results i n  a t h a t  foroe 
equal t o  the additive drag. For reveraible  invisoid flow complete addi t ive drag cancel la t ion would OOOUT. 
To this end ieoleted inlet teats are performad t o  obtain optimum o w l  design et el1 speed rsngem within the 
f l i g h t  e m l o p a .  As with integrated engine i n s t e l l e t i o n s  it is  possible t o  epproaoh the problem of podded 
engines, et l e a s t  up t o  e given h h  number, by studying the force op.reting on the forebodJ colrl w i t h  an 
integrated balance oonbiMd with preoision wcSyTement of the  in t e rna l  f low,  a l t e m a t i v i l y  t h e  forces oen 
be OMdned from p r ~ s m  m a w e w n t s  on the forebody o w 1  urd from boundrry layer m a w e m a n t e  f o r  the 
.*in friotion. The adventage of this l a n t  OOmhiMtion is that a detai led demoription of the f lw oen be 
obtairmd. Thio demoription i e  neoeewry t o  optimisn t h e  nhroud .bap.. 

around t h e  inlet extended by a oylindrioel  extension. The drag is than dsdwed f r c n  a momntum belance-&et 
b e t n e n  upstream and doxD.tream i n f i n i t i e s .  Thie teohnique w i l l  be disauewd later i n  t h i o  wct ion .  

Another technique t o  manure the i n l e t  drag oonaimts of e oolplete exploration of the wind tumal flaw 
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RG. 11. 11. DBAG MEAswt l~rdMT ON C O M P L m  iuo INTAKE 8CBEDdATIC POWCIPLE. 
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Conmider firmt the  following &etoh: 

I f  the extmrJ. flow, l imi ted  by the #+=a.. NrfMe UIFED, WWntm BO i m r m i b i l i t y  (shook, WpUrt- 
ion,  vortex ... ) exeept for the f r i o t i o n  on the wall IB and the har ing  M O O P ~ ~ W  t o  the m u f a  m, t he  
r e d t m t  of the relative no& pme.un fombm on the mppowd eol id  oontow UWD i m  m q o . l  t o  wro, 
&U a conno t ion  for the dimplaoepunt effect of the boundvy layer.  I f  th. flow i a  not mumible ,  the 
n e u l t m t  without oorreotion i n ,  by defini t ion,  the mn@rm p r a m n u u  drag. 

oimntm r e l a t i v e  t o  the UIFS nufaoe, k t m n  th. o u .  of the oonmidend f l o w  and the w. of a m n r m i b l e  
potmntial flow. Thie differmnoe o m  unurlly k &terminad . z p u i a n t d l y .  Sinom it i e  mppowd tha t  d a b  
stream hu no iDflluMS on upmtream, them ocwffioiente 0- k meamred with m i M t d l l l t i O n  oonmimtin# 
of a oylilindriod p i p .  put in p1Me of tha j m t  and o o m o t i n g  the i n l e t  with an mjeotor v i a  a m u m  f lw 
a t e r .  

The 8-riwnt.l u r . n g . a n t  i n  ahown i n  Figura 11.14 (Ref. 11-20). A l l  the Ionbody i so l a t ed  o m 1  
oontailu a t a t i o  p r e n n w  tap. from an internal o y l i n d r i o d  orow-Motional area $ up t o  the  extarnal 

m u l t m ,  for a given Y.oh numbr, from the pmnmuw md the msme flow wamremntm, m d  from the demrip t -  
ion of the internal  bonndrry layern. The howlem of the external b0Und.r~ layer  y i e l d .  th. preoiee .*in 
f r i o t i o n  f m t o r  and the dinplaoement oorraotion for the m o t h  flow test. 

i n  .hwn i n  a tr-onio wind tumal i n  Figure 11.15, with domatream f a i r e d  aupport atrut.. 

The i n l e t  p r e m m  drag omff io ien t  ny k defined U the diffmnmn of the premmuw dr- ocwffi- 

point E. The d e t e r i n r t i o n  Of th8 PFOoulUW drag OWffiOient O n  the Wl'fM~ UIE L. p-iouely defiMd - 
In order t o  obtain t h e m  r e d t s ,  var iou .  applioations of the momentum theorem w u e d .  The model 

Figure 11.16 mhowe an example of the evolution of the pramnue drag ooeffioient (Cn ) deduced from 
P 

the me.sunmnte for different  given Haoh numbers. It i n  seen On t h i a  figura that for both w m  f l w  
ooeffioients,  the drag is e& t o  sero for U - 0.5. For t h e w  ten to  howaver, at low y.Oh numbnr and 
m o t h  flow around the leading em, it is only the external drag of the model forebody which is the- 
r e t i o c l l y  e@ t o  aero, but the result i n  explained by the almost nu l l  v r l w a  of the premmuw ooeffioientt. 
M.E E and the v i c in i ty  of the downatream o y l i n d r i o d  par t .  Furthermore, the boundary layer d i o p l w m n t  
oorrsotion h.s been wgleoted. 

Figura 11.17 e v e s  an example of the f r i o t i o n  drag ooeff ioient ,  odou la t ed  a t  U - 0.85, U a h t i o n  
of the -a flow ooeffioient.  This drag i n  odou la t ed  in this o m  from a bDundarJ lwr exploration i n  E. 
A oormotive f M t o r  nust be odou la t ad  t o  take i n t o  Moount the fMt  of a non oylilindrioal forabody shape. 
It. upmnuon is written on the figun. I t a  w d u r t i o n  is uuoertain b o a w  it is bawd on a b p p r o d u t e  
boundary l ayer  odou la t ion  whioh o m  k very innoourate when the ? x t e r c l  flow hu .hwkm, wparationm 
e ta .  The premsura drag omff io ien t  mmt k added t o  the f r i o t i o n  drag ocwffioient t o  obtain the inlet drag 
coeff ic ient .  

 him teohniqw hu tu0 p r w t i o d  d i f f iou l t i ee i  (a) the l i p  N o t i o n  force i m  very mtrongly infl lunoed 
by .9y eROr0 i n  d e t * & U i R g  the 1 0 0 ~ t i O n  Of the StSgUbtiOU l iM,  Uld (b) Ul MOuretS eOlUtiOn fo r  t he  
oomprmmmible equations of motion of the flow .head of t he  inlet nut k orloulated kfom the additive 
drag o m  k de te r r i l ud  and oompnmd with the I n u r e d  l i p  N o t i o n  fonm. 

on i n l m t  modele. In arr-mnt which i e  propoeed t o  uw in a t r u u o n i o  wind tunnel is .ham in Fim 
11.18 (hi. 11-21). mer muking the f o l l w i n g  def ini t ions,  

Both of than diffioultiam o m  b. avoided if t e s t e  w car r ied  out with m d d  foro. " m m n t  

A1  

Am 
Additive drag Daa I (p - p, ) dA 

A4 s4 

i s 
Buction thruet  TIS - I (p, - p) dA - T dS 

it w i l l  k .hnm that the e x t u d  l i p  drag, %, onu be orloulated from m u u n d  qurn t i t i ee  on a h  a t m m t  
Bnwlgament U 1  - h (Vu - Vm + A,,(Pn - Pa) + A4(Po - Pm ) + A;(Pa - Po) - E * 

If the in t e rna l  eurfMee of the " d e d  body of Figure 11.19 exert a fome on the oap tund  streamtuba 
whoom d d  OOnpOMnt, 9 ,  i n  - " a d  t o  be directed domatream, the u m l  foro. on the o . p t w d  a t r e u t u k  
between a s t a t l o n  &ad of the model in undimturbed flow Uld the exit plane of the noasle, n, i m z  

PmAm+ P P d A + 9 - P ) .  n n .  

Thin fome ny he aquated t o  the i n o r e m  in the d d  OompoMnt of momentum f l u x  of the onptured m t r e -  
A 

I t u b .  kt*.Wl theSE tW M f e r E M E  datlOnm8 



11-21 

FIG. U. 11 TRANSONIC TESTS ON ISOLATED AIB MTAYE FOR FAN ENQINE. 
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A. 

An eqnd but opposite foro., -7, must b. s r a r t e d  by thm mtreamtube on the body. Si- the body i m  in 
s t a t i o  epuilibrium, the t o t a l  axial force ac t ing  on the aurfaoa of the body mt be zero8 

A4 s4 

% 
- p + .f pd-4 + .f P dS - pa (A4 - A:) - p, (A; - An) + E - 0. 

Simultaneous aolutinn of the abow equations elmmirurtas t h e  foro. and the eXpMSB1OD f o r  
Proper oorraotrons can 
Reynold. number of t h m  urcraft i n s  % a l l a t ion .  Such an i so l a t ed  inlet t e a t  oan also i o o r p o r a t o  a t a s s  of 
i n l e t  t o t a l  p r e s n w  lo.. uul &ator t ion  without affeot ing thm orterrl  drag. 

umm S ~ M S  1960. Origxrurlly the complete o w l  p ro f i l e s  oould be varied,  but o m e n t l y  th0 aft end of the 
naoella is an int0gral  part of the rig and only the f o r e b a b e s  are interohrapable .  Intake mm flow i m  
oontrollad wing a motorised exhaust plug, and la da te runad  from i n t s r a l  rake meaauremnts. Four U- 
t e n J  rakma posit ionad aft of t h e  npcsl ls  are used t o  obtsrn the drag from the momntum dof io i t  
aasoeiatad with the flow about the  w e l l e .  By varying t h e  taper angle of the r i g  aft of the  rakes and 
81.0 be removing the rakem, the aft and of the r i g  was uhom t o  haw en inaignifioant effect 011 t hm fora- 
o w l  mfaoe presmlv08, although i t  &d of o o l v w  produce a premure inore- on the 
-ells. T h s  t e a t  a lao oonf i rmd B i t t a r ' s  assessmut  (R.f.II.22) that i n t a r f e n m e  f i e l d  o f foo t s  on 
bomhry 1-r developmnt have a negl igible  effect  on thm .egnitud. of thm prof110 drag. 

%.oh dry rrk. i m  of muffioient oxtent t o  maaure w a k e  lommes at high spill oonditionm, at in- 
OideMem of at leamt 6O. A t  Very high Bubsoluo Y.ch numberm .hook n v e  lomum extend bayond t h m  ooniinem 

i m  obtainod. 
t o  t o  woount f o r  the 0- in h n  f r i c t i o n ,  7 ,  for &h*r 

Another taohniqw to  d e t e r u n e  th extord  I d a t  o w l  drag i m  dmpioted i n  f ig .  11.19 wluoh i m  i n  

nu fooom of the 

Of the rake., but thim l m  not Of O O M O r U  in  detSrdniIlg %, urd fo r  qUAlitatiV0 u#Om.mntm O f  NlatiW 
M o O 1 1 m  perforraae.  SiMa the hI%L l n lgh t ing  Of the PmsmW tubam i m  OE LB WDulU buim tho Wry W1 
t o t a l  head lomu. that a m  premont at t hm extnmitiom of tho reem when weak mhc& nvom u-a prewnt  u o  
more m i w i f i o m t  than i n  aquivrlont 2 - & l m 8 i O M d  rake s u m y  testa. A t  lor Y.ch nubars urd at lw in- 
cideme thm extent n f  thm w a k e  i m  d l  oven xhan the ht.h i s  milling uul typical ly  doem not extend 
further than 0.2 o w l  &-term from the support tub. mfaoe at the uamramnt pluro. 

The oaloulation of p ro f i l e  drag f r o m  tho m a s w w n t  of t o t a l  pmamre  and mtatio pmmmre &a- 
tributionm at t h e  rakes f o l l w s  the u m d  nrthod in which tho m u m  flw urd t o t a l  head 10s. is detw8ined 
f o r  a p u t i o u l u  otream tube at th0 meaauremnt rake and t h i a  data io thmn u w d  t o  oaloulata tho I O u n t u  
d e f i c i t  at dorrmtraam i n f i n i t y  ammming no further t o t a l  head l o s w u  ooour. 
Thua, 

whmre 1, is th0 u r  ma.. flaw 111 the  atream tuba oon tumng  p i t o t  i urd Vi i m  the valooity in tlum mtmm 
t ub .  at dor rmtr"  i n f in i ty .  Suffu m refora t o  freestream oon&tionm. 
U W  

D - x h l  (Vm- Vi) 

and 

/ 1- Y - " 

where pi, pt are the  s t a t i o  and t o t a l  p r e s a w a  i n  the mtrean tuba at the rakes. 
i 

when, Ai is the  area al looatad t o  eaoh a t r a m  tuba at the rakes. 

TECBKIQUZS FOR YEASURING INIXT MASS FLMS 
It is obvious that the inlat -a flaw is a primary i n l e t  variabla and -t ba oontrollad m d  

m e a w e d  with extreme praoiaion. For 0 ~ p l a  a double ramp intake operating at Y - 2.2 an effaot ive 
changa of ramp of lo m a u l t o  i n  a change of msi" i n l e t  flow ( A A ~ / A ~ ~ )  of 1 "/a urd a E- of 

max 
p r w n t r y  drag oaeffioiant ACD 

i a  baing determined from the difference of a drag halonoe m8"erwnt and the in t a rna l  dr- desoribad 
in the  proviaus wo t ion  - the  i n l e t  -a flaw should ba mesaursd at l a a d  within 1/2 "/a. (Ref. 11-23). 
With sgscial ly  designed -ss flow oells-as w i l l  be doscribad l a t e r  - nruvrement of u . m  flow t o  within 
1 "/a oar t a in ty  oan be n a r d  routine.  If i n m f f i o i e n t  oare i s  taken errors am larga aa 5 o/o y nmult. 
Tho l e a s t  inaoourury =an be expaatad if thm mans flw is oomputed from rake murv0yo i n  the in t e rna l  duot 
only urd oan only b. obtained if the dimtortione at the msaur ing  s t a t i o n  UT 4 1 .  

Tha higher aoouraoies UT obtained i f  the msaur ing  0011 is oal ibratad against  a mtandud. It i m  
usvcl that the exit i m  formed by a monio or n e u  sonic " s t  with plug. Thm f low can than bo 
writ ten U a funotion of the dieaharm c w f f i o i e n t  of the azhaumt. yhrt i a  important in quoting the 
d a t e d  ooouraoias u e  the nunbsrs on the standard deviat iolu and on the posaible error of tho mean. Tho 
former &auld 

of 0.008. It i n  theraforo .@-rally --Ed that i f  the external dr.(l 
P N  

at l e a a t  1o.a than 1/2 "/a. Thn p r o m o o  of noiw o d d  CVIM perturbation. of the 
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order of 1/2 "/o. By oueful ca l ib ra t ion  the error of the maan of the di.oh.rg. omffioient oan b8 le.. 
than 0,1 O/o. Rnnvar i n  inlet temts, umdu t h e  etagnation temperatun dimtr i ta t ion i m  not r-d. 

t h e  flow uter i n  order t o  obtain the required aoouraoy. In  addition i n  the onl ibrat ion rib the a o t d  
dimtortion of the etagnation p n m m e  and temperature r-d in the i n l e t  should b8 n p n u n t e d .  When 
powsibla, tho d ia to r t ion  mhould b8 minimised i n  f ron t  of the  flow mater. For example mporo r i t i oa l  in- 
t e rna l  f low w i l l  givm diwtortiona and themfom rapid deter iorat ion i n  the aoouraoy of inlet flow and 
in t e rna l  drag meuuremnt ,  leading t o  wrong oonolusiorm ramding the external drag. Mhermore, the  
WOWMY of the nus f l o w  mauunlant deonues with a deomue i n  velooity at  the w w r i n g  s t a t ion .  The 
onl ibrat ion prwedure f o r  the rake mathcd requirem e x t n a  pmoision and wt include the N1 r u y  of 
f l o w  O O n d i t i O M  whioh dl1 OOOYT at the raka. 

gina f a n  pramsurs reoovery and f low distortionn. T h i s  i n  a completely aslf OOntuMd pieoe of equipment 
whioh oan be lvde i n  aeveral  siaen (Ref. 11-13). Some r s m l t n  of oa l ib r s t ion  t e s t a  .ZI a l so  mhm. Fig. 
11.21 i e  a photograph of a similar denim. In th i a  O ~ M  th. flow is  mumeyed by a rake of twelve p i t o t  
tubes aorcns a diamter plua two s t a t i c  rrtubea (one located cen t r a l ly  and one at 0.67 of duot radius) 
whioh can r o t a t e  t o  any posit ion.  This rake and the conioal thrott lea,whioh vary the exit ares,are 
cantilevered forwards i n t o  the duot and survey the f low at a a t a t ion  "f" w h a m  the duot i a  of oonstult  
.rea. Thin i n t e r n d  rake, m d e l  duot and exit are ca l ib ra t ed  f o r  aoourate maaauremant of maas flow. Flow 
through a standard or i f ioa p l a t e  is oompued with that maaswed by the rake using t h s  model duot but m- 
placing the intaka by a 4 I 1 oontraotion r a t i o  bellmouth. 

-Yh.n t h e  mdel i m  at a d i f f e n n t  temperature U the  wtagnation temperature of the tunnel, and heat tr- 
d b f e r  taka. p l w  i n  tho i n l e t  duot, the  etagnation temperatun d i s t r ibu t ion  mhould b8 " r e d  i n  f ron t  of 

Fig. 11.20 dorm a standard 0011 for  manmmemnt of the maam f low whioh i m  also w d  t o  maaura an- 

The following oa l ib ra t i cn  faotors  are evaluated from this t e s t r  
-a f l o w  maaured by or i f ioe  d a t e  

t o t a l  p r ~ n w a  at s t a t i o n  "f" and t h e  
g s o m t r i c  w a  of the choked e x i t  

'd - -6 f l o w  darivsd from m a  weighted maan 
('f) 

mas8 f l o w  m a a m s d  by o r i f i c e  nlate  
K f  - mama f l o w  derived from man s t a t i o  pres- 

and w a  weighted t o t a l  pmsme at mtation *sf" 

Cd i s  applied at nupersonic speeda i n  the form of a ccrrect ion t o  the -omtr io  exit mea giving, 
(Pf) 

'd gsometrio (P,) . - Aex effeot iva AUX 

Kf is wed at Nbsonio q e d s  where the e x i t  i m  not ohohd  and M t h e  y.oh numbr Yf i. mnarnl ly  laem 

than 0.5 the flow C a n  be oonmidered incOmpn8wible 80 that 
t r u e a  ~.ohnumbrYf 

'f - manmured :an Nach numbr Xf ' 

When using the equation f o r  i n t a rna l  drag the  true m a n  v a l w  of 4 is rnpuind, Thin i m  obtainad i n  the 
following w a y .  For a family of velooi ty  p r o f i l e s  &fined by, 

the two constant., Wan Nach number Mf from integrat ion of v e l w i t y  p ro f i l e  
Wan Nach number obtained from n u  d i sc re t e  point. ( the 

position. of the  p i t o t  tubem) on the pro f i l e  

K -  

and Y ~ M  H$ from integrat ion of veloci ty  p ro f i l e  

Hean 4 obtained from six d i m m t e  point. on 
the  p ro f i l e  

5 -  

u1 oaloulated for the oonditionar 

0.2 < z < 0.8 
2 < n < 7  

To a first approximtion i t  is found that a mingle l i n e a r  relationmhip eximtm between the factor. K and 
Thua the experimantal valus of K (i.e. K ) i s  used t o  f ind  a value of K,, which is then rued t o  

e d u t a  the "true" man value of H? i n  e q d i o n .  
The tab14 below pve.  an indicat ion of the estimated accuraciem of the axtemrrl d r c g  of the modal of 
Fig. 11.128 at various Hach numbers. 

I l a ,  I Component aoouraciee 

It is  notioed that gsneral consistency and r epaa tab i l i t y  of points  i s  about CD - 
d i s t r ibu t ion  at the 8urve.y a t a t ion  i n  good. 

standard UOTE choked noszla (whose dimharp ooeffioient i s  h o w n  t o  2 1/4 "/o) is heing used t o  oa l ib ra t e  
a l a r ~  ran@ of standard f low o r i f i ce s .  With the NOTE nozzle removed, thane cal ibrated o r i f i c e s  ara then 

.Ol when the velooity 

Fig. 11-22 ahows an example of a r i g  used t o  ca l ib ra t e  these maus flow c e l l s .  A t  the present t i r  a 
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used t o  ca l ibra te  the mass flow measurement c e l l s  which are operated i n  a choked e x i t  condition. A l a t e r  
development i s  the design of a new standard choked nozzle having very low throat  curvature and laminar 
flow. This standard w i l l  r e l y  on a calculated discharge coeff ic ient  which i s  (a) very close t o  uni ty  and 
(b)  w i l l  have very small e r r o r  (Ref. 11-24). This nozzle w i l l  be followed by an e f f i c i e n t  d i f fuser  so t h a t  
it is  hoped t h a t  it can be used d i r e c t l y  t o  ca l ibra te  the  cells, both of them operating choked. 

2.1.4 BLEED A I R ,  BYPASS, DIVERTERS, INFLUENCE ON EXTERNAL FLOW 

The problem of bleed, d iver te r  and bypass simulation i n  wind tunnel i s  only relevant  f o r  aircraft 
with integrated engine-airframe systems and f o r  supersonic aircraft. These items cause interference with 
both the  in te rna l  flow and external  flow8 however, it usual ly  had the most a f f e c t s  on the former. The 
accurate determination of bleedbypass  and a l s o  of sp i l lage  drag e f f e c t s  i n  the transonic range of Mach 
numbers i s  an important requirement. It i s  at these speeds where bypass and sp i l lage  mass flows are the  
greatest and where e f f e c t s  on performance can be large.  

model. A s  indicated i n  Figure 11.8 and others ,  the  bleedbypass  geometry is simulated on t h i s  model as 
accurately as possible.  Adjacent surfaces such as w i n g s ,  fuselage,  e tc . ,  whioh could in te rac t  with the  
flow from the  bleedbypass  exhaust systems must a l so  be duplicated t o  scale on the i n l e t  model. It is the 
pract ice  during wind tunnel t e s t s  t o  duplicate a range of bleed/bypass mass flow r a t i o s  i n  combination 
with a range of operating i n l e t  mass flow r a t i o s .  I n  t h i s  manner the proper drag increments can be assess- 
ed f o r  a wide var ie ty  of matched inlet-engine operating conditions.  It i s  not recommended t h a t  any extern- 
al bleed should be incompletely represented. I f  the bleed is only in te rna l  t o  the intake,  it can be ass- 
ed t h a t  it w i l l  not influence the  external  flow pat tern.  A t  supersonic speeds however, it has been shown - 
at model Reynolds number - t h a t  the  amount of bleed can influence the posi t ion of the external  shock waves. 
Typically f u l l  i n l e t  flow changes 2 - 3 "/o as bleed increases from zero t o  2 O/o. I n  t h i s  case the ex- 
te rna l  drag w i l l  a l so  change. Therefore f o r  bleed representation i n  wind tunnels it i d  a necessity t o  use 
as large as possible model Reynolds number, and thus scale ,  preferably as high as 1/6. 

I n  the cases where the bleed/bypass and sp i l lage  mass flow r a t i o s  are  not duplicated or simulated 
during wind tunnel model t e s t s ,  ana ly t ica l  correct ions f o r  these effects are made. The calculat ion usually 
involve only a momentum balance (drag) f o r  the individual flows being considered and are  not amenable t o  
calculat ion of interference e f f e c t s .  

on the fuselage forebody. The problem on integrated airframe-engine configurations is the adequate scal ing 
of the boundary layer  thickness t o  the  geometric scale  of the model f o r  the f u l l  range of f l i g h t  conditions 
(M,) and a t t i t u d e s  (a and p). Corrections f o r  the e f f e c t  of boundary layer  thickness on the i n l e t  flow 
f i e l d  are d i f f i c u l t  t o  accomplish with accuracy. Improperly assessed forebody flow f i e l d  e f f e c t s  have been 
the major reason f o r  past  propulsion def ic iencies  experienced during f u l l  ecale f l i g h t .  

This i s  par t icu lar ly  t r u e  f o r  boundary layer  scoops or diver te rs  since at the  reduced Reynolds number 
of the  wind tunnel model the r a t i o  of the d iver te r  height(h)and the boundary layer  thickness ( b )  i s  smaller 
than at f u l l  scale i f  the former i s  scaled geometrically. I n  i n l e t  design, a compromise i s  usual ly  requir- 
ed between drag and the  d iver te r  performance. Such a compromise tends t o  se lec t  a solut ion where the outer  
p a r t  of the boundary layer  en ters  the i n l e t ,  and i t  is this  compromise t h a t  cannot usual ly  adequately ob- 
ta ined from wind tunnel tests. I n  general  the parameter h/b i s  used which describes the  proportion of 
boundary layer ingested by the  intake.  Though convenient, it is obvious t h a t  a parameter which i s  a r a t i o  
of the  l o s s  of momentum i n  the  boundary layer  air ingested t o  the momentum of the  remaining "free stream" 
air enter ing the intake would be more appropriate.  However, it i s  obvious t h a t  fur ther  thought and system- 
a t ic  experimentation i s  required t o  e lucidate  b e t t e r  simulation criteria f o r  model and f u l l  scale re- 
presentat ion than j u s t  ident ica l  h/b values. Whatever parameters do emerge (and i n  pract ice  they may still 
amount t o  something s i m i l a r  t o  usin\g ident ica l  values of h/b) there  remains the problem of how t o  achieve 
them physically, A s  i l l u s t r a t e d  i n  Fig. 11.23 t o  obtain ident ica l  values of h/b, model and f u l l  scale, 
there  are the  following p o s s i b i l i t i e s  of geometrical changes t o  the  model: 

1 1  b Move w a l l  of intake adjacent t o  the fuselage s ide outwards keeping the  r e s t  of the intake ident ical .  
(c)  Reduce body s i z e  adjacent t o  the intakes so t h a t  f ineness  r a t i o  of the forward fuselage i s  increased. 
(d) Bleed some of the boundary layer from the fuselage forward of the posi t ion of the intakes.  
The last of these a l te rna t ives  would appear t o  be the best  but has d i f f i c u l t i e s  associated with force 
measurements, establishment of the  correct  p r o f i l e  turbulent boundary layer  before the intake posi t ion is 
reached, etc. 

is determined based on the d iver te r  f r o n t a l  a rea  and 

Simulation of i n l e t  bleed (including bypass) and sp i l lage  effects is accomplished with the i n l e t  drag 

The major correct ion from wind tunnel i n l e t  model t o  f u l l  scale  a i r c r a f t  involves the boundary layer  

a Move intakes bodily out from the s ides  of the  fuselage. 

Usually the  pressure drag of the d iver te r  C 
Ddiv 

t h i s  coeff ic ient  is then applied t o  the correct  s ize  d iver te rs  on the f u l l  scale  aircraft. 
When par t  of the boundary layer  from a forebody is allowed t o  en ter  the intake the  measured standard 

in te rna l  drag includes par t  of the  skin f r i c t i o n  drag associated with the flow over the forebody. (Ref. 
11-25). I n  these circumstances t o  a r r ive  at the external  drag a separate experiment must be done i n  which 
preferably the  intake i s  removed and the boundary layer  p r o f i l e  at the compression surface leading edge i s  
measured. If the  intake cannot be removed from the model then the t raverse  has t o  be done s u f f i c i e n t l y  far 
upstream of the  leading edge of the intake so t h a t  i t s  presence w i l l  not e f f e c t  the  r e s u l t s  from the  
traverse.  The r e s u l t s  of t h i s  t raverse  can then be evaluated i n  terms of the momentum defect i n  the  bound- 
a ry  layer  for the  flow t h a t  w i l l  en te r  the  intake.  If the boundary bleed or diver te r  i s  "startedqf then the 
posi t ion of the boundary streamline which divides in te rna l  and external  flows can be taken as the geome- 
t r ic  distance of the  cowl l i p  above the forebody surface. If t h i s  bleed or diver te r  flow is  not %tartedq* 
then t h i s  bounding streamline can only be approximated and then only i f  a very accurate determination of 
mass flow through the intake i s  known. 

intake i n  a typica l  case i s  shown i n  Figure 11-24. 

21.5 
- A INTEGRA~DSYSTWS 

The general  review of wind tunnel test procedure6 under sect ions 2.1.1. and 2.1.2 indicated that f u l l  
i n l e t  ~ E S  flow is  usual ly  not duplicated on e i t h e r  the  aero force model or the  nozzle afterbody model. I n  
t h e  aero force model case the  referenoe mass flow r a t i o  is usual ly  the critical mass flow r a t i o .  Since the 
reference mass flow r a t i o  is a l s o  a reference test condition f o r  the i n l e t  drag model, it must be determined 

A n  i l l u s t r a t i o n  of the evaluation and f i n a l  magnitude of the  skin f r i c t i o n  t h a t  i s  ingested i n t o  the 

PARTIAL INLET MASS FLOH AND COMPLETE INLFT FAIRING 
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FIG. II. 24 MEASUREMENT OF EXTERNAL SKIN FRICTION THAT IS INCLUDED IN INTAKE INTERNAL FLOW. 
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with maximum accuracy. Unfortunately, the  scale of the aero force model i s  not generally conducive t o  
providing the  instrumentation necessary f o r  such accuracy. For t h i s  reason there  i s  a tendency t h a t  the 
more recent aero force models approach the i n l e t  drag model i n  s ize  (1/12 scale) and have included not 
only instrumentation f o r  mass flow measurement but a l so  f o r  mass flow control .  

d i s tor t ions  and s t i n g  s ize ,  the i n l e t  flow representation and measurement may be more nuieance than 
worth. I n  those cases  the inlet  mey be completely fa i red ,  par t icu lar ly  at the complete wind tunnel models 
i n  the e a r l y  Eta@? of aircraft development. 

ing f o r  a rectangular intake.  A s  an example the correct ions t o  l i f t  and pi tching moment slopes due t o  
these intake f a i r i n g s  can be derived i n  the following manner: 
The poten t ia l  flow contr ibut ions due t o  f a i r i n g s  86  derived from slender l i f t i n g  surfaces are determined 
from the difference between values calculated f o r  the  body with and without fa i r ings .  These contr ibut ions 
are as follows: 

However, i f  the  aero force (or complete) model y ie lds  only small i n l e t  flows due t o  model back end 

Usually the  shapes f o r  intake fairings are arb i t ra ry .  Figure 11-25 shows an example of such a f a i r -  

2 n e  -- 
'ref 

0 

where F$ is  the  loca l  semi-width of the body 

R,, is  the  body semi-width at the intake entry plane 

Sref i s  the reference area (usually wing planform area)  

c i s  the  reference (wing) chord. 
- 

The contr ibut ion due t o  the intake f a i r i n g s  are subtracted from the measured l i f t  and pi tching moment 
slopes. The calculated contr ibut ions due t o  engine flow are  added and are 

dCL 2A, dai - 
da =Arefda 

- dCM - 
dcr - -  Are P da 

where A, i s  cross  sect ional  area of the capture streamtube i n  the f r e e  stream and 

- &i . 

2A,(L - X,) dai 

i s  the  r a t e  of change of flow incidence at the intake entry plane with respect t o  f r e e  stream. 
2 - % Ri - 1 + 2  

'i 

where y.  i s  the distance from the  aircraft centrel ine t o  the centre  of a rea  of the intake entry plane, 

and Ri i s  the  semi-width of the fuselage at the intake en t ry  plane. 

The interference e f f e c t s  of both fairings and real i n l e t  sp i l lage  are ignored. 

of i n l e t  mass flow r a t i o  on aft surfaces f o r  some aircraft configurations. Since the jet  exhaust is a l s o  
present,  the  question of possible in te rac t ions  due t o  i n l e t  and exhaust flows is  raised.  Simulation of 
both flows simultaneously on the same model would be needed t o  answer t h i s  question. Very l i t t l e ,  i f  any, 
t e s t i n g  of t h i s  nature h a ~  been attempted. The development of small scale engine simulators could provide 
a means by which t h i s  dual simulation can be accomplished (Chapter V). 

- B PODIED ENGINE INSTALLATION 

(turbine cowl) should f o r  some reason be geometrically scaled,  the natural  i n l e t  mass flow i s  coneider- 
ably reduced and might cause separation and increased sp i l lage  drag. Two methods can be used t o  avoid 
such phenomena: (a),  the  i n l e t  can be reshaped (decreased i n l e t  area) such t h a t  s i m i l a r  suction at the 
cowl can be expected, and (b) ,  within the  i n l e t  a bul le t  shaped body may be inser ted such tha t  the pre- 
en t ry  streamline pa t te rn  i s  akin t o  tha t  f o r  the intake without body and with the actual scaled mass flow. 
For both techniques caution should be exercised not t o  introduce unfavourable secondary interference 
effects especial ly  at high angle of a t tack  and yaw. 

i n l e t  111868 flow is  somewhat reduced compared t o  the ac tua l  engine. I n  pract ice  the i n l e t  a rea  is 
proportionally reduced. 

technique i s  applied t o  evaluate j e t  e f fec ts .  The i n l e t  may be completely f a i r e d  or the  captured etre- 
tube may be represented by an upstream body (usually from tunnel plenum chamber) (Ref. 11-17, 11-20). The 
l a t t e r  method oauses d i f f i c u l t i e s  when angle of a t tack  i s  var ied,  and boundary layer suction at the i n l e t  
en t ry  plane i s  required f o r  reducing the boundary thickness at the  fan  nozzle. 

The former method is  not generally applied since the omission of the i n l e t  flow might cause 
considerable interference e f f e c t s  at the pylon-wing-nacelle location. However, preliminary t e s t s  with an 
underwing fan engine wind tunnel model showed that the closure of the i n l e t  by an e l l i p t i c a l  shaped body 
and simulating the  natural  flow-through jet  with a body of revolution (Fig. 11.26) d id  not dis turbe the 

1 

Nozzle afterbody models use complete i n l e t  f a i r i n g s  at a l l  test conditions. There can be an ef fec t  

I f  during complete model t e s t s  the nacelle aft body of a subsonic t ransport  with podded engines 

Also i f  small scale engine simulators a re  used f o r  simultaneous i n l e t  and exhaust simulation, the  

When engine simulators are not avai lable  or prac t ica l  (scale ,  tunnel blockage) the  d i rec t  blowing 
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flow f i e l d  on t h e . a f t  fan cowl, pylon and wing. The pressure leve ls  sh i f ted  somewhat but the  shape of the  
pressure d is t r ibu t ions  remained ident ica l  as shown by some examples i n  Fig. 11.27. The argument w a s  given 
that the thickness of the body represent ing the j e t  was chosen too small causing the main deviation 
between the pressure leve ls  f o r  flow-through and f a i r e d  nacelle.  I n  any case these t e s t s  showed that f o r  
t h i s  par t icu lar  configuration the blowing nacelle with closed i n l e t  and with j e t  propert ies  s i m i l a r  t o  
that f o r  the flow-through nacel le ,  y ie lds  a good reference condition f o r  fur ther  tests determining the  
jet  e f fec ts .  However, no da ta  a re  avai lable  on the boundary, layer condition at the  fan  nozzle location. 

Fortunately recent ly  developed computation teohniques which determine theore t ioa l ly  the  interference 
between wings and bodies at subcr i t ica l  speeds (Ref. 11-26, 27) w i l l  be of great  help f o r  determining the 
optimum body and cowl shapes f o r  zero and reduced i n l e t  mass flows respectively. Optimum should mean that 
the  veloci ty  and pressure f i e l d s  at the fuselage wing, pylon and fan  aft body are  a f fec ted  t o  a minimum 
as compared t o  the f i e l d s  of the  reference nacel les  used. 

- 2.1.6 

special  i n l e t  models generally y i e l d  correct ions f o r  the overal l  aerodynamic data obtained from complete 
model tests. Translation of these da ta  t o  f u l l  scale  might sometimes cause d i f f i c u l t i e s  due t o  the  reduced 
Reynolds numbers of the wind tunnel tests. The d i f f i c u l t i e s  arise i f  shock wave-boundary layer  interact-  
ions and flow separation occur. For example, f o r  podded fan  engine i n s t a l l a t i o n s  the sp i l lage  e f f e c t s  on 
wings could be very sens i t ive  t o  Reynolds number var ia t ions ,  jus t  as the basic  wing w i l l  be. Cowl separat- 
ion boundaries a r e  a l s o  l i a b l e  t o  be sens i t ive  t o  Reynolds number changes. I n  many cases the t r a n s i t i o n  i s  
f ixed by some a r t i f i c i a l  means, but t h i s  does not give at a l l  any guarantee of flow f i e l d  and pressure 
f i e l d  dupl icat ion i n  the wind tunnel. A complication i n  deciding how t o  represent the intake i n  r e l a t i o n  
t o  a fuselage or wing at model scale  i s  par t icu lar ly  obvious f o r  a p i t o t  or half axisymmetric centrebody 
intake where the intake shock system d i r e c t l y  impinges on the adjacent fuselage or wing boundary layer .  
The scale  of the  in te rac t ion  between shock system and boundary layer  and the e f fec t  of t h i s  in te rac t ion  
on the downstream boundary layer  propert ies  w i l l  then depend on the absolute s ize  of the boundary layer  
and, hence, w i l l  change from model to.  f u l l  scale.  

given t o  it  already, par t icu lar ly  within ACARD. The r e s u l t s  of these s tud ies  w i l l  undoubtedly have a 
marked influence on the in te rpre ta t ion  of and correct ion procedures f o r  wind tunnel data concerning 
engine ins ta l la t ion .  Presently only guesses can be made f o r  those corrections.  

- 2.2 INTERNAL ImET FLOW 
The separation i n  treatment between external  and in te rna l  i n l e t  flow and the mutual influencing 

e f f e c t s  cannot s t r i c t l y  be made. This i s  par t icu lar ly  t rue  f o r  d iver te rs ,  bleeds and other  bypass systems. 
I n  the previous sect ions most a t ten t ion  has been devoted t o  the external  e f f e c t s  where the  primary i n l e t  
parameter is the  i n l e t  mass flow. The measurement of t h i s  var iable  has a l s o  been t reated.  I n  the next 
sect ions we w i l l  consider the in te rna l  flow primarily,  how the in te rna l  flow is simulated, how measure- 
ments a r e  performed and which correct ions a re  applied. 

The purpose of the  i n l e t  i s  t o  diffuse the  enter ing air properly, t o  cause minimum drag penal t ies ,  
and, t o  de l iver  t o  the  engine an air flow tha t  i s  compatible with the  engine requirements both steady and 
unstationary.  Usually such tests are performed i n  special  i n l e t  wind tunnel models, sometimes ca l led  
propulsion performance models, which a re  preferably at large scale  (1/6). I n  many cases however the  i n l e t  
drag and performance model a re  the same. 

- 2.2.1 
The techniques t o  achieve mass flow var ia t ion  i n  the special  i n l e t  models a re  generally s i m i l a r  t o  

those described i n  sect ion 2.1.2 with the addi t ion tha t  the duct shape from the i n l e t  plane t o  the  com- 
pressor face must be simulated as on the f u l l  scale  aircraft and the measuring s t a t i o n  must be located at 
the  compressor entrance plane (Fig. 11.28). 
When applicable,  i t  is necessary t o  have a boundary layer  control  system (bleed) and a bypass system 
properly scaled so as t o  simulate the air f low at the engine compressor face.  Pressure measurements at the 
compressor face s t a t i o n  of the i n l e t  performance model should be s u f f i c i e n t l y  de ta i led  t o  provide an 
accurate measurement of t o t a l  pressure recovery, engine mass flow (see 2.1.3) and the s p a t i a l  d i s t r ibu t ion  
of the local  t o t a l  pressure r a t i o .  Usually t h i s  involves a t o t a l  pressure array of 30 t o  40 individual 
t o t a l  pressure probes f o r  model sca les  on the order of 1/6 f o r  the typ ica l  f i g h t e r  a i r c r a f t .  

ac t ion  e f fec ts .  This technique, however, is qui te  expensive and can r e s u l t  i n  a doubling of the complexity 
of the  t e s t .  Furthermore, the range of i n l e t  m a s s  flow r a t i o  tes ted  i s  l imited by the engine capabi l i ty .  
A s  a r u l e ,  therefore ,  i n l e t s  a re  t e s t e d  with engines only when the inlet-engine in te rac t ion  i f  of paramount 
importance. 

Tests may a lso  be conducted using a small engine with a subscale i n l e t .  For example an off-the-shelf 
smal l  engine appropriate f o r ,  say, a 1 /2  scale  i n l e t  may be used. The d i f f i c u l t y  with these tests a r e  the 
f a c t  the  small engine may be e i t h e r  more or l e s s  sens i t ive  t o  d is tor t ion  as compared t o  the actual  f u l l  
scale  engine. 

c r i t i c a l  operation i s  not usually a t ta inable  because of the lack of natural  pumping. That is ,  the base 
pressure at the i n l e t  e x i t  i s  not low enough t o  introduce the maximum flow through the i n l e t .  To reduce 
the base pressure,  e jec tor  systems have been employed as well as extending the  duct by a conical diffuser .  
Another approach has been through d i rec t  suction where a f l e x i b l e  bellow and pipe arrangement can be 
attached t o  the i n l e t  e x i t  and lead t o  an outside vacuum source or merely t o  atmospheric pressure i f  the 
tunnel pressure i s  suf f ic ien t ly  high. For Mach numbers above 1.0, suf f ic ien t  natural  pumping t o  cover the 
complete mass flow range is usually avai lable  at l e a s t  f o r  r e l a t i v e l y  small scale  models. For complete or 
p a r t i a l  airframe i n l e t  tests, small gas driven turbines  have been used t o  simulate the engine mass flow 
demand. 

The mans f o r  varying bypass flow depends i n  par t  upon the method employed t o  remove it. If the  by- 
pass is taken off  at the throa t ,  flow r a t e s  w i l l  be determined by s l o t  gap width, o f f s e t ,  and back 
pressure. The back pressure may be determined e i t h e r  by a f ixed or by a remotely var iable  e x i t .  Again, a 
properly designed var iable  plug can be used t o  serve both as a flow control  and flow measurement device. 
(Fig. 11-29). 

FINAL REMARKS ON CORRECTIONS 

The previously described techniques f o r  determing the  i n l e t  e f f e c t s  on external  aerodynamics with 

Much work still  needs t o  be done on viscous e f f e c t s  at transonic speeds. Much a t ten t ion  has been 

TECHNIQUES FOR INLET MASS FLOW SIMULATION 

For large scale  t e s t s ,  an actual  engine may be used t o  combine flow control  with inlet-engine inter-  

A t  t ransonic speeds below approximately Mach number 1.0 the f u l l  mass flow range through super- 
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BLEED BYPASS COMPRESSOR FACE 

FIG. II. 28 TYPICAL INLET PERFORMANCE TEST ARRANGEMENT BLEED AND BY -PASS TO 
EXTERNAL FLOW. 
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FIG. II. 29 COMPOSITE INLET TEST MODEL. 
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When a f ixed  area e x i t  i s  used, very rough estimates of bypass mass flow can be made from pressure 
measurements i n  the  e x i t  channel. An a l te rna t ive  method of removing bypass flow places a co l lec tor  plenum 
around the  duct near the  compressor face with flow rate control led again by a var iable  e x i t  area.  If close 
approximation of actual bypass flows a r e  t o  be achieved - within 2 "/o or 3 "/o - the  carefu l ly  ca l ibra ted  
remotely control led plug (or its equivalent)  i s  necessary. This type of var ia t ion  is a l s o  necessary f o r  
comprehensive invest igat ions of the best  balance of sp i l lage  and bypass f o r  t ransonic  flight. For small 
scale  invest igat ions where the expense and complexity of a remotely var iable  bypass e x i t  i s  not warrant- 
ed,  a s e r i e s  of f ixed  e x i t s  may be used with reasonable success. The approximation of bypass flow should 
be consis tent  with the reproduction of other  parameters i n  small scale.  

I n  dupl icat ing bleed systems i n  a model, the goal i s  t o  maintain a viscous layer  through the i n l e t  
which r e a c t s  t o  i n l e t  pressure gradients  s imilar ly  t o  f u l l  scale f l i g h t  operation. It is advisable then 
t o  perform some theore t ica l  analysis  on the  f l i g h t  vehicle bleed system t o  determine plenum back 
pressures and then perform wind tunnel t e s t s  over a small range of back pressures near that value i n  order 
t o  be absolutely c e r t a i n  of acquiring representat ive data.  I n  cases  where wind tunnel t e s t  conditions do 
not match f l i g h t  Re (Reynolds number based on boundary layer  height) ,  it may be necessary t o  make adjust- 
ments i n  the s i z e  of bleed holes (or s l o t s )  i n  order t o  remove the  proper amount of flow. I n  the case of 
perforated s ide p l a t e s  or compression ramps, remotely var iable  porosi ty  may be effected by means of s l id-  
i n g  p la tes .  A s  with the case of bypass, small scale  model t e s t s  (on the order of 1/12 sca le )  do not have 
a cr i t ical  requirementfor var ia t ion  of boundary layer  bleed ad transonic Mach numbers i n  order t o  be 
consis tent  with other  a reas  of duplication. 

bleed (h,.,D)/(im ), coupled with a suf f ic ien t ly  high tunnel pressure t o  produce R e  (Reynolds number based 

on boundary layer  height) near the f u l l  scale value provides the most important input t o  i n l e t  flow 
simulation. Generally speaking, it is not d i f f i c u l t  t o  manage t h i s  simulation w e l l  enough t o  obtain a 
close approximation of average t o t a l  pressure recovery p 

both steady state and dynamic - be determined t o  meet engine development demand, a great deal  of a t ten t -  
ion t o  d e t a i l  i s  required. For instance,  boundary layer analysis  must be acoomplished carefu l ly  and the  
boundary layer  d iver te r  design based on t h i s  analysis  should provide, as nearly as possible the  same 
channeling of viscous flow as would the  f l i g h t  vehicle  design. If it appears t h a t  model boundary layer 
flows w i l l  not have "healthy" ve loc i ty  p r o f i l e s ,  vortex generators m a y  be used t o  energize viscous flows 
i n  regions of r e l a t i v e l y  high pressure gradient.  

Tests  should be run over a wide range of vehicle  manoeuvre a t t i t u d e s  t o  determine i n l e t  performance 
and operational s t a b i l i t y  at al l  possible f l i g h t  conditions. 

High frequency f luc tua t ions  i n  the  compressor face mass flow may be a f fec ted  by cowl lip-flow f i e l d  
in te rac t ions ,  shock wave-boundary layer  interact ions,  wakes from s t r u t s  terminal shock locat ion,  and/or 
flow separations i n  the  i n l e t  duct. Close a t ten t ion  t o  the i n l e t  geometry then can a l s o  help t o  assure 
t h a t  the pa t te rns  of t o t a l  pressure - even at high frequencies - are duplicated i n  a wind tunnel i n l e t  
model. In  f a c t ,  a honeycomb near the simulated compressor face or some other device t o  reproduce proper 
"organ pipe" duct resonance may be required t o  define resu l tan t  adverse disturbances. 

accuracy and v e r s a t i l i t y  i n  advanced development whereas the cruder transonic test methods are more 
consis tent  with low operating budgets and the  rough approximations expected during i n i t i a l  inves t iga t ions .  
of systems designs. 

Proper dupl icat ion of the  above mass flow r a t i o s  f o r  engine (ien)/(tkm ), bypass (%p)/(iOO ), and 

/p , but a l s o  t o t a l  pressure d i s t o r t i o n  - 
t 2  tm 

It can be concluded t h a t  the  more sophis t icated t e s t i n g  techniques of fe r  the combined advantages of 

- 2.2.2 EXTERNAL FLOW FIELD SIMULATION AND MEASURING 

Simulation of the flow f i e l d  i n  which an i n l e t  i s  immersed can be at once, an important and d i f f i c u l t  
t ask  i n  transonic wind tunnel tests. I f  the i n l e t  system is t o  operate only at high subsonic Mach numbers 
and/or i s  located reasonably well ahead of the regions where the flow f i e l d s  a r e  s ign i f icant ly  a f fec ted  
by the  proximity of the f l i g h t  vehicle ,  i so la ted  i n l e t  tests are acceptable. An ultimate check-out i s  al- 
ways necessary with the correct  model flow f i e l d .  When i n l e t s  a re  c losely integrated with the f l i g h t  
vehicle  and especial ly  when these i n l e t s  a re  designed f o r  moderate t o  high supersonic Mach number f l i g h t ,  
the  i n l e t  flow f i e l d  i s  mostly defined by the vehicle forebody shape and a t t i t u d e ,  but oan be a f fec ted  
tangibly by d iver te r  shapes, near by s t a b i l i z e r  surfaces,  nose booms, and external  s tores .  If a large 
par t  of the airframe must be simulated i n  the wind tunnel f o r  proper flow f i e l d  duplication, losses  must 
accepted f o r  the reduced sca le ,  and hence, reduced Reynolds number. It i s  recommended that the p a r t i a l  
model should be extended at least 5 t o  8 engine diameters behind the i n l e t .  

I n  simulating the  external  flow f i e l d  at t ransonic  Mach numbers, it i s  par t icu lar ly  important t o  re- 
produce viscous conditions,  vor t ices ,  and loca l  flow angular i t ies .  Local values of Maoh number and t o t a l  
pressure a l s o  come i n t o  play as par t  of t h i s  simulation. The i n l e t  may be r a t h e r  sens i t ive  t o  loca l  flow 
angular i t ies  with flow separat ion ( in te rna l  or external)  r e s u l t i n g  from high flow incidence angles with 
i n l e t  boundary layer  d iver te rs ,  s ide  p l a t e s ,  or cowls. Vortex formation from some of the  possible up- 
etream sources mentioned above may be shed i n t o  the  region where an i n l e t  is t o  be located and, conse- 
quently,  should be defined during development wind tunnel tests. Also, i n  transonic inlet  tests it is  
advisable t o  consider dupl icat ing some disturbances downstream of the i n l e t ,  e.g., downstream port ions of 
the  wing when the  i n l e t  i s  shielded by the  wing. I n  t h i s  context,  the question arises a lso ,  does the  act- 
ual engine exhaust influence the  i n l e t  flow f ie ld .  Usually t h i s  question remains manswered, but might be 
worthy of consideration i n  many instances.  

During the wind tunnel development of i n l e t s  which a re  located close t o  the fuselage,  carefu l  
a t t e n t i o n  must be given t o  the  r e l a t i v e  thickness of the boundary layer  on the  model and on the airplane 
i n  order t h a t  the  e f f e c t e  of the f u s e l a p  flow f i e l d  on i n l e t  performance may be properly evaluated (see 
2.1.4). One aspect of the problem is i l l u s t r a t e d  i n  Figure 11.30. This figure compares the  calculated 
thickness  of the boundary layer  on a body of revolution, representing the  forebody of an airplane fuse- 
lage, with the calculated thickness (converted t o  ful l -scale  values) on a 1/6 scale wind tunnel model of 
the  same forebody. The thickness w a s  calculated at a s t a t i o n  20 feet ( f u l l  sca le )  behind the nose, using 
the  method presented i n  Ref. 11-28. This method accounts f o r  three dimensional and pressure gradient 
e f fec ts .  The calculat ions f o r  the  airplane were made f o r  a l t i t u d e s  of 30,000' and 50,0001 and f o r  a 
completely turbulent boundary layer.  The calculat ions on the model were made f o r  several  boundary layer  
t r a n s i t i o n  assumptions: f r e e  t rans i t ion ,  t r a n s i t i o n  at the distance from the nose which corresponds t o  ' 

the  minimum Reynolds number f o r  t rans i t ion ,  and at 5' and 10' from the nose. If the d iver te r  height on 
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FIG. 11. 31 EXAMPLE OF EXTERNAL FLOW FIELD SURVEY. 
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the  model is scaled from the airplane then it would appear t h a t  proper boundary layer  simulation at 
O. = 0' would be obtained by f i x i n g  t r a n s i t i o n  on the model at a s t a t i o n  corresponding t o  5' or 10' f u l l  
scale.  The t r i p  locat ion w i l l ,  of course, be affected by the t e s t  Reynolds number. Whether or not the 
other boundary layer  charac te r i s t ics  a re  simulated by t h i s  t r ipp ing  method, remains an open question, e.g. 
is the. shock wave-boundary layer  interact ion a l so  duplicated? This can give a marked e f f e c t  on unstar ted 
i n l e t s  at supemonic speeds (Ref. 11-29), For manoeuvring f i g h t e r s  the growth of the fuselage boundary 
layer  with angle-of-attack is of prime importance. The problem of how well t h i s  boundary layer  growth can 
be duplicated i n  a wind tunnel is worthy of fur ther  research. For example, i f  t r a n s i t i o n  is f ixed  on the 
1/6 scale model at the 10' ful l -scale  s t a t i o n ,  laminar flow exis tsover  half  the l i n e a r  distance of the 
model i n  contrast  t o  a completely turbulent flow on the airplane.  Mith t h i s  large extent of laminar flow 
on the  model does the build-up of boundary layer  with angle-of-attack correspond t o  the  build-up on the  
airplane? O r ,  should the boundary layer  on the  model be made completely turbulent and the i n l e t  d iver te r  
height on the model be increased from the scaled value t o  account f o r  the r e l a t i v e l y  thicker  boundary 
layer  at a - 0' ? Another unanswered question i s  how does uni t  Reynolds number affect the rate of growth 
of the  turbulent boundary layer  with angle-of-attack? 

The carefu l  def in i t ion  of external  flow f i e l d s  at transonic Mach numbers i s  normally important only 
f o r  systems designed f o r  higher supersonic f l i g h t  where the i n l e t  flow f i e l d  is influenced by the fuselage 
and/or wing (Ref. 11-29, 30, 31). Figure 11.31 shows an example of the  type of instrumentation which 
might be provided f o r  such i n s t a l l a t i o n s  including boundary layer  p r o f i l e  measurements, wing and fuselage 
static pressure surveys, and inv isc id  flow f i e l d  measurements. The flow f i e l d  measurements should be made 
with some type of cone probe arrangement such as t h a t  shown i n  Figure 11.32 with which local  flow angular- 
i t y ,  Mach number and t o t a l  pressure can be determined. 

As mentioned previously, there  a re  some i n l e t s  which can be tes ted  alone. These would include nose 
mounted i n l e t s  and low transonic i n l e t s  mounted well away from the f l i g h t  vehicle fuselage. The obvious 
advantage t o  such a test i s  t h a t  it allows the use of larger scale  i n l e t  models i n  the same s ize  wind 
tunnel. Another t e s t i n g  technique t o  be explored is the use of small scale  forebody tests t o  determine in- 
l e t  flow f i e l d s .  I f  a low blockage aerodynamic device can then be constructed which reproduces the flow 
f i e l d  generated by the actual  forebody, it would be possible t o  t e s t  the la rger  scale i n l e t  i n  the correct  
flow f i e l d  generated by t h i s  device. The questions t o  be answered i n  future  invest igat ions of t h i s  concept 
a r e  whether the flow f i e l d s  can be duplicated,  whether varying aircraft angles-of-attack can be reproduced, 
and whether i n l e t  i n s t a l l a t i o n  i n  the simulated flow f i e l d  has the same e f f e c t  as its i n s t a l l a t i o n  i n  the 
v i c i n i t y  of the actual vehicle forebody. 

2.2.3 

flow, the pressure recovery, the s ta t ionary d is tor t ions  and the unsteady or dynamic d is tor t ions .  

here. 

pressures and several  s t a t i c  pressures at the compressor face. Ei ther  mass weighted or area  weighted re- 
covery may be used. The d is tor t ion  indices  require suf f ic ien t  probes i n  order t o  accurately define the 
i n l e t  d i s tor t ion  as shown i n  Figure 11.33, while the pressure recovery i s  l e s s  sensi t ive.  I n  pract ice  the 
area mean pressure recovery i s  obtained within 2 1/2 "/o. It seems t h a t  correct ions of the pressure re- 
covery due t o  scale  e f f e c t s  can usually be neglected. 

favours the EGO parameter: 

"ECHNIQUES FOR INLET PERFORMANCE MEASUREMENTS 

For the  i n l e t  flow enter ing the engine four propert ies  a re  of primary importance namely, the ma88 

The mass flow measurements have been previously t r e a t e d  i n  sect ion 2.1.3 and nothing w i l l  be added 

I n l e t  pressure recovery and d i s t o r t i o n  a re  usually obtained from the measurement of 30 t o  50 t o t a l  

Different engine manufacturers use d i f fe ren t  d i s t o r t i o n  parameters f o r  engine surge. One company 

M: 
60 a -mean at engine face - 0 

fac tor  which has several  s l i g h t l y  d i f f e r i n g  forms one of them being: 
(where P6, i s  the mean t o t a l  pressure i n  the worst 60 
Another company uses the K D 

section; P i s  the  mean t o t a l  pressure overa l l ) .  

r i n a  n 

i r i n g  1 
n 

ci 
i a r i n g  1 

This is a summation of conditions on a number of r ings  of p i t o t s  at d i f f e r i n g  r a d i i  where P-, Pmin and 

a r e  m a x i m u m ,  minimum, and mean values of t o t a l  pressure on the r i n g  

Engine radius  and 'ring ring radius  

is the largest continuous arc of the  r i n g  over which the  t o t a l  pressure i s  below the r i n g  average. I n  
general the  measurement of a l l  or any of these f a c t o r s  should present no problem. The only problem is  the 
ever present one of the relevance of model t e s t s  at much lower than f u l l  scale Reynolds numbers, where the 
incorrecr representat ion of the external  flow probably is the main cause. 

h i c l e s  has required more de ta i led  study f o r  engine-interface dynamic interact ions.  The engine might 
randomly surge a f t e r  perhaps sometime spent at a steady s t a t e  condition which i n i t i a l l y  appeared t o  be 
acceptable t o  the  engine. Indications at present a re  that the  engine i s  insensi t ive t o  inflow dynamics i n  
the lower transonic regime. 

The recent advance of the turbo fan  engine cycle f o r  appl icat ion i n  high performance supersonic ve- 
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However, during supersonic operation, s t a r t i n g  at 
M tn '5 1.1, the engine i s  susceptible t o  the  dynamic 
d is tor t ions  as can be seen by the indicated diagram, 
where the supersonic working region i s  at the lower 
l e f t  and the stall margin i s  the smallest .  

p. r. 

volume flow 
Fig. II.34a gives an example of the reduction i n  stall margin of a turbo fan  engine (where 10 "/o 

l o s s  i n  surge l i n e  
generated by various means. Fig. II-34b shows the percent l o s s  i n  t o t a l  f l o w  f o r  the same condition. In  
the  f i r s t  case a cor re la t ion  can be found) i n  the  l a t t e r  cor re la t ion  i s  completely l o s t .  It i s  c l e a r  from 
these f igures  t h a t  more work is  needed f o  es tab l i sh  b e t t e r  cor re la t ions  which describe the influence of 
the dynamic d is tor t ion  propert ies  on the engine charac te r i s t ics .  Ref. 11-32, describes a theore t ica l  
treatment of t h i s  problem. 

Recent experience suggests tha t  the i n i t i a t i o n  of surge can probably be l inked t o  the steady s t a t e  
d i s tor t ion  index provided the deviation from steady d i s t o r t i o n  can be sampled quickly enough i .e.  i f  the  
steady s t a t e  d i s t o r t i o n  fac tors  is exceeded while the compressor i s  r o t a t i n g  f o r  one revolution then surge 
can be i n i t i a t e d  (Ref. 11-33), If t h i s  i s  t r u e  then the measuring problem i n  the wind tunnel reduces t o  
dynamic measurement of pressures through the use of miniature high response transducers,  (e.g. Kuli te)  
which a r e  usually located i n  conjunction with a steady s t a t e  transducer. These transducers a r e  qui te  
sens i t ive  and must be protected from damage by foreign objects  i n  the tunnel. The ca l ibra t ion ,  data 
acquis i t ion and subsequent data analysis  then requires  extensive e lec t ronic  recording and play back eqnip- 
ment. Stochastic analysis  techniques must be employed t o  analyze the  test r e s u l t s .  Steady s t a t e  probes 
have a frequency response of a few her tz ,  while the  high response transducers have a frequency response of 
the  order of 5000 cycles  per second, depending on the scale.  

However after these measurements the problem arises how t o  t rans la te  the wind tunnel data t o  f u l l  
scale  with the actual  engine. The cause of t h i s  d i s tor t ions  can be numerous and probably mutual inter-  
ference ex is t s .  Important fac tors  i n  t h i s  phenomenum are turbulence caused by separations,  turbulence 
leve l  and frequency, acoust ic  charac te r i s t ics  of the main flow, compressor dynamics and acoust ic  character- 
istics. This means tha t  Reynolds number, scale  and engine charac te r i s t ics  a re  primary parameters. The 
dependence of sca l ing  laws on these parameters is unknown (see fur ther  sect ion 2.2.4). More information on 
dynamic d is tor t ions  can be found i n  Ref. 11-34 - 36. 

Transonically, very few attempts have been made t o  measure temperature d i s t o r t i o n s  at t h e  compressor 
face,  and, i n  par t icu lar ,  no high frequency response temperature measurements have been made. Measurement 
of compressor face flow angular i ty  or s w i r l  have not been thoroughly considered although a few attempts 
have been made using hot w i r e  anemometers t o  measure stream ve loc i t ies  as well as turbulence. 

100 "/o reduction i n  stall margin) versus the low frequency turbulence l e v e l ,  

2.2.4 SCALE EFFECTS 
A s  long as large scale  models are used, no s igni f icant  scale  e f f e c t  on the static in te rna l  performance 

is expected. Dynamic flow measurements must be scaled,  however, since the dynamic response of the  flow i s  
a function of length. For small scale  models (1/12 scale  and l e s s )  some l o s s  i n  indicated performance can 
be expected, especial ly  i f  the Reynolds number i s  low and the bleed pa t te rns ,  s l o t s  o r  scoops, a r e  not 
properly scaled. 

individual problem. But comparison of large and small scale  i n l e t  test r e s u l t s  indicates  a small l o s s  i n  
pressure recovery ( 1  "/o) is experienced going from large t o  small scale  models. The correct ions f o r  
dynamic sca l ing  a re  not well es tabl ished at present,  but w i l l  be developed by comparison of wind tunnel 
measurements with f l i g h t  measurements. 

Preliminary r e s u l t s  of turbulence scal ing procedures have establ ished some of the following r e s u l t s .  
The turbulence process has been considered t o  consis t  of two phases, turbulence generation and turbulence 
decay. The turbulence decay process is fur ther  divided i n t o  turbulence dispersion and turbulence diss ipat-  
ion. A s  used here,  dispersion is the process i n  which the frequency d is t r ibu t ion  but not the  quant i ty  of 
turbulence energy changes with distance downstream of the  turbulence generation s ta t ion .  Dissipation i s  
the process i n  which the quant i ty  of turbulence energy decreases with distance downstream of the turbulence 
source. Figure 11.35 is a conceptual diagram of t h i s  turbulence process. 

Three turbulence generating mechanisms are  envisioned: boundary layer-shock in te rac t ion ,  boundary 
layer  shear,  and sharp l i p  separation. These mechanisms a r e  inter-related and can coexis t .  Depending on 
the  i n l e t  operating condition, any one of the three mechanisms may be predominant. 

of high-amplitude turbulence. Other t e s t  r e s u l t s  indicate  t h a t  (a) the center  and normally highest re- 
covery streamtubes undergo the  highest frequency and highest  amplitude changes i n  t o t a l  pressure,  (b) 
there  are loca l  flow osc i l la t ions  of higher frequency than the  basic  boundary layer  separation and re- 
attachment cycle,  (c)  near the w a l l s ,  m a x i m u m  excursions from the average local  t o t a l  pressure were of re- 
r a t i v e l y  short  duration and towards the high-pressure s ide ,  and (d)  there  were large changes i n  t o t a l  
pressure i n  a given streamtube. 

viscous forces  at the duct w a l l  r e s u l t  i n  a turbulent boundary layer .  Turbulence generated by t h i s  me- 
chanism is  higher near the  duct walls than i n  the center  of the flow) and, the  energy d is t r ibu t ion  with 
frequency is r e l a t i v e l y  uniform. Scale w i l l  primarily a f fec t  the generated turbulence as a Reynolds number 
function. A second order e f f e c t  might be the r e l a t i v e l y  greater  roughness of smaller models. 

A t h i r d  mechanism f o r  turbulence generation i s  flow separation and vortex formation over the sharp 
l i p s  of an i n l e t .  Conditions favoring t h i s  mechanism include large angles-of-attack and yaw, and high air- 
flows at low f l i g h t  speeds (mass flow r a t i o s  above uni ty) .  From s imi la r i ty  t o  flow through sharp edged 
o r i f i c e s ,  scale  e f fec ts  might be expected t o  be most apparent f o r  qu i te  small sca les  and Reynolds numbers. 

Turbulence decay i s  considered t o  be largely a mixing process. In  t h i s  mixing process, large-scale,  
low-frequency turbulence is progressively reduced t o  smaller-scale, higher frequency turbulence. A s  the  
turbulence scale. decreases, the mixing: process accelerates ,  and the turbulence energy i s  diss ipated more 

No s e t  r u l e s  f o r  the correct ions t o  in te rna l  performance are known since each i n l e t  tends t o  be an 

Previous analyses of t e s t  data indicate  tha t  boundary layer-shock in te rac t ion  i s  the  primary source 

A second mechanism f o r  ganerating turbulence i s  the classic boundary layer  shock mechanism i n  which 

_ .  
rapidly.  

Although the mixing process i s  assumed t o  be 
tend t o  accelerate  the process as scale  decreases 

geometrically s i m i l a r  with i n l e t  scale ,  two fac tors  
more than would be indicated by geometric simili tude.  



11-41 

-1 
W > 
W 
-I 
W 
U z 
W 
J 
3 
K 
3 I- 

m 

GENERATION REGION DECAY REGION - - 5 

ADDITION DUE TO 
BOUNDARY LAYER SHEAR 

1 
SHOCK ENGINE FACE STATION 

LENGTH 0 REGION 

FIG. 11.35 TURBULENCE GENERATION AND DECAY IN INLET FLOW. 

p z o o  
0.30 SCALE 
0.125 SCALE 

--- 

L SCALED DATA 

_ _ _ _ ~  

0 400 800 1200 1600 2300 

FREQUENCY - H Z  

FIG. II. 36 EFFECT OF ACOUSTiC SCALING ON POWER SPECTRAL DENSITY. 



11-42 

One, analogous t o  the  Reynolds number concept, is t h a t ,  f o r  un i t  of absolute mixing length,  the r a t i o  of 
the mixing boundary area t o  the momentum i n  each of mixing stream tubes i s  inversely proportional t o  
scale.  The second fac tor  i s  t h a t  the diss ipat ion r a t e  i s  proportional t o  the square of the frequency which 
i n  turn  i s  inversely proportional t o  scale.  

( a )  
dependent of i n l e t  scale.  Turbulence frequencies w i l l  vary inversely with scale  and d i r e c t l y  with the 
square root of the  absolute temperature of the flow. 
(b) Turbulence decay per un i t  length downstream of the generating s t a t i o n  w i l l  vary more than inversely 
proportional t o  the i n l e t  scale. Conversion of lower frequency turbulence t o  higher frequency turbulence 
per un i t  length downstream of the generating s t a t i o n  w i l l  be equal t o  or more than inversely proportional 
t o  the  scale  factor .  
( c )  The frequencies at which turbulence energy peaks occur w i l l  vary inversely with scale  f a c t o r  and 
proportional t o  the square root  of the absolute temperature. 

Comparisons of the da ta  from the geometrically s i m i l a r  0.30 and 0.125 scale  model showed the follow- 
i ng: 
(a) The frequency d is t r ibu t ion  of the  turbulence energy d i f f e r s  with model scale. Typically,  turbulence 
energy l e v e l s  are higher at low frequencies and lower at high frequencies f o r  the larger scale  i n l e t ,  as 
shown i n  Figure 11.36. Where resonant peaks occur i n  the power spectral  density curves, the peaking 
frequencies d i f f e r ,  but a r e  inversely proportional t o  scale.  
(b) Spa t ia l  d i s t r ibu t ion  and turbulence pat terns  and var ia t ions  of the pa t te rns  with angle-of-attack, 
angle of yaw and Mach number a r e  similar f o r  the 0.30 and the 0.125 scale  i n l e t s .  
( c )  Average engine face turbulence d i f f e r s  both with Reynolds number and with scale.  Both the Reynolds 
number e f fec t  on turbulence and the difference due t o  model scale  at a given Reynolds number a re  apparent 
from the data of Figure 11.36. There differences a r e  largest when turbulence leve ls  are high (low recovery, 
supercr i t ica l  operation),  and decreases with increasing pressure recovery and decreasing turbulence levels .  

The i n i t i a l  scal ing correct ion f o r  RMS turbulence i s  accomplished by using a cut-off f i l t e r  p r ior  t o  
processing the data. The cut-off f i l t e r  frequency is selected i n  accordance with acoust ic  theory. That i s ,  
t o  obtain ful l -scale  turbulence values f o r  frequencies up t o ,  s a y ,  300 HZ,  a cut-off frequency of 1000 is  
used i n  processing the 0.30 scale  i n l e t  data. Similarly,  a cut-off frequency of 2400 is used f o r  the 0.125 
scale  i n l e t  data. I f  model t e s t  and ful l -scale  temperatures d i f f e r ,  the f i l t e r  cut-off frequency is  fur ther  
corrected by the  square root of the r a t i o s  of the absolute t o t a l  temperatures. I n  Figure 11.36, i t  can be 
seen tha t  t h i s  correct ion makes the  turbulence data  from the  two models more nearly ident ica l .  Had t h i s  
been the only correct ion required,  the data would be superimposed. However, differences due both t o  s i z e  
and Reynolds number still e x i s t .  

number. The extrapolat ions,  idea l ly ,  are based on da ta  f o r  the  configuration of concern obtained from two 
or more models of d i f fe ren t  scale  t e s t e d  at several  Reynolds number. 

2.2.5 COMPARISON BETWEEN WIND TUNNEL TESTS AND FLIGHT TESTS 

and correct  wind tunnel scale data t o  the ful l -scale  f l i g h t  vehicle conditions. 

a turbojet  engine. The data indicate  t h a t  there i s  l i t t l e  differences i n  i n l e t  flow propert ies  between the 
two t e s t  series. Furthermore, no s igni f icant  differences (except f o r  ro tor  harmonics) i n  the  energy spectra  
were found indica t ing  l i t t l e  upstream influence of the compressor on the i n l e t  flow. Another test s e r i e s  
provided some da ta  f o r  comparing i n l e t  performance from a small scale ,  large sca le ,  and f l i g h t  t e s t  
vehicle with ident ica l  instrumentation. The da ta  shown i n  Figure 11.38 f o r  a supersonic t e s t  condition at 
low a indicates  t h a t  there  was l i t t l e  difference i n  the data between the two scaled models i n  terms of 
e i t h e r  recovery, d i s tor t ion ,  or turbulence. I n  general ,  the f l i g h t  t e s t  da ta  pressure recovery was i n  good 
agreement but both the d i s t o r t i o n  and turbulence measured i n  f l i g h t  a re  somewhat lower. The difference i n  
steady-state d i s tor t ion ,  however, can be a t t r i b u t e d  at least i n  par t  t o  the e f f e c t s  of Reynolds number. 
The outer r i n g  of probes on both models w a s  immersed i n  the duct wall boundary layer  while the f l i g h t  
Reynolds number w a s  s u f f i c i e n t l y  higher t h a t  the boundary layer  did not reach out t o  the outer r i n g  of 
probes. If another d i s t o r t i o n  indicator  had been used the differences may not have been as s ignif icant .  
The compressor face turbulence i s  a l so  somewhat higher i n  wind tunnel t e s t s  than f l i g h t  and may be due i n  
par t  t o  Reynolds number e f f e c t s  as well as the leve l  of tunnel turbulence r e l a t i v e  t o  f ree  f l i g h t .  A 
comparison of the steady-state d i s t o r t i o n  pat terns  a re  presented i n  Figure 11.39 and show the great degree 
of s imi la r i ty  between the wind tunnel and f l i g h t  test resu l t s .  It should be pointed out here tha t  the 
s imi la r i ty  between scale. da ta  decreases as the model scale  is reduced. A s  the model scale  i s  reduced below 
approximately 1/10 differences m a y  appear i n  both d is tor t ion  and pressure recovery. This again supports the 
requirement f o r  testing using as large a model as possible consis tent  with the faci l i t ies  available.  

The turbulence model suggests the following e f f e c t s  of scale  f o r  geometrically s i m i l a r  i n l e t s .  
J u s t  downstream of the  turbulence generating regian, turbulence amplitudes w i l l  be r e l a t i v e l y  in- 

The second correct ion cons is t s  of extrapolat ing the  model da ta  both r e l a t i v e  t o  scale  and t o  Reynolds 

Several recent and proposed programs have been directed towards the  end of being able  t o  cor re la te  

Figure 11.37 presents  some typica l  r e s u l t s  obtained from a large scale  i n l e t  t e s t e d  with and without 
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I11 ENGINE THRUST 

LIST OF SYMBOLS 

a 

A 

'd 

CP 

cT 

cV 

FM 

AFB 

rh 
M 
n 

P 

Pt 

R 
T 

T t  
V 

X 

X 
g 

'id 

SUBSCRIPTS 

cr 
e 

i d  

j 
6 

t 
2 
m 

Y 

Speed of sound 

Area 
Discharge coef f ic ien t  

Specif ic  heat at constant pressure 

Thrust coef f ic ien t  

Specif ic  heat at constant volume 

Measured force on engine test bench 

Engine t e s t  bench correotion force 

&SS flow 

Mach number 

Shaft  r .p .m. 
S t a t i c  pressure 

Total pressure 

Gas constant 

S t a t i c  temperature 

Total  temperature 

Velocity 

Coordinate i n  thrus t  d i rec t ion  

Engine gross th rus t  

Isentropic  gross th rus t  

Coordinate perpendicular t o  thrus t  eXiS 

Ratio of spec i f ic  heats  

Half angle of conical nozzle 

Angle between veloci ty  vector  and thrus t  axis 
Density 

Critical 
A t  nozzle e x i t  plane 

Isentropio,  idea l  

O f  the j e t  

Seal ing 

Total ,  reservoi r  conditions 

A t  engine entrance 

A t  upstream i n f i n i t y  

A t  throat  



11-49 

If an a i r c r a f t  manufacturer designs new a i r c r a f t ,  he has t o  look f o r  the  appropriate engine t o  propel 
h i s  a i r c r a f t .  Sometimes he spec i f ies  the required thrus t  and other charac te r i s t ics  which should be met by 
the  engine company. Other times he can make use of ex is t ing  engines or engines under development. The 
engine company w i l l  define and specify the thrus t  under c e r t a i n  conditions based on company defined re- 
ference i n l e t s  and nozzles. The a i r c r a f t  manufacturer, however, plans t o  use the engine with a d i f fe ren t  
i n l e t  and nozzle and external  conditions typ ica l  f o r  t h a t  a i r c r a f t  design. The problem f o r  the  a i r c r a f t  
company is  t o  incorporate the defined and specif ied engine performance i n  h i s  par t icu lar  design and t o  
es tab l i sh  a wind tunnel t e s t  program compatible with the thrus t  def ini t ions.  

This chapter w i l l  f irst review the  various thrus t  def in i t ions  ana nozzle coef f ic ien ts ,  a f t e r  which 
the  techniques used t o  measure the thrus t  w i l l  be considered. The advantages and l imi ta t ions  of these 
def in i t ions  and techniques w i l l  be c r i t i c a l l y  reviewed. Also the applied correct ions w i l l  be considered 
and some information on obtained and required accuracies of the engine thrus t  w i l l  be given. 

j.l ENGINE THRUST DEFINITION 

vectoral ly  substracted.  The ram dra4 i s  simply, the engine mass flow times f l i g h t  veloci ty ,  h.V,. This 
means tha t  i n  f l i g h t  h must be defined accurately.  The mass flow can generally be obtained i n  f l i g h t  from 
t h e  known compressor charac te r i s t ics .  

Since the  gross th rus t  i s  some fac tors  larger than the net t h r u s t ,  i t  i s  of great  importance t o  know 
the gross th rus t  at a high degree of accuracy. The r a t i o  of gross th rus t  t o  net th rus t  tends t o  increase 
with f l i g h t  Mach number. 

and/or i n  curves. For example the gross th rus t  is presented as 

The engine net th rus t  as i t  f e l t  by the  a i r c r a f t  is  the engine gross th rus t  minus the ram drag, 

Usually the engine manufacturer presents  the engine gross th rus t  i n  non-dimensional form i n  t a b l e s  

X Po0 - (a + 1 )  given as a function of n$ where 
P t2  e 2 

pa= static ambient pressure , pt2 = t o t a l  compressor entrance pressure,  

temperature, Ae nozzle e x i t  area,  X = gross  t h r u s t ,  and n shaf t  r.p.m. 
g 

the  engine manufacturer defined the ac tua l  th rus t  X 

used, which is usual conical and convergent. 

P t o t a l  compressor entrance 

In order t o  use those engine data f o r  a i rplane performance est imates  it is important t o  know the way 
For defining the gross thrus t  a reference nozzle i s  

g ' 

The actual moss th rus t  i s  

where Ve is t h e  a x i a l  jet  veloci ty  at t h e  e x i t  plane and pe the  density.  However t h i s  X 

obtained from integrat ion of the experimental quant i t ies  across the e x i t  plane, and therefore a thrus t  
coef f ic ien t  i s  used, defined as 

cannot e a s i l y  be 
g 

X 

'id 
C T E A .  

Here Xid i s  the one dimensional isentroDic moss thrust .  

The isentropic  gross th rus t  can be defined i n  several  ways based on the quant i t ies  measured when the 
measured quant i t ies  a re  engine mass flow h, f u e l  consumption and power- and air subtract ion from the 
engine. Xid can be calculated from the thermodynamic engine cycle r e l a t i o n s  and the  known minimum ex- 

, 

haust area-A= ( throa t ) .  Xid can than be defined as 

i d  xi* - i v 
or  

where V. 

pt ,  and jet  t o t a l  temperature T 

i s  the j e t  veloci ty  after isentropic  expansion from the computed value of the  jet  t o t a l  pressure i d  
t o  the ambient pressure p, , and V i s  the isentropic  expansion t o  the  t i  e 

J J 

1% pe as belonging t o  Ae/As (usually Ae/A" E 1) .  A dis t inc t ion  should be made f o r  computed choked, pt 
j 

> (p, ,/pw ) , and not choked nozzle flows, pt ./pal < (ptj/pm lcr . 
J C r  J 

The isentropic  expansion process can be computed using the  y-relationships or more accurately using 
the  entropy-enthalpy diagrams or t a b l e s  f o r  the gas mixture ( y  = cP/Cv f o r  the  gas mixture at pt and Tt 
or at p and T average during the expansion process).  

On the  other  hand i f  X. i s  based on the measured average values  of z t ,  and Tt t h e  computed Xid 
J i id 

values need t o  be corrected f o r  the nozzle discharm coeff ic ient  Cd defined as 

'actual Cd = - 
i d  i. 

where hid i s  the idea l  mass flow through the nozzle as determined from the mass average values of  the up- 

stream t o t a l  E t ,  and F t ,  . 
For example f o r  a choked convergent nozzle 

J J 
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and using the y r e l a t ions  a l so  A. becomes i d  

Pe ae 
J 

(The density r a t i o  - and the speed of sound r a t i o  - can be more accurately obtained from the Molier 

di-am of the average gas mixture). Thus, if the th rus t  coef f ic ien t  CT uses an idea l  gross th rus t  based 

on j e t  stagnation measurements, the actual gross is equal t o  

PtJ at 

or 

x CTCdXid 
6 

'TCd*id 'id 

or the  gross t h rus t  of a convergent nozzle oan be defined as 

where r e f e r s  t o  the sonic values. 

One might wonder why the last term within the main brackets should be multiplied by Cd'also. This is 
oorreot shoe  the one-dimensional momentum re l a t ion  at the nozzle e x i t  y i e lds  

2 
f i  

2 
I 1  'id Peae + peVe Ae - P, Ae I I  

P A + Pv A" + Pm CAe - A') - Pm Ae 

S h o e  one-dimensi onally 

a l so  be wri t ten  as 

[bid v" A" + - A* (p* - poo) ]Ae  . 
e 

A*/Ae I Cd the above mentioned equation i s  obtained. The gross th rus t  can than 

X = C C A  p ( K P t .  -1) 
8 d T e 00 J/Pa 

where K is a constant (using the y re la t ionships)  depending on y. Typically K 

t o  measure the engine thrus t  i n  the t e s t  c e l l s ,  and t h i s  t h rus t  i s  usually ca l l ed  the  unins ta l led  moss 
th rus t .  This value i s  based on the  reference nozzle which i s  normally not the same as w i l l  be used i n  the 
a i r c r a f t .  Furthermore, the external flow f i e l d  w i l l  oause a d i f fe ren t  pressure f i e l d  at the nozzle e x i t  
which w i l l  make the i n s t a l l e d  moss t h rus t  d i f fe ren t  from the unins ta l led  value as specified by the engine 
company. The differenoe can be defined as the in te rna l  nozzle drag,or the r a t i o  of the i n s t a l l e d  gross 
th rus t  and the  appropriate i so t ropic  th rus t  can be defined as the in s t a l l ed  th rus t  coef f ic ien t .  

The in s t a l l ed  th rus t  values are the airframe manufacturer's respons ib i l i ty  and should be obtained 
from an extensive wind tunnel t e s t i n g  program of engine-airframe integration. 

Sometimes the term flange th rus t  is found i n  the l i t e r a t u r e  which i s  defined as the idea l  th rus t  
obtainable from a flow as leaving the engine e x i t  (flange between engine and nozzle) including the flow 
d is tor t ions .  

1,26 f o r  y 1,33. 
The def in i t ion  of the engine th rus t  as given by the engine manufacturer is based on the method used 

engine nozzle c f pm 
From the momentum equation it follows (neglecting f r i c t i o n )  

where Vf and Ve are the ve loc i ty  components i n  the ax ia l  d i rec t ion  and dA 
nozzle surface increments pa ra l l e l  t o  the axis.  P 
Since dmf = pfVf dAf and s imi la r  fo r  s t a t ion  e ,  it  follows tha t  the gross t h rus t  i s  equal t o  

is the projection of the ax 
i s  the s t a t i c  pressure along the nozzle contour. 

exp 

(Mf a the Mach number i n  the  ax ia l  d i rec t ion) .  
From the measured s t a t i c  and stagnant pressures at the flange s t a t ion  the f i r s t  in tegra l  at the 

r igh t  hand side can be evaluated, and giving the throa t  or e x i t  area,  the minimum value of the second in- 
t eg ra l  can be computed, using an appropriate flow f i e l d  computing program taking i n t o  account the d i s to r t -  
ion and energy d iss ipa t ion  due t o  mixing. The nozzle contour and e x i t  a rea  can be chosen t o  give optimum 
gross th rus t .  The r e su l t i ng  maximum thrust mey than be quoted as the f l a n m  thrus t .  
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3.2 TECIINIQWS FOR DETERMINING ACTUAL ENGINE THRUST 
The def in i t ion  of the  engine thrus t  as given by the engine manufacturer depends on the method used t o  

measure the engine thrus t .  The engine company can measure or determine the net and gross th rus t  i n  an 
atmospheric t e s t  c e l l ,  a so ca l led  a l t i t u d e  t e s t  c e l l ,  or with an experimental aircraft i n  f l i g h t .  I n  the 
t e s t  c e l l s  two methods can be used: namely, the scale  method and the t ravers ing probe method. 

- A ATMOSPHERIC TESTS 

take-off and landing conditions. Though the r e s u l t s  a re  not d i r e c t l y  useful f o r  the thrus t  determination 
at transonic speeds, the procedure w i l l  be considered br ie f ly  i n  order t o  be complete. 

The engine is surrounded by i n f i n i t e  or near-infinite atmosphere at ambient pressure,  pa. Figure 
111.1 shows schematically the engine i n s t a l l a t i o n  on a bench. The engine i s  mounted on a base p la te  which 
i s  slung on flexure s t r i p s .  

These t e s t s  a re  important a f t e r  the ear ly  development phase of the engine. The r e s u l t s  a r e  useful f o r  

In  the case of a bell mouth t i e d  t o  the engine i n l e t ,  the actual gross th rus t  X of the engine, 
( defined as 6 

2 2  X - j (P, + peVecos oe) 2nyd.y - p, be - Impulse at exhaust - p, A, 
gactua1 

'e 

with 8 is  flow angle i n  the e x i t  plane between veloci ty  vector and the thrus t  axis), i o  given by: 

, F  + A F B ,  M X 
gactua1 

where F i s  the measured force given by thrus t  measuring system, the scale ,  and AF i s  the bench correct-  

ion force due t o  j e t  entrainment ( a l t e r i n g  pressure on external surfaces of both b e l l  mouth and engine). 

before i s  obtained as follows: 

Bl B 

In  the case of b e l l  mouth separated from the engine front  face,  the actual  gross th rus t  defined as 

2 2  - Impulse at exhaust - J (p, + pe V, 00s ee) 2 h y u  

2 - Impulse at i n l e t  (engine front  face)  = J (p2 + p2 v2) 2nyd.y 

A2 

- External forces  (. p, (A2 - A,) 
- Force acting on s l i d i n g  sea l  or labyrinth : (p, - p, ) As . 
Then: 

2 2  2 
(Pe + Pe ve C O 5  @e) 2nYdy - 1 (P2 + P2v2) 2nYdy + p, (A2 - A,) 

A2 

- (P2 - P m  )As FM t 

2 
but 

X - ( (P, + peVe) 2 n ~ d y  - P, A, t g .  
Ae 

therefore : 

Here it is  assumed that the surface pressure is p, 
must be included i n  the above equation. 

i f  not ,  a bench correct ion force AF,, as seen before, 

The calculat ion of the impuls of the enter ing flow: 

i s  obtained from s t a t i c  and stagnation pressures probes both inside the boundary leyer  and i n  the  f r e e  
stream flow. If the intake b e l l  mouth i s  standard the engine mas8 flow &,tual can be measured precisely 
(be t te r  than 1 O/o), and, thereby the impuls is measured precisely also.The measured gross th rus t  should 
be divided by the idea l  th rus t  as based on the measured mass flow and fue l  consumption, i n  order t o  obtain 
a proper th rus t  coeff ic ient .  

t e s t s .  This method is, however, j o i n t l y  used i n  a l t i t u d e  t e s t s  and w i l l  therefore be discussed i n  B. 
2 ALTITUDE SIMULATED TESTS 

In  an a l t i t u d e  simulated t e s t  f a c i l i t y ,  f l i g h t  simulation is  achieved by producing the a i r c r a f t  in- 
take conditions f o r  a given f l i g h t  speed and a l t i t u d e  i n  the forward plenum chamber. The reax part  of the 
c e l l  i n  which the engine is i n s t a l l e d  i s  exhausted t o  the a l t i t u d e  pressure required. Figure 111.2 shows 
an a l t i t u d e  t e s t  c e l l  f o r  the SST Concorde "Olympus*' engine thrust  measurement. From the accompanying 
sketch, the thrus t  equation can be e a s i l y  derived, i n  the same form as i n  A. 

The nozzle survey method, which determines the j e t  e x i t  momentum, is hot used ' in  rout ine sea level  
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FLEXURE STRIPS 
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FIG. 111. 1 ENGINE STATIC THRUST MEASUREMENT AT SEA LEVEL CONDITIONS. 

FIG. 111. 2 ALTITUDE STATIC TEST FACILITY. 
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screen I I 

critical 
flow 
venturi 

Since the i n l e t  t o t a l  pressure i s  la rger  than the ambient pressure at the exhaust the plenum must be 
coupled t o  the engine v i a  a labyrinth (usually automatic balanoing) sea l ,  sothat  the engine acts 88 a f r e e  
body. The load c e l l  that measures FM must be ca l ibra ted  f o r  the t a r e  forces  due t o  instrumentation and 
f u e l  l i n e  hook-ups. 

The nozzle EWVOY qmthod u t i l i z e s  a t ravers ing probe oontaining t o t a l  pressure and temperature in- 
strumentation. If the nozzle is convergent only, the survey plane w i l l  be the e x i t  plane and d i rec t  de- 
termination of the  integra1,of  the gross th rus t  equation: 

x - 
g (P, + p e t ) d A  - p,Ae can be aocomplished, 

Ae 

though the type of averaging process can lead t o  d i f f i c u l t i e s .  If a convergent-divergent nozzle i s  used 
i n  the a l t i t u d e  t e s t  c e l l ,  the  survey plane i s  located jus t  upstream of the  geometric nozzle throat  i n  
order t o  avoid measurements i n  a supersonic flow. A determination of &in f r i c t i o n  and s t a t i c  pressure on 
any in te rna l  nozzle geomtry downstream of the survey plane allows computation of the engine actual gross 
th rus t .  

Needless t o  6e;y the  thrus t  coeff ic ient  determined from those data should be based on the ideal  th rus t  as 
determined from the average t o t a l  j e t  propert ies  incorporating the measured nozzle dischange coeff ioient .  

procedure allows f o r  two separate but r e l a t e d  thrus t  determination methods t o  be u t i l i z e d  i n  performance 
assessment. It is s ta ted  that values of gross th rus t  calculated by these methods rout inely agree within 
the accuracy of the two methods. 

Usually the scale  force method and nozzle survey method are  jo in t ly  used i n  a l t i t u d e  t e s t  c e l l s .  This 

C FLIGHT TESTS e - 
In  the f i n a l  engine development phase sometimes f l i g h t  t e s t s  are performed. One of the main reason 

f o r  those t e s t s  is t o  check whether the engine meets environmental condition requirements, especial ly  the 
f r e e  f l i g h t  stagnation temperature. This temperature can be achieved i n  a l t i t u d e  t e s t  c e l l s  only a f t e r  
considerable investments, and is therefore usually not simulated or only p a r t i a l l y  simulated i n  a l t i t u d e  
t e s t  c e l l s .  If f l i g h t  t e s t s  a re  performed thrus t  i s  measured by instrumentation within the engine (gas 
generator method) or by an external ly  mounted swinging probe. Both techniques a re  involved with a great  
amount of f l i g h t  measurement and ground t e s t  cal ibrat ion.  Accuracy of both approaches are  considered t o  
be * 5 percent or bet te r .  Since t h i s  technique is somewhat out off the scope of this review it w i l l  not 
be discussed fur ther .  I n  a l l  engine t e s t  methods and par t icu lar ly  f o r  var iable  a rea  nozzles i n  f l i g h t  
t e s t s ,  it is d i f f i c u l t  t o  accurate determine the nozzle area,  due t o  the following sources of error: 
(a )  r igging inaccuracy on nozzle posi t ion,  (b)  leaves def lect ion,  due t o  flow pressure (depending from 
alt i tude/rating/speed),  (0) thermal growth, due t o  loca l  heating (affected by cooling conditions),  (d) 
thermal growth of the feedback sensor of the nozzle posi t ion ( d i f f i c u l t  t o  ca l ibra te  and affected by the 
10081 cooling),  and (e) leakage through the master and slave leaves. 

LIMITATION AND ADVANTAGES OF THRUST DEFINITIONS AND MASURING TECHNIQUES 
The i n s t a l l e d  engine thrus t  of a par t icu lar  engine depends on three items: 

(a)  the nozzle type and geometry, (b) the external flow, and (c )  the flow d is tor t ion  at the nozzle 
entranoe. 

d i r e c t l y  r e l a t e d  t o  the uninstal led engine thrus t .  The degree t o  which the i n s t a l l e d  values oan be pre- 
dicted depends on the nozzle system, and the influence the external  flow has on the nozzle performanoe. 

If the actual a i r c r a f t  nozzle i s  attached t o  the engine i n  the t e s t  c e l l ,  the  data obtained are  
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I n  c e r t a i n  types of nozzles suoh as blow i n  door e j e c t o r s  and plug nozzles, no clear d is t inc t ion  can be 
&e between the  external and in te rna l  performance, sothat  no r e l i a b l e  predict ion can be made f o r  the in- 
s t a l l e d  thrus t  values. 

Cross th rus t  (and thrus t  coef f ic ien t )  as obtained i n  scale  force t e s t  cel l  measurements without 
'nozzle  surveys, is useless  when a d i f fe ren t  nozzle system is  used i n  the aircraft, since the e f f e o t s  of 
the in te rna l  flow d is tor t ions  cannot be predicted,  even though a reference nozzle (usual conical)  has been 
used. The thrus t  coef f ic ien t  and discharge coeff ic ient  of a nozzle are usually determined from separate 
nozzle t e s t s  where the  average stagnation pressure and temperature as measured i n  t h e  engine are used as 
uniform stagnation conditions.  Those average (some average) stagnation quant i t ies  are always given i n  the 
Engine Bullet ins ,  but i n  advanced turbojet  engines of the  bypass type or having p a r t i a l  afterburners, .  
a large nonuniformity of stagnation pressure and temperature can exis t .  The nonuniformities have several 
e f f e c t s ,  because of veloci ty  and temperature gradients,  v i scos i ty  and heat conduction a r e  important. Such 
e f f e c t s  inorease entropy of the  flow! therefore t h e n o z z l e  flow is not isentropic .  Furthermore, the  locat-  
ion of the sonic l i n e  is s t rongly e f fec ted  by the upstream stagnation pressure and temperature d is t r ibu t -  
ion,  and, therefore ,  the Mach number and pressure d is t r ibu t ion  i n  the  e x i t  plane of a convergent nozzle i s  
affected.  Figures III.3a and b show these e f f e c t s  as computed from analysis  f o r  a convergent nozzle. These 
f igures  give the d is t r ibu t ion  of the Mach number at the e x i t  of the  nozzle shown f o r  the  case of var iable  
stagnation temperature and var iable  or constant stagnation pressure,  as well as the  shape of the  sonic 
l i n e .  The differences i n  thrus t  of the engine with respect t o  uniform flow expanded t o  M = 1 uniformly are  
1.8 "/o and 2.5 "/o respectively. A s  an example, the d is t r ibu t ion  f o r  a conical nozzle i s  a l so  shown i n  
Fig. III.3a. I n  the following tab le ,  the  losses  r e l a t e d  t o  t ransport  propert ies  a r e  a l s o  given. The con- 
d i t i o n s  a r e  f o r  f l i g h t  Mach number 0.75, a l t i t u d e  36,000 f t .  

Loss due t o  Loss due t o  Total  
nonuniformity shear 

Average Tt ,, p t .  constant 0 0.02 0.02 "/o 
J J  

Case 1 nonuniform Tt ,, 
J 

2.00 "/o uniform 't . 1.2 0.7 J 
Case 2 nonuniform pt , Tt 1.6 1.1 2.7 "/o 

j j  

These r e s u l t s  agree qual i ta t ive ly  with experiments as shown i n  Fig. 111.4. It can therefore  be concluded 
t h a t  the nozzle coef f ic ien ts  are  not a s ingle  property of a nozzle system. The degree of flow nonuniform- 
i t y  (a l so  s w i r l  and turbulence) at the nozzle entrance strongly influences the nozzle performance. The 
same conclusion can be drawn f o r  e j e c t o r  nozzle systems, where e jec tor  act ion i.s control led by the  mixing 
process between the primary and secondary air. The use of nozzle coef f io ien ts  obtained from uniform flow 
t e s t s  introduces errors i n  the evaluation of the thrus t  of an actual engine. 

veys. The aotual engine flow conditions at the  survey s t a t i o n  a r e  three-dimensional, and radial as well as 
circumferential pressure and temperature gradients  are present. Since unique one-dimensional reference 
pressures and temperatures are calculated i n  the cycle  analysis ,  these values must be representat ive of 
the ac tua l  flow conditions.  However, one-dimensional values obtained from three-dimensional data are 
dependent upon the  type of averaging process, 

The question of how t o  cor rec t ly  calculate  the  thrus t  f o r  a flow with a temperature and pressure 
p r o f i l e  must be considered. The problem is  espec ia l ly  s ign i f icant  when it is  necessary t o  compare a 
nozzle thrus t  based on a pressure and temperature p r o f i l e  with an engine cycle deck calculat ion which does 
not acknowledge such prof i les .  The problem l i e s  i n  the f a c t  that d i f fe ren t  values of th rus t  can be obtain- 
ed depending on the calculat ion method used. 

recourse t o  some s o r t  of averaging process (cross-sectional area, mass flow, stream t h r u s t ,  and stream 
k i n e t i c  energy) and those which depend upon an averaging process (pressure and temperature). These six 
prime flow quant i t ies  satisfjj the three basic  equations of motion i n  terms of in tegra ls  across the  stream 
tube. With the addi t ion of other flow quant i t ies  such as veloci ty ,  t o t a l  pressure,  and t o t a l  temperature, 
addi t ional  equations can be employed t o  relate the stagnation and s t a t i c  propert ies  t o  veloci ty .  Except 
f o r  the  special  case where there  i s  an uniform p r o f i l e  across the  stream tube, there  i s  no unique value of 
ve loc i ty  which w i l l  s a t i s f y  the  three flow equations simultaneously. T h a t  is, subs t i tu t ing  averaged flow 
quant i t ies  h t o  the flow equations y ie lds  two prime quant i t ies  which a re  incorrect .  

The problem can be approached by s a t i s f y i n g  the cont inui ty  and momentum equations and taking the  re- 
quired compromise i n  the energy equation. This permits use of quant i t ies  which may be measured r e l a t i v e l y  
accurately,  such as flow and area.  The type of averaging process used f o r  the pressure and temperature 
p r o f i l e s  t o  obtain unique flow quant i t ies  must a l so  be considered. Area weighted pressures and temperatures 
a re  of ten used since these appear t o  be most representative of one-dimensional values. 

Another l imi ta t ion  i s  r e l a t e d  t o  the  use of convergent conical nozzles as a reference nozzle. The flow 
f i e l d  at the e x i t  of a convergent conical nozzle is not unequivocally defined even i f  the pressure r a t i o  
through the nozzle i s  above c r i t i c a l  one-dimensionally. The sonic l i n e  starts at the  end of the nozzle! 
however, the  flow at the sect ion at the end of the  nozzle is subsonic. The sonic l i n e  i s  affected by the 
s t a t i c  pressure disturbances along the  streamline that divides external  and in te rna l  flow u n t i l  the  flow 
is completely supersonic. Such pressure i n  f l i g h t  depends on the f l i g h t  Maoh number and airplane configurat- 
ion. I n  the t e s t  c e l l  such d is t r ibu t ion  depends on the mixing phenomena between external  and in te rna l  flow. 
These phenomena -e st rongly a f fec ted  by loca l  conditions and cannot be defined completely by simple para- 
meters. Fig. 111.5 gives a comparison of the e f fec t ive  c r i t i c a l  expansion r a t i o  of purely conical nozzles 
versus  nozzles angle, theore t ica l ly  and experimentally. Therefore, i n  order t o  obtain consis tent  ca l ibra t -  
ion,  a nozzle having a small diverging region downstream of the  throat  should be of advantage f o r  the de- 
f i n i t i o n  of thruat ;  then the  external  conditions are not important. This problem is of special  importance 
f o r  bypass engines that discharge t h e  two flows separately.  I n  t h i s  case an incorrect  representat ion of 
the  nozzle flow for the  bypass air affects the  s p l i t  between main flow and bypass flow. I n  t h i s  case it i s  
important t h a t  the flow at the  e x i t  of a bypass engine be carefu l ly  analyzed and i f  required,  cor rec t ly  
represented. 

The method t h a t  has the  l e a s t  l imi ta t ions  i s  the method bases on the  flange t h r u s t  def ini t ions.  I n  

Also several  l imi ta t ions  should be noted concerning the  calculat ion of gross th rus t  from nozzle sur- 

The prime flow quant i t ies  can be divided i n t o  those which may be ident i f ied  by unique values without 
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t h i s  case the  flow f i e l d  at the  engine e x i t  or nozzle entrance i s  surveyed y ie ld ing  the  complete flow 
proper t ies  that the  t ravers ing cross  section. These quant i t ies  are input t o  a gasdynamic computer program, 
which i t e r a t e s  the three-dimensional var ia t ion  of the  required flow quant i t ies  along the nozzle length and 
in tegra tes  them at the e x i t  plane t o  determine the gross th rus t  which can be compared with the measured 
scale  gross th rus t .  Furthermore the in te rna l  pressure d is t r ibu t ion  along the nozzle length can be computed 
and compared with the measurements. If the computed and ac tua l  da ta  agree.within the expected accuracies, 
the program can be applied t o  other nozzle..systems or geometrics, probably yielding accurate resu l t s .  The 
computer program m a y  be extended t o  acdount f o r  the external  flow f i e l d  ( i n s t a l l e d  t h r u s t )  and f o r  incor- 
porat ing secondary flows i n  e jec tor  nozzles. However, much work should still be done t o  make those 
computer programs useful  f o r  ac tua l  gross th rus t  optimization which w i l l  heavily r e l y  on empirical quant- 
i t i e s .  However, detarmination of the sonic l i n e  w i l l  be d i f f i c u l t  with conical convergent nozzles which 
a r e  at or j u s t  above the  critical pressure r a t i o .  I n  case of large by-pass, low fan  pressure r a t i o ,  en- 
gines,  which a re  current ly  located under wings of large transports ,  the pressure f i e l d  i n t o  which the 
by-pass exhaust i s  very d i f fe ren t  from the  far f i e l d  static value. Therefore t h e  fan exhaust sonic l i n e  
looat ion i s  influenced by t h i s  pressure f i e l d  which w i l l  change the discharge coef f ic ien t  and affect the  
fan mass flow. Since the  engine net th rus t  is a s t rong function of the  engine flow, information is 
needed on the degree the  back end pressure f i e l d  affects t h e  engine performance. 

COFtIBCTIONS 

Three types of correct ions f o r  ac tua l  engine i n s t a l l a t i o n  can be considered: namely, (a)  Corrections 
during the  engine evaluation phase, (b) Corrections due t o  differences between ac tua l  production engines 
and reference engines, and (c) Correotions due t o  ins ta l la t ion .  

f o r  the  actual test conditione d i f fe ren t  from the  desired o r  reference t e s t  conditions. The ac tua l  test 
conditions should be however within close to le ranc ies  with the  desired values i n  order t o  keep the  appl ied 
correot ions small. These correct ions a r e  appl iea  t o  the ac tua l  (physical)  air flow (A) and f o r  the  reduced 
air flow (16\Te!6, where 8 and b are  normalized values  of the t o t a l  temperature and pressure at the  oom- 
pressor  face respect ively) ,  the  f u e l  flow, gross thrus t  (which i s  af fec ted  by the  nozzle pressure r a t i o ,  
and fuel-air  r a t i o )  and computed ram drag. 

engines versus the  performance of the reference engine. The engine performance ae specif ied i n  the  Engine 
Bullet in  i s  baeed on average or m i n i m  engines1 the  differences f o r  the ac tua l  production engine perform- 
ance can be of the  order of 2 3 "/o or 0 t o  + 6 "/o respectively.  The airframe manufacturer who i n s t a l l s  
the  engines should be aware which performance i s  spec i f ied  (minimum or average). This does not give im- 
portant discrepancies i n  multiengine aircraft since from a statistical point of view performance very close 
t o  the  average can be expected. 

The correct ions due t o  ac tua l  i n l e t  air flow f o r  the i n s t a l l e d  engine can be determined i n  two w a y s  
(analyt ical  and experimental) and should consider both s ta t ionary and dynamic d is tor t ions  (correct ions due 
t o  incomplete i n l e t  pressure recovery i s  automatically accounted f o r  since the  engine performance i s  de- 
f ined  i n  terms of the  t o t a l  pressure and temperature at the compressor face) .  I n  the ana ly t ioa l  caee the  
engine manufacturer should specify the var ia t ions  versus a d i s t o r t i o n  parameter (see 2.3.3). These var ia t -  
ions should concern gross t h r u s t ,  surge margin and air flow - the  lat ter f o r  ram drag evaluation. This 
procedure i s  applicable f o r  small and s ta t ionary  d is tor t ions .  For large d is tor t ions  the  procedure w i l l  be 
inadequate, par t icu lar ly  f o r  supersonic i n l e t s .  I n  those cases the response of the engine t o  the  i n l e t  flow 
should be determined experimentally. For the s ta t ionary  d is tor t ions  screens of varying gage s i z e s  and 
porosi ty  and d i s t o r t i o n  p la tes  are placed i n  the cel l  intake duct t o  simulate t h e  s p a t i a l  d i s t o r t i o n  charact- 
e r i s t i c s  as determined from wind tunnel i n l e t  measurements, after appropriate corrections.  Representation 
of the dynamic d is tor t ions  ac tua l ly  occuring i n  f l i g h t  i s  a d i f f i c u l t  t ask  as described i n  sect ion 2.2.3. 

nozzle, at which the  engine performance i s  specif ied,  are t r e a t e d  i n  the  previous section. The best  proce- 
dure i s  t o  determine theore t ica l ly  t h e  var ia t ion  i n  thrus t  coef f ic ien t  f o r  the  various nozzle conditione 
tak ing  i n t o  aocount losses  due t o  nonuniformities i n  t o t a l  pressure,  t o t a l  temperature, turbulence and 
s w i r l .  However, these analyses are still far from oomplete, and oorrect ions due t o  d i f fe ren t  nozzles in- 
cluding the  influenoe of external  flow must be obtained from experiment. Wind tunnel t e s t i n g  of nozzle 
systems w i l l  be t r e a t e d  i n  chapter I V .  

bleeds. These correct ions are deduced from theore t ica l  cycle calculat ions cr d i rec t  measurements and are 
usual ly  ra ther  accurate. For a d i r e c t  measurement, accessories  are mounted on the engine i n  the  t e s t  c e l l  
(e leo t r ica l  generator,  hydraulic pump). A l l  air bleeds must be exhausted at r i g h t  angle t o  t h e  thrus t  axis. 

The accuracy required f o r  p o s e  thrust predict ions depends upon the r a t i o  of net t o  gross thrust. For 
example f o r  a supersonic t ransport  i n  oruiee f l i g h t ,  

If t h e  engine performance i s  determined on a t e s t  bench minor correct ions must be applied t o  account 

These correct ions must a l s o  be appl ied i n  order t o  determine the  actual performance of production 

The correct ions which must be applied i f  the  actual f l i g h t  nozzle i s  d i f fe ren t  from the  reference 

The engine manufacturer gives i n  the Engine Bullet in  curves of correct ion f o r  auxi l ia ry  power and air 

FN = 0.5 and tne accuracy i n  thrus t  measurement should be 0.1 t o  0.2 "/o f o r  given values of 
K - 

ambient and stagnantion condition and engine r.p.m*s. The obtainable accuracy depends upon test conditione 
and t e s t  cel1s;as an example f o r  the net thrust ,FN, the mean figures of accuracy are:  

BFN/FN 2 0.5 "/o t o  1 "/o (sea leve l  bench tes t ing)  

AFN/FN 2 1 t o  2 "/o ( t e s t e  i n  an a l t i t u d e  t e s t  f a c i l i t y ) .  
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spec i f ic  heat at constant volume 

discharge coef f ic ien ts  

drag coeff ic ient  

l i f t  coeff ic ient  

pi tching moment coeff ic ient  

pressure coef f ic ien t  

th rus t  coef f ic ien t  

drag or diameter 

measured, ac tua l  th rus t  

-SE flow 

Mach number 

pressure 

radius  

gas constant 

Reynolds number 

entropy of species i 

temperature 

veloci ty  

mole f r a c t i o n  of species i 

idea l ,  i sentropic  thrus t  

angle of incidence 

angle of yaw or b o a t t a i l  angle 

r a t i o  of spec i f ic  heats ,  isentropic  exponent 

boundary layer  thickness 

density 

afterbody 

base 

b o a t t a i l  

exhaust 

en ter ing  f l u i d  

~ i n s t a l l e d  

interference 

jet  

loca l  

model 

nozzle 

reference 

secondary 

static 
t o t a l ,  re rservoi r  conditions 

undisturbed i n f i n i t y  
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If the airframe manufacturer has chosen an engine f o r  h i s  aircraft design he is i n  f a c t  f r e e  t o  
choose the nozzle system best  su i tab le  f o r  the  required mission. He can make a choice between e j e c t o r  
nozzles, var iable  f l a p  e jec tor  nozzles, blow-in-door e j e c t o r  nozzles, i r is  nozzles, plug nozzles, short  
convergent nozzles or two dimensional var iable  throat  nozzles. In  t h i s  chapter no emphasis w i l l  be given 
t o  the  r e l a t i v e  performance and short  comings of various nozzle designs under c e r t a i n  conditions,  but the 
a t ten t ion  w i l l  be directed t o  the methods used t o  predict  the nozzle performance from wind tunnel measure- 
ments and the  methods used t o  determine j e t  interference e f f e c t s  at transonic speeds. A t  t ransonic  speeds 
the  nozzle drag and afterbody drag is usual ly  maximum, therefore critical evaluation of the j e t  e f f e c t s  
i n  wind tunnels at these speed range is required. The f l i g h t  conditions t o  which the aircraft can be sub- 
jected t o  and which should be t e s t e d  t ransonical ly  a re  (a)  c ru ise ,  (b) transonic accelerat ion,  (c) trans- 
onic deceleration, and (d) high-g manoeuvre. These conditions y i e l d  various values t o  the nozzle a rea  r a t i o ,  
temperature r a t i o  and pressure r a t i o .  Fig. I V . l  gives typ ica l  exhaust conditions at transonic speeds1 
other  engines give d i f fe ren t  envelopes. 

pleted by a special  afterbody and j e t  interference t e s t s  i n  the transonic wind tunnel as is done with 
special  i n l e t  models. I f  optimum nozzle-afterbody matching i s  not achieved a considerable penalty on air- 
craft performance may resu l td  as had been the  case i n  many instances i n  the past .  The actual afterbody 
drag, m a y  be as large as 20 
afterbody-nozzle t e s t s  at transonic speeds concerns the  nozzle gross th rus t  minus the nozzle and af te r -  
body drag. Fig. IV.2 gives a general  impression how afterbody models complete the r e s u l t s  of aeroforce 
models. 

features .  Fig. IV.3 gives a survey of various designs, since i n  t h i s  chapter reference w i l l  be made many 
times t o  a par t icu lar  nozzle system. The f ixed  convergent nozzle i s  used with airplanes f o r  subsonic 
f l i g h t ,  such as with c i v i l  t ransports ,  only without th rus t  augmentation by afterburning. The e j e c t o r  
nozzles might give thrus t  augmentation due t o  the e jec tor  e f f e c t ,  the  e f f ic iency  of t h i s  augmentation has 
generally been disappointing however. The secondary flow provides f o r  the required cooling of the  nozzle 
leaves. Ejector  nozzles are used i n  ear ly  f i g h t e r  type aircraft. The introduction of the fan and bypass 
engines made the  nozzle design eas ie r  with respect t o  cooling since suf f ic ien t  cooling air from the  fan 
at the  same pressure r a t i o  as the turbine flow, came avai lable  which can be ducted t o  the nozzle, making 
the other  nozzle designs possible.  However f o r  optimum use, the  fan engines ask f o r  la rger  nozzle area 
var ia t ions  with afterburning. Hence i n  the  past  l i t e r a t u r e  most a t ten t ion  was paid t o  the e j e c t o r  nozzle 
i n s t a l l a t i o n  requir ing secondary flows, whereas i n  the recent literature more experiments a r e  described 
concerning the other  nozzle systems, par t icu lar ly  the iris and plug nozzles. See f o r  fur ther  information 
on nozzles Ref. H 1 8 ,  C23, C24, G2, 04, M12, f o r  example.* 

questions must be answered first concerning the  var iables  involved r e l a t e d  the  nozzle conditions. Fig.IV-4 
gives  a review of these var iables  and t h e i r  possible values or features .  After the  lat ter have been es- 
tabl ished the next s tep  is t o  define which j e t  and nozzle parameters should be simulated i n  the wind 
tunnel experiments. Usually a compromise i s  found between what i s  desirable  and what i s  feas ib le  i n  
pract ice .  From t h i s  par t  on the wind tunnel model can be designed based on loca l  p o s s i b i l i t i e s  and on past  
experience. 

tunnel exhaust expe,riment not only f o r  transonic speeds, but a l s o  f o r  the other  speed regimes. This 
bibliography follows a nozzle and j e t  parameter code s i m i l a r  t o  tha t  of Fig. IV.4 .  

possible when these parameters should be simulated i n  the wind tunnel at transonic speeds. Further the 
various t e s t i n g  schemes and techniques as used w i l l  be described both f o r  the thrust-drag assessment and 
other  jet  interference problems. 

4.1 
4.1.1 REQUIRED ACCURACY 

the drag (i.e. net t h r u s t )  of the basic  airframe. This accuracy required f o r  the gross th rus t  measurement 
depends on the r a t i o  of the net t o  gross t h r u s t ,  which i n  general w i l l  be a function of the engine bypass 
ra t io .  The following set of values can be regarded as typica l  

A s  indicated i n  f ig.  1.3 and described i n  chapter I the  complete or aeroforce model t e s t s  a r e  com- 

. 
/o t o  40 "/o of the  complete aircraft drag. Therefore most a t ten t ion  of 

A s  indicated before a large var ie ty  of nozzle systems e x i s t s  now-a-days, each having i ts  par t icu lar  

Before i n i t i a t i n g  nozzle and afterbody tests with or without jet  simulation i n  the wind tunnel,  

The general bibliography at the end of t h i s  chapter may be of ass is tance i n  es tab l i sh ing  the  wind 

In t h i s  chapter the j e t  parameters w i l l  be b r i e f l y  described and it w i l l  be indicated as f a r  as 

ENGINE GROSS THRUST MINUS DRAG AT TRANSONIC SPEEDS 

The required accuracy f o r  the  thrust-drag measurements should be compatible with t h a t  obtained f o r  

Subsonic t ransport  Fight e r  s Supersonic t ransport  

0,023 0 , 030 0,018 D Cruise C 

Accuracy of c ru ise  drag - + 0,0001 - + 0,0003 - + 0,0005 

088 th rus t  
net  th rus t  Average gr 

2 0,45 

3 

- + l , o  2 093 

2 ;5 

Required "/o gross thrus t  acc. 2 0115 2 094 - + 0,12 

This survey shows t h a t  an accuracy of b e t t e r  than 2 1/2 "/o of the c ru ise  of critical transonic gross 
thrus t  value i s  desired.  Achieved accuracy is d i f f i c u l t  t o  assess  because overal l  accuracy includes the 
combination of many instruments such as force balances, pressure transducers,  thermocouples and mass flow 
meters, i n  addi t ion t o  wind tunnel speed and model a t t i t u d e  indicators .  Each model t e s t  apparatus presents  
individual problems i n  s iz ing,  r e s t r i c t e d  in te rna l  space, pressure t a r e s ,  metric break seal r e s t r a i n t ,  
thermal expansion, clearances and other  items which make any general statement on achievable accuracy in- 
appropriate.  

f The Reference code follows the General Bibliography at the end of t h i s  chapter. 
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FIG. IV. 3 VARIOUS NOZZLE DESIGNS, SCHEMATIC 
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4.1.2 ISOLATED NOZZLE TESTS VERSUS COMPLETE MOlXL NOZZLE TESTS 

AS with i n l e t  tests t h e  question arises as t o  the  extent the  external  flow f i e l d  should be 
simulated f o r  performing r e l i a b l e  nozzle measurements. Usually the  answer involves two p o s s i b i l i t i e s .  The 
first p o s s i b i l i t y  is t o  simulate the  external  flow f i e l d  as good as possible by t e s t i n g  the  afterbody and 
nozzle together with the complete a i r c r a f t  representation f o r  which the i n l e t  is usually completely f a i r e d  
and for which the model support system causes l i t t l e  interference at the exhaust. The second p o s s i b i l i t y  
i s  t o  simulate only the  afterbody geometry and determine from the r e l a t i v e  differences the nozzle-after- 
body performance. The l a t t e r  t e s t  procedure i s  usual ly  applied t o  determine nozzle performances i n  
transonic flows regardless  of a i r c r a f t  fore-body shape. I t  is performed i n  the e a r l y  stage of a i r c r a f t  
development i n  order t o  obtain an ear ly  estimate of the  nozzle-afterbody performance. The complete model 
nozzle test i s  usual ly  accomplished f o r  f i n a l  checks. 

It i s  obvious t h a t  both t e s t  procedures have advantages and l imi ta t ions  which w i l l  be l i s t e d  below. 
For i so la ted  nozzle tests. 

For a given s i z e  t e s t  f a c i l i t y ,  i so la ted  nozzle tests permit larmr scale  models t o  be used with - - .  - 
correspondingly higher Reynold's numbers. 
Due t o  a possible reduced length of the  forebody, the r e l a t i v e  external  boundary layer  thickness at 
the  noozle can be properly scaled with respect t o  f u l l  scale. 
Higher degree of accuracy as complete model nozzle t e s t s .  
Larger models make the  design e a s i e r  and allow more instrumentation (pressures) t o  be included and 
secondary airf low systems are  more e a s i l y  accomodated. 
More exact d e t a i l i n g  of the nozzle shaping i s  possible,  i.e., roughness of var iable  geometry leaves 
and j o i n t s  can be simulated and nozzle base thickness can be scaled. 
I so la ted  nozzle t e s t s  a re  b e t t e r  f o r  basic invest igat ions,  e.g., e f fec t  of j e t  temperature r a t i o ,  . 
spec i f ic  heat r a t i o ,  in te rna l  flow dis tor t ions.  
I so la ted  nozzle invest igat ions a r e  a necessary s tep i n  the development of new exhaust system con- 
cepts.  Parametric s tud ies  can be conducted at l e s s  cost  on external  geometric var iables ,  in te rna l  
performance and i n i t i a l  th rus t  reverser  and noise suppressor designs. 
The i so la ted  nozzle t e s t  apparatus may be used by engine manufacturers t o  provide the baseline f o r  
the  nozzle 88uninstalled performance8* presented i n  h i s  engine performance deck. 
The pressure and force data obtainsd from iso la ted  data can be used t o  substant ia te  or improve 
theore t ica l  and empirical calculat ion methods. 
Disadvantages include a cy l indr ica l  approach sect ion t o  the nozzle (near f r e e  stream flow conditions) 
which hardly ever occurs i n  pract ice .  
Airframe i n s t a l l a t i o n  e f f e c t s  can be very large so that a redesign of the nozzle m a y  be required t o  
obtain the desired i n s t a l l e d  performance. 
Because of the wide var ie ty  of nozzle locat ions possible i n  an a i r c r a f t  design, mutual nozzle-airframe 
in te rac t ions  cannot be predicted from iso la ted  nozzle t e s t s .  
In  many large wind tunnel faci l i t ies ,  it is d i f f i c u l t  t o  obtain the t rue  i so la ted  performance of the 
nozzle since the model requires  support s t ruc ture  and ducting t o  supply the exhaust gas. 

For comDlete model nozzle t e s t s .  
Complete model tests provide b e t t e r  external  flow simulation and provide a more exact duplication of 
the noazle environment that w i l l  e x i s t  on the f u l l  scale  a i rplane (generally except f o r  boundary 
layer  thickness).  
Complete model t e s t s  a re  the only means of predict ing i n s t a l l e d  nozzle performance since mutual air- 
frame-nozzle interference e x i s t s  and forebody-wing influences on the  afterbody-nozzle configuration 
a r e  simulated. 
I n s t a l l a t i o n  of the  i so la ted  nozzle i n  an airframe may produce e i t h e r  favourable or unfavourable 
e f f e c t s  depending on the type of nozzle and.the f l i g h t  speed. Results such as these a re  strongly 
dependent on the overal l  a i r c r a f t  design. 
Complete model invest igat ions of generalized research configurations with exhaust and slipstream 
simulation permit evaluation of e f f e c t s  on aircraft aerodynamics and i n s t a l l e d  nozzle performance 
such as exhaust nozzle axial and l a t e r a l  locat ion,  e f fec t  of afterbody angle t o  nozzle, engine in- 
t e r f a i r i n g  shape, and e f f e c t s  of empennage on nozzle performance. 
The addi t ional  e f fec t  of the exhaust plumes on control  surface effect iveness  and loading can be 
determinod. 
Plume interference on adjacent surfaces may be evaluated including both pressure and temperature in- 
crements i f  hot j e t  exhausts a re  employed. 
Flow visua l iza t ion  s tudies  (e.g., shadowgraph or schl ieren methods) can be conducted on the complete 
model t o  a i d  i n  theanalysis  of resu l t s .  
For a given s ize  f a c i l i t y  the complete model nozzle s i z e  w i l l  be much smaller than the  i so la ted  
nozzle, making de ta i led  scal ing more d i f f i c u l t  (lower Reynolds number etc. ) . 
Complete models generally require  more instrumentation, including perhaps more than one s t r a i n  gauge 
balance, pressure instrumentation on the afterbody and other  port ions as well as the nozzle, re- 
quir ing careful  design t o  provide the propulsion simulation without interference of the measuring 
instruments of the metric sect ion (fouling).  
Space requirements i n  a complete model make the simulation of secondary and t e r t i a r y  flows i n  the 
nozzle or base regions more d i f f i c u l t .  
Model s ize  i s  l imited by the t e s t  sect ion avai lable  length and cross  sect ion at the  most c r i t i c a l  
Mach operating condition and a l s o  by the propulsion system flow capacity.  
Support system interference must be evaluated f o r  the complete model i n  order not t o  inval idate  a l l  
of port ions of the r e s u l t s  (Effect at a l l  Mach numbers). 

JET SIMLnATIOI PARAMETERS AT TRANSONIC SPEEDS 

The degree t o  which the j e t  should be simulated i n  the wind tunnel depends primarily on the nozzle 
design used, on the type of i n s t a l l a t i o n  and on the required degree of accuracy of nozzle performance 
assessment. Different from the i n l e t  performance evaluation, the nozzle is operating i n  a highly viscous 
flow f i e l d  as it is generated by the forebody, wings, ta i l  planes and/or pylons. This makes the flow f i e l d  
computation complicated and only a reasonable degree of succes of predict ing the  nozzle flow f i e l d  
environment oan be achieved f o r  smooth forebodies, f o r  example podded engine ins ta l la t ions .  Fig. IV.5a 
and b give indicat ions of the three dimensional flow environment f o r  nozzles i n  a typical i n s t a l l a t i o n  
and how the viscous actual  flow f i e l d  d i f f e r s  from the idea l ,  inv isc id  f i e l d .  
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In common with i n l e t  t e s t s ,  the  nozzle t e s t s  i n  the  wind tunnel a re  performed at reduced scale and 
hence, usually at reduced Reynolds number. The degree of sca l ing  depends on the avai lable  tunnel and t e s t -  
ing  rigs, as well as on the  degree of external  flow f i e l d  simulation. L a r g e  sca les  can be obtained with 
i so la ted  nozzle t e s t s  omitting the external  environment p a r t i a l l y  or completely, whereas complete extern- 
al flow f i e l d  simulation requires  small scales .  In  any event scal ing i s  required necessi ta t ing many scal- 
ing  laws. Ref. P-2 gives an excel lent  review of these sca l ing  r u l e s  f o r  inv isc id  flowst however, i t  does 
not indicate  the importance of the  par t icu lar  ru les .  Furthermore, i n  general  l i t t l e  is known about the  
s imi la r i ty  laws f o r  the mixing phenomenon as it e f f e c t s  the flow at the exhaust. 

INTERNAL THRUST COEFFICIENT 

i l y  on the  nozzle pressure r a t i o  and r a t i o  of spec i f ic  heats as well as on the  t o t a l  temperature and t o t a l  
pressure d is tor t ion  upstream of the  nozzle. I n  the case of a conical nozzle CT depends a l so  on the  j e t  

boundary contour downstream of the nozzle edge. As i s  seen i n  f i g w e  IV.3, conical convergent nozzles a re  
frequently used requir ing proper simulation of mixing at the downstream boundary between the  jet  and the  
external  flow i n  case of a simple convergent nozzle, and between the  primary j e t  and secondary flow i n  
case of e jec tor  nozzles. However l i t t l e  is known about the ac tua l  influence of mixing downstream of a 
(primary) nozzle on the nozzle thrus t  and discharge coef f ic ien ts t  more ana ly t ica l  and experimental work 
is needed. The r a t e  of mixing depends on the r a t i o  of the mass density flows (pv) on both s ides  of the  
mixing boundary and on the i n i t i a l  upstream turbulence. I n  the case of e jec tor  nozzles t h i s  means a l s o  
tha t  the  secondary mass flow must be simulated. This simulation i s  hard t o  achievefor blow-in-door 
e j e c t o r s  since the  secondary mass flow depends primarily on the outer boundary layer  and flow f i e l d  
conditions. To a l e s s e r  extent t h i s  can a l so  be s a i d  f o r  plug nozzles. 

simulated. More information i s  needed on when (at which nozzle types and i n s t a l l a t i o n s )  these d is tor t ions  
can be omitted i n  the nozzle performance assessment, when ana ly t ica l  or experimental correct ions can be 
used (and how) and when these d is tor t ions  should be simulated i n  the  wind tunnel. Information is needed 
on the  appl icabi l i ty  of spec i f ic  sca l ing  laws. 

For nozzles with in te rna l  supersonic expansion the r a t i o  of spec i f ic  heats  has an influence on the 
c h a r a c t e r i s t i c  l i n e s ,  which means, f o r  example, t h a t  f o r  an e jec tor  nozzle the  i n i t i a l  inc l ina t ion  angle 
of the  primary jet  is d i f fe ren t  i f  y j i s  not simulated. The primary j e t  contour can be simulated by ad- 
jus t ing  the nozzle pressure r a t i o ,  r e s u l t i n g  i n  an incorrect  simulation of j e t  momentum. Therefore Y .  
should be simulated as close as possible.  J 

EXTERNAL NOZZLE DRAG, BASE DRAG, BOAT TAIL DRAG 

These drag terms depend on the j e t  propert ies ,  the external  inv isc id  flow and on the external  bound- 
a ry  layer  condition at  a given f r e e  stream Mach number and angle of a t tack.  I f  t h e  outer  flow separates ,  
as it  of ten does near the  nozzle e x i t ,  the  separation point and pressure leve l  i n  the  separated region i s  
f u l l y  determined by the viscous in te rac t ion  between the j e t  and the ambient flow and hence on the j e t  
boundary (shape) and mixing process (see f ig .  IV.6). The inv isc id  j e t  shape is f u l l y  determined by the 
nozzle pressure r a t i o  p?/p,,y. and Mach number at the e x i t  M . .  The j e t  shape ( i n i t i a l  inc l ina t ion  ang1e)is 

approximately constant f o r  convergent nozzles i f  (p?/pw)l/yJ 

I V . 7  f o r  M .  
with cold alr  (y = 1,4) .  ( I f  the n.d.r. i s  l e s s ,  the  correct ions become r e l a t i v e l y  smaller?. The base 
pressure or the  pressure i n  the  separated region i s  a function among others  of the jet  momentum. This 
quant i ty  i s  determined by the  nozzle pressure r a t i o  and y j , a l s o .  Two l imi t ing  cases  can be consideredf jet  
momentum per  u n i t  %ea at the  e x i t  and j e t  momentum per unl t  a rea  along the  j e t  boundary ( f u l l y  expanded). 
The first y i e l d s  (p  ./pa)yj 
shown i n  f ig .  I V . 7  a lso.  It i s  concluded from t h i s  f igure  t h a t  correct ion i n  p?/p, f o r  oorrect momentum 
simulation i s  opposite from correot  jet  shape simulation i f  yjmOdel 4 yjturbo-iet. Few experiments &e 

known which ver i fy  a base pressure dependence on y j ,  but from the above analysis  a y j  dependence is ex- 
pected, which means t h a t  y j  should be simulated as close as possible.  

the  external  boundary layer  c h a r a c t e r i s t i c s  at the nozzle e x i t .  The jet propert ies  depend on the nozzle 
used, par t icu lar ly  on the cooling system and the secondary air flow, i f  precent (see f i g .  IV.6). If 
smooth uniform j e t  flows are  assumed, the mixing parameter is (pv.  / ( P V ) ~  (Ref. Z1 ,  S7, S9). This mixing 
process alters the  e f fec t ive  j e t  boundary shape so t h a t  the  i n v i s  i d  flow is affected,  par t icu lar ly  at 
t ransonic  speeds. A t  a given nozzle pressure r a t i o  the mixing parameter i s  primarily dependent on R.T ./ 

A s  i s  indicated i n  chapter I11 the  s t a t i c  th rus t  coeff ic ient  of a par t icu lar  nozzle depends primar- 

In  present wind tunnel nozzle t e s t  rigs the  in te rna l  flow d is tor t ions  and turbulence a re  not 

J J J 
constant.  This r e l a t i o n  i s  given i n  figure 

J 
1 which shows t h a t  p?/p,must be appr.10 "/o higher i f  a j e t  with y j  I 1 ,3  is simulated 

constant,  the  second case gives M2boundary y j  i s  constant. Both criteria are 
J 

The mixing process along t h e  j e t  boundary is determined by the  jet  propert ies  at the boundary and by 

J t J  

I ,  
T t  OD' 

Some experiments are avai lable  on the influence of the jet temperature on base pressure using hot 
air (so y 1 1 ,4 ) .  Figure IV.8 i s  deduced from Ref. M 1 0  y ie ld ing  base pressure (C 

boat t a i l  drag (CD ) f o r  a typ ica l  afterbody shape at M,= O,9 versus the  t o t a l  j e t  pressure Pt ,. It is  

) is some 20 "/o decreased i f  a hot jet i s  used f o r  jet c l e a r l y  seen t h a t  the afterbody drag (CD 

simulation instead of a cold j e t .  A similar conclusion i s  reached i n  Ref. R8, where it  is found that the 
base drag at  a temperature r a t i o  of 2 ,8  is 25 "/o l e s s  than i t  is  with an unheated j e t  at M, 
u t i l i z i n g  a propane-air combustion system with a convergent nozzle at a pressure r a t i o  of 2. 

The external  boundary layer  charac te r i s t ics  which have an large ef fec t  on the mixing process, a l so  
determine the degree the  jet  and mixing is f e l t  upstream from the  nozzle e x i t .  One of the  more important 
non-dimensional parameters i s  the  boundary layer  thickness ( b )  r e l a t i v e  t o  a reference nozzle radius  
( rn)  (or diameter). The increase of b/rn, as i s  the case f o r  t e s t i n g  a complete model at reduced Reynolds 
number, implies t h a t  the nozzle is immersed i n  a larger boundary layer  f i e l d ,  making the viscous e f f e c t s  
larger. An example of how t h i s  parameter a f f e c t s  the t o t a l  afterbody and nozzle drag is shown i n  fig. 
IV.8b f o r  two nozzle systems (Ref. M13). It i s  seen that the e f f e c t  of the  boundary layer  depends la rge ly  
on the nozzle type. 

),base drag (C ) and 
'b 4, 

J P 

p + c4, 

O,9 , 
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h o t h e r  quantity that l a rge ly  a f f e c t s  the base pressure i e  the mount o f  bleed or leakage through 
t h e  nozzle leavea. Fig. IV.8c gives t h i a  effeot  as experienced and computed f o r  a blunt base at super- 
sonic speeds (Ref. C23). 

I n  R e f .  R5 large unsteady p r e a w e e  are  observed on t h e  base o f  a cyl indrical  model due t o  the pre- 
sence of 8 cen t r a l  j e t  ( f ig .  IV.9). Though the steady component i s  already effected by the j e t  temperature, 
the average vnateady pa r t  muet be strongly depended on j e t  veloci ty  and therefore on temperature. Thin is 
ooncluded by the authors of Ref. R5 and hot j e t  simulation i n  wind tunnels is reoomrmended f a r  similar 
cases. 

It should be noted that turbulent j e t  mixing is  l i t t l e  influenoed by Reynolds number e f f e c t s  since 
the cba rac t e r i a t i c  mixing length is i n  first approximation proportional t o  the cha rac t e r i s t i c  j e t  
dimensions. 

tunnels. 
(a )  

S u m x i z i n g  the following can be concluded regarding the degree of j e t  simulaticn i n  transonic wind 

For nozzle th rus t  ooeff ic ient  assessment ( in t e rna l  and s t a t i c )  the geometry, nozzle pres-e r a t i o  
and r a t i o  of specif io  heats  should be simulated as f i r s t  parameters. This is a l so  t rue  f o r  the 
seoondary mess f l o w  i n  case of e j e c t o r  nozzles or nozzles with subatant ia l  cooling air. The seoond- 
ary parameters are the t o t a l  temperature, and i n t e rna l  flow d i s to r t ions ,  a l so  mirl ,  upstream of the 
nozzle. 
For almost i nv i sc id  l e t s  w h e r e  mixing has a secondary importanoe, the wave s t ructure  and stream l i n e  
shapes, that is t h e  in i t ia l  inol inat ion angle and wave r e f l ec t ion  coeff ic ients  (Ref. F3) (both deter- 
mining the p lum shape), should be aimulated regarding the influence on the external f l o w  f i e ld .  
These paramstere a re  determined by pt /p, , rj, M .  as well as by the f r e e  stream condition. The j e t  

J 
temperature yields  a oorreotion on the j e t  boundary due t o  mixing i n  which case the nozzle temperature 
r a t i o  (R T 

(b) 

) should be simulated as well.(If the j e t  bacomee ho t t e r ,  i ts  m t i o n  aot ion 
j t j h ,  Ttm 

becomes l e s s ) .  
(c) I n  cases where j e t  mixing plays an important r o l e  on the extsrnal flow f i e l d ,  besides the n o s ~ l e  

pressure r a t i o  nozzle, geometry, r a t i o  of specif ic  heate,  the nozzle temperature r a t i o ,  secondary 
flows ( i f  present) ,  external boundary layer thickness and j e t  d i s to r t ion  s h d d  be simulated also.  
Scale e f f ec t s  due t o  turhulent mixing can be ignored. 
I n  oaee of unsteady .jet Irhenomena, the j e t  temperature (or apeed of sound) is a primary parameter 
besides the primary invisoid jet parametera. Also it vsy he very important t o  simulate the structur- 
al e l a u t i e  conetants. 

(d) 

4.1.4 WIND TUNXSL TESTING SC-S 

The wind t-1 t e e t i n g  scheme f o r  nozzle-afterbody performance assessment that one ohooses t o  
employ f o r  a pa r t i cu la r  a i ro ra f t  design depends primarily cn the available t e s t  rip and systems i n  the 
wind tunnel and on the stage of aerodynsmic tes t ing.  In  recent years the main tranaonic wind tunnel 
f a o i l i t i s s  have been equipad t o  perform powered nozzle testing. Usually each laboratory designed its own 
par t iou la r  uysten that is  f l ex ib l e  enough t o  t e s t  a va r i e ty  of nozsle-afterbody oombinations. These t e s t  
rig designs were based on j e t  and nozzle parameters which were thought t o  be of f i r e t  importance, as dis- 
cussed i n  the previous eection, on the other technical requirements, a e  w i l l  ba diseuased i n  the next 
section, and on the apparatus achievable i n  the wind tunnel within p rac t i ca l  limits. 

The next d i s c u s i o n  oonoernu primarily the engine-airframe integrated systems (e.g. f igh te r s ) .  
Similar techniques o m  be used fo r  poddsd subsonio i ne t a l l a t ione ,  but i n  those cases the  j e t  influence on 
the wing or aftfuaelaga is of equal importance. 

foroe model d r a g  data and the  engine gross statio thrust .  The actual  i n s t a l l e d  afterbody performance can 
be erpreseed as the differenoe between the i n s t a l l e d  grosa engine thrust (Finat) minus the i n e t a l l e d  a f t e r  

body drag (Dm. 

depende on the external  parameters, such as Mach number (M, ) and angle of a t t ack  (a), as well as on 
i n t e M  parameters such as engine r.p.m., degree of a f t e rhwning  and e x h a u t  area r a t i o .  The engine para- 
meters oan be erpreaeed i n  terms of the nozzle pressure r a t i o ,  temperature r a t i o ,  r a t i o  cf spec i f i c  heats, 
geometry, e tc .  The engine s t a t i c  t e s t  bench gross thrust can be oonsidered as the reference th rus t  Fref, 

Fat (Xg i n  chapter 111). The reference afterbody drag (Dmaf) can be determined by a model similar t o  the 

aerofome model but with the afterbody only being metric. The afterbody drag is the drag on those p a r t s  of 
the afterbody whioh can be affected by the pr000Me of the e x h a u t i n g  jet(s), such as in t e r -  and outer- 
f a i r ings ,  t a i l p l a r a a ,  fuselage boat tai l  and base ( i f  present).  The matrio l i n e  between the forebody and 
afterbody is generally s o m h a t  halfway between the i n l e t s  and exhau t s .  Usually the drag on the external 
nosale pa r t e  (D ) is  not included i n  the afterbody drag but is  added t o  the nozzle losses.  The external 
f low can a l s o  e f f ec t  the in t e rna l  nozzle th rus t  r e su l t i ng  i n  a th rus t  l o s s  (Uinst) ,  a l so  ca l l ed  the 

in t e rna l  nossle drag due t o  external flow. The interferenoe drag is nom generally defined as the differ-  
enoe between the net reference performanoe and the  net i n s t a l l e d  performance of the nozzle and afterbody 
oombination, that is  

Dint I (F - D d r e f  - (F - ' d i n a t  or 

The nozzle-afterba&y performance must be determined from wind tunnel measurements s t a r t i n g  from aerc- 

). This quantity (PDIIB)inst should be as lare as possible for d m u m  performance. It 
inmt 

since AFint + Dn = Fref - Finst 

SDmetimes Fref - Dint Fref - (mint + Dn + ADm) is ca l l ed  the equivalent tbrust. 
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Overall i n s t a l l e d  performance ( thruat  minus drag) isr 

(F-D)inst 'ref - 'ref - 'int . 
This quantity should have a maximum value. 
In  an i dea l  t e s t i n g  soheme mint, Dn and ADm should be determined independently, sothat the optimizat- 

ion ("".Dint) can be performed e f f i c i en t ly .  

Fig. IV.10 i l l u s t r a t e s  the usual bookkeeping procedure f o r  intagrated nozzle-airfr- wetems where 
at the aeroforoe model is supported by a s t i n g  looated at the noczles. %fore the actual pouered after- 
body tests ar0 performed an intermediate s tep is done at which the model is s p l i t  i n t o  a f o r e b w  and an 
afterbody, the l a t t e r  only being metric. The forebody is grounded and w be supported by a separate 
s t i n g  under the fuselage or at the wing t i p s .  Also a half model support may be used if the exhavsts are 
su f f io i en t ly  f r e e  from the tunnel walls. For these t e s t s  the i n l e t  i a  cloaed. 

I n  f ig .  N.10 the afterbody t e s t e  are performed with the oomplete erhauat model. Houever these tents 
can a l so  be performed with an i aa l a t ad  nozzle test, i f  the powered test of the geomtr io  similar after- 
body is preoeeded by an afterbody t e s t .  For t h i s  t e s t  the afterbody must have the sam shape ae the aero- 
force model and must u80 a non-metrio dummy s t i n g  at the locat ion of the aeroforoe model st ing.  Thia t e s t  
y i e lds  the new reference afterbody drag Dm f o r  the actual pouered afterbody/nozsle t e s t s .  The d v a n t -  

ref 
age and disadvantages of i so l a t ed  noaele t e s t s  have been deaoribed i n  the sect ion 4.1.3. 

The powered afterbody t e s t a  may use various sohemen as is  indioated i n  fig. I V . l l .  T h e  f i r n t  sohem 
(A) i e  the simpliest  one and requires only one balanoe. The main disadvantages of this saheme are that 
optimization of the afterbody-nozzle oombination i s  hard t o  achieve and that the afterbody drag i m  over- 
shadowed by the lara i n s t a l l e d  gross thrust  which i s  an order of magnitude larpr. The acouracy must be 
appropriate t o  the net t h rus t  l e v e l d i l e  measuring gross thrust. This d i f f i cu l ty  is overoomo by the 
sohema i n  D where the  enter ing j e t  momentum is subtraoted from the t o t a l  measured force of A, making 
possible the use of a more sensi t ive balance. However, i n  t h i a  case the  effect ive flow ML (Ai) oan hn 
80sessSd only with d i f f i c u l t y  and also a seal ing problem e x i s t s  at this high pressure looation. The 
schemes of f i g .  IY-11-B and -C are i den t i ca l  i n  pract ice  and mas- separately the i n s t a l l e d  gross 
th rus t  foroe and i n s t a l l e d  afterbody drag i n  ser iea  or i n  tandem respectively.  The afterbody drag balanoe 
oan be made more sensi t ive.  

An a l t e rna te  method t o  obtain the afterbody drag of simple models (e.& a x i m t r i o )  is t c  
pressure t a p  the afterbody, whioh might a l so  include a base. These pressures are integrated t o  obtain 

Dminst.p.  O i n s t  
r eoomnded  f o r  the external noeale drag of complicated afterbody shapes since i n  these cases larp 
pressure gradients might ex i s t  yielding inaccurate date. However, some measurement of l oca l  pressure 
p lo t t i ng  and f l o w  v i sua l i s a t ion  an af terbodies  i s  useful i n  order t o  detect  aream of drag increase and 
t o  make possible oomparison with theoret ical  d y s i s .  

troduoad i n  a similar manner leading t o  l e s s  d i f f i o u l t i a s  as the primsry flaw since the seoondsry mas* 
f low is  only a few percent of the t o t a l  mass flow. 

The mass flow oan be oontrolled and m t e r e d  outside the tunnel t e s t  mot ion  with a high degree of 
accureey. Fig. IV.12 gives the sonio or i f ioe  method generally used f o r  gaseous j e t  f luids.  Thd diecharge 
coe f f i c i en t s  f o r  Bonic l i n e  curvature, bnundary l w e r  displscement e f f ec t  and v i r i a l  e f f ec t  which are 
used are also given i n  f i g .  IY.12. The former two discharge ooeffioienta are well covered i n  the l i t e r a t -  
ure (see f o r  example Ref. C24, but not the disoharge ooeffioient fo r  the v i r i a l  effect .  T h i s  effeot  i a  
usually neglected, hut should be taken i n t o  acoount if t h e  sonio or i f ioe  i s  operating at high presmes 
as it p n e r a l l y  is the case. If the j e t  f l u i d  or one of its components i s  a l iqu id  an easy and accurata 
technique t o  control and meter the flow r a t e  is the use of a cav i t a t ing  ventur i ,  whioh oan be ecouratsly 
cal ibreted.  The flow r a t e  of a cav i t a t ing  ventur i  is proportional t o  the square root  of the product of 
upetream pressure times the l i qu id  density as long as the  ventur i  back p r e s m e  i a  l e s s  than the dr" 
ventur i  reowery  pressure. 

The noeele gross isentropic  t h a t  (Xid) can be computed based on the meaavred mssa flow ra te  and 
the nozzle one-dimensional ideal expansion from p t ,  t o  the ambient s t a t i c  preaeure p, 

J 
the theoret ioal  iaentropio th rus t  computations baaed on measured mass f l o w  may be used as deacribed i n  
chapter 111. I n  t h e 4  engine isentropic  th rus t  oomputatione the thermal r e a l  gas e f feo t s  (p - ZpRT) 
are n d l y  neglected, which can be j u s t i f i e d ,  but the ca lo r i c  real gas e f fec t s  (Cv and C 4 oonetant) 

are taknn i n t o  account. Houever the model t e s t a  are sometimes performed at high pressure l eve l  i n  order 
t o  increase the model Reynolds number. In  these owes the v i r i a l  e f f ec t  can not be iepored, p a r t i o u l u l y  
i f  a oold j e t  a i d s t i n g  fluid is uaed (see f i g .  N.13). The gross t h rus t  coeff ic ient  may be defined as 

. Mding t h e  calculated &in f r i c t i o n  t o  this quantity y i e lde  D . This procedure is not 

I n  f ig .  I V . l l  only the primary mans f l o w  i s  indicated. If necessary secondary f low can also be in- 

. I n  f e e t  aqy of 

P 

where F is the measured i n s t a l l e d  or s t a t i c  thrust  and Xiathe isentropic  th rus t  f o r  which the analyt ioal  

promdure should be indicated. If aeoondary flow is  supplied, the imn t rop ic  gross th rus t  i s  the nun of 
both imentropio thrusts, (X. . + Xias) z 

1dJ 
F 

'Ta = Xidj+Xide 

where X. . and X. 

ary noaele pressure r a t i o  plus ha f i t s  respectively.  F is again the measured t o t a l  thrust .  

though secondary flows are  present. T h i s  oan be done by subtract ing from the meaa-d thrust  with primary 
and seoondary flows the ram drag of the secondary f l o w  hsVm and base the  th rus t  ooaffioient on the isen- 
t rop ic  gross t h a t  of the primary flow only: 

are caloulated from the primary nossle pressure r a t i o  plus  h.f i  and the Beoond- 
1dJ 1dU J t j  

In  praot ice  i t  is  convenient t o  work with primary f lows  only i n  the bookkeeping prooedvre even 
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FIG. IV. 12 MASS FLOW MEASUREMENT BY THE SONIC THROAT METHOD 
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The computed net t h rus t  of the engine is then equal t o  

FN 'Tx 'idj - *jVm 

taking only i n t o  acoount the primary engine flows. 

on the s t a t i c  t e s t  benoh. 

Frsf.model 
operating Donditions f o r  purpose of determining the absolute i n s t a l l a t i o n  effects ,  

This prwedura i s  a l s o  useful f o r  d i r ec t  comparison of the actual  engine th rus t  with s ingle  nozzles 

Values of the model s t a t i o  th rus t ,  which oan be considerad as the model rSfSrSMS th rus t  (F a t  .model' 
), oan be d i r ec t ly  obtained from tunnel-off, jet-on messursmenta f o r  the different  nozele 

CTl.sf .mcdel Xid.mcdel 
Fref.model ' Fat.model Clh.ef.engine X. Id.engine Fst.t..ngina (Fst.eng - 'g' 

Fst where CTmf - - which should be the ~ a m e  f o r  the model nozzle and the engins nozzle ( a t t en t ion  lnut be 
'id -_ 

exercised that Xid is computed i n  the same m e r )  or the  differenoe must be t raced by analyt ioal  prom- 

secondary flows) than 

P .  P .  
d u e s  (bf. C-24). If yjengine - yjmOdel and ( tJ/P.. )model - ( t J / b  )engine fo r  both Primsry and 

2 Ptimcdal 
ld"Odel * (scale)  

'id.engine 'tjengine * 

X .  

If y j  cannot be simulated i n  the wind tunnel than a small correotion is required. The ommot ion  depend6 

on whether the j e t  plums shape i s  correct ly  simulated, but not the j e t  momentum, or the j e t  momentum is 
simulated yielding a non-matched p lum shape. 

The difference between (jet-on, tunnel-off) and (jet-on, tunnel-on) th rus t  measurements y ie ldm 

('ref - Finst)model ("Finst + %)model 1 

i .e. the absolute nozzle i n s t a l l a t i o n  drag, i f  the afterbody is  measured separately.  Sinoe at some Hsah 
number and simulatad engine s e t t i n g  (r.p.m., A 

proportional t o  the pre'~8eur-s l eve l  ( f o r  example, s t a t i c  pressure h), the  in t e rna l  and external thrust 
los ses  (AFint and %) can be correlated with the ideal thrust. Therefore Finstbid I CTinst is a meaning 

f u l  quantity. 

the a i r o r a f t  flow f i e l d ,  or wen  i n  an i so l a t ed  t e s t  f l o w  f i e l d ,  the simulation requirements f o r  the j e t  
propert ies  are l e s s  pronounoed. This method depende upon the difference between two t e s t a  on d i f f e ren t  
nozzle oonfigurations at the skuw f ree  atream Maoh number, nozzle expansion r a t i o  and secondary air flow 
ra t io .  Then the comparison of i n s t a l l ed  gross t h rus t  oac be writ ten as 

), the  idea l  t h rus t  and d,p.mic pressure are bath ex 

If the PUI'pOBB of the afterbody t e s t e  i e  t o  compare the performance of d i f f e ren t  noeale designe i n  

the primes r e fe r r ing  t o  the two different configurations.For C a lso  c 
'inst ' f inst  

can be written.  

If the referenoe model u t i l i z e s  a flow through i n l e t  and exhaust, or a flow through nacel le ,  the 
referenoe afterbody drag or reference aft nenelle d ragwi th  natural  flow m a t  be determined including the 
natural flow jet e f f ec t s  on the afterbody and the natural f l o w  thrust .  These natural f low th rus t  minu 
drag term, as a function of Mach number and angle of inoidenoe must be subtracted from the aaroforoe model 
drag. T h i s  can be accomplished by meamring the forebody drag separately,  as might be don0 i n  the inlet  
t e s t s ,  or by measuring those values d i r e c t l y  with a blowing reference afterbody and naxde  f ed  from the 
outside ( i n l e t  closed) f o r  which the ma88 f l o w  (oold air) is equal t o  the nstwal flow as might be done 
with one of the eohemes of figure I V . l l .  The actual afterbody or nenelle aft oonfigwation replaces i n  the 
next step the aerofcree oonfi@nations, at which the actual  t h rus t  and drag term are determined u t i l i z i n g  
the proper jet simulation technique and one of the &hemes of fig. I V . l l .  

I n  f ig .  I V . 1 4 a  somwhat different  soheme is indioated f o r  a natural f l o w  reference nacel le ,  w h e r e  the 
Dref is determined f m m  wind tunnel-on and wind tunnel-off measurements with natural nozele blowing. Sinoe 

the natural flow nozzle is not necessarily choked, the i n t e r d  th rus t  might be affected by the external 
flow yielding a wrong in t e rp re t a t ion  of Draf. (Note, the notations me somewhat d i f f e ren t  as used other- 
wise). 

I n  case of a fan engine with a podded i n s t a l l a t i o n  the drag act ing on the turbine cowl  i e  eamtimes 
ca l l ed  the scrubbing drag. This drag term can be oompared with the external noazle drag of an integrated 
system. In  case o f  underv ing  engine mounting the change i n  drag of the wing due t o  j e t  e f f e c t s  should be 
ineluded i n  the bookkeeping procedure of t h rus t  minus drag, same as the t r i m  drag as r e su l t i ng  from l i f t  
d i a t r ibu t ion  changes on the wing due t o  the j e t s .  

I n  "y publications the term base drag is found. This term is  generally used if the drag on the baee 
is  determined by pressure plot t ing,  as is  done with aeroforoe model or i n l e t  model drag oorreotions. Since 
the base, i f  present,  can e i t h e r  be considered as pa r t  of the afterbody or part  of the nozzle, the base 
drag w i l l  be oontained i n  the afterbody drag or nozzle drag terms if these t e r m  are determined by force 
balance mamement s  . 

JIET SIMULATION TECHNIQUES 

- A CENERAL~QuIE4ENTS 

ex i s t  
Apart from the j e t  parameter simulation reqmirements (eee section 4.1.3) other general requirements 

with respect t o  model oonstruction and wind tunnel operation. These requirements can be described 
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as follows. 

(a) 

(b) 

(c )  

(a) 

The feed pipes of the j e t  simulating f l u i d  should be as t h in  as possible i n  order t o  avoid large 
asrcdynamic interference of the supply duct and/or support system. This requirement c a l l s  for a 
dense f l u i d  i n  the supply duct. 
If a t h rus t  balance i s  ueed the system t o  bypass the balance without interference on the balance, 
should be as small as possible and/or operate at low pressures. This a l s o  c a l l s  f o r  a dense f l u i d  
supply along the balanca and/or low pressures. 
In  order t o  keep the possible influence of the momentum of the enter ing f l u i d  on the thruat balance 
reading as small as possible,  t h i s  momentum should be a small f r ac t ion  of the momentum of the ex- 
haust j e t .  This c a l l s  f o r  a dense f l u i d  again. 
Within the balances, no temperature gradients should be generated due t o  heat flow from hot j e t  
simulators, nor should the model deform by thermal s t r e s s .  
The operation of the simulator should be e a s i l y  control lable ,  adjustable and accurately repeatable. 
The model and simulator design should be simple and cheap. 
The operation costs should be low. 
The operation should be safe, therefam the number of systems should be kept small. 
The j e t  f l o w  ahould not o o n t d n a t e  the tunnel air of cloaed c i r c u i t  tunnels,  nor should explosive 
5 s  mixtures be accumulated in the tunnel. 

f 

h 
( i  
I/ 

TECHNIQUES, ADVAWFACES *ND LIMITATIONS 

The techniques for j e t  s imu la t ion . t e s t s  which have been u t i l i s e d  or suggested can be sut-divided i n  
the followinn order, - - cold Eases. 

Air or nitrogen are oommonly used because of l o w  cos t s ,  ea handling propertiee and reasonable 
gas propert ies  f o r  non-au&umnted enginas (swept for tempera tmy.  Cold 5 s e s  give clean and continuous 
operation, and even with seconbry  flow simulation the plenum chamber of the  simulator can be e a s i l y  
designed. However, the j e t  plums or j e t  momentum can not exaotly be simulated, nor can the mixing 
process of e j e c t o r  nozzles and along the j e t  boundary be simulated. Several exhaust nozzles IPSJ be re- 
quired t o  obtain t h e  desired e n t i r e  range of pressure r a t i o s  at high j e t  pressure ratios. Scaling tb 
real nozzle f o r  oomplete expausion w i l l  r e s u l t  i n  under expanded soaled nozzle operation. 
In  order t o  keep the feed l i n e s  small the 5 s  is supplied at high pressures,  oonsepuently large presswe 
drops i n  the duots can be tolerated.  The bdance bypass system is generally qui te  v o l d n o v s  and mt 
be designed properly f o r  de t a i l ed  balancing i f  this system muet be located inside the model. If the 
bdauce bypass Byetem can be located outside the t e a t  section this problem can be avoided f o r  erample 
by u t i l i z i n g  long f l e x i b l e  hoses or pipes having a npring constant msny orders of msgnitude less than 
the spr ing constant of the  balaaoe. The gas mt he supplied at r igh t  angles t o  the th rus t  a r i a .  Right 
angle feed systems are mainly used for i so l a t ed  model t e s t s .  
Fig. IV.15 a h a s  an i so l a t ed  nozzle system (Ref. m6) f o r  which the neoessary f l s r u r e  i n  the d a l  
direction i n  obtained by a number of feed pipsm i n  the support s t r u t .  using the m e m i n g  arrangement 
of f i g .  I V . l l . A ,  imorpora t ing  secon&.ry air. I n  msny modela the s t i f f n e s s  p r p n d i o u l a r  t o  the th rus t  
axis is  a hard requimmsnt t o  meet. Therefore of ten extra support bearing8 or f l e r u r e s  are incorporated 
as seen i n  this figure.  
I n  fig. IV.16 a tandem arrangement is &etched (f ig .  IV.ll.C) for a twin noizle i so l a t ed  model arrange- 
ment where the balance bypass i s  within the model (Hef. Hl8). However, i n  t h i s  c m  no seoondsry air is 
provided. 

A very popular arrangement f o r  i so l a t ed  nozzle support at transonio and superscnic speeda is the 
M t  method f o r  whioh the nozzle is at the end of the shait extending from the tunnel plenum ohamber 
i n t o  the t e s t  section. The advantage is the oomplete omission of side supports, the l imi t a t ion  is the 
large bcundeay leyer  bui ld  up along the shaft i n  f r o n t  of the nozzle and the  impossibil i ty of imidenoa 
var ia t ion.  The influence of the M t  bovndary layer can however be reduced by blowing or suction jut 
upstream of the sens i t i ve  portion of the afterbody. Fig. IV.17 show such an i n s t a l l a t i o n  with three jet 
fluws available.  The sea l ing  is obtained by balancing rubber tallows. Also more details on b t a  reduct- 
ion and layout are given. 

information useful t o  s e l s c t  a oonfiguration r a the r  than obtaining absolute datums. The t e s t s  are 
ca r r i ed  outs (a) without extarnal flow t o  measure nozzle in t e rna l  performance, and (b) with external 
f low t o  meamre i n s t a l l e d  th rus t  minus drag. The latter t e s t s  BTB made with all the significant item 
whioh might contribute t o  t h e  j e t  interferenoe e f f e c t s  - b o a t  tail, h e  area, tail w f a c e s ,  i n  the 
oase of an afterbody - a wing and pylon i n  the oase of a wing pod. 

Fig. IV.19 represents another a f te rbow shaft mounted study r i g  i n  a transonic t e s t  sect ion which 
is small with reagaot t o  the n o d e  of the model (Ref. L.13). The aim of this r i g  is t o  st* the a f t e r -  
body perfornsnoe of a podded f an  engine i n a t a l l a t i o n  by pressure p l o t t i n g  rather than by weighing, and 
t o  compare the r e s u l t s  for the fan cowl with the pressure coeff ic ients  obtained from the i n l e t  t e s t s  
(as dewribed i n  seat ion 2.1.24.2). In  order t o  obtain a representative f l a n  around the mael and 
provide a simulated referOM0 upstream f low,  the cyl indrioal  shaft mpport has been smoothly f d M d  t o  
the esternd boat tail shape. However as is  ahom i n  f ig .  IV.20 the oommon portion i n  the presswe 
cooffioient is present only at t h e  lower b h  numbers, which is probably due t o  the fact that the f low 
f i e l d  induced ky the l i p  of the i n l e t  is not reproduced i n  the afterbcdy t e s t .  Therefore the dsta 
should not be interpreted as an absolute value of the afterbody drag se determined from p s ~ u r e  
integrat ion and estimated &in f r i c t i o n  drag. Consequently imprwements of t h i s  t e s t  prooedure muat be 
made, for instance by a b e t t e r  representation of the shape of the streamline at the leading em and by 
boundary layer oontrol (as is  done i n  re f .  R.9). 

a transonic as w e l l  U i n  a supermonio w i n d  tunnel. The r i g ,  whioh o a r r i a s  models of 1/10 t o  1/20 soale 
snd U M ~  air mtored at 11 atmospheres, oan be uaad t o  invest igate  n o s r l w i t e r b o d y  performume over a 
noorle expansion range n p r e s e n t a t i v e  of turbo-jet  md b a s s  engines. Ths soheme rued is that of 
f ig .  IV.1111, incorporating seoondsry f low md tail planea at the metria aftsrbody. The forsbody is non- 
metric and the strut is located at a typioal wing l w a t i o n .  The forebody is of reduced length d i n g  
representat ive boundary layer  t h i o h s s  simulation possible at the metric l i n e  locat ion,  as is inbioated 
in f ig .  IV.22, requiring, 
t e s t  f a c i l i t y  an given i n  f i g .  IV.23. The instrumentation layout is ah" i n  fig. IV.24 A along with 

Fig. IV.18 depicts  a simple nozzle test r i g  primarily f o r  the purpoae of gathering compuitive 

Fig. IV.21 gives a layout of a s ide  supported twin nozzle afterbody rig which can b. i n s t a l l e d  i n  

harever, a oareful design of the forebody contour. Dotailed drawings of this 
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FIG. IV. 17 SHAFT MOUNTED AFTERBODY MODEL ARRANGEMENTS IN TRANSONIC AND 
SUPERSONIC WIND TUNNELS FOR THRUST-DRAG MEASUREMENTS 



FIG. IV. 18 NOZZLE TEST RIG FOR REAR FUSELAGE AND WING POD MODELS 

FIG. IV. 19 FAN ENGINE AFTERBODY TEST RIG IN TRANSONIC WIND TUNNEL 
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FIG. IV. 20 EXAMPLE OF PRESSURE COEFFICIENT ON A FAN COWL AS DERIVED FROM 
INLET AND FROM EXHAUST TESTS 
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FIG. IV. 21 INSTALLATION OF A SIDE SUPPORTED TWIN 
NOZZLE AFTERBODY TEST RIG IN BOTH SUPER- 
SONIC AND TRANSONIC WIND TUNNEL. 

>. IV. 22 COMPARISON BETWEEN FULL SCALE BOUNDARY 
LAYER DISPLACEMENT THICKNESS AND MODEL 
BOUNDARY LAYER AT METRIC LINE (SEE FIG. 
IV. 21 ). 

SECTION ON DUCT 4 
WOWING NOZZLE BLANKS 

NDARYPLENUMCHAMBE 
PRIMARY DUCTING" 

SECTION 6-6 

__ 
~ E C T I O N  F-F 

FIG. IV. 23 TYPICAL MODEL ASSEMBLED INTO RIG OF FIG. IV. 21 
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tho l ine diagram f o r  data reduotion i n  f ig .  IV.24.B. The data reduotion scheme r e s u l t s  i n  various thrumt 
ooeff ioiente  (underlined) whioh depend each on the defini t ion f o r  the inentropic thrust  and the aaswia t -  
ed deduoed actual model thrust .  Speoial a t t en t ion  has been direoted t o  the m s  flow and discharga 
o w f f i c i e n t  determination. The mpms f low is  m e a s w d  at a special  disoharge chamber i n  the supply l i n e  
M indioated i n  f ig .  IV.24.A where the t o t a l  pressure (p ) and the  bell mouth depression Ap are mu- 
ed and used t o  define an acourate value f o r  bfi. The difcharge coeff ioient  r e l a t ea  t o  the %ell m t h  
Reynolds number and h a  been accurately determined againat a known standard nozzle. The value8 of b f i  
for w e  i n  the noai le  require8 oorrection for any t o t a l  temperature ohsnge betwesn the measuring bell 
mouth and noszle plane. This  oan be en important item i n  r e l a t ion  t o  the required accuracy as 1 O/o 
temperature var ia t ion between the two s t a t ions  gives 1/2 "/o variat ion i n  C . The aeoondary f l o w  is 
meamwd separately i n  each duct by o r i f i ce  platen.  As is  s t a t ed  before, tb8 dgn i f i c snoe  of absolute 
d i ~ h v g e  coe f f i c i en t s  and t h rus t  ooeffioients i s  subject t o  doubt since the r i g  valves rmut be based on 
a defined noszle p r e s m  head. Ale0 the flow d i s t r ibu t ion  approsohing the nozzle is l ike ly  t o  be very 
different .  

If the enginms are looated i n  separate nacel les  under the winga or at the aft-fuselage the semi- 
model test technique .4y be used aothat the air can be supplied through the wings and pylons t o  the 
noazle. U this case the i n l e t s  w i l l  be f a i r e d  if direot  blowing is provided. Using engine nimulators, 
N o h  am mall turbine-driven oompressors, the  i n l e t  f low i s  also simulated pa r t i a l ly .  T h i s  teohnique w i l l  
ba diaoussed i n  ohapter V. fig. IV.2 gives a layout of a semi-model of a superacnio transport  with a 

bypaaa air f l o w  system, incorporating secondary flow a l so  and f a i r e d  i n l e t a .  The oomplate wing and 
nurnlles are metric t o  a s i x  component balance. It is expected t h a t  the external flow at the nozzle 
s t a t i o n  CUI be simulated properly. 

mince mixing air with multi-atonatio gases suoh U carbon dioxid0 or freon, the r a t i o  of specif io  heat. 
c m  be adjveted (Ref. T.l) .  By mixing a t h i r d  l i g h t  weight oomponent such as Ea and/or E 
density can be simulated also.  However, theme teohniquee have not bean used extensively %e t o  oosts,  
tunnel contamination and the  possible accumulation of explosive or otherwise w r o u m  mixtuna. 

- Bot eaaee. 

hydrogen peroxide, or by burning a l i qu id  or gaseous fuel with air. The l a t t e r  w thod  oan be used i n  
oonjvnotion with mimple oold air simulation but i a  of course much more oDmplicated since an additional 
i gn i t i on ,  fuel f l o w  and control system nust be provided. In  order t o  keep the c o l l i n g  provisions and 
thermal flux requirements t o  a m i n i m .  the heat nust be generated j u s t  upstream of the nozzle, pmfer- 
rably at the  actual engine location. Thin w i l l  ban that the loading of the burner must be r a the r  high, 
r e n r l t i n g  i n  inooaplete oombumtion and hence i n  unprediotable simulator p e r f o r m e .  For this reamon 
gaseou fuel., pa r t i cu la r ly  E , are favourable, but are more danesrove with respeot t o  leak., then l i qu id  
fuel0 and w i l l  r eau l t  i n  rathir thick fuel l ines .  The fue l s  used are generally hydrogen, methane, propans, 
ethylene and l i qu id  hydrooarbons, Noh an kerosine. The oxidizer i m  usually air or oxygen, with air being 
more favourable due t o  lesm oomtm and the required moderate temperatures. Usually t h e  problem is  not t o  
r a t  the highemt j e t  t e m p e r a t w  requ i r smnt s  but rather the loner j e t  t empara tw .  For lower tempratupas 
the combustor must be demimd auDh tha t  burning taken place i n  the primary zone after whioh oooling air 
i a  added. 

Sow advantage is obtained due t o  the reduoad requirnd m a ~ s  flow and, h o ~ e ,  reduoed supply duots. For 
closed circuit wind t v n w l e  intermit tent  jet operation i s  required. or elne an exhaust gas oolleotor must 
be provided f o r  oontinuoum operation. 

Fig. IV.26.A depiots an axi.ympatrio hot i so l a t ed  nozsle t e a t  r i g  of the shaft type i n  a t r w o n i c /  
supermonio wind tunnel (Ref. R.8). Also non-ari&"e.tric ncal le  and afterbodiea .4y be attaohed t o  the 
.hat which extende from the tunnel plenum chamber. Tha ahaft i s  10 om i n  diameter and contains a propane 
burner and a downstream mixer f o r  uniform temperature d i s t r ibu t ion  at the nozzle entrance. The nossle i m  
fed by dry compreased air heated t o  600' C marim by propane burning. The rangm of obtainable j e t  
tem$mratw and r a t i o  of specif ic  heats  is given i n  f ig .  IV.26.B. The oombustion sffioiency va r i e s  
batween 70 "/o and 98 "/o, the highest at the highest obtainable fusl-air  r a t i o .  The t a m r a t w e  diator t -  
ion is I s m m  than 10 /o. This r i g  hru b e n  developed and refined oontinuously over a period of yearm and, 
a p t  from Reynold. nuber effeota,  mimulatea f l i g h t  conditions very olosely. The approach boundary lapr 
on t o  the afterbody i n ,  however, too thioki no boundary lapr control is provided. 

For data reduotion a thrust-minurdrag bdan00 i e  provided togsther with pres." p l o t t i n g  along the 
afterbody and h. The primary prs-determined parameters (ll 
jet th rus t ,  boat tail drag, &in f r i c t i o n  drag, pres." drag and bUe dr>?t&oh the l a t t e r  two t e r m  
oan be obtained by pres- integration. The j e t  t h rus t  and s*in f r i c t i o n  drag OM then be determined a f t e r  
appropriate asmmptions (for  axample eetimption of skin f r i c t i o n  drag, or assumed independence of e r t e d  
flow on j e t  thwt i n  choked noszle operation).  

Tho other ray frequently used t o  generate hot luhaustn gases i a  by decomposition of hydrogen peroxide 
i n  a catalymt pMk produoing hot nteam/oxygen m i x t w s  f o r  which the temperature and composition depends 
on tho peroxide ooncentration. It has the  advantage that the r a t i o  of mpeoific heats  end t e m p e r a t w  of 
the deoomposition products follow closely the values fo r  turbojet  engines aa mey be neen i n  f ig .  IV.27. 
Peroxide deoompoaition y i e lds  good plums shape end j e t  momentum simulation as well as simulation of the 
mixing prooems. The e i l v e r  soreen ca t a lys t  pack can generally be designed s m a l l  enough t o  be looatad i n  
the model Md does not require  more apace than a scaled engine should. Bue t o  the feed of cold peroxide 
the thermal effeot. hw l i t t l e  influence on upetream oomponenta (i .e.  balanoes). 

very a t t r a c t i v e  from a model temting requirements point of viaw. 

Esneity r a t i o  pR202 /pair - 14 (aasumd 90 "/o H 0 and compremeed air at 80 atm.) 

Supply m m  r a t i o  +i202 /hair - 0.46. 

half-nidth of 0,5 m i n  a 1.7 I 1.1 m 2 tvnwl. The watem, which is under denim has an external balance 

Cold gasen other than compressed air or nitrogen f o r  j e t  simulation i n  wind tunnels are proposed, 

the j e t  

In  pract ice  the simulation of the exhaust jetm by hot. gasem is performed -in& the deoomposition of 

The main advantage of hot gases i m  the  correct j e t  mimulation propert ies ,  both R .T . /R, T, end I. 
3 3  3' 

) then y i e lds  date on *' Ptj/p, 1 

Compared t o  the use of o d d  air the fo l lowing  numerical values .how the me of hydrogen peroxide is 

2 2  

supply l i n e  d i m t e r  r a t i o  %i202 /Dair - 0.43. 
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SECTION E - E  SECTION 0-0 

Y SECTION F-F 

SECTiON A-A I4ECTIONC-C 24 

REF.PSK 1500 SHEET5: BASIC 015 
INSTRUMENTAllON CHART 

ADDITIONAL INSTRUMENTATDN m mE BASIC RIG 
TAKE NUMBERS 3 0  UPWARDS. 
PREBUDE PLOmNG IWmUMENTATlON FOR 
PARTICULAR BUILDS TAKE NUMBEm 50UPUARDS 

STATIC PRESSURE 
PITOT PRESWRE 

T THERMOCOUPLE OR MERMISTOR 
I # 

- 

1 BAL-CE 5 14 0 19 20 21 22 23242424 29 T, TITI Ts 
* 

I 3 5 7 I1 13 15 V + 5  2022 SPARE 

I I I I I l l  I I I I V  2 4 6 8 12 14 16 24 2b 21 23 

SCAN I lOOp.ri. TRANSDUCER 

9 m wzs SPARE I 
W 19 aB 25 25 1, 

I I l l  I I l l  I l l  I I SCAN I KSpU. TRANSDUCER 

M RIOCESI a -I- A Gw+N w c  YLAS"I1IYENT - IM YC"*L TO 1" LBIOUIII aur*nrr Y M C  A I r a  ME1SUIE"T 
I P s L I I N C  CALDIIATON ETC 1s " E n  v Rlll l A d l C  -L I*Sm"LENRnm . Icm W L l l  C U N l E L  DISC- naonD*ss v &a %.*DATA 
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FIG. IV. 25 THRUST-DRAG TESTSON A S.S.T. MODEL WITH INTEGRATED NACELLE (SCALE 1/25) 

DRY AIR DRY AIR 
60 in hg abr 25 in hg obr 

250 / REAR BEARING 

HYI 
BA1 

-SYMMETRIC NOZZL 

PROPANE SUPPLY 

-SYMMETRIC NOZZL 

PROPANE SUPPLY 

FIG. IV. 26aHOT AND COLD JET INTERFERENCE TUNNEL, SUPERSONIC AN0 TRANSONIC 

RAlIOOFIPtCIFICHEAlS~I) 

CREIWRE - 1.1 A h :  

1 .o 
0 0.W 0.W 0.012 on16 0.m 

NEL-AIRR4TIOIJ I  

FIG. IV. 26bVARIATION OF RATIO OF SPECIFIC HEATS WITH TEMPERATURE AND 
FUR-AIR RATIO FOR THE COMBUSTION PROWCTSOF PRDPANE-AIR MIXTURES 
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supply l i n e  ultimate diameter r a t i o  %1202 hair - 0.26. 

supply l i n e  s t i f f n e s s  r a t i o  1 n3, - 0.08. 3 
2 2 alr 

Supply momentum r a t i o  (kri)H I ( ~ , )  , 0.08. 
2 2 1 air 

Momantun r a t i o  supply/erhaust H202 : kri/hV. - 0.023. J 
air : k / k .  0.28. 

1 2  

Thie d e s  the  use i n  complete afterbody mcdel t e s t s  par t ioular ly  sui table  when incorporating th rus t  and 
drag halances i n  the model. The operation oan eas i ly  be intermit tent  by opening and closing the supply 
f l a .  lbss flow control i s  eas i ly  and aoourately achieved by a oavi ta t ing venturi .  whioh a lso  prevents 
ohugging. 

i n  f ig .  IV.28 f o r  an isolated nozzle t e s t  (ref. N . 6 ) ,  using a two-balance system. Ancther balanoe system 
is shom i n  f ig .  IV.29 where the  th rus t  bdanoe and supply l i n e  t c  the simulator ca t a lys t  pack are 
integrated.  The afterbody drag balance i a  concentric with the thrust balance, yielding a t e s t i n g  soheme 
eimilar t o  f ig .  IV.11.B. The halanoes of the wstsm, s c  ca l l ed  ring balanoes, are very stiff with respect 
t o  s ide foroes and arid fomes ,  eothat mall s p l i t  l ines between components of the model oan be obtained. 
In  mpite of s m a l l  displacement due t o  axial forces the output of this ri 
Proved aoouracy of t h i s  balanoe, e leotronio equipmant included, i s  0,25 70 f u l l  scale. Temperature 
e f f eo t s  on the balance ecouracy, oaused by the hot simulator, are eliminated by oocling the ccntact sur- 
face bsheen  balance and simulator with water. Doring f i r i n g  of t h e  simulator, the balance and the f ron t  
p l a t e  of the simulator are intensively oooled by the l i qu id  hydrogen peroxide, which has an entranoe 
temperature equal t o  the stagnation temperature of the tunnel air. Hare  information on t h i s  teohnique can 
h found i n  Ref. B.l and A.13. 

Thou& this teohnique has several  advantages from the  wind tunnel t e s t i n g  point of view it  also hap 
drawbaoka, of whioh the  main d r a w  bok is the cleaning and passivation procedure of oompcnents i n  d i r ec t  
contact with the hydrogen peroxide i n  order t o  operate the f a c i l i t y  eavaly. This requirea a s k i l l e d  
operation team and a well-designed system. Fortunately d i lu t ion  with only small emoynts of water rapidly 
reduces %he wc-anoe of fire and explosion marb. The l iqu id  and fimes a m  non-toxic. I n  closed 
c i r c u i t  tunnels the h d d i t y  increases due t o  the large emoynt of steam i n  the j e t  and the tunnel air w i l l  
r i s e  i n  temperature. Therefore intermit tent  operation is required8 blowing times h tween  4 seo. and 40 eeo. 
are generslly wed. Several intermit tent  runs can be made hefore tunnel air e m h p  or  tunnel drying is 
neoes- due t o  increamed humidity. Also nhort firing t i m e  i e  required due t o  l imited oatalyat  pack l i f e  
(one t o  5 hours, depending on pack loading and peroxide oonoentration), whioh mane i n  pract ioe that the 
ca t a lys t  pack muet be replaced a few times i n  a wind tunnel program. Ancther &ax back nyy bs the ooete of 
E 02, whioh is about $ l . O O / k g .  Consequently t h i s  system w i l l  only he used i n  high qual i ty  wind tunnels 
ai;d i n  wind tunnel program f o r  advanced aircraft design. 

- Cold j e t  powered turbine snaine. 

sinoe the complete ansine, i n l e t  and nczale are simulated. T h i s  teohnique w i l l  be discuneed i n  chapter V. 
For completeness,some points  of ooncern w i l l  be mentioned hers. A miniature air or nitrogen powered unit 
contains a gas turbine dr iving a oompressor. The i n l e t  and erhaunt flow. can be simultaneously simulated 
t o  a large degree with t h i s  type of propulsion simulator. 

Fig. IV.30 givee a sketch of the components. Par t  of the dr iving air can he extracted from the e x i t  
pipe f low and exhausted outside the t e s t  swotion i n  order t o  achieve proper i n l e t  air f low r a t i o  togsther 
with proper noszle p r e s w e  r a t i o .  This mixing of turbine #as and campressor d i s c h a r p  is not oomon 
ourrently( however, new simulators incorporate t h i n  feature.  These simulators give continuous operation 
with control lable  r.p.m. of the  shaf t  r e su l t i ng  i n  varying net thrust. The mein drawhack is the high ooet, 
inaluding Operation, extensive pressure instrumentation, and the extensive ca l ib ra t ion  r e w i r e d  f o r  the 
fan and exhaust maus flow and momentum evaluation. Ravioua h a r i n g a  had only l imited l i f e .  Provisions 
must be made t o  prwent  turbine nozzle i c e  formation. The r epea tab i l i t y  of t h rus t  data  has alao l ed  t o  
d i f f i c u l t i e s  and the  acouracy obtainable from momentum oaloulation i s  limited. Bst tar  acouracies oan bs 
obtained by at taching the nacelle with the miniatura turbc-fan engine t o  a balance. 

- C ACCURACIES 

acouracy of the measurement. In gsneral the manured thruet  of standard nozzles show good Weement w i t h  
the theoret ical  thrust  if t e s t e d  i n  the wind tunnel. The following general f i gu res  quoted, 
Tests i n  supersonio wind tunnels C 

Tests i n  transonic-nubsonic wind tunnel: C - 1 0,5 "/o 

S t a t i c  tests 

where C is the determined vacuum gross nozzle thrust  (k + p A ) divided by the corresponding 

theoret ical  isentropic  value. For the suocesful development of a new thrust balance, use of  standard 
nozzles y i e lds  a r e l i a b l e  means t o  detect  any defect whioh m y  occur. 

The repeatabi l i ty  of t h rus t  minus drag data i f  the meawements are performed with only one balanoe, 
is u d l y  within 0,2 "/o f o r  supersonic t e s t s  and l e s a  than 1 "/o f o r  transonic t e s t s .  In  general it  can 
be sa id  t h a t  the absolute achievable accuracy of s t r a i n  gauge halanoes is b e t t e r  than O,Z5 "/o full soale, 
making thrust minus drag evaluation within about 0,5 "/o possible. This c losely meets the requirezmnts as 
mntioned i n  section 4.1.1. 

since the feed l i n e s  are small, space i s  a l so  available f o r  secondary air flow supply as my he enen 

balance is r e l a t i v e  large. 

The use of miniature cold j e t  powered turbine engines i s  r a the r  new and requires  special  a t t en t ion  

Apart from applied correct ions t o  tha wind tunnel data, one alwws should oonsidsr the obtained 

= 1 c 0 , l  "/o. 
TA 

TA 

I CTA - 1 t 0,2 o/o 

ei ex ex TA 
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FIG. IV. 27 RATIO OF SPECIFIC HEAT VERSUS TEMPERATURE FOR TURBOJETS IN FLIGHl 
AND FOR DECOMPOSED HYDROGEN PEROXIDE IN WIND TUNNELS 

FIG. IV. ZB SKETCH OF PYLON -SUPPORTED NACELLE MODEL USING HZOZ AND 
SECONDARY FLOW ( A L L  DIMENSIONS IN INCHES) 

n,qwpr O U f  ULUltE VATERCmLIt!C , W U T l O W  

\ \ 

t 

wimw 3 ,----- 
FIG. IV. 29 SKETCH OF DUAL BALANCE SYSTEM FOR THRUST AND AFTERBDDY DRAG 

MEASUREMENT USING H2D2 
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CORBECTIONS 

The r e s u l t s  detarmined with the test teohniques deaoribed i n  t h e  f o m r  sect ion,  are normslly 
published as they stand, e i t h e r  i n  t h e  form of tI"t and drag ooeffioiente (baaed on mnsimum oromm- 
eeotional area) or an sff ioienoiea (referred t o  the th rus t  of an isentropio noz51e with the 
mass flow). Only those oorreotions,  whioh have been establ ished firmly i n  other wind tunnel investigations 
should be applied. Whsn nuoh oorraotione are nrds, a seoond wt  of data  should also be compiled without 
t h e  o-otion sothat a t r u e  representation of the p a r t i o u l v  oorreotion mw tm evaluated by the  mex- 
perianced" user. In  any o w  the oorreotion prwedura should be olear ly  indioated. 

If possible the e r p s r i m n t a l  remalts should tm Compared with theorst ioal  prediotions. For the 
in t a rna l  nozzle thruet pradietionm the method. aa deeoribed i n  Ref. C.24 f o r  example may be uMd i f  the 
r a t i o  of speeifio heat. are not matohed i n  the wind t-1 t e a t .  If the nossle i n  the wind tunnml modal 
i m  demiped f o r  the y of the a i d s t i n g  f l u i d  i n  a similar manner aa tha aotw nosrle i s  des imed f o r  the 
mm engine j e t  flow, the  m a s w a d  thrust  oosffioient as determined from the w i n d  tunnel +*eta i m  direot-  
l y  applioable,  emap t  f o r  a amsll oorrsotion f o r  the dimharp o w f f i o i e n t  due t o  in t e rna l  boundary lysr 
effeot.  Consideration should however be paid t o  the fnot that the r a t i o  of s p w i f i o  heats  increases during 
erpaneion and the rate of inoreaee depends on the gan oomposition and temperature. Fig. IV.31 give. the 
inoreaae i n  y .  versus expns ion  r a t i o  for aotvpl turbine engine j e t s ,  the deoompomition products of €$02 

and of cold air. Also the  conputation of t h e  r a t i o  of wpecifio heats  at high temperatures i e  not unique. 

The o w f f i o i e n t  of iaentropio expansion y - (*Is ( w h e n  p and p an normslised values of the t o t a l  

pressure nnd density of the p s  mixture rerpeotively,  e i t h e r  frozen or i n  equilibrium) and the r a t i o  of 
specif io  heats  y - o 

prillary 

J 

mqy be ueed,as well M the  computation from 
P/CV 

1 
r -  

-.* di l  1 i 

d tn T 

(where Sp 

a1 p e  oonmtant). The last equation i s  derived from the apesd of sound defini t ion.  The latter mthod of 
equating 7 is used i n  f ig .  IV.31. Computer program0 f o r  real gas propert ies  are r ead i ly  available.  

For oorreotion of the afterbody drag two oases can he d i s t inau i shed~  naosly, separated end 
nonaeparated external flowa. L f  the  f l o w  remains atteohed u n t i l  the nossle edge i n  the wind tunnel t e s t ,  
it is not veqv l i k e l y  t h a t  t h e  flow w i l l  separate i n  f l i g h t ,  duo t o  the r e l a t i v e  thinner boundary layer  at 
f u l l  ma le .  In  thoae oases and for a r i m t r i o  and clsan afterbodies the oorrsotion on the pre.ruFe 
oon%ribution duo the boundary layer  displaoement thiolmesm oan be computed with modern tranaonio flow f i e l d  
analysis  f o r  t h e  f u l l  aoale and model oase and oompand with the axper imnta l  wind tvnnel data, l ikewise 
the skin f r i o t i o n  drag can be oaloulated. Such a teohnique is described i n  M i .  A.12 and i n  successful. In 
theme computations the p lum ie introduoed aa a s o l i d  body with oorraotiona f o r  mixing d o n g  the j e t  
boundary. These oorraotiona give a displaced j e t  boundary with respect t o  the invinoid boundary depending 
on the estimated pumping notion (momntum transfer) of the mixing process. Fig. IV.32 M given i n  mi. R.17 
ahowe how the oonputed afterbody drag oomparee with the r e s u l t s  from wind tunnel t ea t s .  If t h i a  o o r n l a t -  
ion o m  be aohieved, proper determination of oorreotiona fo r  male e f feo t  ohould be poweible. 

I n  +ha cane f low e p a r a t i o n  doee ooour i n  the wind tunnel at the afterbody no rules M avai labls  f o r  
proper oorreotion methods, einoe the extmnt of the u p v a t e d  region oen not tm o o m l a t e d  with the soale 
end boundary layer  ohuao te r i a t io s .  For separated flows inolated t e s t e  with l imi t ed  forebady length field- 
ing  simulated r a l a t i v e  boundary layer  thicknesssa probably w i l l  y i e ld  the bast vllDorreoted r e d t s .  If 
applicable the test data should be compared with the empirical afterbody drag estimation ae given i n  
Ref. W.10.  If t h i s  estimation i s  oloee a hot jet oorreotion f r a t o r  (change of y . )  may be computed for whioh 
the r e l i a b i l i t y  nhould be checked. 

ed, or estimated with aa rmch preoiBion Lp possible. Usvplly, however, the degree of leakas8 is not ka" 
and probably v v i e a  f o r  all production noemles. 

e f f e c t  on the afterbody drag nnd nozsle thrus t ,  except for soma soheurtio o o n f i w a t i o n e  and tht mom 
work is needed i n  t h i a  m a .  Thew m o o ~ n d a t i o n s  an oomplemntary t o  tho additional work Meded on 
i n t e rna l  nozsls f l o w  previously diaouswd i n  Motion 4.1.3. 

entropy of species i ,  x. I mole fraot ion of speoies i of the gas mixture and R i e  the univerm- 
1 

J 
if poseible,  the thrust  and drag ohangee due t o  1s- of the nozsle leaven should also be determin- 

I n  general it can be etated that only l i t t l e  i n  *nom of Reynolds number, boundary layer and mixing 

FINALWULRKS 
1 COMPARISON WIXD TUNNEL DATA AUD FLIOHT DATA 

I n  order t o  obtain *nowledgs on an undeming naoslle i na t a l l a t ion  f o r  a eupersonio t ranaport ,  a 
wind tunnel and f r e e  f l i g h t  program has been 0arri-d out reosnt ly  using an e d s t i n g  aircraft with delta 
w i n g s  (F-106) with auxiliaq Snal j e t  enginam (ref.  C.25, W.20). Fig. IV.33 gives a oompilation of oonpar- 
ieons betwman wind tunnel data and f l i g h t  data oonoeming the afterbody drag and no5zle gross thrust. The 
1/20 soale model tunnel data a r e  obtained by sirdating the j e t s  with s o l i d  badieo. It is wen  that fhe 
boat tail &ag (determined from presswa integrat ion)  aa e-rienoed i n  f l i g h t  is not prediotad from wind 
tunnel m a n w m n t e  f o r  the following reasona: (a) inoonplete simulation of j e t  f o r  complete model temte, 
(b) i so l a t ed  nozzle tests arm not adequate for the M t d  i n s t a l l e d  noz6le, end ( 0 )  maparation on the model 
afterbody f low is more extensive than it is i n  f l i gh t .  Also, the gros. thrust coeff ioients  of the t h e  
nozsle mystem aa t a s t ed  a r e  mtrongly affeoted by ine t a l l a t ion .  

B b t h e r  no data on no55ls t h u n t  minus drag oomparisons between wind tunnel and f l i g h t  test are 
knom t o  ex i s t .  Certainly the 8dvant-e of t h i m  tm of data, even though after-the-faot, would be 
benefioial  t o  the state-of-rth-sxt i n  regard. t o  future  progr-. %fore t h e  m t d  oorrelat ion of data,  
full male versun wind tunnel, MOU~MY f o r  bath types of data should be eubjmot t o  e t r i o t  evaluation and 
in t e rp re t a t ion  p r io r  t o  any oonolueion. Prediotiona nuat be made before oomparilrg f l i g h t  test and wind 
tunnel data. An airoraft dsvelopmnt program proaeed the oonfigvration evolves and 0hsng.m. By the  t i m e  
the a o t d  aimraft f l i e s  there is l i t t l e  motivation t o  obtain wind tunnel data on an e w t  n p l i o a  of 
the f l i g h t  t e s t  airoraft. T h i n  faot  hinders aimraft f l i g h t  teat and wind tunnel oompariaon and degrades 
uaafulnesa of fu tu re  tunnel progr-. Corralation of f l i g h t  temt and wind t-1 data should k enoouragod 
thou&" the wind tunnel induatry aa a mane of keeping Dbreaat with ourrent d i f f i o u l t i e e  .nd impropamnts. 
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FIG. IV. 30 MINIATURE TURBINE DRIVEN ENGINE SIMULATOR 

I I I I 

1.2d I I I 
I 2 4 8 

P 
'h 

FIG. IV. 31 RATIO OF SPECIFIC HEATS AS A FUNCTION OF EXPANSION RATIO 
( f / n  =FUEL/AIR(MASS) RATIO) 

PRESSURE RATIO SCHEDULE FOR TURBO-FAN 
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FIG. IV. 32 EFFECT OF JET-EXIT AXIAL LOCATION ON AFTERBODY DRAG 
AN0 COMPARISON WITH COMPUTED DATA 
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- F tn IlmSCALt WYDTUNNR DATA 
--e- f-IC+ FLlGHl 011.4 

MOOR WlTH SIMUUlrD WING 
COO I l l  ISOURO NOIZl l  

. InNlUlm llkd m no11h whuu. 
Ap - NOZZLE PRIM4RY THROAT AREA 
A, -NACELLE CYLINDRICAL CROSS-SECTIONAL AREA 

FIG. IV. 33 COMPARIWN BETWEEN WIND TUNNEL DATA AND FLIGHT DATA ON AFTERBODY - 
NOZZLE PERFOPAANCE OF SMALL ENGINES LOCATED UNDER THE AFT END 
OF THE DELTA WING OF A F-106 AIRCRAFT 
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NW-STATIONARY EFFSCTS 

An is notioed i n  f ig .  IV.9 large pressure fluctuatione mqy be F n e r a t e d  at the base and nozzle 
region at trannonio npeeds. For sow noszle systems, pa r t i cu la r ly  the e j ec to r  type nozzles, i n t e rac t ion  
occurs between the in t e rna l  f l o w ,  external f l o w ,  and the  e l a s t i c  nozzle leaves r e su l t i ng  i n  destructive 
i n s t a b i l i t i e s .  

Fizss have been obta inedby trial and e r r o r ,  using o o m n  sense, and must be aooomplished by narc- 
dynanio mema without deter iorat ion of the nozzle performance (Ref. B.18). L i t t l e  f u n h n t a l  knowledge 
e x i s t s  on t h i s  phenomenon. The problem is very oomplex mince mutual interact ion e x i s t s  between the 

nerated sound preswe f i e l d ,  mixing, vortex formation, asparation ( internal  and external) ,  geometry T sound r e f l ec t ion )  and stwtural dynamic ohasacter is t ics .  

JET-AI- IIPTERBEESNCE (EXCEFT THRmIlRAG) 

In  many a i r c r a f t  o o n f i m t i o n s  the propuleiv# je t6  may influence the f l o w  on nearby or far surfaces 
oausing phenomsna such as oh- i n  prassure d i s t r ibu t ion ,  shock wave-boundsry 1-r interact ion,  flow 
meparation, surface heating and unsteady loads. The= interferences depend on the engine power set t ing.  If 
these phenomna are  expected t o  occur, wind tunnel t e s t s  with full nozzle blowing should be performed f o r  
assemsing the inoramants ( i n  lift, moment, drag) due t o  the j e t  interference.  Fig. 1V.M gives a general 
impression how " a n t  and l i f t  increments due t o  j e t  e f f ec t s  can be determined. Norndly the t e s t i n g  
achemes are similar or even iden t i ca l  t o  the schemes f o r  interference drag determination. hrr ing these 
t e s t s  the complete external f l o w  should be simulated, hence iaolated t e s t s  are not performed. This mans 
that complete models or semi-models are used. Semi-models can be u t i l i s e d  i f  it is  ce r t a in  tha t  the 
r e f l ec t ion  p l a t e  boundary layer does not deter iorate  the phenomena t o  be sxmined. 

Since the j e t  interferenos phenomena and the t e s t i n g  techniques i n  the wind tunnel depend primarily 
on the aimraft configuration, the diaoussicn i n  the following sect ions w i l l  take place according t o  the 
oonfiguration catagory. 

In  these mct ione  the problem w i l l  be formulated, and the applied teohniquea w i l l  be discused. 

4.2.1 SUBSONIC TRANSPORT 
WING MOUNTED FAN ENGINE 

For these configurations the j e t  e f f l u r  considerably affects  the lwal w i n g  c i roulat ion and shock 
development due t o  the large maae f l o w  and close posi t ion under the wing. Also the wing p r e s m w  f i e l d  
haa a remarked i n f l u n c e  on the flow i n  which the effluxes operate,  a f f ec t ing  the shape of the aonic l i n e  
and hence, a l t e r i n g  the engine maea f l o w  and net t h u a t .  Therefore more a t t en t ion  mvst be paid now-a-days 
t o  t h e m  ine ta l l a t ione ,  than the formerly s imilar ly  i n s t a l l e d  turbo j s t a  required. 

The jet simulation pa rawte re  generally a r e  the sBme am diacuased i n  mot ion  4.1.3. The main para- 
meters are the j e t  plume shape, j e t  oel l  st ructure  and wave r e f l ec t ions ,  which can be expreaeed i n  terms 
of nozzle p r o s w e  r a t i o  and ra t io  of specif ic  heats of the j e t ,  assuming convergent nozzles only. Row- 
ever f o r  these in s t a l l a t ione  the far j e t  f i e l d  is also important. Since the engine mass flow is relativve- 
l y  lare the oontraction or diversion of the effect ive j e t  stream as f e l t  by the external flow dum t o  the 
mixing e f fec t  mqy have a marked influence on the pressure d i s t r ibu t ion  on the wing and f u e l a g e ,  especial- 
l y  at transcnio speeds. Simple analymia neglecting the k ine t i c  energy of the flow with respeot t o  the 
senaible enthalpy as a first approximation, shows that the j e t  mixing haa a marked influence on the 
e f f ec t ive  stream tube area, aa may b men i n  f igure IV.35.A. In  thin f igure n is the r a t i o  of the f r e e  
stream maas f l o w ,  that has been mixed with the j a t  f low,  t o  t h i s  j e t  maas flm. It must be reoomieed, 
however, that at a given nozzle pressure r a t i o  the noBzle maem f l o w  (Avp) . decreases aa the square root 
of the  (RT) . value at increasing j e t  temperature. T h i s  dependence on (RT)? m i n l y  reduces the a f f ec t  of 
j e t  temparaiure on the effect ive j-t stresm t u b  i f  the jet spreading wed t o  be the usma. Furthermore, it 
is well kncwn that the temperature spreads f a s t e r  due t o  turbulent mixing than the veloci ty  (Hef. 5.5 and 
S.7), which means t h a t  n should be larger then concluded from equal spreading character is t ics .  In general 
i t  can be s t a t ed  that n depends on the detai led m i r i n g  of the j e t  with the external  f low.  Fig. IV.35.A can 
a l so  be u e d  fo r  the effact ive j e t  stream tube near the oore region of the j e t .  I n  tha t  case the areas 
mvst ha defined as indicated in the accompsning sketch, and n hea an approximate constant value of the 
order unity,  along t h e  core region. REME i f  Ax /A. < 1 the j e t  a c t s  as a suction region due t o  mixing. 

J 
If Ax /Aj  > 1 the  external flow i a  deflected outward and the mixing acts as a soyme d i s t r ibu t ion  along 

the jet boundary. In  the l a t t e r  case external gas heat ing is l a rge r  than external gaa suction. The limit 
which the effeot ive stream tube of the j e t  w i l l  obtain at long distances behind the exhaust (n - m ) is 
indioatsd i n  f i g .  IV.35.B. 

effect ive engine stream tube due t o  mixing. In  thin case the engine i n l e t  mass f l o w  i s  kept canmtant. The 
stream tubes have been calculated by assvming constant external p r e s m w  and turbulent or laminar mixing. 
Case8 1-18, 2-3 repremnt  t e a t s  whom an engine simulator is used (as w i l l  be asaumed i n  chapter V). Cane 
1 represents a turbojet  and turbulent flow3 Casa la, the same oase, but with a region of laminar mixing. 
Case 2 represents a bypass engine, and Case 3, an engine Simulator whsra the mass flow of the nOZEle i a  
increased t o  sa t i a fy  the oondition of equal exhaust area and Mach number, but with different  temperature. 
Then the increase i n  mass balances the  difference i n  temperature. The dsta of the engines are given i n  
the f igure.  Cpee 4 i a  a t hough  f l o w  nacelle when the engine simulator is  not used. Then the geomatry of 
the engine cannot be aimulated and the exhaust is much l a rge r  then required f o r  simulation. 

From preliminarg. s tud ie s  (Ref. R . 9 ) ,  u t i l i z i n g  a ahaft mounted f an  engine ncEzle (similar t o  f ig .  
IV.19, but with boundary layer suction) blowing under a two dimensional wing, it is shown t h a t  the j e t  
nainly influenoem the wing lmr side pres- dis t r ibut ion.  The differences i n  pressure d i s t r ibu t ion  
with renpect t o  the i so l a t ed  w i n g  i e ,  howaver, very large at both sides. From these t e a t s  it can b 
ooncluded that the reference Mroforce models t e s t a  should includa the podded nmsllee under the wing, 
e i t h e r  geowt r i ca l ly  scaled such that the i n l e t  maes flow is too small, or with increased exhaust such 
that the inlet m a ~ s  f l o w  i s  scaled. The main d i f f i d t y  is how t o  represent the actual  j e t  f l o w  and not t o  
dimturb the e f f e c t s  of the inlet ~ B Q S  f low.  Vsricua approachea are i n  w e ,  of which the most representative 
one is t h t u t i l i z i n g  the smsll turbine driven j e t  simulators discussed i n  chapter V. 

This technique is however b e t t e r  sui ted f o r  l i f t i n g  fan engine representation of V/STOL modele i n  wind 
tunnels. The main disadvantages of e j e c t o r s  are  the low seccndsry t o  primary flow r a t i o s  (of the order of 

Fig. IV.36 givee results of a more detai led analysis of the influence of the j e t  propert ies  on the 

A cheaper but lees representat ivs  way is the me of e j ec to r s  with multiple primary inject ion nozzles. 
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FIG. IV. 34 MOMENT AND LIFT INCREMENT DETERMINATION W E  TO JET EFFECTS 
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FIG. IV. JSaEFFECT OF MIXING RATIO N ON THE EFFECTIVE JET STREAM TUBE AT 
VARIOUS JET TEMPERATURES AND MACH NUMBERS (CONSTANT PREWRE FIELD) 

FIG. IV. 35bEFFECT OF JET TEMPEFATURE AND MACH NUMBER ON THE FAR WW STREAM 
EXTERNAL FLOW FIELD 
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of 2 : l), the d i f f i c u l t y  of determining the secondary in l e t  f low under wind tunnel oonditions, urd the 
considerable flow d i s to r t ions  due t o  the primary j e t s  i n  the exhaust je t .  

The n u t  s t ep  i s  t o  u t i l i m  d i r ec t  blowing of the j e t s  and do something with the i n l e t  flow wch 
that t h e  external f low around the fan 00x1 is t e a t  represented. In general with f an  engines the aimulat- 
ion of fan j e t  is muoh more important than the simulation of the p r i q  je t s .  Thim had l ed  t o  the teoh- 
niquo of Ref. P.17 urd .hnm i n  f ig .  IV.37. The bu l l e t  shapad body i n  the i n l e t  s i m l a t e e  the approach 
stream l i n e  on the fan i n l e t  l i p .  From the results an determined by p n s m r e  p lo t t i ng  it  appeared that 
with n s p a o t  t o  the r e fennoe  f l o w  through the nacella the p n e e ~ n  d i s t r ibu t ions  on the wing, pylon and 
fan and turbine oowl hardly changed by in se r t ing  the bu l l e t  and by blowing the fan j e t  am reference. By 
fu l l  blowing of the fan j e t  the pres8u-a d i s t r ibu t ion  on the lower side of  the wing waa affected -ked- 
l y ,  as w e n  the prsssureeon the turbine cowl. On the f an  cowl only the p n s w e  d i s t r ibu t ion  at the aft 
end was affected by blaring. (Alm the i n l e t  l i p  s w t i o n  changed eomwhat, but this muet be due t o  s t a t i c  
p n s m  changes at  the f r ee  flow turbine exhaust r e d t i n g  i n  increased spill-). 

a d v a n t y  that both j e t a  can be represented as aocurately a. possible,  f o r  eample using f o r  tho fan j e t  
cold or s l i a t l y  heated air and fo r  the hot turbine j e t  hydrogen peroxide. Fig. IV.38 depiots nuoh a 
mimulator, when, however, the purpose w a ~  t o  determine j e t  effeotn (also heating) on the tail plane8 of 
a sixdl a i r l i n o r  with engine i n s t a l l a t i o n  at the upper n i b  of the wing. 

The method of d i r ec t  blowing of the fan and turbine j e t a  with complete i n l e t  f a i r i n g  h.a the main 

In  general f o r  podded fan engines par t i cu la r ly  f o r  wing i n s t a l l e d  

enginee, I n l s t  ( I ) ,  three Exhausts components (E) and can Wing be plus d i s t ingdnhed  pylon (W)  namely f o r  tho ,--. &;-+ A , / - -  I - w -  mutual i n t o r f e n n c e  problem. The question f o r  engine 
nimulation i n  the wind tunnel nan then generally ba 
wri t ten 88: 

E-W 

/’ I ‘\ - E ‘ I -’ [(I + E)-W] ? - [ I - W ]  + [E-W] 

where [A-E] meann the  e f f ec t  of component A on B with respsot t o  the reference conditions. Although not 
proven this question can be anmered posi t ive with gDod aocuraoy i f  one interference term on the R.H.S. 
is d l  with respect t o  the other one. From the  t e s t s  as depicted i n  Ref. P.11 and the result ahown i n  
Fig. 11.27 it  can be oonoluded that the erhauat interfersnoe on tha wing p r e s m  dintr ibut ion i a  pany 
time. larger  than interference from completely or p a r t i a l l y  f a i r i n g  the i n l e t .  Thin mans that addition 
of the interfersnoe sffoota is probably allowed. For the i n s t a l l e d  thrust-minus-drag evaluation t h e  
n i m i l a r  question 

[ ( W  + 1)-E] 2 [U-E] + [I-E] 

anut bs anmered. Also i n  thiw case separation can be allowed since from wome examples it is indioated 
that [I-EIis very weak provided, the i n l e t  f a i r i n g  shape haa been careful ly  determined. 

With all t h e m  techniques semi-model measurements are more eas i ly  aocomplimhed than complete, s t i n g  
mounted model t e s t s ,  and ba t t e r  accuracy is achieved due t o  the higher Reynolds number. The ref leot ion 
p l a t e  boundary 1-r probably does not i n t e r f e r  s ignif ioant ly .  U n d l y  both p r e a w e  p lo t t i ng  and b d w s  
meawements am used. The be t t e r  r e s u l t s  am obtainad i f  the engine simulator i s  separately weighed 
from the wing, with the metrio l i n e  betwoen mimulator and wing baing oarafully chosen along the pylon. 

In Ref. 0.1 the engine simulators are separately mounted under a complete aircraft model i n  mbaonic 
wind t-1 fo r  j e t  interferenos meoeuremwnts on the  tail planes. Though not transonio,  t h i s  work is 
mentioned here since it u t i l i 5ed  a unique nimulation teohnique an is shown i n  f i p r e  IV.39. The bypus 
j e t  i s  prodwed by an s l a c t r i o  motor drivon fan. The motor is located inside the m e l l w  driving the fan 
with a speed up t o  3 O , W  r.p.m. For the  turbine j e t  compressed air is  used. I n  order t o  simulate the 
correct  i n l o t  mass f l o w  an ndequatw quantity of air is  sucked through a s l o t  at the i n l e t  t i p .  However, 
for  tr-nio speeds the fan p r e n m  r a t i o  obtainsble would not ba suff ic ient  and the  heavy ongine mount- 
ing  struts oould not be allowed. 

2 REAR AISELA5 NCUlEZIl E N G I N I S  
The aerodynamics of the afterbody of a fuselage containing the tail planes w i l l  be influenoed by the 

j e t  efflux, e i t h e r  by d i r ec t  impingement or by the constraint  of the external flow. The influence of the 
engine on the  w i n g  prsnnure d i s t r ibu t ion  is d u l y  cauaad by the i n l e t  f low.  The m%in phenomena caused hy 
tha exhaunt jets oan be a 0- i n  a i r o r a f t  drag, change i n  angle of at tach of the tail planes (home 
oausing c- i n  pi tching moment), nurfacs heating ( i n  owe of d i r ec t  impingement of the j n t s  on for  
example brake f l a p s )  and non-stationary aerodynarmos (aooustio f a t i m ) .  

The b a s i n  m e m i n g  and jet simulation techniques an diMIY.#Ed i n  A, a l s o  apply i n  this c a w ,  but 
h.lmoe meanrremnts seam t o  te more d i f f i c u l t .  Half model technique. are not reoommended, because the 
fuselage f low f i e l d  is unrepresentative i n  the region of the j e t  interferenos with the mar fusel- due 
t o  the n f l s o t i o n  p l a t e  boundary 1.syer. Complete models recpire the w of wing sting. and rear f u s e l a p  
balmoes or p r e s w e  plot t ing.  The air or j e t  f l u i d  required f o r  the j n t  simulators muet bs f ed  through 
tho w i n g . ,  fuselags and a t r u t  supporta of the s inslatorn t o  the naoellse,  geMrd lY at  hi& p m e w e s .  
If balmen  have t o  te bypassed by the j e t  f l u i d  the system nust be looatsd i n  the f u s e l y .  Bnsvsr i n  
most oimurrmtwes  the simulators w i l l  be non-metric and the rear fwslega, tail planes, and/or tail 
brbkes w i l l  ba metric 88 far w the j e t  influence i n  expected. 

simulating a low bypass j e t  engine inmtalled at t h e  fuselags aftend. The a i m  of the teste perfornod with 
simulator w a n  t o  determine the fomos  (s ta t ionary and non-stationary) and heating of aft fusslsg. brake 
f14ps ounder dement oonditione. The j e t  f lm oould be w e l l  represented. 

Fig. IV.40 yieldm a cross-se0tiOn.l v i 4  of a gasoline-air burner as -ed in 6 aubsonic wind tumal, 

1mQRATEn AIw-ENc1m SYSTEYS 

Tho main jet e f f e c t s  on the airfram sendynamics occurs if the jet no5sln(w) me looatsd upatream 
of tiu iun1.g. l i t a n d  and/or tail planes. If the  nozzles form the fuselaas aftend, tiu j e t  .4y oauso 
offwt .  on the f i n  and t a i l  planes, fo r  example separation due t o  pluming. The tnatmnt of tiuse latter 
cams i m  similar t o  that 88 disowaed i n  the oomplatw mot ion  4.1. The j e t  mimulation pa ramta r s  .N 
similar .nd the  teohniqw whioh rust be fo l lo r sd  t o  determine tiu lift urd pitohing moment i n o m m n t s  are 
siailar t o  those t o  determine the afterbody drag (see fi8ura 1V.M). In  these 0-m tho j e t  nossle and 
sn@m e iau la to r  WLII be non-metric and thm e t e r b o w  metrio on a multi-aomponant bkl.noa. Incrrmwnt 
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FIG. IV. 36 COLD FAN JET AND HOT TURBINE JET SIMULATOR WITH FAIREO 
INLET FOR DETERMINATION OF JET EFFECTS ON FLAPS AND TAILPLANES 

FIG. IV. 39 COMPLETE FAN WGINE SIMULATOR FOR YJBSONIC USE 

11-91 

OMBUSTION CHAMBE 
- 

ATOMIZER 
SPARK PLU 
FLNE HOL 

OMBUSTION CHAMBE 
- 

ATOMIZER 
SPARK PLU 
FLNE HOL 

FIG. IV. 40 LOW BYPASS ENGINE SIMULATOR WITH GASOLINE BURNER; INLET FAIREO 



FIG. 1'4. 41 DIRECT BLOW FOUR. COLD JET EXHAUST SYSTEM, FAIREO INLETS 
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determination from presmum p lo t t i ng  is not very a t t r ao t ive  due t o  the lug pressure gradients at the 
fu.01" aftend. 

If the nosales w upstream of the fuselaga aftend the j e t e  oan h e  important e f f e o t s  on t h e  a f t e r  
body .nb tail plane pnssurs dimtributione, and tail plane hiw wwntm and my oanue M O U t i O  fa t igue 
in the  mar rimraft mtruoture. Than e f f e o t s  my b par t i cu la r ly  importaut when the  j e t e  w not ai&%- 
ed with the body uis. Tha jet parmetern  u e  similar as dinonused bafolr, j e t  p l u w  .haps and j e t  mixing 
m probably the main jet oharscter is t ion t o  ba eimulated. Fmr non-stationary p h e n 0 ~ ~  and surfaoe heat- 
ins, hot j e t  temtm w n q u i n d .  

pig. 1V.U depiots a d i n o t  cold air blowing system f o r  arhcuet jet f lw simulation on a f igh te r  
type H a l .  Tha model ie .ounted on a mtandard S-oomponent b a l w e .  Air whioh passes up the o e n t n  of the  
s t i n g  b y p ~ m e e  the  W w e  through a p a r a l l e l  duet i n t o  a plenua o h b r  .head of the bcl.nce. From t h in  
p l e m  ohamber 4 &at. are fed marward. i n to  t h e  exit nosales of the wde. Tha whole of the blowing 
syetem is earthed and f l ex ib l e  seals m f i t t e d  btwsen the model j e t  pipes and j e t  mhrouds, and a l e 0  
b e h e n  the wd.1 nu fusel- and sting. The l a t t e r  aeals b i n g  n e o e e ~ r y  t o  eliminate arose Plane w i t h -  
i n  the nodal. S a d  oOnstr.int i n t e r f e n m e  i n  measured by oal ibrat ion with the model i n s t a l l e d  on the  
balmoe. Prism oonmtraints am obtainad by eeotion presmm-ing of the modal. The direct air flan 
quant i t ies  w n  about 5 l b s /no .  at ~ . u m  premsun r a t i o .  A f a ind  i n l e t  WM umd for these tsmte, 
with tb. e f f e o t s  of inlet sp i l l -  and a f u l l y  f a i n d  i n l e t  lming rmanrrsd i n  a separate t e s t .  A major 
problem in these t e n t s  is the de f in i t i on  of the al locat ion of mal ama batween r t r i o  m d  noz-mstrio 
md.1 parte, m d l  MU in this ngion oau have s ignif ioaut  effeots  on mMWd axial foroa. 

The jet  flaw is brought up t o  t h e  m a l  i n  long t h i n  pipes from behind the wdel of a strike-fighter air- 
oraf t .  A mix oomporunt baluloe W(YNT~. all the f a m e s  on the model i n  the premme of the j e t  flan ex- 
cept,  of o o u ~ s e ,  the  j e t  thruet  and the no55le b m  form. Reemuree ere w-d i n  the W w e  oavity 
and in tiu cavity f o r r d  by the b l d d - o f f  inthke duet. T h i s  blanked-off duot is  ven t i l a t ed  t o  the 
.nmrlu nolsumoen w a  between the earthed nossles and the a i r o r a f t  afterbody. This test m extended 
by m a m m m n t s  repremnt ing  oorreot or p a r t i a l  inlet epil laga with natural b l w i n g  exbaustm e i t h e r  in- 
o n a n d  in area or g o w t r i o d l y  maled nnpaot ive ly .  The objeot of t h i s  expar iwnt  was t o  obtain the 
e f f eo t s  of both intake .pill- and j e t  preseurs r a t i o  on all the forosa (6 oompomnts) wasured cm the  
mame model. Variation of i n l e t  flan and of jet p r e s w e  r a t i o  were made separately. Care w a s  taken t o  t r y  
t o  i so l a t e  the e f f eo t  of variat ion of esch of these and t o  minimima spurious s f f e a t s  oauasd by mis- 
n p m w n t a t i o n  of the other v u i a b l e  ooourring at the sams tims. 

Fig. IV.42 .haws another useful w s y  t o  simulate the i n i t i a l  p u t  of the propulsive jet by oold air. 

F I H a  RMlRKs 
The nsultm U obtained from nodelm where the j e t  e f f eo t s  on the airplane f l i g h t  oharaoterimtios are 

determined, a m  d l y  reported U they are obtained. If oarreations an applied they w the m m  as 
those applied t o  other wind tunnel model testm. A t  the p n e e n t  t i m e  the soale e f f e c t s  on jet in t e r f ennoe  
haw not Wen a n l u t e d .  K m  work is needed in this m a ,  boanue of inoipient -parstion problemn which 
am o u u d  by j e t  effeotm and still l i t t l e  understood. 

tests using i n t e m r l  b a l w e s .  Tha nain inaoouraoies p a r t i o u l u l y  a drag fome  stem from geowt r io  
modifioations and from sealing oormctinne. 

and j e t  effeots  in f l i g h t  on airplane f l i g h t  oharaoterist ios.  

T h  r e a i r a d  and aahieved aoourwiem w U s u a l y  in harmmy with tha t  obtained with complete model 

In  the l i t e r a t u n  no drtr u e  avai lable  whioh give oompuison betwean j e t  mffsots i n  the wind t-1 

B t e d  R W  

Jet flw 

colriiguration 

M n o t i o n  of j e t  

lumber of jet. 

I 
I1 
a 
b 

Y 
J e t e  

Jet 
eimulation 

X 

no f l W  
nubsonio 
tr .naonio 
mupermonio 

" o a t h  boat tail, no seprrat ion 
-0 ,  mepuation 
p u a l l m l  t o  external flan 
nae. l e  t o  extema f l an  
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- V COMPLETE ENGINE SIMULATION 

dure as performed i n  the wind tunnel t e s t i n g  program. However, the mutual possible interference between 
the i n l e t s  and exhausts has been mentioned occasionally,  and doubt has been expressed i f  separate t e s t i n g  
i s  allowed. 

If a wind tunnel t e s t i n g  scheme is set up at which both the  i n l e t s  and exhausts a re  simulated 
simultaneously, provision should be provided t o  add energy t o  the i n l e t  a i r  flow i n  the form of t o t a l  
pressure r i s e  and preferably a l so  i n  the  form of a temperature r i s e  (temperature r i s e  only would y i e l d  
ramjet conditions).  This addi t ion of e n e r a  can be e i t h e r  outside the wind tunnel t e s t  sect ion or inside 
the model. Depending on the  i n l e t  mass flow and required pressure r i s e ,  i t  can generally be s t a t e d  tha t  
t h e  required power f o r  pumping is very large ( typ ica l ly  between 10 and 100 h.p.) which means tha t  the 
locat ion of the pumping system inside the model would be a considerable task,  though not completely 
impossible. Two techniques a re  now avai lable ,  e j e c t o r s  and miniature gas turbine driven engine simulators,  
both based on gaseous dr iving f l u i d s  (air or nitrogen) which is  expelled through the  nozzle a lso.  Use of 
e l e c t r i c  power w i l l  y i e l d  voluminous motors. The system f o r  which the pump system is located outside the 
tunnel t e s t  sect ion can only be used i f  the  a i r  passages of the i n l e t  flow can be made large enough t o  
provide f o r  the  complete i n l e t  mass flow. This means t h a t  t h i s  system cannot be used with podded engine 
i n s t a l l a t i o n s  since the pylon cross-sectional a rea  i s  much l e s s  than the  i n l e t  area.  

In  t h i s  chapter the in te rna l  addi t ion of energy system w i l l  be discussed f i r s t ;  the  chapter w i l l  
f i n i s h  with some remarks on the external  systems. 

5.1 SYSTEMS WITH INTERNAL ADDITION OF ENERGY 
The accompaning sketch depicts  schematically the system with in te rna l  addition of energy where the 

primary dr iving f l u i d  is expelled through the exhaust a l so ,  e i t h e r  mixed with the secondary flow or 
separated from the secondary flow i n  case of a fan engine simulator. I f  the t e s t s  a re  performed f o r  thrust-  
drag determination or f o r  engine-airframe interference determination, i n  both cases the secondary air flow 
must be measured (assuming the primary mass flow is measured adequately outside the t e s t  section) f o r  
correct  i n l e t  sp i l lage  and jet propert ies  assessment. This means tha t  careful  ca l ibra t ion  of the second- 
a ry  mass flow ( i n l e t  mass flow) must be provided since the precise  measurement of t h i s  quantity under 
wind tunnel model conditions is generally not possibly (see sect ion 2.1.3). 

simulator is measured under i so la ted  conditions (e.g. f ree  from the wing) at which the interference drag 
can then be defined as the difference i n  the i so la ted  (nacel le  f r e e )  wing or airplane drag plus  the  net 
nacel le  force and the complete (with powered nacel les)  a i r c r a f t  drag. 

I n  the  previous chapters the i n l e t s  and exhausts a re  t rea ted  separately,  following the usual proce- 

A s  an intermediate s tep  i n  the thrus t  minus drag assessment sometimes a l so  the nacelle with engine 

5.1.1 

engineer generally needs t o  know (a )  the e f fec t  of the i n l e t  and exhaust flow on the airframe aerodynamics, 
and (b)  the  e f f e c t s  of the wing flow f i e l d  on the gross th rus t  of the nozzles and mass flow. Pressure 
r a t i o s  of the order of 1.7 a re  required t o  be simulated within the nacel le  and t h i s  is not e a s i l y  simulat- 
ed by e jec tors .  Therefore miniature turbine driven engine simulators have recent ly  been developed f o r  wind 
tunnel use. These engine simulator u n i t s  operate with a primary drive turbine using air (or N ) at 25 
atmospheres. This turbine dr ives  a secondary duct fan (max. r.p.m. 80000) which gives a geomegrically re- 
presentat ive secondary air flow at the correct  pressure r a t i o .  The model i s  usually cor rec t ly  scaled and 
only the unrepresentative fea tures  a re  y ,  T and actual  mass flow r a t i o .  The i n l e t  flow is  l e s s  than the 
f l i g h t  requirement but only about 15 " / o  l e s s  and i s  within an acceptable l i m i t  above the s p i l l  drag 
margin. The primary gas generator flow is unrepresentative but i s  probably of l i t t l e  importance when 
surrounded by the secondary flow. Fig. V . l  shows such an uni t  i n s t a l l e d  i n  a nacelle under the wing 
(Ref. V.l). 

is perhaps the most advanced and log ica l  which has been attempted with these .simulated engines, i n  t h a t  
the thrus t  of the individual nozzles i s  re la ted  t o  the conditions i n  tha t  nozzle i n  the  correct  environ- 
ment. Certain assumptions are mad.e of necessity,  and the value of any absolute answers i s  dependent upon 
predict ion methods f o r  external  drag. 

MINIATURE TURBINE DRIVEN ENGINE SIMULATORS 

For a high bypass engine i n s t a l l e d  on a wing or r e a r  fuselage i n  subsonic flow the performance 

A typ ica l  method i n  use with these current ly  avai lable  simulators w i l l  be described next. This method 

The degree of simulation can be described as follows: 
Fan pressure r a t i o  i s  representat ive of f u l l  scale .  
Fan (secondary) nozzle can be s ized correct ly:  thus with ( a )  fan nozzle e x i t  conditions a re  correct  
i n  flow conditions and geometry. Distortion screens,  d e t a i l  s t r u t s  and f a i r i n g s  can be incorporated 
within the nozzle i n  order t o  duplicate,  as far as possible the exhaust flow charac te r i s t ics  of the  
f u l l  scale  engine. I n  re t rospect ,  i t  is evident t h a t  the f a i l u r e  t o  duplicate the nozzle radial t o t a l  
pressure p r o f i l e ,  contributed t o  a discrepancy noted between model scale  and f u l l  scale  evaluations 
of the  fan nozzle coeff ic ients .  A t  take-off power, f o r  instance,  the t o t a l  pressure d is tor t ion  - P ) can typ ica l ly  be some 30 "/o f o r  large bypass r a t i o  engines (Ref.V.2). 
(Pt max - ptmin av 

The whole of the i n l e t  flow feeds the fan nozzle, thus the i n l e t  is wrongly matched and therefore the 
performance and/or the  geometry must be compromised, usually by cowl modifications. 

) / (Pt st 

I 
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(d) Primary nozzle i s  geometrically near cor rec t ,  the  pressure r a t i o  i s  correct  but very cold. B,ypass 
r a t i o  is 2 : 1 instead of 5 : 1. A s  the  primary j e t  i s  shielded by the fan j e t  these e f f e c t s  should 
probably be unimportant as far as j e t  interference i s  concerned. 
Usually the  following t e s t i n g  i s  performed: 

(a) I so la ted  engine on a balanoe without external  flow with bellmouth f o r  secondary mass flow ca l ibra t ion  
and some checks on ( b) , 

b)  I so la ted  nacelle on balance with external  flow f o r  th rus t  ca l ibra t ion ,  and 
[c) Nacelle(s) i n  posi t ion on metric model with balance measuring net forces  on model, usual ly  semi-span 

(Fig. V.2 from Ref. V.3). 
The t e s t s  (a) or (a)  and (b)  can be replaced by V e s t  bed" type cal ibrat ion.  

With respect t o  i so la ted  tests it should be noted that the nacelle should be axisymmetric since a 
contoured nacel le  i n  a uniform flow f i e l d  would give unrea l i s t ic  nacel le  drag, tha t  would not e x i s t  i n  the  
air plane flow f i e l d .  This would r e s u l t  i n  apparent favourable interference e f fec ts .  The i n s t a l l a t i o n  
criteria should be t h a t  the  contoured nacel le  operating i n  the  airplane flow f i e l d  should have e s s e n t i a l l y  
the  same drag as an axisymmetric nacel le  operating i n  the  uniform f i e l d  of the  wind tunnel. Any drag in- 
crement due t o  improper contouring appears as interference drag and should be considered as an i n s t a l l a t -  
ion effect (Ref. V.4). 

A. 
The following methods can be used t o  calculate  th rus t .  

I n  t h i s  case an attempt i s  made t o  calculate  the  net standard i n s t a l l e d  thrus t  of the  engines when 
i n s t a l l e d  on the  %omplate" model. Addition of t h i s  term t o  the  balance measured overal l  drag gives 
an a i r c r a f t  external  drag. A s  the  net standard def in i t ion  of th rus t  i e  used any post e x i t  th rus t  i s  
i n  the  external  drag term. 

28 p i t o t s ,  12 statics). A flow coeff ic ient  Cd, i s  calculated such t h a t  
The static test (a) y ie lds  a mass flow ca l ibra t ion  of the  fan  face instrumentation ( typ ica l ly  

- la 'dl 'lm (see fig. V.3) 

where I?I is  obtained from a ca l ibra ted  bellmouth and I$ from area weighted mean t o t a l  and static 
l a  m 

pressures and freestream t o t a l  temperature at the  fan. 

made at the  i n l e t ,  nozzle e x i t s  and on cowl external  surfaces.  The actual gross standard thrus t  f o r  
each nozzle i s  defined as 

When the nacel le  i s  t e s t e d  i n  i so la t ion  (test b)  with external  flow, pressure measurements can be 

2 

Gm, vm a r e  determined from area  weighted pressures ( t o t a l  and s t a t i c )  and t o t a l  temperatures at the 

nozzle e x i t .  C and C a re  a rea  and ve loc i ty  coef f ic ien ts  respectively.  Obviously accurate mass flows 

must be used f o r  the  thrus t  calculat ions but it is  a lso  important t h a t  the  same mass flow is  used f o r  
the  ram drag calculat ion as f o r  the fan  gross thrust .  The i n l e t  instrumentation is the best  avai lable  
(being more uniform than the  nozzle) and EO 

. xg I", vm CA cv + (Pex - P,)A* 

A V 

62a ., C x is taken ( c  being taken f o r  the relevant  value of 
dl m fl  HJP1) 

An accurate determination of the primary mass flow can be made external  t o  the model by a 
standard flow meter. In  order t o  force the  correct  mass flow i n t o  the  gross th rus t  equation above the 
flow coef f ic ien t  can be wr i t ten  as: rh a c x c  = -  

A V hm 

i n  other words 

I n  order t o  determine these nozzle coef f ic ien ts  separately the primary nozzle CA i s  taken from 

separate nozzle t e s t s .  Thus from the pressure,  temperature and mass flow measurements the primary gross 
th rus t  X can be calculated.  The measured balance drag with the  i so la ted  nacelle model i s  given by 

433 

where the external  drag kT contains a l l  terms such as a x i a l  pressure in tegra ls ,  forebody sp i l lage  

drag! skin f r i c t i o n  drag and scrubbing drag. The ram drag can be calculated from freestream conditions 

Thus the secondary gross thrus t  X 

See f o r  t h i s  procedure Ref. V.5 f o r  example. 

a and ml 
i s  determined i f  a l l  the  terms i n  %xT are  estimable or calculable.  

432 

In the equations 

C and C A V 
t h e  aircraft configuration ( t e s t  c )  and C 

the least. It is  used as a function of fan pressure r a t i o  and Mach number. 

ion and t h i s  value added t o  the  overal l  measured balance drag t o  give model external  drag. This 

a re  the only two Unknows. Only one of these coef f ic ien ts  can be used t o  ca lcu la te  th rus t  i n  

i s  chosen as it is  conjectured that t h i s  i s  l i k e l y  t o  vary A 

Then the  net standard thrus t  can be calculated when the  engines are used i n  the i n s t a l l e d  condit- 



11-112 

external  drag value w i l l  contain al l  the  interference terms associated with both i n l e t  and exhaust flows. 
It w i l l  a l s o  include the airframe on nacel le  e f f e c t s  as w e l l  as the  converse. 

ion ( t e s t  a )  is used t o  give a mass flow ca l ibra t ion  but because no i n l e t  instrumentation was avai lable  
the fan nozzle instrumentation i s  used f o r  the main fan mass flow measurement. The ca l ibra t ion  is thus 
done i n  a t e s t  c e l l  with the correct  e x i t  pressure.  The ca l ibra t ion  of the instrumentation i s  taken as 
a function not only of pressure r a t i o  but a l so  of corrected r.p.m., the l a t t e r  because of s w i r l  effects. 

as 

B. A s i m i l a r  s e r i e s  of tests can be conducted as i n  A ,  but in te rpre ted  d i f fe ren t ly .  The static ca l ibra t -  

The thrus t  ca l ibra t ion  with external  flow ( t e s t  b) i s  reduced as a thrust coef f ic ien t  CT defined 

- ( D ~ ~  - n-1 
2 and 3 r e f e r r i n g  t o  fan  and gas generator 
flows respectively.  ' T "  X + X  

g2 g3 

where the gross t h r u s t s  are calculated using corrected mass flows and a r e  of the f u l l y  expanded type 
( isentropic  thrus t ) .  

measurements ( t e s t  c) .  As the  thrus t  coef f ic ien t  contains the i so la ted  nacel le  external  drag the  model 
data obtained only shows differences i n  r e l a t i o n  t o  an i so la ted  nacel le  X 

ion t o  f u l l  scale r e s u l t s  must take allowance f o r  the change i n  nacel le  external drag between model 
and f u l l  scale. 

with a balance (test a). The thrus t  i n  the  i n s t a l l e d  condition could then be calculated i n  exact ly  the 
same way as the  engine manufacturer guarantees thrust .  I n  t h i s  way the e f f e c t s  of t h e  engine a re  
determined i n  a 8tlegal*t sense as long as the model engine behaves s imi la r ly  from test bed t o  i n s t a l l e d  
condition. This i s  bas ica l ly  s i m i l a r  t o  A,  but does not allow for changes of th rus t  of the model engine 
i n  the airframe environment. There i s  evidence that t h i s  assumption is incorrect .  

This th rus t  coef f ic ien t  i s  used (as a function of power and M,) t o  correct  full-model balance 

- D def ini t ion.  Any adapt- 
g 

C. An a l te rna t ive  method would be t o  use an a l t i t u d e  test c e l l  type technique and measuring thrus t  

I n  al l  these methods it is necessary t o  measure "somewherett the f u l l  scale  engine performance i n  the  
airframe environment. Evidence on the  model scale  shows the fan  nozzle flow d is t r ibu t ion  t o  be considerab- 
l y  influenced by the  wing flow since i n  many instances the  f l i g h t  envelope of the  airplane r e s u l t s  i n  
engine operation at j e t  pressure r a t i o s  l e s s  than critical f o r  both the primary ( turbine)  and fan nozzles. 
Under these conditions the  external  pressures i n  the  area loca l  t o  the  par t icu lar  nozzle can alter the  
flow c h a r a c t e r i s t i c s  upstream of the  nozzle. This can also occur for above cr i t ical  nozzle operations f o r  
conical convergent nozzles due t o  sonic l i n e  locat ions as influenced by the  external  pressure f i e l d .  These 
external  pressures can be s igni f icant ly  d i f fe ren t  when the engine i s  i n s t a l l e d  close t o  the  wing. When 
t h i s  happens the engine can be a f fec ted  i n  two ways: 
(a )  the local  pressure,  i f  d i f fe ren t  from ambient at each nozzle e x i t  plane,  can cause the  engine cycle 
t o  s h i f t ,  and (b) the local  back pressure can be affected.  

Though t h i s  technique is very promising with the main features:  
( a )  y ie ld ing  high degree of simulation, except f o r  some increased i n l e t  sp i l lage  and non-representative 
primary ( turbine)  j e t  temperature, and (b) similar i n s t a l l a t i o n  procedures can be followed i n  the  wind 
tunnel as the ac tua l  engine i n  the  ac tua l  a i rplane,  i t  has the main draw-backs that (a) it is expensive 
t o  operate,  (b) it needs extensive control  instrumentation f o r  each engine, (c)  it has l i t t l e  f l e x i b i l i t y ,  
each actual  engine would require  a d i f fe ren t  miniature turbine simulator, (d) the  bearings have only l i m i t -  
ed  l i f e ,  ( e )  the repea tab i l i ty  i s  l imited,  ( f )  two equally manufactured simulators show di f fe ren t  character- 
istics ( a s  large as 5 "/o i n  net t h r u s t ,  r e f .  V.4), and (g) the separation of various drag and thrus t  
terms i s  very d i f f i c u l t  and sometimes speculative,  mainly due t o  the inaccurate assessment of the  nozzle 
coeff ic ients .  

In  general it can be s t a t e d  t h a t ,  using small turbine driven simulators,  one gains i n  the degree of 
engine simulation with respect of techniques u t i l i s i n g  d i rec t  nozzle blowing and d i r e c t  i n l e t  suction, but 
i s  adverse i n  obtainable accuracy of data assessment of each component. However, the uae of these 
simulators is ra ther  new, and could be much improved by fur ther  work. 

5.1.2 EJECTORS 

Ejectors  do not contain r o t a t i n g  p a r t s  and are therefore  much easier t o  manufacture and more f l e x i b l e  
(not scale  dependent) than turbine driven simulators. However, the  secondary i n l e t  mass flow is much l e s s  
and the pressure r a t i o  obtainable at the nozzle is usually l imited.  Furthermore large unrepresentative 
t o t a l  pressure d is tor t ions  due t o  the  primary j e t s  are hard t o  prevent. Since the e j e c t o r  i s  a pure flow 
device its performance depends la rge ly  on the  upstream and downstream conditions. The c h a r a c t e r i s t i c s  are 
usual ly  qui te  d i f fe ren t  from therea l  engine. For these reasons the e jec tor  is l i t t l e  used f o r  th rus t  engine 
simulation; however, i t  i s  becoming popular f o r  l i f t  engine simulation i n  VTOL-aircraft, mainly due t o  the 
required low t o t a l  pressure r a t i o s  i n  these cases. Since the  e jec tor  scheme is  simple and cheap t o  operate 
it  seems worthwhile t o  do more work i n  order t o  improve its charac te r i s t ics .  

Due t o  the  large flow d is tor t ions  i n  the exhaust j e t  caused by the primary jets, th rus t  measurements 
with e j e c t o r s  are very unrepresentative and hence usually not performed. The system is  however sometimes 
used f o r  assessment of jet interference e f f e c t s  other  than thrus t  minus drag. For example f ig.  V.4 shows 
an e j e c t o r  system f o r  i n l e t  and exhaust flow simulation on a f i g h t e r  type model. The model is mounted on 
a special  6-component balance. The high pressure blowing air is ducted below the  balance t o  a plenum box 
from which it feeds i n t o  a peripheral e j e c t o r  i n  each s ide duct. This e j e c t o r  induces intake flow through 
the  model boosting its t o t a l  pressure and mass. This air is bifurcated t o  the  two blowing nozzles on each 
s ide with appropriate in te rna l  control  t o  give reasonable dis t r ibut ion.  The f i n a l  jet d is t r ibu t ion  i s  
control led by a s p l i t t e r  box. Special  s e a l s  were developed f o r  use between the metric air i n l e t  and non- 
metric e j e c t o r  box. 
The e j e c t o r  cons is t s  of an annular primary j e t  with an inner secondary i n l e t  flow area.  A t  the  chosen 
design condition when operating i n  quiescent air conditions for each duct the primary flow w a s  1.65 lbs/ 
secs, with a nozzle pressure of 4 atmospheres. The secondary or i n l e t  flow was 0.85 lbs/secs. 

nozzle d is t r ibu t ion  w a s  good. The representation of t o t a l  pressure r a t i o  f o r  the two nozzles was good and 
the i n l e t  a rea  r a t i o  was 0.8 e j e c t o r s  o f f ,  0.65 e j e c t o r s  on. 

5.2 

For the  f ront  engine the nozzle d is t r ibu t ion  w a s  r e l a t i v e l y  poor due t o  the short  length. The rear 

SYSTEM WITH EXTERNAL ADDITION OF ENERGY 
A s  mentioned before the  systemfbr complete engine simulation with addi t ion of energy outside the test 
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FIG. V. 5 SEMI -SPAN MODEL WITH DIRECT INLET SUCTION AND NOZZLE BLOWING 
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mot ion  o m  only he used if the air p ~ s a 8 8 s  t o  the odtaide OM he ruda lara enon& for the inlet m s  
f l o w  without deter iorat ing the external  flow. I n  praotioe this mheme oan only he used with integrated 
eng ina -a i r f rw  sys t em,  using the half model technique of a twin engina a i ro ra f t .  Fig. V.5 depiots auOh 
a mt  up. Eowever the main problem is the deter iorat ing e f f ec t  of the r e f h o t i o n  p l a t e  b m d a r y  layer ,  
nhioh probably can be kept under oontrol f o r  the i n l e t  s tudias ,  but w i l l  have a d i v u p t i v e  s f f e o t  on the 
phenomena looked for at the exhaust. From the point of view of engine b t 0 r f e " x  t e s t i n g  this mheme is  
very attraotiw, and i f  ways o d d  be found t o  O m i t  t h e  r e f l ec t ion  p l a t e  boundary lapr e f f e c t s  (dock 
wave-boundar 
interaot ionsy t h i e  method would oa r t a in ly  be used i n  the future.  No examples M known which use t h i a  
technique with p o d  syooess. 

the i n l e t  -8 f low is scaled mwne ae the temperature correoted exhaust flow, without the necessary UMI 

of the semi-model teohniqua. Though t h i s  oombination of techniques might show good promise, the oomplex- 
i t y  i n  manufacture, control and metering rises oonrriderably. 

1-r interact ion,  separation, diaplaoement, model boundary layex-plate boundary 1-r 

Of oourse i t  is possible t o  use a oombimtion of e x t e r d  and in t e rna l  addition of energy, suDh that 

FINAL REWARE7 
The methods f o r  correction m e  the  s w  M required and/or M used f o r  separata i n l e t  and nozzle 

t e s t i n g  i n  transonic wind tnnnela. In  general l e a s  care can be devoted f o r  correct i n l e t  and exhaunt 
simulation and preoim mstrursments of mams flows and forces oomponenta i n  OMB of in t e rna l  addition of 
energy. 

Baaidea the problem concerning engine-airfrona interference the wind tunnel experimentalist faoes 
also the  -1 other wind tunnel problem euoh as Reynold8 nuher  s f f e a t s  at transonio Wee&, support 
interferenos,  the difference i n  aeroelastic e f f eo t s  of the model and the  a o t d  a i r c ra f t ,  n o n i t a t i o n m y  
effeots,  t-1 w a l l  e f f eo t s ,  meking the t o t a l  problem even more d i f f i o u l t .  These l a t t e r  a f f e o t s  M out- 
side the aoope of thim report ,  but it oan bs s t a t ed  that recent theoret ioal  analysis ,  which M possible 
with large high apeed oomputera, make invisoid svbcri t ioal  interference and deformation prediotions 
possible so t h a t  the influenos of disturbing effects oan be assessed and oorreotiona can be applied. Work 
along t h e m  lines should he encouragsd. 
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b 

QUESTIONNAIRE 

*XNGINE AIRPLANE INTERFERENCE IN TRANSONIC TESTS" 
In all points distinction should be made between engines in pods (usually airliners, freighters and 

large bombers) and integrated airframe-engine configurations (usually fighters). 
- 1 INLETS 
- 1.1 
(concerning pressure distributions on nacelles and lifting surfaces, lift , drag, moments, etc.) at trans- 
onio speeds. 

INFLUENCE OF 1" MASS FLOW ON EXTERNAL AERODYNAMICS AND MEASURED FORCES 

- 1.1.1 GENERAL 

- a Circumstances for which complete inlet mass flow duplication in transonic wind tunnels is necessary. - b Circumstances for which partial inlet mass flow can be allowed. - c Circumstances for which the inlet can be completely faired. - d Specific information that can be obtained from a, b and c. 

- a Techniques used or required for complete inlet - b Advantages and limitations of these techniques. - c Testing technique for determining the external aerodynamic coefficience (Cr, Cm, Cp, etc.). 

- d Obtainable or required accuracies. 

1.1.3 
a Rules used. 
- 5 Basis of the rules. - c Techniques used. - d Corrections required or introduced for reduction of the wind tunnel data (C(, Cm, C 

- e Basis and justification of these corrections. 
- f Techniques used or required to determine these corrections. 
g Expected o r  required accuracy. 
1.1.4 BLEED AIR AND SPILLAGE 
- a Simulation of bleed air or spillage from inlet INLEE flow (influence on external air flow). - b Corrections on external flow in case of no complete simulation of spillage and bleed air. - c Basis of auoh oorrections and justification. - d Expbcted or required accuracy. 
1.1.5 - a Corrections required or used taking into account scale effects, if not yet involved in earlier 

corrections. - b Expeoted or required accuracy. 
- 1.1.6 EXPERIENCE ON DATA EVALUATION FROM WIND TUNNEL MEASUREMENTS AND FREE FLIGHT MEASUREMENTS. 

- 1.2 
- 1.2.1 TECHNIQUES FOR INLET MASS FLOW SIMULATION - a Techniques used or required to achieve complete inlet UWE flow simulation till compressor entrance. - b Advantagea and/or limitation of these techniques. - c Required overall accuracies. 
- 1.2.2 - a Degree of external flow field simulation for measuring the internal flow field properties. - b Justification of the technique used in case of no complete external flow field simulation. 
1.2.3 MEASURING TECHNIQUES - a Techniques used o r  required to determine the inlet duct internal flow properties (pressure recovery, 

internal drag etc.). - b Corrections necessary for these techniques. 
- c Basis and justifications of these corrections. 
- d Achieved and required accuracies. 
1.2.4 SCALE EFFECTS 
- a Corrections introduced or required to reduce the wind tunnel data to full scale. 
- b Basis of these corrections. - c Expected o r  required accuracy of these corrections. 
1.2.5 SPILLAGE AND BLEED AIR 
- a Corrections introduced on the internal inlet flow if spilla@;e and bleed air from the inlet are not 

completely simulated. - b Justification and basis of these corrections. - c Scale-effects for not complete bleed air and spillage simulation. - 1.2.6 
- 2 ENGINE THRUST 
- 2.1 ENGINE THRUST DEFINITIONS (gross and net). - a Engine thrust definitione as specified by engine companies. - b Advantages and limitations of these definitions. 

- 1.1.2 COMPLETE INLET MASS now 
flow simulation in transonic wind tunnels. 

PARTIAL INLET MASS FLOW AND COMPLETE INLET FAIRING AT TRANSONIC SPEEDS 

etc.). 
P 

CORRECTIONS FROM WIND TUNNEL MODEL TO FULL SCALE (SCALE EFFECTS, REYNOLDS NUMBER) 

INTERNAL INLET FLOW IETERMINATION IN TRANSONIC WIND TUNNEL TESTS 

EXTERNAL FLOW FIELD SIMULATION 

COMPARISON BETlJEEN WIND TUNNEL TESTS AND FLIGHT DATA 
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- 2.2 TECHNIQUES - a Techniques for measuring and/or determining actual engine thfust. - b Advantages and limitations of these techniques. 

- a Corrections for differenoes between aircraft inlet air flow properties and test ce 1 inlet flow 
properties. 

- b Corrections for differences between measured thrust and thrust definitions due to different nozzle 
conditions. 

- o Correotions fpr different altitude conditions. - d Corrections for auxillary power and air take off. - e Baais and justifications of these corrections. - f Overall required and obtained accuracy of the thrust definition. 
2 EXHAUSTS 

3.1 ENGINE GROSS THRUST MINUS DRAG AT TRANSONIC SPBEDS - a Required or obtained overall accuracy of thrust-drag. 
3.1.1 ISOLATED NOZZLE TESTS VERSUS COMPLETE MODEL TESTS 
- a Advantages and limitations of isolated nozzle tests. - b Advantages and limitations of complete model nozzle tests (also inlet flow). 

3.1.2 - a Testing schemes required or used to obtain thrust-drag performance from wind tunnel data and thrust 
definition. 

- b Definition of various thrust and drag terms for various nozzle configurations (reference thrust, static 
thrust, internal nozzle drag, external nozzle drag, baee drag, afterbody drag, reference drag, inter- 
ference drag). 

- c Techniques used to determine the various thrust-drags terms. 
- d Required and achieved accuracies for determination of these terms. 

3.1.3 JET SIMULATION IN WIND TUNNELS 
- a Jet simulation for which thrust-drag terms. 
- b Requirements for jet simulation parameters (jet pressure ratio, jet temperature ratio, secondary air, 

specific heats, jet inhomogeneities). 
- c Jet simulation techniques. 
- d Limitations and advantages of these techniques. 

- a Corrections for no external flow field simulation (isolated tests). - b Corrections for thrust-drag terms that do not require jet simulation. 
- c Corrections for no complete jet simulation in terms where jet effects may be expected. 
- d Corrections for scale effects. 
- e Justification and basis of these corrections. - f Required or achieved accuracies of these correction. 

3.1.5 
3.2 
3.2.1 CIRCUMSTANCES FOR JET-AIRFRAME INTERFERENCE (suction, heating, shook waves). 
- a Jet simulation required or used. - b No jet simulation required or used. - c Justification. 
3.2.2 TECHNIQUES 
- a Wind tunnel test techniques to measure jet interference. - b Achieved and/or required accuracies. 
3.2.3 JET PARAMETERS 
a Required or used jet simulation parameters. 
- b Justification of these parameters. 
3.2.4 CORRECTIONS 
- a Corrections for no jet simulation. 
- b Corrections for partial jet simulation. 
- c Corrections for scale effects. 
- d Basis and justifications of these corrections. 
- e Required and/or achieved accuracies of these corrections. 
3.2.5 COMPARISONS BETWEEN WIND TUNNEL DATA AND F'JJGHT DATA 

CORRECTIONS 

WIND TUNNEL TESTING SCHEME (ISOLAmD AND COMPLETE AIRCRAFT MOmL) 

CORRECTIONS 

COMPARISONS BETWEEN WIND TUNNEL DATA AND F'LIGHT DATA 
JET-AIRFRAME INTERFERENCE AT TRANSONIC SPEEIS (EXCEPT THRUST-DRAG) 
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ABSTRACT 

This part of the Report summarizes the technical information supplied as written contrib: 

tions orin oral discussions by the Members of the Ad Hoc Committee. 

After some preliminary remarks on wall interference corrections in transonic tests,the 
different answers to the A.G.A.R.D. Questionnaire are presented in Section 2 together 
with the main points made by the Committee Members as representatives of the different 
countries. A number of general agreements among the Committee Members are stated which 
indicate the state-of-the-art of transonic wind tunnel corrections. 

Section 3 illustrates the work presently under progress in the Nato Countries which ha- 
ve interest in the field. A number of programs are being carried out which consider so- 

me of the problems in transonic wind tunnel testing; a coordination of these programs 
would be highly desirable in order to reach more efficiently some of the common goals 
of the national researches already in progress. 

Section 4 summarizes the discussions and the conclusions of the Committee on the pro- 
blems which appear to be most important for future research. Problems are briefly re- 
viewed and research areas are indicated for which the Committee agreed an internatio- 
nal program will be most profitable. 

A list of References, in alphabetical order, is provided which includes the works re- 
ferenced by all the different groups participating in the Committee. 
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1. INTRODUCTION 

In general the aim of any test in a wind tunnel is the prediction of the performance and of the aerodyna- 
mic characteristics of an aircraft by means of experimental data obtained on a model geometrically similar 
to the aircraft. 
Due to the inevitable constraints posed by the limited size of wind tunnels it is not possible to reprodu- 
ce exactly all the conditions of an unconstrained flow over a body. Of course the zero constraint free 
flight conditions will be asymptotically approached in a wind tunnel when the model size becomes less and 
less compared with the tunnel size. On the other hand, for a given tunnel size, it is generally desidera- 
ble to test the largest possible models. This is mainly due to considerations of a faithful reproduction 
of the real configuration, a better simulation of internal aerodynamics and of the surface conditions; so- 
metimes aeroelastic deformations of the model put another lower limit to model size especially when trying 
to simulate the free flight Reynolds number. 
Since none of the conceivable wind tunnels is able to perfectly simulate the free flight conditions, one 
must deduce that corrections should be made to the experimental data obtained in all the wind tunnels.The 
ideal corrections should be such as to restore around the model the flow field which has been altered by 
the presence of the wind tunnel walls. At each point of the flow field, velocity (in magnitude and in di- 
rection) and pressure should be corrected in order to get the true flight values; in this way one would ob- 
tain on the model a pressure distribution (and aerodynamic forces) equal to that of free flight. 
The three possible configurations for wind tunnels are: 1) the open jet, 2) the closed jet and 3 )  the par- 
tially open (or ventilated) type. 

In subsonic open-jet wind tunnels the stream-lines bulge out around the model similar to their behaviour 
in free flight; but the free jet is surrounded by a chamber in which the static pressure is constant. The- 
refore in the jet itself the undisturbed free stream pressure is established in a lateral distance which 
is one half of the jet width; in free flight, on the contrary, the undisturbed pressure is attained only 
at an infinitely large distance from the model. This means substantially different flow field conditions; 
in particular the stream lines in the open jet will be more highly curved, and the mean velocities smaller 
than in free flight. 

In a subsonic closed wind tunnel with straight walls the streamlines will follow the model contour near the 
model surfaces and will become completely straight at the walls. This means reduction of the bulging and a 
reduced curvature of the streamlines as compared with the free flight conditions and consequently larger 
mean velocities. 
Since many of the wall interference effects for the open and for the closed wind tunnel are of opposite sign 
it may be possible to eliminate, or at least to reduce, the wall interference effects in a partially open 
tunnel. This is the reason why the ventilated tunnels are widely used for subsonic, transonic and superso- 
nic speeds. In theory at given free flight conditions, for instance at a given Mach number and Reynolds num 
ber, it should in principle be possible to find correct aerodynamic characteristics by the use of ventila- 
ted walls with variable permeability along the tunnel axis. It will not be possible however to remove all 
types of wall interference at different flow cnnditions by a wall of uniform permeability along the test 
section; corrections for interference effects are therefore needed also for the ventilated walls. 
In general the test section geometry for minimizing subsonic wall interference is different from the geo- 
metry used at supersonic flow conditions (i.e. cancellation of the shock waves and expansions arriving at 
the walls which would otherwise be reflected back into the model). 
In transonic flows where both these types of interference aee present, the situation is more complicated 
and the problem more difficult. 
The boundary interference problem is intensified at transonic high-lift and maneuvering conditions. Block: 
ge and circulation effects will require proper accomodation of the highly deflected wake. At the same ti- 
me the transonic buffet and flutter boundaries may become obliterated in the presence of the high turbulen- 
ce levels coupled with the intense noise field. 
The difficulties involved in correcting wind tunnel data account for the extreme attitude of some people: 
if strong doubts exist on wall corrections, and if these are not small because of the large blockage and 
high lift, it may be better to make direct calculations of the aerodynamic characteristics instead of wind 
tunnel tests plus a number of (non-reliable) calculations of the data corrections. 
Historically, the problem of tunnel boundary interference has been approached in two distinct ways: 
1) theoretical calculation of the interference effects and subsequent correction of the data, and 
2) empirical development of walls which show as little interference as possible. Substantial progress has 
been achieved on each approach individually, although little effort has been made to combine them into a 
unified program. 
The major effects caused by wind tunnel wall interference may be separated and divided into blockage, down 
wash, buoyancy and streamline curvature. 
The blockage consists of a variation of the tunnel cross sectional area due to the model volume (solid blo- 
ckage) and to the model wake (wake blockage); it affects the velocity, static pressure, the dynamic pressu 
re and all the aerodynamic coefficients. The blockage is caused by the reaction of the tunnel walls on the 
displacement of the flow by the model (volume and wake). In general the result is a velocity increment at 
the model centre station and a variation of the static pressure along the test section. 
F e  downwash, or lift interference, is caused by the reaction of the walls on the flow deflection produced 
by the model; it is important for the induced lift and must be taken into account when measuring the lift 
coefficient and moment coefficient for models with tail. 
The buoyancy is due to the longitudinal pressure gradient which may already be present in the empty tunnel 
or may be due to: solid and to wake blockage, the induced lfft or a non symmetrical test set up. This term 
mainly affects the drag coefficient. 
The streamline curvature may be induced either by the tunnel geometry (empty tunnel) or may be produced by 
the induced lift. This effect has a direct influence on moment, drag and lift coefficients. The streamline 
curvature may cause an effective change of the angle of attack at the horizontal tail position which will 
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therefore be different from the induced angle of attack at the wing: this requires an additional correction 
to the moment coefficient. 
It is generally accepted that these major effects, to a first approximation, can be considered as indepen- 
dent and additive so that, for instance, the blockage effect can be calculated at zero model lift and vi- 
ceversa. 
The wind tunnel types used in transonic testing have had generally two configurations: 1) the slotted (or 
perforated) walls type originally designed to minimize subsonic wall interference and 2) the p-erforated- 
walls type designed to cancel shock waves at supersonic conditions. The permeabi€ity of this second kind 
of wind tunnel wall is much higher than that for minimum transonic wall interference so that they very 
often behave as open jet tunnels when operating subsonically. For this type of tunnel one could adopt foFu 
lae which give corrections to the subsonic open jet wind tunnel; however in situations where the model and/ 
or the lift are rather large the accuracy of these corrections would be questionable. 
In a class by itself, and offering a new dimension in minimizing wall interference over the full transonic 
regime, is the variable porosity wall. As described in Ref.36, the wall porosity to minimize interference 
effects on, say, lift at a given Mach number has been experimentally established by comparison with tests 
in a much larger wind tunnel. It appears, however, that the porosity to minimize lift interference is not 
necessarily optimum for drag and pitching moment measurements. Although the variable porosity approach to 
minimizing wall interference is successful and highly promising,there is still a question of whether or 
not empirically determined porosity setting is in principle superior to or more refined than the alternati- 
ve of applying empirical correction factors to data obtained at fixed porosity. 

2 .  SURVEY ON WIND TUNNEL WALL INTERFERENCE 

At the present time there is a renewed interest in transonic testing elpecially for high lift and/or maneu- 
vering vehicles with close design margins; in addition the increased size of airplanes and the consequentay 
increased flight Reynolds number implies the construction of larger models. Furthermore it appears necessa- 
ry to test the transonic airfoils up to the stall because of the need of new airfoil shapes which can be a- 
dapted to both high speed cruise and high lift coefficient manouvers. 
Larger models and high lift models mean large disturbances in wind tunnel flow fields and make it mandatory 
to adopt reliable corrections for the aerodynamic characteristics of the model. These considerations led 
the AGARD to make a survey among the NATO Countries on the subject. The purpose of the survey is: 
"The wall interference in transonic tests is well understood for the case of zero lfft; however, when the airpia 
ne has significant lift the interaction between the airplane and permeable walls is not uniquely determined. 
The air that flows through the permeable walls is not symmetrical about the airplane. The control of this flow 
affects the measured force coefficients of the airplane. The purpose of the Ad Hoc Committee is to investiga- 
te such effects". 
Even though the purpose of the AGARD survey should have been confined to the wind tunnel wall interference 
for models with high lift in transonic condition, the survey also gave results on subsonic wall interference 
and on models at low lift. 
In fact a number of important points came out of the discussions and of the contributions presented by diffe- 
rent countries which are not strictly related to real transonic conditions (0 .9fMf1.3)  but more to high sub- 
sonic flow conditions (.5fM5 .9 ) .  These contributions were included because transonic wind tunnel flows ate 
not always completely understood so that often experimenters do not make wall interference corrections to the 
wind tunnel data. For subsonic or supersonic wind tunnel flows, theories are a little better established, a 
number of corrections formulae are available in the literature and experimental data exist with which theories 
and other experiments can be compared. In the absence of any more specific information the present tendency 
is to extrapolate the subsonic wind tunnel correction techniques to transonic regimes. 

2.1 AGARD QUESTIONNAIRE 
The AGARD Questionnaire is reproduced below for ease of reference: 
QUESTIONS 
1. What corrections are introduced on the measured coefficients in order to predict airplane performances at 
angle-of-attack? 
2. What control is used in the air flowing through the permeable walls in order to have the correct lift repre- 
sentations? 

A. Is the pressure of each wall controlled independently? 
B. Is the air discharged downstream in the test section or diffuser? 
C. Is the pressure distribution at the wall measured? 
D. Is there any experimental indication of the effect on lift and drag due to change of mass-flow flowing 

across the porous or slotted walls? 
3. What are the basic theoretical and experimental reasons for the selection of the method used? 
4. What consideration is given to tunnel turbulence? (Added to some questionnaires). 
The answers to the first two points of the Questionnaire are summarized in Table I and Table I1 (').The oth- 
er two questions plus some other points related to the subject problems are briefly discussed and reported 
below. 

('1 The Tables are similar to those presented by Mr.J.Jones to the Ad Hoc Committee General Discussion on 
Wall Correction. 
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FRANCE 
The main transonic facilities are the S1, S2, S3 tunnels at Modane, the S3 and R1 at Chalais Meudon (ONERA) 
and the 5 4  at St.Cyr (Institute Aerotechnique); they have perforated walls ( 2  or 4) and different permea- 
bilities (from 6.5% to 21%). In general there seem to be no empty tunnel pressure gradients and therefore 
no correction for buoyancy deriving from this effect is actually needed. 
The maximum blockage ratio of 1% is generally adopted which reduces the correction requirements. 
Up to the present time, transonic results obtained in French tunnels have received no wall corrections; the 
reason is the absence of a reliable theoretical approach to the interference of ventilated walls. This is 
the motivation for the extensive and systematic researches which are being carried out on different wind tun- 
nel facilities in France, as illustrated in the next Section reporting on the work in progress. 

GERMANY 
At the Porz-Wahn wind tunnel, tests have been performed with wing area ratios of 5% up to an angle of attack 
of 15" (with a wall permeability of 6% and holes inclined at 60") and corrections have been estimated according 
to Ref .27.  

In the Transonic-Wind-Tunnel of AYA generally no corrections for wall-interference are applied. This assumption 
is reasonable however if the models used are small enough. Three-dimensional models should have blockage less 
than 1,Z and a wing area less than 5% of test section area. 
Two-dimensional models which are supported at the side walls of the test section and which have therefore a 
span of 1 m should have a wing chord less than 15 cm. If these limits are exceeded, corrections are calcula- 
ted and reported for information only, together with the measured coefficients, since wall corrections are 
uncertain for these flow conditions. These wall corrections are calculated by the linear theory described in 
Ref. 27. 

In the wind tunnel at the Technical University of Berlin the air suction was varied but very little influence 
on the lift and drag was found. For Mach numbers somewhat above 1, the suction effect seems to be within the 
scatter of the data. 

THE NETHERLANDS 
All information and answers have been obtained from National Aerospace Laboratory N.L.R.,Amsterdam, as Dutch 
airplane manufacturers and airlines do not at present have any requirements or experience concerning wind 
tunnel wall interference. 
The answers are based on experience obtained in two transonic facilities: The Pilot Tunnel (PT) and the High 
Speed Tunnel (HST). 
A clear division is made between the high subsonic regime (.5C-M&.9) and the genuine transonic regime 
(.9L-Mf1.3). 
In the real transonic regime N.L.R.cannot supply useful information on wind tunnel wall interference. No cor- 
rections are applied, and no experimental investigations on interference effects have been made to determine 
any kind of wall interference control. 
In the high subsonic regime no corrections for wall interference are applied, as certain experiments have in- 
dicated that blockage is generally very small, whereas there is no conclusive information with respect to 
the magnitude of lift interference. 
For the large tunnel, blockage ratios have been less than.lX. In special cases, however, corrections have 
been applied by employing semiempirical correction factors, For instance, for ?.-dimensional airfbils a num- 
ber of corrections have been calculated for : 1) solid blockage (58) (to tunnel speed, static pressure,tem- 
perature, dynamic pressure) 2) downwash due to lift (empirically) (to incidence angle and to drag coefficient) 
and 3) streamline curvature (to incidence angle, lift coefficient, moment coefficient and drag coefficient). 
k n e  tests have been carried out in order to determine empirically the parameters K and P which appear in the 
linearized boundary conditions for the perturbation velocity potential when an equivalent homogeneous bounda- 
ry is assumed to replace the real slotted (or perforated) wall (27). The values of K and P, determined by the 
method of Ref.14, were used to compute correction factors which did not match with the fully empirically deter- 
mined correction factors. The equivalent homogeneous boundary condition however cannot be assumed for the ca- 
se where significant model lift exists. 
The wall pressure distribution has been measured during the tests of models at increasing angles of attack; 
when the model had significant lift (about 6" of incidence) a variation of pressure distribution was detec- 
ted. 

U.K. - 
The-.work done in the U.K.has been oriented towards using the ventilated tunnel in a closed wall condition 
as a method of defining a fully corrected set of data. Or alternatively, for two dimensional tunnels the 
most up-to-date theory is used as a datum for correction methods. These results are then compared with da- 
ta obtained in the ventilated section and correction coefficients are obtained which follow the theoretical 
methods . This technique is used up to M~0.88 beyond which the methods of Ref.62 are used, again empirical- 
ly factored from experimental data with models of varying sizes. 
It is considered that a general theory giving correction formulae must always be adjusted by empirical fac- 
tors to alaow for the many variables existing in each tunnel. Participation in International programmes 
with exchange of models is contemplated. 

U.S.A. 
-agencies generally do not apply wall interference corrections to the measured performance of a model 
at angle-of-attack as long as the model size is well within their standards for negligible interference. 
However, at nearly all.installations, studies are in progress to examine further the validity of this practi- 
ce. At the present time no one method provides acceptable corrections to all aerodynamic data. Comparati- 
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ve data from different facilities on the same or similar models provide some insight into the problem. How- 
ever, the results are often beclouded by differences that are attributed to sources other than uall effects. 
Two cases are reported of correction tests made in wind tunnels for which the permeability of the walls is 
designed for supersonic shock cancellation (from 19% to 22%); in these cases the subsonic corrections for 
an open jet seem to give satisfactory results. 
Variation of wall porosity is the only control that is applied to reduce wall interference; it provides a 
first order correction to the slope of the lift versus angle-of-attack curve. Second order peculiarities 
test section walls will provide the correct lift representation at high angles-of-attack. 
Regarding the question of the discharge of the plenum air there seems to be a variety of plumbing configu- 
rations which appear to be equally successful. 
For tunnels which were designed to minimize subsonic wall interference the corrections required are general- 
ly small and of questionable validity in the general case and consequently are usually neglected as long as 
the model blockage is low (say U). As an example it has been established experimentally that lifting models 
of 0,7% blockage (or less) in a test secti'on of 6% permeability experience errors due to the wall interferen- 
ce that are of the same order of magnitude as the experimental errors. 
The second class of test sections (i.e.the perforated wall type designed to attenuate the shock waves in the 
transonic regime) exhibit a permeability much higher than that for minimum wall interference at subsonic 
speeds. Howeyer for these tunnels the linearized theory correction for an open jet test section provides an 
acceptable correction to the measurements. These corrections have been validated by comparative tests in lar 
ger wind tunnels having minimal interference effects. However in any new situation such as high lift, large 
models etc. the accuracy of the corrections would be highly questionable and must normally be established 
by comparison with similar tests in large scale facilities. 
As for any type of wind tunnel flow, turbulence is of concern, and attempts in varying degrees are made to 
minimize the turbulence level. The ventilated walls of transonic tunnels tend to increase the fluctuation 
level, the increase being much greater for perforated walls. One study indicates pressure fluctuations of 
3 to 4 psf (at q - 1000 psf)- for a perforated wall and a much lower level (of 1 psf) for a slotted wall. 
Although the results are not qualified as to the character of the fluctuations it may be expected that the 
differences are attributed to sound (pressure fluctuations) generated at the perforated wall. 

2 . 2 . -  Conclusions from the answers to the Questionnaire 
From the direct answers and from the different opinions manifested in answering the Questionnaire a number 
of conclusions can be drawn which gkve a precise idea about the state of the art of the wind tunnel inter- 
ference problems in the various NATO Nations: 

- Ventilated wall wind tunnels of both the slotted and perforated type are presently used in transo- 
- Test sections (with two and four ventilated walls) with constant permeability are generally adopted 
- There is generally a single plenum chamber around the test sectinn; plenum pressure control is used 
to establish a desired test section Mach number and there is no independent control of pressure or 
of mass flow through each wall 

- There is a lack of confidence in analytical corrections for ventilated wall interference in transo- 
nic testings 

- The pressure at the wall is generally not measured during the tests; difficulties exist in the mea- 
surement of pressure on slotted and perforated walls 

- Attempts to correct wind tunnel (at high subsonic conditions) have been made based on separating the 
different effects due to blockage, lift and streamline curvature (Table 11) 

- Experimenters recognize that whenever significant lfft is present the boundary conditions at the walls 
can be more complicated even at high subsonic conditions 

- Solid wall and open jet data are sometimes used as reference 
- General practice is to reduce the blockage ratio as much as possible. Maximum blockage ratio of 1% 
(for 3-D models) seems t.0 be accepted by everybody even in the presence of high lift. 

- Everybody seems to be concerned with turbulence level in transonic wind tunnels: the turbulence is 
actually increased because of the slots or because of the perforations at the walls. However no sy- 
stematic study and experiments have yet been performed in order to qnantify the effect of the tur- 
bulence level in tunnel testing. Usually the turbulence has been reduced to the lowest possible le- 
vel. 

- Extensive and time consusing researches on empirical correction factors are not generally carried out 
in large facilities due to the usual stringent time requirements of the aircraft model tests them- 
selves, 

nic testings 

- Common practice is to obtain empirical corrections by comparing wind tunnel results with so called "in- 
terference free" data, taken in larger facilities with much smaller blockage ratios. Frequently, ho- 
wever, reliable interference-free data is not available and this creates problems in the determination 
of an empirical correction factor. 

3 .  WORK IN PROGRESS 
The answers to the AGARD questionnaire point out the lack of reliable wall interference corrections to exDe- 
rimental transonic wind tunnel data. The need for an improved situation was strongly felt by all the coun- 
tries operating transonic wind tunnels and this gave rise to a number of programs to consider some of the 
main problems related to transonic wind tunnel testing. These program, reported to the Committee, are brie- 
fly summarized below. 
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I to justify some theoretical approaches. 

The work is related to three dimensional and also to two-dimensional models because more basic experimental 
researchcon transonic airfoil sections is still needed in order to improve both the wings for future genera- 
tion of military and civil aircraft and the performance of rotors (and propellers) for future high-speed 
V/STOL configurations. 
The experimental approach is based on the analysis of the data obtained in a given wind-tunnel with similar 
models at various scales, i.e. at different blockage ratios; this is ex ectei to give - by extrapolating 
down to the "zero-scale" - some empirical correction laws to be applierf to large models . The wall poro- 
sity is also varied; looking at the variation of a chosen parameter as a function of the wall porosity, for 
sarious model scales, should indicate the true value of this parameter, and, consequently, the corrections 
to be introduced for a given combination of porosity and model-scale (investigated parameters can be: mini- 
mum drag, lift gradient, shock-wave location etc.). This kind of approach however is complicated by the Rey- 
nolds number effects; for this reason systematic investigations are carried out in variable density tunnels, 
where different scales can be compared to determine the wall effects, whilst the Reynolds number is kept 
constant by stagnation pressure adjustment. 
The artificial tripping of the transition, and its influence on the results obtained with models of diffe- 
rent scale is also investigated, it is hoped that a tripping method can be defined, which will yield the 
same results at low Reynolds number as those obtained at high ones with natural transition. 
1) Two dimensional wing sections 
It has appeared necessary to test two-dimensional transonic aerofoils up to and above the stall, with a view 
to developing new aerofoil shapes suitable for both high-speed cruise and high lift coefficients (manouve- 
ring limit of airplanes, stall limit of the retreating blade of a rotor). The selected "calibration" section 
is of the standard type: NACA 0012. The profile has been subjected to a number of tests, but with some di- 
sparate results especially at conditions where a combinatinn of Mach number and high angles of attack gives a 
supercritical flow on the upper surface. The tests for this aerofoil are carried out in two blow-down varia- 
ble density tunnels of ONERA: 

I 

- S3 at Modane (0.78 x 0 .56  m2; max 5tagnation pressure = 4 atm.) 
- R1 at Chalais-Meudon ( 0 . 2  x 0.07 m ; max. stagnation pressure = 9 atm.) 

Both have perforated walls (normal holes); the wall porosity can be widely varied for the investigation of 
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2) Three dimensional teste 
Two programs are in progress on 3 - D geometries. 
In the first program, tests at transonic speeds of complete aeroplane models (at 5 different scales) of a 
modern subsonic transport, in the Mach 0.85 class, are being made in 4 French transonic wind tunnels (at 
Modane, Chalais-Meudon and at St.Cyr). 
The purpose of this program is to: 

a) Inyestigate the possibility of defining wall corrections suitable for tests carried out on larger models 
than currently in use (the use of a larger model increases the Reynolds number and the realistic repre- 
sentation of details of the project configuration). 

b) Systematically investigate the influence of the Reynolds Number on the aerodynamics of a project (longi- 
dunal and lateral stability, drag components, onset of transonic troubles, maximum lift versus Mach num- 
ber, etc.). 

c) Calibrate the French transonic tunnels, and make the necessary improvements required to improve the ac- 
curacy of hhe results for the users. 

d) Extend this calibration operation to facilities in other countries, to facilitate comparisons of results 
obtained in specific projects launched within the framework of miiltinational civilian and military pro- 
grams. 

The second program considers bodies of revolution to study the blockage effects in the same transonic tun- 
nels on axisymmetric models of an "equivalent" area to the complete aeroplane models (area rule). This pro- 
gram is aimed at finding : 
3 the corrections to be made as a function of the blockage and porosity ratios; 
U the perturbations due to the shock-waves reflection onto the model from the walls for Mach number M%l 

for various model scales and porosities in a given tunnel; 
c) the comparison of results obtained for various tunnel height/span ratios and for different turbulence 

levels. 
Preliminary results have been presented on the influence of the blockage ratio in the wind tunnel with a 
21% permeability and on the influence of the porosity ratio (for a blockage of 0.59%). 

THE NETHERLANDS 

Work is in progress at NLR along the lines of an indirect determination of the wall interference effects in 
slotted tunnels. A method has been developed, applicable to all types of wind tunnels wiOh ventilated top and 
bottom walls (either slotted or perforated), by which it is possible to determine the overall wall interfe- 
rence effect on the drag coefficient of 2-dimensional airfoil profiles. 
The so called drag-balance method is based on the equation: 

where Cd 
drag p coefficient from theoretical calculations using the measured surface 

is the sum of all drag increments due to wall interference and h 
ZCdi blockage interference (Ref.81) Cd is the total drag coefficient from total head wake measure-dW 
ments. W 
The overall wall interference effect Cd 
ge, wake blockage, upwash, streamline r i  
etc. Using the theoretical approach of the linearized homogeneous equivalent boundary condition one can cal- 
culate these various buoyancy components for given values of the wall geom t 
tion porosity parameter P (or rather o/p 
By equating the measured values of s C d .  with the calculated values as a function of K and o h  for a given 
flow condition, one obtains the approprtate K and F / P  values. 
Application of this method on a set of 2-dimensional models (including lifting and non-lifting models with 
peaky pressure distribution) over a wide range of Mach number and incidence has given satisfactory results 
(831. It was found that the method yields results with reasonable accuracy (in the order of 10 dragcounts 
or better) up to the point where a large supersonic flow region has-developed over the model, terminated by 
a fairly strong shock. 
The characteristic wall parameters K and Q/P of the wind tunnel were found CO be essentially constant up 
to this point. 
Imestigations are presently made on hhe influence of chord to tunnel height ratio c/h, Reynolds number and 
the pressure distribution on these wall parameters. 
It should be pointed out that even though the value of the wall parameters might be a function of the abso- 
lute Reynolds number, the drag-balance method when properly applied is essentially independent of the Rey- 
nolds number. 

is the profile drag coefficient from model surface pressure measurements, is the skin friction 
cdf pressure distribution, 

is a correction factor on C for 

is made up of various buoyancy components related to solid blocka- 
curvature, sidewall induced static pressure gradient, separation 

ameter K and the ventila- 
where Q = the Prandtl factor see Ref .27 and 60). 

U.K. 
Groups in the U.K.tend to approach the problems of wall interference mainly from the empirical point of view. 
It is in general considered unwise to rely theoretical ventilated wall interference corrections because of 
the particular characteristics of each transonic facility. 
Better confidence is shown in using the transonic aunnels with temporarily closed walls to derive corrected 
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results for this simpler wall geometry and then to compare these results with those obtained in ventilated 
(perforated) walls. This procedure can be applied up to M = .88 for standard bodies (wings or body + wings) 
and 0.75% blockage. The main contribution to the correction for the drag coefficient CD seems to be the 
blockage buoyancy for the case of zero lift. 
The Mach number correction due to the solid blockage is negligible in the large ARA tunnel for M _ L  .86.The 
curyature effect is also considered and found to be negligibly small. 

U.S.A. 
Many researches are presently under progress in different areas related to traAsonic wind tunnel testings. 
In nearly all installations, studies are made to examine the validity of the practice of not applying any 
wall interference correction if the model size is smaller than a given fraction of the wind tunnel area, in- 
dependent of the magnitude of the model lift. 
In Ref.69 a program, similar to that presently in progress in France, is illustrated which collects data ta- 
ken in different facilities on a scale model of the C5-A aircraft. 
Studies are being made of transonic tunnel turbulence : the turbulence is particularly important in high 
speed wind tunnels for the study of buffet problems, flutter, inlet buzz and other dynamic pbenomena. 
Even though the role of the free stream turbulence in boundary layer transition has been recognized, its 
effect has not been explicitely analyzed in transonic wind tunnel testing. It appears necessary that turbu- 
lence level be mentioned as an integral part of any aerodynamic test program. 
Preliminary exploitation of variable porosity walls seems to indicate a possible way of obtaining interfe- 
rence free data in a particular Mach number range. In fact it has been shown that is is not possible, for 
instance, to eliminate pitching moment interference simultaneously with lift interference when using walls 
with uniformly distributed porosity. Howeverl some recent unpublished data obtained 
that possibly this can be accomplished by using streamwise distribution of porosity and this concept may 
develop into a third generation wall. A perforated wall has been developed (59) to cancel these model-indu- 
ced disturbances and thus provide interference - free flow at only one specific Mach number; however, a va- 
riable-porosity wall (23) (37) can provide practically interference-free flow throughout the Mach number 
range from 1.05 to 1.40. 
Jn addition a study i s  being made of the possibility of changing the wall effective porosity by means of a 
cowbination of permeable wall and plates which are located at different distances from the perforated walls 
in the plenum ahamber; different pressure conditions at the wall can therefore be established along the test 
section due to the variable gap. 
Another source of interference effects influencing the data obtained from wind tunnel model tests arises 
from the need to support the model firmly throughout a range of model attitudes relative to the moving air- 
stream. The presence of a model support system near the model, as well as possible modifications to the mo- 
del contour which may be necessary for support attachment, introduce extraneous aerodynamic forces giving 
model results that differ from those of the free-flight aircraft. The magnitude and nature of these inter- 
ference effects is a function of the support systems design and size relative to the model, the geometric 
modifications to the model, the wind tunnel test conditions, and the specific model configuration. 
The only support system capable of giving completely interference-free data would be one of the force field 
type such as the magnetic model support system. In the United States, work of this concept has been perfor- 
med at the Massachusetts Institute of Technology (67), the University of Virginia, and the Arnold Enginee- 
ring Development Center. The tunnels using magnetic model supports are relatively small, and are used mostly 
for fundamental research programs. The direct application of magnetic model suppott technology to large sca- 
le deyelopment tunnels has not yet proved feasible, but such an approach could theoretically eliminate the 
support interference problem, 
In the classical case of geometrically similar shapes of different scale, a matching of Reynolds number and 
Mach number will result in proportionate scaling of flows about the shapes and corresponding duplication of 
the aerodynamic forces and moments coefficients. In the practical case, however, Reynolds number matching 
of flight conditions in existing wind tunnels is unattainable for a large class of airplanes of present and 
future interest. To cope with this problem, the aerodynamicists must devise means of simulating the effects 
Of flight Reynolds number and methods for accurate extrapolation of wind tunnel test results to flight con- 
ditions, 
Because of the current lack of facilities to provide flight Reynolds numbers recent emphasis has been on 
trying to artificially achieve correct flow simulation on models in wind tunnels using the present state- 
of-the-art techniques to account for Reynolds number effects. The customary approach is to fix boundary 
layer transition on the model, particularly winged configurations, near the leading edge where it would 
Occur naturally on the airplane in flight. By this procedure, laminar separation (aft to the fixed transi- 
tion3 unrepresentative of flight conditions is avoided. 

One rational approach to develop a wind tunnel test technique for simulating full-scale flows over airfoils 
with shock-induced separations is based on experimentation at the Langley Research Center and is reported 
in Ref.20. This technique involves locating the boundary-layer trip aft bf the leading edge at such a posi- 
tion, that, at the wind tunnel test conditiods. the resulting turbulent-boundary-layer thickness at the trai- 
ling edge is similar to that which would be experienced at flight conditions. 
The investigation was conduced using a two-dimensional model spanning the wind tunnel test section. 
There is an effort underway at the Arnold Engineering Development Center to develop techniques for simula- 
ting the flow over sensitive airfoils such as that used on the C-141. In addition, efforts are currently 
underway at the Langley Research Center to apply the technique of Ref.20 to three-dimensional swept wings, 
although only limited success has been achieved to date. Another approach being investigated at the Ames 
Research Center, in cooperation with the Air Force Flight Dynamics Laboratory and the Lockheed-Georgia Com- 
pany, involves the use of a large swept constant-chord wing-panel model of a C-141 wing section. The objecti- 
Ye of this approach, which has not yet proved successful because of model and support interference effects, 
is to determine the effect of Reynolds number, up to approximate flight values, on the two-dimensional cha- 
racteristics of swept wing sections subject to shock-induced aeparation. 

at the AEDC indicates - 
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4. GENERAL DISCUSSION AND CONCLUSIONS 

A number of topics have been examined by the Commitee in the plenary discussion held in Florence (Italy) 
and the different opinions have been compared. The field of interest of the original AGARD Questionnaire 
has been somewhat broadened; extended discussions led to the observations and recommendations contained 
in the second part of the Final Report prepared by the Chairman of the Ad Hoc Committee Pr0f.A. Ferri. 
The main topics on which some general agreement was reached, are: 1) Better Criteria for Blockages 2) Avai- 
lability of reliable experimental data for tunnel calibration 3) Theoretical investigation of wall inter- 
ference 4) Reynolds number effect 5) Turbulence effects. 
1) All the experimenters who have not carried out extensive wall interference tests on their tunnels (very 
often in the more important facilities there is little time available to improve test techniques) try to mi- 
nimize the model blockage rat60 deftned as the ratio of the maximum cross sectional area of the model to the 
tunnel test section cross sectional area. The generally accepted maximum value of the blockage ratio is a- 
bout lX, within this maximum it is common for no correction for wall interference to be applied to the ex- 
perimental data. Some tunnels however have established experimentally their own level of interference cor- 
rections by comparative methods. In 3-D tunnels blockages of .5% to 1% generally mean models which span .5 
to . 7  of the tunnel width (depending on the model aspect ratio); at these conditions only a small increase 
of the model size beyond the limiting 1% seems to be possible. On the aontrary in 2-D tunnels it is impor- 
tant to be able to increase the model size to increase Reynolds numbers and to simplify pressure plotting 
techniques. 
If the aboye mentioned blockages are meaningful for models at small angle of attack, they may have no phy- 
sical meaning in the presence of high lift and flow separation; in these cases one should more properly 
refer to lift or to separation blockages. It seems very important to have an experimental way of checking 
if the effective blockage is actually small enough for negligible wall intefference effects. 
A possible and practical diagnostic means could be to monitor pressure at the test section wall during the 
run; practical difficulties may exist for pressure measurement on ventilated walls (especially perforated 
walls), but the method seems to be worth exploring. 
A practical criterion could be the formulation of a unique parameter, which combines solid and wake (or se- 
paration) blockages plus model lift, defining an "effective" blockage (function of wall geometry and test 
conditions); an upper limit of this parameter could then practically ensure wall interference-free data. 
It may prove more difficult (if possible at all) to establish corrections to other widd tunnel data as a 
function of this one unique parameter. 
2) A need for reliable intcrference-free data is strongly felt both for 2-D and for 3-D models in transonic 
wind tunnel calibration. Common practice is to extrapolate wind tunnel data taken at different blockage ra- 
tios, down to zero blockage conditions. This implies a large number of tests in different wind tunnels (or 
preferably in the same wind tunnel with different models); a number of difficulties still exist for ensu- 
ring the same test conditions (model accuracies, Reynolds number, unit Reynolds number, aeroelastic effects) 
and sometimes the validity of the extrapolation does not hold down to zero blockage. 
An international program is desirable for: the exchange of data, definition of calibration models (similar 
national programs have already been initiated in France and in USA as reported in Section 3), definition 
of the tests and collection of model flight data (interference free); when all these information will be 
available it will be possible to undertake systematic and extensive studies on third generation (variable 
permeability) walls. 
31 Wall interference corrections are available by a linearized hheory and superposktion of image singulari- 
ties for a model with lift. The following points should be considered: first, the theory will not be valid 
approaching Mach number one; second, if the flow distortion is large (because of significant lift or large 
separation3 one cannot expect the linearized theory to hold because of violation of the small perturbation 
assumptions and because of the shape of the vortices generated by 3-D models; third,so called homogeneous 
wall boundary conditions (replacing both slotted and perforated wall) does not seem to hold for highly dis6or- 
ted flows. 
Extensbe discussion was made on two possible lines of research to improve the present situation of the wall 
interference; 1) studying variable porosity wall from both a theoretical and an experimental point of view 
as a possible method of reducing the wall interferences, 2) considering well-defined and simple boundary con- 
ditions (open jet and closed wall wind tunnel) which are amenable to more reliable analysis dor furnishing 
wall interference data corrections. 
The first approach deals with very complex boundary conditions which should minimize the wall interferences; 
however these conditions further complicate the analytical treatment of the problem.The second approach,on 
the opposite tries to deal with simpler baundary conditions, involving larger wall interference, which how- 
eyer could be more easily computed by theoretical analysis. 

41 The problem of the Reynolds number effect and its simulation in wind tunnels is very important and justi- 
fies very extensive research efforts. Artificial transition and devices for tripping boundary layer transi- 
tion,turbulent boundary layer separation and its influence on shock wave locations and unit Reynolds number 
effects are all problems which can invalidate wind tunnel tests, if not properly accnunted for. The C-141 
airplane wind tunnel test data in the low transonic regime was cited as an example where artificial boundary 
layer tripping in the wind tunnel, at Reynolds numbers lower than free flight, caused a turbulent boundary 
layer separation, adthe shock,at a point forward of where it would naturally occur in free flight. This 
gave a consequent change in the centre of lift which had an important effect on airplane trimming and air 
loads. 
The need exists to investigate models (particularly 2-D models) in very large, high pressure facilities in 
order to survey the entire spectrum of Reynolds number effects and to establish criteria for the Reynolds 
number simulation in transonic wind tunnels. 
5) The effect of tunnel turbulence has been examined and discussed. Contributions presented showed that in 
general yery little is known of this item. 
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Even if there seems to be a general agreement that the tunnel turbulence length scale and magnitude may 
have relevant effects on the experimental data of the models, not very much has been done at present. 
Generally the turbulence characteristics of the facilities have not been analyzed and it is not clear how 

stematic study of how different types of turbulence can affect transonic wind tunnel data; tests are to be 
devised at different turbulence scales in the same facility but at the same time there appears to be an urgent 
need for an extensive collection of data on this subject. 
It would be advisable that the turbulence characteristics of the tunnel should be measured and provided to- 
gether with all sets of experimental data. 

I the turbulence is affected by the geometry of the wind tunnels. It would be very interesting to make a sy- 
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