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INTRODUCnON 

by 

Antonio Fcrri 

The determination of engine inlet, and nozzle performance at tranaonic speed is one of the most difficult ex- 
perimental taaki encountered by aerodynamicist«. The characterittict of the engine installation (inlet and nozzle) 
depend on an interaction of the engine flow and the external flow. The presaure rise near the trailing edge of the 
nozzle can produos local boundary layer aapantion. The local separation depends substantially on the properties of 
the internal flow field, the external surface flow field and their interaction in the plume downstream of the nozzle. 
The problem becomes more complex in three-dimensional flow when the separation is not uniformly distributed and 
die flow is extremely sensitive to small variations of pressure distribution and cross flow pressure gradients.  Du- 
plication in small seal«; experiments of all the important parameten involved in the problem is practically impossible, 
since it would require representation of the actual boundary layer in the external flow, as well as accurate geometrical 
and aerodynamic model simulation. In addition, it would require exact simulation of the internal flow, and heat 
transfer from (he engine to the nozzle. This cannot be obtained in present experimental facilities: At transonic 
conditions small variations of the initial flow properties approaching the boattail can produce significant effects that 
are difficult to predict and evaluate. 

In addition to difficulties of accurate simulation are all the difficulties related to transonic testing techniques. 
The presence of a model mounting system, proximity of the tunnel walls, the method and amount of flow removal 
at the walls, and slight variations in tunnel conditions can produce significant effects on the external flow over the 
boattail. The importance of such effects is well appreciated by the experimenters; however, a detailed evaluation 
of their influence on the experimental results does not exist. A detailed evaluation of such influences can be performed 
only by means of a program involving large scale research facilities, substantial time and funds, beyond those usually 
available to the experimental groups Involved in this type of research. 

In view of the importance and wide interest in the problems of nozzle testing techniques in transonic flow, a 
special effort under an Ad Hoc Group was organized by the Propulsion and Energetics Panel of AGARD in May 
1972, with the support and cooperation of the Fluid Dynamics Panel, directed to two main goals: 

XI)   Development of an international program of research directed to demonstrating the influence of the ex- 
\ perimental apparatus on the results, even for the case' of a relatively simple axially symmetric nozzle boattail. 

(2)   Determination of the importance of the various parameten investigated on the results. 

An important by-product of this effort has been the demonstration of the possibility of performing, through 
AGARD, research efforts in fields where the utilization of different research groups and facilities can be effective in 
solving problem« of common interest which are beyond the resources available to individual research organizations. 

The experiments and analysis reported here have involved the following research groups: 

ONERA - France 

Rolls-Royce Ltd. (Bristol Division) - United Kingdom 

DFVLR and Messerschmitt-Bolkow-Blohm GmbH - Germany 

National Aerospace Lab (NLR)     The Netherlands 

Air Force Flight Dynamics Laboratory, WPAFB, Ohio    USA 

Air Force Arnold Engineering Development Center, Tennessee - USA 

NASA Langley Research Center, Virginia - USA 

Each nation participating in the program has committed a significant effort to the project, generating a large 
body of information which makes it possible to begin to reach an understanding of transonic nozzle flow phenomena 
and test techniques. Many of the nozzle flow parameters were investigated by more than one group in various 
facilities. Thus the results not only provide Insight to the effect of the parameters investigated, they can be used to 
study the effects of the various experimental test techniques used.  Each investigation used one or more of the three 
nozzle designs selected by the group, described In detail In the next section. 

Each of the nozzles has a circular body upstream of the boattail with a smooth fairing between the forebody 
and aftbody.  All three nozzles have the same area ratio between the cylindrical section and the nozzle exit, but 
differ In the length of the external convergent section; the long nozzle (10° boattail mean chord angle) would be 
expected to minimize flow separation at the end, while the shortest (25° boattail mean chord angle) was selected 
to invite a substantial region of boundary layer separation. 
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The preienution of the results hHWs »port has been organized into two parts. The first part includes a de- 

tailed description of the experimental technique used, of the parameters investigated, and sample d«ta from the tests 
conducted in each facility. This part of the report has been prupared by the research group that performed the ex- 
periments. The second part of the aaport contains a critical analysis of the effects of the various parameters in- 
vestigated, utilizing all the data available on a particular parameter from the entire study.  Included as a subsection 
is a di&cusüpn of the effects of the experimental techniques on the nozzle external flow.  It discusses the effects of 
the correct representation of the forebody configuration on the boattail flow, and presents a detailed comparison and 
analysis of results obtained under supposedly equivalent conditions by different investigators to give insight to the 
effects that varying test techniques and wind tunnel/model interaction can have on the results. 

As will be discussed in mote detail in the text of this repor. and in the conclusions, the efforts presented here 
should be considered only as the first step of an overall investigation.  It is strongly recommended that AGARD find 
an organizational structure to continue and expand this investigation. 

It can be of interest to note that the total experimental effort, which includes several large scale programs, has 
been obtained at a small fraction of the total cost to each single nation, and has been organized without additional 
funds requested specifically for this effort. The work performed has been obtained mainly by modifying already 
planned and authorized programs. 
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ETUDE EXPERIMENTALE DE LA TUYERE ETALON AGARD "15°" 
EN ECOULEMENTS SUBSONIQUE ET TRANSSONIQUE 

ptr 

B.Mechin 
Office National d'Etudes et de Recherches Aerospatiales 

Direction de l'Aerodynamique 
29, Avenue de la Division Ledere, 92320 Chätillon 

(Onera Rapport Technique No 26/2621 AN) 

IKTRODUCriiON 

Parmi les 3 tuydres £talon proposees par le "Groupe d'Etudes sur les techniques d'essai d'arrMre-corps en 
äcoulement transsonique", l'ONERA n'a retenu que la configuration dite "15°" et a röalisi avec cette tuyire un 
programme d'essais permettant d'ltudier l'influence des divers paramitres : obstruction de la veine d'essais, nature 
de la couchr limite (naturelle ou souffKe), taux de detente, nombre de Mach de l'^coulement extdrieur.   Les 
principaux r&ultats obtenus concernent les performances (coefficients de pouss^e) de cette tuydre au point fixe et 
avec &oulemert externe, la caractfrisation du flux interne (sondages en pression statique, pression et temperature 
totales) et les röfwrtitions de pression statique ä la surface exttfrieur de la tuyere. 

Ce document rassemble done : 

la descriptioii de l'installation d'essai utilisde. 

la definition du montage d'essai U'arriere-eorps. 

-     les rdsultats des essais effectuös dans le cadre de cette etude. 

NOTATIONS 

Mo =  Mach dit "infini amont" de I'dcoulement dans la veine 

Mp =   Mach local 

Pi =  pression generatrice moyenne de l'ecoulement interne determine ä partir du dibit, de la temperature 
generatrice moyenne au col. et de l'aire critique Aj* 

Pj = pression generatrice locale de recoupment interne mesurie par une sende Pitot 

P, = pression generatrice Ju jet de soufflage de couche limite 

p = pression statique 

Po = pression statique dans la veine 

Tji = temperature generatrice mesuree par l'anneau de thermocouples en amont de la töle perforee. 

Tj2 = temperature generatrice en aval de la grille calculde ä partir de Pj et Tj| par un effet de Joule-Thomson. 

Tj = temperature generatrice locale mesuree par la sende thermocouple 

Am = aire de la section du mattre couple 

Aj = aire geemetrkjue du col de la tuyere 

Aj* = aire critique de I'ecoulement au plan de sortie (au col de la tuyere) 

CD = coefficient de debit CD = Aj/Aj* 

P-Po 
Kp =   coefficient de pression Kp  = 

jPoMg 
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Dp =  trainee de pression Dp  = /      Kp dA 

Dpi        ■   tralnde de frottemrnt 

COP = coeffident de trainee CDP  = Dp/—p0 MJ Am 

^GA i       = pouss^e absolue de I'tcoulement interne (dynalpie de sortie) 

^TAJ       != coefficient de poussie absolue interne KTAj   = Xc^/PiAj* 

PgAi 
= coefficient de poussie interne Kxi     =  KTA. —  L 

PoAj 
Nn =  coemcieni ae poussee inieine Kn     =   NTA   —  ' 

'        PAi* j  j 

K'T =  coefficient de poussee sans frottement K'T   = KTi  _ D /PA * 

KT =  coefficient de poussie KT   = K'T   - Dm /PiAj* 

1.    MONTAGE D'ESSAIS D'ARRIERE-CORPS 

1.1 Caracttostiqucs g^n^rales de la soufflerie S3 Ch (CHALAIS-MEUDON) 

Le schema general de la soufflerie est donn£ sur la Planche I ; les caracteristiques essentielles en sont Its 
suivantes : 

- Le domaine de nombre de Mach est compris entre M0 = 0,1 et Mo = 0,95 en fonctionnement continu 
(avec reprise de veine No.2) et s'gtendjusqu'a M0 = 1,10 (avec reprise de veine No.I) en fonctionnement 
par rafales de 1 minute. 

La pression g{n£ratrice est voisine de la pression atmosphtoque. 

- La temperature g£n£ratrice est croissante en fonction du nombre de Mach depuis la temperature ambiante 
jusqu'ä 340oK. 

- Le nombre de Reynolds rapporte au maitre couple de la maquette (0 80) varie de 
0.88 x 10* ä Mo =0.60 

i 
1.01 x I06 äM0 =0.95 

- line section quasi-octogonale de 0,66 m2   (diametre du cercle circonscrit = 1 metre), 

Une longueur totale de   1,75 m ; la longueur utile correspond aux dimensions des hublots : 0,60 m, 

Des parois haute et basse legerement divergentes (0,5°) et perforees (permeabilite 24%). 

- Des parois laterales pleines et paralleles (hublots) 

- Le lombre de Mach dans la veine est calcule a partir du rapport de la pression  p0   , pression statique 
mesuree dans les "plenum chamber", a la pression gen^ratrice  pj0   mesuree par 3 tubes Pitot dans la 
chambre de tranquillisation. 

1.2 Montage de base (Planches 1 et 2) 

Le montage d'essais d'arriere-corps utilise depuis plusieurs annees a ete ccmgu si:r le principe du dard amont, 
oü la maquette a etudier est fixee a I'aval d'une canne axiale (dard "mont) qui sert a anener les flux d'air comprime 
et les tubes de mesure des pressions. 

La balance utilisle est une balance a une composante (poussee axiale) et comporte un barreau dynamometrique 
equips de jauges de contrainte. 

La canne est solidaire d'un ensemble balance-bloc d'alimentation des flux situe dans le collecteur de la 
soufflerie. 

Cet ensemble est carene par un capotage cylindrique de revolution (diametre 372 mm) comportant une ogive 
a l'amont et se raccordant au dard portemaquelle par un cöne de revolution. 

L'alimentation de la balance se fait perpendiculairement a Taxe, la liaison entre partie pesee et partie non pesee 
etant assume par des membranes en caoutchouc (Planche 2). 

I^^JU'..■-■.-=•---.>::... ^.■^.--^■■■■■- 
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L'enwmble ett dispose dans la soufflerie par TintennMiare : 

- d'une contre-fiche axiale prenant appui aur le filtre situ* en amont de la chambre de tranqutllisation, 

d'un systdtne de haubans profiMi accrochts sur le collecteur de la soufflerie, 

d'un mat vertical profiW comprenant les canalisations d'air comprim6 et autres liaisons de servitudes, et 
dispose ä l'entrte du collecteur. 

1.3 Dispositif de soufflage tangentiel de la couche-limite 

Le diveloppement de la couche limite naturelle le long de la canne conduit ä des 6paisseun caractöristiques de 
couche limite gtairalement trop importantes par rapport au cas de l'avion en vol.  Afin de reduire cette couche 
limite, un dispositif de soufflage tangentiel sur la canne a itt amtaagi. 

Le dispositif est reprfeentj sur la Planche 3.  La fente de soufflage est situie ä 5 diametres (400 mm) en amont 
du plan de joint "maquette". La premiire partie de la canne, en amont de la fente a un diam&re de 84 mm et la 
seconde partie, en aval, de 80 mm ce qui donne une öpaisseur de sortie de fente de 1,8 mm compte-tenu de 
l'ipaisseur de bord de fuite de 0,2 mm. 

1.4 Banc de striction 

Cette installation annexe permet d'ivaluer I'aire critique d'une tuyere aliment£e par un icoulement permanent de 
conditions generatrices uniformes 

1.5 Moyens de mesure 

Toutes les mesures sont effectu&s a l'aide de capteurs produisant un signal ilectrique : 

Pressions : capteurs ä jauges 

Temperatures : thermocouples Chromel-Alumel 

- Efforts : barreau dynamometrique a jauges de contrainte. 

Les signaux eiectriques sont acquis et traites par la chaine automatique de la soufflerie.   Les mesures sortent 
sous forme de ruban perform qui peut etre dlpouilie en temps differe court par le Centre de Calcul de l'ONERA. 

2.    DESCRIPTION DE LA TUYERE ETALON AGARD - 15° 

2.1 Caracteristiques gtfntoles 

La tuyere etalon definie par I'AGARD est une tuyere monoflux, a convergent tronconique de demi-angle 7° et 
dont le profil exterieur est donne par points.  Parmi les 3 tuyeres proposees, seule la tuyere dont la longueur du 
retreint est equivalente est celle d'un cöne de demi-angle au sommet de 15°, a ete retenue, les deux autres ayant 
respectivement des angles de 10° et 25°. 

Le maitre couple de base choisi pour les essais a l'ONERA est de 80 mm ce qui correspond a une obstruction 
gtometrique globale de 0,75 % Pour repondre aux besoins du programme d'essais envisage, un certain nombre de 
maquettes ont ete ^tudiees et fabriquees par les soins de l'ONERA. 

2.2 Maquette "Point fixe" AGARD PF 80 (Planche 4, 

Cette maquette ne reproduit que la geometric interne et permet : 

de determiner, au banc de striction en fonction du taux de detente, 1 aire critique d'ejection qui determine 
le coefficient de debit  CD . 

de determiner les performances au point fixe (M0 = O) de la tuyere. 

de sonder I'ecoulement interne. 
(a) en pression et temperature totales (P, T) a l'aide de sonde interchangeables (sonde Pitot ou sonde 

thermocouple) montees sur un explorateur situe a l'exterieur de la maquette. 

(b) en pression statique ä la paroi, en l'absence du dispositif de sondage precedent. 

2.3 Maquette 0 80 pour sondage de la couche limite : AGARD AV-CL80 

Representee sur la Planche 5, cette maquette dispose d'un explorateur de couche limite permettant de si nder 
la couche limite a 7 mm en aval du plan de joint.   Son profil externe est celui dc la tuyere etalon AGARD.   Un essai 
preiiminaire a permis de verifier que le sondage sur une generatrice n'etait pas affecte par la forme du capotage situe 
sur la generatrice opposee. 
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2.4 Maquette 0 80 AGARD AV-80 MOD (Planches 6 et 7) 

Cette maquette dont les proflls extirieur et intirieur sonf conformes aux tableaux de cotes officiels est ^quipi'e 
de 17 prises de pression statique disposes en hdlice et d'une prise de pression statique interne destinle i caract6riser 
le taux de detente. 

2.5 Macquettes AGARD AV-100 et AGARD AV-120 (Planches 8 et 9) 

Pour completer le programme initialement pr£vu et pour dtudier influence de l'obstruction de la veine, une 
extension du montage ä des diamitres de 100 et 120 mm a iti r^alisöe.  Les maquettes correspondantes AV 100 et 
AV 120, dont le profil extirieur conespond i un tableau de cotes lögirement retouch^ vers I'extrimitd (suppression 
du point d'inflexion du tableau de cotes officiel) sont äquipäes de prises de pressions statiques externes. 

3. ESSAIS 

Les paragraphes suivants d£crivent les essais qui ont iti räalisäs conform^ment au programme itabli au cours des 
reunions pr^paratoires. 

3.1 Contröle de la couche limited par soufflage tangentiel 

Au cours d'une campagne d'essais prtliminaires, une configuration gtam&rique a 6t6 choisie pour le dispositif de 
soufflage.   Le dibit et la pression du jet et de soufflage ont iti choisis de manure i restituer au niveau de la maquette 
un profil de vitesses dans la couche limite aussi regulier que possible. 

3.2 Definition des Bondages de couche limite 

Ces sondages sont effectu^s : 

- ä 7 mm en aval du plan de joint soil 0.276 D en amont du plan de sortie 

- selon les 4 orientations ^  = 0° , 90° , 180° , 270° 

- avec et sans soufflage tangentiel. 

3.3 Programme des essais au banc de striction 

Ces essais conduisent I la determination de faire sonique aerodynamique  Aj* et du coefficient de dibit  CD 

de la tuyere AV-80 MOD.   Le taux de detente Pj/po   a vari£ de 1,15 ä 5,0. 

3.4 Sondages en pression et temperature de I'dcoulement interne 

Ces sondages ont 6U realises avec la maquette PF-80 pour des taux de detente de 1,50 ä 4,07.  Its ont pour 
objet de pr^ciser la distorsion en pression et en temperature totales du flux interne ainsi que la repartition de pression 
statique a la paroi interne de la tuyere en l'absence du dispositif interne de sondage. 

3.5 Programme des essais 

- A Mach nul, l'essai de la tuyere PF 80 a permis la determination du coefficient de poussee absolue interne 
KTAj . 

- Chacune des tuyeres AV-80 MOD, AV-100 et AV-120 a ete essay ee pour des nombres de Mach de 0.60, 
0.80, 0.85, 0.90 et 0.95 et pour des taux de detente variant de 1 (pas de jet interne) ä 5. 

Seule la tuyere AV-80 MOD a ete essayee avec et sans soufflage tangentiel.  Sur toutes les maquettes, les 
pressions statiques externes ont ete relevees.  Pour la maquette AV-80 MOD, l'effort axial (poussee) a ete mesure 
pour chaque point d'essai. 

4. RESULTATS 

4.1   Profils de couche-limite 

Les profils de couche-limite obtenus avec et sans soufflage tangentiel sont representes de la Planche 10 ä la 
Planche 13. 

Les sondages effectues sans soufflage sur les quatre generatrices de la maquette montrent une dissymetrie de la 
couchc limite qui n'est pas resorbee par le soufflage. 

A- ■r-,»,K^..^..,.-;...,..BJ|'.fty^fri1||.|^  .. ..■^:.^...■,-......■, ...    .i,I-iJL>ijtt.yii__.tti1lrfatMi^i-. 



I-AS 

4.2 Strictfon 

Sur la planche 14 tont nptttentte» let variation« de I'aire sonique airodynamique AJ* et du coefficient de dibit 
CD  de la tuyire AGARD 15° - AV 80 MOD. Le taux de detente de blocage cst alon ditermini par la valeur A 
partir de laquelle Tain AJ* devient conttante quel que wit le taux de detente. 

4.3 Distonlont de I'teouleinent Interne 

Lea traces de» sondagei de preaaion et temperature totales du flux interne, sur les figures IS et 16 ddterminent 
la valeur des coefficients de distorsion en pressiun. 

_     _   'iMAX   -  PiMtl 
Tp   -   <3% 

en temperature 

PJ 

„.     _   TiMAX   -   riMW 
Tf =   <0,4% 

Tj2 

4.4 Pmaions statiques internes 

La repartition de pression statique i la paroi interne de la tuyere, rapportee i Pi , est donnde sur la figure 17 
pour des taux de detente allant de 1,5 d 4,0. Elle est eialement graduee en nombre de Mach local M|   . 

4.5 hessions statiques externes 

Les repartitions du coefficient de pression  Kp  sur leü differentes tuyeres sent montrees sur les figures 18 ä 27 
pour la tuyere AV-80 MOO (avec et sans soufflage), 28 i 32 pour la tuyere AV-100 et 33 i 37 pour la tuyere AV-120. 

Ces repartitions mettent en evidence le choc et le decollement de couche limite qui s'ensuit i {'extr^mite du 
retreint. 

La graduation en nombre de Mach local Mj permet de localiser les zones d'ecoulement supersonique a partir 
de M0 = 0.85  . 

line comparaison des coefficients de pression pour les tuyeres AV-80 MOD, AV-100 et AV-120 est montrle sur 
les figures 38 ä 40. 

De legeres differences apparaissent au niveau du choc, mais le nombre de prises de pression dans cette region 
est insuffisant pour preciser les phenomines. 

4.6 Coefficient de trainee de pression 

Obtenu par integration du coefficient de pression Kp  sur le retreint, ce coefficient est represente, en fonction 
du taux de detente Pj/p0 , sur la figure 41 pour les nomores de Mach 0.80. 0.90 et 0.95.A M0 = 0.80, la soufflage 
de couche limite n'a pratiquement pas d'influence, tandis qu'a  M0 = 0.95  la trainee de pression est sensiblement 
augmentee. 

L'accroissement de la trainee de pression avec le nombre de Mach resulte principalement de I'extension d'un 
decollement sur le retreint. 

L'evolution de Tecoulement est decrite de fapon plus approfondie reference I. 

4.7 Performances de la tayin AV-80 MOD 

Les performances de la tuyere AV-80 MOD sont concretisees par les coefficients de poussee suivants : 

(a)   Le coefficient de poussee absolue interne KTAJ , defini par le rapport de la poussee absolue interne X(;A. 
k la grandeur P; Aj* .   Les variations de ce coefficient en fonction du taux de detente sont representees 
sur la planche 42.  Ce coefficient est constant des que le taux de detente de blocage est atteint 
(Pj/Po = 2.2) .   Sa valeur mesuree, au blocage,  KTAJ = 1.2724 est trts proche de la valuer theorique 
KTAJ = 1,2740 determinee avec la methode exposee rtf 2. 

(b)   Le coefficient de poussee interne  KTJ , qui represente le precedent exprime en pressions relatives 

PQAJ 
KTi = KTA' " RÄT 
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(c)   Le coefficient de pouule sans frottement K'T  obtenu en soustrayant de la poussle interne la trainee de 
preision du retreint,  Dp 

T    ~~      TI   — 
PJV 

(d)   Le coefficient de poussle KT  diduit globalement de la pesde, et qui reprtsente la poussie nettc, pouss^e 
interne diminufe des trainees de pression Dp  et de frottement DFR   de rarri&re-corps. 

Les variations de ces coefficients en fonction du taux de ddtente et pour les nombres de Mach M0   = 0.60, 
0.80, 0.90 et 0.95 sont reprtsenttSes sur les planches 43 ä 46. 

DpR 
En fait, les valeurs de  miscs ainsi en Evidence par des differences ne sont pas trts pricises en valeurs 

PjAj* 
relatives, <tant donni leur faible niveau, et Timpricision sur les valeurs de  D.  notamment, obtenues par integration 
i partir d'un nombre rdtreint de prises de pression. 

5. CONCLUSION 

Un ensemble de mesures concemant la tuyere italon AGARD dite "15°" a 6t6 präsente :  sondages en pression 
et temperature de l'ecoulement interne, coefficient de striction de la tuyore, repartitions des pressions externes pour 
deux valeurs de l'epaisseur initiale de la couche limite, trainees depression du retreint, poussdes du jet et poussees 
nettes. 

Les resultats de ces mesures pourront etre compares ä ceux obtenus sur la meme maquette dans d'autres 
souffleries, dans le cadre de l'etude de validite des essais d'arriere-corps organisee par 1'AGARD. 
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DESCRIPTION OF TESTS CARRIED OUT AT ROLLS-ROYCE (1971) LTD 
BRISTOL ENGINE DIVISION 

by 

LR.Harper 

SUMMARY 

Three nozzle afterbody models were tested in the Rolls-Royce (1971) Ltd.  Transonic 
Wind Tunnel at Bristol using a model support sting which provided means for boundary 
layer thickness variation by blowing. 

The tests covered the Mach number range 0.75 to 0.95 and nozzle pressure ratios were 
in the range 1.7 to 4.7:1. 

The model surface static pressure distributions were measured and integrated to obtain 
pressure drag coefficients.  Measurements are also presented of model internal pressures, 
boundary layer profiles and tunnel wall static pressure distributions. 

LIST OF SYMBOLS 

s boattail pressure drag coefficient 

Cp pressure coefficient,  

Dm« model maximum diameter 

db diameter at end of boattail 

de nozzle exit diameter 

/ length of boattail 

MQ tunnel free stream Mach number 

PB blowing slot delivery pressure 

PJ nozzle total pressure 

Pp jet pipe local total pressure 

\ jet pipe centre-line total pressure 

Pa ambient pressure 

PJL jet pipe static pressure 

PTS tunnel reference static pressure 

u velocity 

u. free stream velocity 

X axial distance, measured from nozzle exit plane 

xT axial location of jet pipe static tapping 

*ß afterbody axial coordinate 

Vif radial location of jet pipe pitot probe 

n afterbody radial coordinate 

VBL height in boundary layer from model surface 

I ■ —.l'..-jll.-.f.t, 
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ß botttail final angle 

<aM        height in boundary layer where u/u«. = 0.95 

d boattail chord angle 

1. INTRODUCTION 

As part of the AGARD coordinated investigation into improved Nozzle Testing Techniques thre-; afterbody 
models of the agreed geometries were tested at Bristol towards the end of 1973. This work was funded by a United 
Kingdom Ministry of Defence research contract. 

A major objective of these tests was to examine the way in which afterbody pressure distribution and pressure 
drag varied with boundary layer thickness.  In this facility, as in many others, the boundary layer on the model is 
two to three times as thick as the equivalent flight value. Techniques are available for thinning the boundary layer 
but they involve a substantial increase in the complexity of the model support system and so would only be used if 
a clear need was demonstrated. In these tests measurements were made both with a thick "natural" sting boundary 
layer and with a thinner layer, similar to the flight value, obtained by blowing. 

2. TEST FACILITY 

The tests were carried out in the open circuit ejector driven wind tunnel at Rolls-Royce (1971) Ltd,. Bristol 
Engine Division. The working section is octagonal (534 mm across the flats) with slotted walls as illustrated in 
Figure 1.  The slot geometry is based on Shape 11 of Reference 1, and the porosity is approximately 11%. 

The model was mounted on a circular sting of 101.6 mm diameter, giving a geometric blockage of 3.4%. The 
sting was supported in an air bearing located ahead of the entry plane of the tunnel bellmouth. Air bearing and 
nozzle airflows were supplied perpendicularly to the sting axis through the air bearing support legs. The general 
arrangement of the model support sting is sketched in Figure 2. 

Model boundary layer thickness reduction was achieved by blowing high pressure air parallel to the sting 
surface. The blowing slot location and geometry is sketched in Figure 3. 

The nozzle and blowing slot were supplied with dry compressed air at a temperature approximately 30C higher 
than ambient.  The tunnel air flow was induced from the atmosphere and its humidity was therefore variable. 
Condensing water vapour could be seen in the tunnel flow at Mach numbers above about 0.9. 

3. DESCRIPTION OF THE MODELS 

The three afterbody models were fitted to a common nozzle and jet pipe. The internal dimensions of thi nozzle 
are detailed in Figure 4 and the external geometries of the afterbodies are specified in Figure S. 

4. INSTRUMENTATION 

The three afterbodies were each provided with approximately 60 surface pressure tappings distributed axially and 
circumferentially as tabulated in Figure 6. 

Nozzle airflow was measured using a calibrated venturi mounted within the upstream end of the model support 
sting and the jet pipe total pressure was derived from this measured flow and the jet pipe static pressure at the 
datum plane, (xT/Dm = 1.515 , Figure 4) using the geometric area at this plane. 

Internal tappings were provided to measure the jet pipe static pressure distribution and a static test was carried 
out in which a rake of nineteen pitot probes was fitted to measure the jet pipe total pressure profile. The locations 
of these tappings are shown in Figure 4. 

The external boundary layer profile was measured, and the blowing system calibrated, with the afterbody model 
replaced by a cylindrical body fitted with three rakes of nineteen pitots at the model attachment plane (Fig.3). 

Twenty static pressure tappings were distributed along the centre-line of one of the working section wall plates 
at axial locations indicated in Figure 2. 

All pressures were sampled using Scanivalves and recorded automatically. 

if 
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5. TUNNEL MACH NUMBER AND STATIC PRESSURE DISTRIBUTION 

The tunnel air stream total pressure is uniform, out of the wall and sting boundary layers, and equal to the 
ambient pressure ahead of the tunnel bellmouth. The free stream Mach number is calculated from the ratio of this 
total pressure to the tunnel reference static pressure. 

Typical tunnel wall static pressure distributions are plotted in Figure 7. These show that the model afterbody 
flow field caused significant perturbation of the static pressure at the wall near the axial location of the model. 
Therefore the reference static pressure, which is used to calculate Mach number and tgainst which pressure coefficients 
are referred, is taken as the mean of the pressures at tappings numbers 4, S and 6 (at indicated in Figures 2 and 7) 
which are considered to be upstream of the afterbody field but downstream of the imluence of the tunnel entry 
field. 

As part of the tunnel commissioning a calibration of the tunnel was carried out to determine the correct value 
of wall static pressure to use. This calibration was made by determining the drag of a faired body independently by 
a wake traverse and by direct force measurement. These two measurements are each dependent on stream static 
pressure which could therefore be derived by cross plotting. This derived "correct" value of static pressure was then 
compared with the measured wall static pressures to determine which static tappings should be used to define stream 
static pressure in subsequent tests. 

6. TEST RESULTS AND DISCUSSION 

6.1 Boundary Layer Profiles 

A preliminary series of tests was carried out to establish the blowing pressures to provide a thin boundary layer. 
At any Mach number, for a given slot geometry and position, there is a unique blowing pressure which provides a 
minimum thickness boundary layer of realistic profile.   If the slot is blown at too low a pressure the boundary layer 
is inadequately thinned while if the pressure is too high a wall jet type of profile persists at the measurement plane. 
Typical profiles without blowing and at the optimum blowing pressure are shown in Figure 8.  The development of 
the blowing technique has been described in Reference 2 which also contains more comprehensive boundary layer 
profiles. 

Blowing can be seen to have been very effective in re-energising the more significant part of the boundary layer 
near the body surface but a plateau of velocity slightly below the free stream value was left at the top of the layer. 
Since this plateau probably does not greatly influence the flow over the afterbody the boundary layer thickness has 
been referred to the height at which the velocity is 95% of the free stream value. On this basis the thickness, 
6MiIDm , was 0.027 with blowing and 0.10 without blowing. These values are quite representative of typical flight 
and model test conditions respectively. 

6.2 Jet Pipe SUtic and Total Pressure Measurements 

The axial variation of jet pipe static pressure is plotted in Figure 9 and total pressure profiles are plotted in 
Figure 10.  These profiles show a somewhat distorted form as a result of the large amount of diffusion in the delivery 
duct, as sketched in Figure 3. 

6.3 Afterbody Pressure Distribution and Drag 

Representative pressure coefficient distributions for the three geometries at various test conditions are plotted 
in Figures 11 to 14. These distributions have been integrated over the boattail projected area to obtain pressure drag 
coefficients which are plotted as functions of nozzle pressure ratio and Mach number in Figures 15, 16, 17.  Finally 
these plots have been interpolated to give the variation of drag with Mach number at a nozzle pressure ratio of 3.0:1. 
This is plotted for the three afterbodies in Figure 18. 

The significance of these esults is discussed with respect to the influence of model geometry and boundary 
layer thickness in later papers. 

The results of these tests have been presented more completely in Reference 3 and the influence of boundary 
layer thickness has been examined in Reference 4. 

7. CONCLUSIONS 

Three afterbody models corresponding to the AGARD 10°, 15° and 25s geometries have been tested over a 
range of Mach numbers and nozzle pressure ratios in the Rolls-Royce (1972) Ltd. Transonic Wind Tunnel at Bristol. 



Blowing air from a slot on the model support sting upstream of the model attachment plane has proved to be 
a successful technique for reducing the boundary layer on the model to a thickness similar to a typical equivalent 
flight value. 

Reduction of boundary layer thickness has been shown to have a significant effect on afterbody pressure distribu- 
tion and at higher Mach numbers a substantial change of pressure drag results. 
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IBS 

JET PIPE 
RAKE 

YJP/DM 

0.3550 
0.3330 
0.3100 
0.2860 
0.2580 
0.2280 
0.1925 
0.1490 
0.0861 
0 

-0.0861 
-0.1490 
-0.1925 
-0.2280 
-0.2580 
-0.2860 
-0.3100 
-0.3330 
-0.3550 

JET  PIPE STATIC TAPPING  LOCATION 

XT 
j^-ANGLE ORIENTATION ^ DEC 

DM 45 135 180 225 315 

0.435 0 0 0 
0.505 0 0 0 
0.545 0 0 0 
0.635 0 0 0 
0.745 0 0 0 
0.845 0 0 0 
1.025 0 0 0 
1.265 0 0 0 
1.385 0 0 0 
1.515 1 0 1 
1.705 0 0 0 

KEY:   1   = TAPPING;   0 = NONE 

VIEW ON A 
(LOOKING 

FORWARD) 

Fig.4    Nozzle and jet pipe dimensions.and instrumentation 
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CONFIGURATION 1  , /UWP   10" 

^M th */* ty^M ^h V^ 
0 0.20750 0.60 0.39625 1.20 0.48005 
0.05 0.22440 0.65 0.40503 1.25 0.48495 
0.10 0.24520 0.70 0.41323 1.30 0.48902 
0.15 0.26640 0.75 0.42109 1.35 0.49209 
0.20 0.28622 0.80 0.42867 1.40 0.49433 
0.25 0.30446 0.85 0.43 594 1.45 0.49596 
0.30 0.32127 0.90 0.44301 1.50 0.49722 
0.35 0.33671 0.95 0.44985 1.55 0.49821 
0.40 ü.35111 1.00 0.45647 1.60 0.49897 
0.45 0.36405 1.05 0.46283 1.65 0.49950 
0.50 0.37585 1.10 0.46889 1.70 0.49984 
0.55 0.38656 1.15 0.47465 1.775 0.50000 

CONFIGU] RATION 2 , (\Q(\IP   IS* 

0 0.20750 0.40 0.36311 0.80 0.46956 
0.05 0.22450 0.45 0.37985 0.85 0.47875 
0.10 0.24568 0.50 0.39574 0.90 0.48634 
0.15 0.26783 0.55 0.41072 0.95 0.49267 
0.20 0.28881 0.60 0.42473 1.00 0.49756 
0.25 0.110846 0.65 0.43761 1.05 0.49966 
0.30 0.32737 0.70 0.44906 1.15 0.50000 
0.35 0.34559 0.75 0.45958 

C0NFIGU1 RATION 3,   / UASp 1$° 

0 0.20750 0.25 0.32400 0.50 0.44818 
0.05 0.23080 0.30 0.34741 0.55 0.47358 
0.10 0.25410 0.35 0.37169 0.60 0.49269 
0.15 0.27740 0.40 0.39688 0.65 0.49981 
0.20 0.30070 0.45 0.42247 0.725 0.50000 

[                                           GEOMETI ?IC PARAMETERS                                                          | 

CONFIGURATION VDM de/DM dß/DM P,   DEC. £ ,   DEC 
1 
2 
3 

1.775 
1.150 
0.725 

0.407 
0.407 
0.407 

0.415 
0.415 
0.415 

9.4 
14.3 
22.0 

18.7 
18.7 
25.0 

Fig.5    Afterbody ordinates 
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Uk 1                         r   •» Anole Orientation ^ Deg.                         | 

1       0 !   45 1      90 1      135 1        180 !      270     1 

1    .035 1    1  2 3 | 1 2 3 I   1   2  3 1   1   2  3 j     12 3 1  2  3   1 

! •075 112 3 I    1   2  3 I     12 3 1    1  2 3   | 

[    .135 !    1   2  3 1  1 2 3 
12  3 |    1   2 3 1  2 3 |    1 2  3   1 

1    .195 12   3 
T 

12  3 12 3 1     1  2 3   1 
1     .285 12   3 1     12  3 12  3 j     1   2   3 12  3 1     1  2  3  1 
i    .395 12  3 1   2   3 1  2  3 1     1  2   3  1 
|     .505 12   3 12   3 12 3 12   3 

.550 3 3 3 3  1 

i     •575 3 3 3 3 3 3  1 

1    .600 3 3 3 3 3 3 

i     .625    i 1   2  3   1 12  3 12  3 12   3 12 3 12  3 

.725 1   2   3   1 12  3 3 12  3 12   3| 

.825 12   3| 1  2  3   | 

.995   1 1   2         j 1  2        j 

1.175 1   2 1   2         | 1  2       j 1  2       j 

1.425   1 1   2        ] 1   2       | 

1.805   | 1              | 1 1 1 

Fig.6   Afterbody surface static tapping locations. The numbers 1,2,3, refer to the three afterbodies, as 
specified in Figure S, and signify that a tapping is fitted to the afterbody indicated at 

the particular location 
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Fig. 18    Variation of pressure drag with boundary layer thickness  PJ/PTS =3.0 
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AN EXPERIMENTAL STUDY OF THE INFLUENCE OF THE JET PARAMETERS ON THE 
AFTERBODY DRAG OF A JET ENGINE NACELLE SCALE MODEL 

by 

H.Dissen, A.Zacharias 
DFVLR-Institut für Antriebssysteme, Braunschweig, Flughafen 

SUMMARY 

Numerous experimental tests with an engine nacelle scale model were made to in- 
vestigate the influence of engine jet parameters on the pressure distribution of the engine 
nacelle and therefore on the boattail pressure drag.  Regarding the planned flight tests on 
the HFB 320 Hansa Jet at the end of 1975, the experimental work was done with a model 
of the GE CJ 610 engine nozzle, including its nacelle. The influence of jet pressure ratio 
and jet temperature on the boattail pressure distribution at different flight Mach numbers 
are shown. The effect of boundary layer control and the influence of changing the internal 
nozzle geometry on the pressure drag is also investigated. 

SYMBOLS 

A area, m2 

AMAX maximum cross-sectional area of model, mJ 

CDp pressure drag coefficient, Dp/(q. 'AMAX) 

Cp pressure coefficient, (p-p. )lqm 

Cp specific heat at constant pressure, kJ/kgK 

Dp pressure drag, N 

L length,  m 

M Mach number 

m massflow,  kg/s 

p pressure,  N/mJ 

q dynamic pressure,  N/m2 

R gas constant, kJ/kgK 

Re Reynolds number 

ReDMAX   free stream Reynolds number based on maximum model diameter 

r radial distance from model center line, m 

r* recovery factor (specially determined for the used thermocouples) 

t temperature "C 

T temperature,  K 

U velocity in x-direction,  m/s 

x axial coordinate 

y radial coordinate 

ß afterbody boattail angle 

K ratio of specific heats 

p density, kg/m3 
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NPR nozzle pressure ratio, NPR ■ Ptilpm 

comFressibility factor,  (Pt/p,-l) / ((Pt/Pt) («~«)/«-!) 

Subscripts 

B.L. boundary layer 

e exit 

j jet 

M measuring 

MAX maximum 

s static 

t total 

oo free streain 

1.    EXPERIMENTAL TEST SETUP 

1.1   Wind Tunnel 

The arrangement of the wind tunnel is shown in Figure I. The test facility consists of 4 elements: 

• the turbojet engine J6S, which is only shown with its bellmouth, 

• the transition unit between the test section and the jet engine inlet, 

• the test section with air inlet and rake displacement device and 

• the model support unit including the hot gas generator. 

The engine massflow of the J6S turbojet was directly used to simulate the flight velocity by sucking the air 
from the surrounding atmosphere through the test section and transition unit into the engine inlet. Flight Mach 
number can be changed by controlling the engine speed. The model is coaxially situated in the test section. 

The turbojet engine J6S (1) has a 13-stage axial flow compressor with a pressure ratio of about 6.4.  The maxi- 
mum engine speed is 8,300 revolutions per minute (RPM) and the engine airflow is 52 kg/s.  The test section was 
built corresponding to these data. 

The transition unit (2) consists in its first version of two cylindrical steel pipes one fitted into the other, of 
795 mm diameter.   In order to simulate higher Mach numbers a modified version of this stage is planned and will 
be built as a conical diffuser to reduce total pressure loss. 

The test section (3) is cylindrical with 505 mm diameter, and has a length of 2,000 mm.  In a slot on the 
bottom side of the test section the rake (5) for measuring the total pressure and temperature distribution of the jet 
and the freestream velocity profile can be displaced downstream in an axial direction.   The rake (6) for determining 
the boundary layer profile is also installed in the test section.  The static pressure distribution can be measured by 
several static pressure probes placed in 6 areas on the wall of the test section (Fig.2).  The area blockage due to the 
model is about 4%. 

1.2. Model 

The model, which is not insulated, is in its internal and external geometry a 1/7.3 scale model of the HFB 320 
CJ 610 jet engine nacelle.  At its maximum diameter a slot for blowing air is fitted to the model to influence the 
boundary layer (Fig.3). The model consists of two halfshells and incorporates 28 static taps and 10 thermocouples. 
The model contour is described in Figure 4. The model is flanged to a cylindrical pipe connecting the model with the 
hot gas generator. This hot gas generator heats up compressed air in a combustion chamber and is installed on a 
movable lifting device.  This makes it possible to position the model in the desired place of the test section (Fig. 1(4)). 
The connecting pipe consists of two coaxial arranged pipes, the internal one for the hot gas, the outer one to supply 
air to the slots for bi undary layer control. 

1.3   Instrumentation 

The ordinates describing the static taps and the position of the thermocouples on the nacelle are listed on 

j:vaA^t*ÄJWhAval,h»J:,. .    . 



I-C3 

Figure 4. The Jet rake coiuists of 40 pitot probes and 40 NiCr-Ni thermocouples. The boundary layer rake has 
only 4 pitot probet and 4 NiCr-Ni thermocouples. The disposition of both rakes is illustrated on Figure 1 and 
Figure 2. Static taps and thermocouples in the connection pipe in front of the nozzle are used to determine the 
nozzle airflow. Twenty-four static tappings were distributed axially along the test section wall on six measuring 
planes. The disposition of these tappings is shown in Figure 2. Tunnel Mach number was evaluated from the total 
pressure of the rake in the Jet exit area outside the jet and the static pressure in the measuring plane "2". All data 
(pressures and temperatures) were recovered automatically on paper tapes and evaluated with a computer program. 

In subsonic flow the measured dynamic pressure is 

q  = — •  Ua   • e . 

With the density p and the measured temperature TM 

P, _ U3 

P  = 
R-T, 

; TM = T, + 
'«T 

r* 

the tunnel Mach number 

M =  UA/K R T, 

is defined by the Mach number found for the tunnel flow in the jet exit area.  The influence of the test section 
length and of area blockage on the velocity profile respectively on static pressure distribution on the wall is shown 
in Figure S and Figure 6.  It is indicated that tunnel length has no significant effect on these parameters at several 
RPM's. 

The pressure coefficient Cp = (p—Poo)/q»  is calculated using the difference between the measured static 
pressure on the nacelle and the static pressure measured in plane "2" of the test section wall. (The jet exit area is 
located between the measuring planes "2" and "3".) The dynamic pressure is determined by the pitot pressure and 
the static pressure on the wall in plane "2". The pitot pressure is measured in the freestream outside the jet with 
the rake (5). The pressure drag coefficient CDp=Dp/qooAn is derived from the boattail pressure drag D- =f 

Ap sin ifi dA. sin ^ ■ dA is the finite area element of the boattail surface projected vertical to the model axis, 
is assumed that there is a symmetrical pressure distribution on the boattail surface. 

2.    TEST PARAMETERS 

Due to the windtunnel capability the investigations were made for flight Mach numbers of Moo = 0.2, 0.45, 
0.6.   Regarding these flight velocities the Reynolds numbers are   ReDMAX • I0-6 = 0.4822, 1.0194 and 1.2108. 
The Reynolds numbers are related to the maximum diameter of tht model.  Three different nozzle pressure ratios 
NPR = 1.7, 2.2 and 3.0 and, for each, two jet temperatures of Tj - 290K and 790K are chosen for the above 
mentioned flight Mach numbers.   The boundary layer was influenced by a secondary airstream ejected through a 
slot on the model surface.  For the three Mach numbers the massflow of this secondary airstream was constant with 
mBi. = 0-8 ks/8- The massflow rate limited by the pressure air supply unit could influence the boundary layer up 
to Moc,<0.45 sufficiently. The boundary layer could not be completely corrected by the massflow at M«, = 0.6. 
Distortion of the jet velocity distribution was produced in controlling the air supply for secondary airflow at the 
nozzle exit (Fig.3).   Moreover to   M» = 0.45   the slot for the jet exit bypass stream was closed.  The following 
table describes the different test parameters in summary. 

M. ReDMAX NPR TJ B.L. Distortion 
Configuration 

Boattail/Nozzle 

0.2 0.4822-10* 1.7,2.2,3.0 
290 

790 

natural 

blown 

no 

yes 
HFB/HFB 

0.45 1.0194-10* 1.7,2.2,3.0 
290 

790 

natural 

blown 

no 

yes 

HFB/HFB 

HFB/AGARD 

0.6 1.2108-10* 1.7,2.2.3.0 
290 

790 

natural 

blown 

no 

yes 
HFB/HFB 
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3.    RESULTS AND DISCUSSION 

Figure 7a shows the boundary layer velocity and temperature profiles at the maximum diameter of the HFB 
320 CJ 610 jet engine model with natural and blown boundary layer at M« = 0.45   for a cold jet. At this Mach 
number it was possible to almost eliminate the boundary layer.  Figure 7b shows the boundary layer profiles at the 
same Mach number for cold and hot jets without blowing. With the above mentioned measurements it is evident 
that, as a result of the heat conduction within the model for the hot jet condition, the surface temperature of the 
model exceeded the static temperature, entailing a heat transfer from the model to the free stream. This gives rise 
to a more turbulent shape of the velocity profiles; the influence is equivalent to the effect produced by boundary 
layer blowing.  Figure 7c shows the natural and blown boundary layer profiles at  M = 0.6.  At this Mach number 
the influence of blowing is not significant. 

Surface temperature distributions of the model at M» = 0.45  and 0.6 are presented in Figure 8.  For the 
hot jet the wavy trend of the curves is caused by the structural layout of the model of the engine nacelle. At the 
attachment points between the nacelle and the jet pipe the heat flux to the outer surface is intensified in comparison 
with the more insulated intermediate portions of the nacelle. The slight streamwise rise in the surface temperature 
is also a result of the heat conduction within the model, if the jet is hot.  In Figures 9 and 10 the influence of jet 
temperature on the pressure distribution on the boattail is shown. These data are plotted for M„ = 0.45 and 0.6, 
a nozzle pressure ratio of 3.0, and for natural and blown boundary layer.  It is confirmed that for both Mach numbers 
at least up to NPR (nozzle pressure ratio PK/P») = 3.0 the hot jet is more penalized than the cold jet, for the 
natural boundary layer as well as for the blown one. Only at M«, = 0.6 and blown boundary layer (Fig. 10b) the 
difference between the hot and cold jet is not so clear, but this will be evident when estimating the drag.  Up to this 
nozzle pressure ratio the flow curvature of the jet is concave and the jet plume effect, which favours the recompression 
on the boattail is not so intensified.  Here the jet entrainment, favoured by the faster decay of the hot jet1 compared 
to the cold jet, dominates.  So the recompression is hindered and the pressure distribution is more penalized. Con- 
cerning the hot jet the shape of the boundary layer velocity profiles is comparable to that of a blown boundary layer 
due to the heat transfer from the model to the free stream.  So it cannot be said that the difference between the 
pressure distributions is only based on the intensified hot jet entrainment.  Planned investigations with an insulated 
model surface will give more distinctive explanation.  Figure 11 shows the influence of the nozzle pressure ratio for 
a cold and hot jet on the boattail pressure distribution.  There is hardly a difference between the pressure distributions 
at various NPKs (1.7<NPR<3.0).   Investigations at the same conditions without a jet show a significant difference 
between the pressure distributions.  This confirms the jet plume effect, which favours the recompression. 

The influence of the boundary layer on the pressure distribution at  M« = 0.45   with cold and hot jet is shown 
in Figure 12. At this Mach number the boundary layer could almost be corrected completely.   It is evident that 
(Fig. 12a) an improvement of the pressure distribution for a cold jet is caused by blowing.   For the hot jet a similar 
statement can be made, although in this case the difference is not clear enough.   By estimating the drag this can be 
seen quite clearly.   Figure 13 shows the bjattail surface static pressure distribution on the model for a cold and hot 
jet at  Moo = 0.6.  They indicate that a distortion of the jet velocity profile produces no significant effect on the 
static pressure distribution.  The effect of the internal nozzle configuration on the pressure distribution at  M«, = 0.45 
for a cold jet and  NPR = 1.89  is shown in Figure 14. Two different nozzle contours incorporating the same 
boattail shape were used to investigate this effect.   It can be seen that there is no difference between the boattail 
pressure distributions obtained with the AGARD and HFB 320 nozzles. 

In Figure 15 the pressure drag coefficient for a cold and hot jet is shown for  NPR = 3.0 at Moo = 0.2, 0.45 
and 0.6   Corresponding to the pressure distributions, the pressure drag coefficient for hot jets is higher than for 
cold jets.  By increasing the flight Mach number from 0.2 to 0.45, the pressure drag coefficient decreases and remains 
nearly constant from  Moo = 0.45   to  Moo = 0.6. 

4.    CONCLUSION 

Experimental tests were made to investigate the influence of the jet temperature and jet pressure ratio on the 
static pressure distribution of the engine nacelle and therefore on the boattail pressure drag.  Moreover the effect 
on boundary layer control of changing the inner nozzle contour and of distortion of the jet velocity profile is in- 
cluded. 

In the Mach numbers range  0.2 < Moo <0.6 hot jet causes a penalized static pressure distribution on the nacelle 
and therefore a higher boattail pressure drag.  These results have to be proved by further tests with an insulated 
nozzle to eliminate the heat flux from the nozzle to the nacelle.  Nozzle pressure ratios in the range of 
l.7<NPR<3.0 do not effect the pressure distribution to a measurable degree. 

The influence of the boundary layer on the boattail static pressure distribution can only be stated for 
Moo = 0.45.  Boundary layer control favours the pressure drag for the cold jet, but for the hot jet this eff-ct cannot 
be shown clearly. 

■ EMjfiHBHuiHlMUAK£ . 
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Changing the inner nozzle contour or distorting the jet did not act upon the static pressure distribution in this 
investigation. 
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CONTRIBUTION OF THE INSTITUT FÜR ANGEWANDTE GASDYNAMIK 
OF THE DFVLR. PORZ-WAHN 

by 

H.Emunds and H.Riedel 
Deutsche Fonchungs- und Versuchsanstalt für Luff- 

und Raumfahrt E.V., Porz-Wahn 

SUMMARY 

The results presented relate to the AGARD models with 10° and 15° boattail chord 
angle. They cover the static pressure distributions on the afterbody and wall of the 
propulsive nozzle as well as the total pressure distributions in the nozzle flow and in the 
external flow field. The latter was only investigated for the model with 10° boattail. 
From the surface static pressure distributions on the afterbody of the models the boattail 
pressure drag coefficient was deduced.  A cold propulsive jet of air was used, the nozzle 
total pressure ratio ranging from 1.0 to 6.63. The free stream Mach numbers covered 
the regime 0.5 < M« < 0.96 . 

UST OF SYMBOLS 

(See also Figures 1 and 5.) 

irD1 

*MAX 

^DP   - 

4 

DP 

CP = 

«I« AMAX 

P-P- 

D 

Dp 

/ 

M 

NPR  =  ptj/p» 

Pt 

q«. = — Mj, p« 

Re« = 

U 

X,Y 

x.y 

x'.y' 

ß 

P..U..D 

ßm 

maximum cross »cctional area 

boattail pressure drag coefficient 

boattail surface static pressure coefficient 

maximum model diameter 

boattail pressure drag 

boattail length 

Mach number 

nozzle pressure ratio 

total pressure 

free stream dynamic pressure 

radius 

free stream Reynolds number based on maximum model diameter 

velocity in X-direction 

Cartesian co-ordinate system at model nose (Fig.I) 

Cartesian co-ordinate system at nozzle exit (Fig.8) 

Cartesian co-ordinate system with y-axis parallel to Y-axis (Fig.S) 

Cartesian co-ordinate system with y'-axis along the local surface normal (Fig.S) 

boattail chord angle 
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p density 

M coefficient of molecular viscosity 

Subscripts 

j jet at nozzie exit (X/D = 14.725 .  Y/D = 0) 

•• free stream (i.e. tunnel flow) 

R eference (X/D =1.7164,,  ?/D = 0) 

I.     EXPERIMENTAL SI TUP 

1.1 Wind Tunnel 

The investigation was > arried out in the 340 mm diameter vertical free jet test section of the 30 x 30 cm2 super- 
sonic blowdown tunnel of tie Institut für Angewandte Gasdynamik of the DFVLR in Porz-Wahn.  The model support 
was in the form of a sting.   Figure 2 shows the test section and the rig for the model support. The dimensions in 
this figure are in mm. 

1.2 Models 

A survey of the different AGARD-Models, including some constructional details, is given in Figure 6. The models 
designated Al, A2, and A3 correspond to 10°, 15°. and 25° boattail chord angles, respectively.  All dimensions in 
Figure 6 are in mm.  Geometric details of the boattail and nozzle contours of the models are presented on Figure 7. 
The contour of the curved section of the boattails is a circular arc. 

1.3 Instrumentation 

I.J.]    Wind Tunnel Instrumentation 

The basic instrumentation of the wind tunnel consisted of a total and a static pressure probe for the measure- 
ment of the wind tunnel reference conditions. These probes (Items (4.1) and (4.2) in Figure 3) were positioned in 
the exit plane of the wind tunnel nozzle, as indicated in Figure 3. The tunnel reference temperature was measured 
upstream of the model support with a Fe-Constantan thermocouple. 

1.3.2 Flow Field Traverse Gear 

The traverse gear for the investigation of the flow field (Item (1) in Figure 3) comprised a rotatable probe 
holder support (1.1), a total temperature probe (1.2), and a total pressure probe (1.3). The total temperature probe 
consisted of a NiCr-Ni thermocouple.  The positioning of the traverse gear at any point in the flow field was con- 
trolled by servomotors.  Details of the probes of the traverse gear are displayed in Figure 4, all dimensions on this 
figure being in mm. 

The main traverse directions of the total pressure probe of the traverse gear were as indicated in Figure 5, the 
plane of measurement coinciding with that of the static pressure on the boattail of the respective model (Item (5) 
in Figure 3).  The plane of traverse of the total temperature probe was parallel to this at a distance of 2.S mm.   In 
the region of the boattail (13.067 < X/D < 14.725 for model Al)  two different traverse directions were chosen 
for a particular  X/D = const.   In one case this was the y-direction, which is parallel to the Y-axis, and in the other 
case the traverse took place in the y'-direction which is the outward normal to the surface at t'ue same X/U .   As 
indicated on Figure 5, the origins of the systems of axes  x, y  and   x', y' are at a distance of half a total pressure 
tube external diameter = 0.5 mm = 0.00747 D from the model surface along the directions of y  and y', respectively. 
On the cylindrical part of the model afterbody the traverse took place in the y-direction.  Downstream of the model 
base the flow field was traversed from the centre line in the direction of the positive Y-axis. 

1.3.3 Model Instrumentation 

The model instrumentation comprised taps for the static pressure on the model afterbody and on the internal 
nozzle wall, a total pressure rake inside the nozzle, and a total temperature probe for the internal nozzle flow.  With 
reference to Figure 8, at the taps numbered (1)-(I0) the internal static pressure was measured. The probes of the 
internal total pressure rake cover the positions (11)-(17).  The total pressure measured with probe (11), which coin- 
cides with the model centre line, was taken as total pressure reference (ptR) for the nozzle flow.  The afterbody 
static pressure was measured at pressure taps (18)-(31) in the case of AGARD models Al and A2 and at pressure 
taps (18)-(36) for Model A3.  All pressures, like those of the wind tunnel instrumentation, were recorded automati- 
cally using transducers and scanivalves. The internal total temperature was measured at the probe location marked 
(T) using a Chromel-Alumel (NiCr-Ni) thermocouple. Table I displays the axial positions of the pressure taps and 
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of the probes of the internal total prenure and temperature.  For the total preuure rake the Y-coordinatet of the 
probes are also given. 

1.4  Wind Tunnel Calibration 

Thn wind tunnel free stream Mach number M„ was determined from the measurements of the wind tunnel 
referen 5 total pressure  ptm (Probe (4.1) in Figure 3) and the reference static pressure p« (Probe (4.2) in Figure 3) 
on the ' isis of the assumption that the wind tunnel air is a perfect gas and flow is isentropic. The expression for the 
free st .earn Mach number is 

.  ■ ■ 

M. 

The free stream dynamic pressure is given by the relation 

q.   =   -MLpm ■ 

As yet no static pressure traverses have been carried out In the test section of the free jet wind tunnel.  Thus, 
the results of Figures 9   16 show the total pressure distributions in the test section with Model AI installed and 
the propulsive jet in the off-condition. The exit plane of the wind tunnel nozzle corresponds to  X/D = 8.495  and 
its inner edge to  y/D = 2.04 and  Y/D = 2.54 , respectively.  The results Indicate that, when a model is installed 
in the test section, the uniform core of the wind tunnel free jet ceases to exist for X/D > 19.200 approximately. 

2. TEST PARAMETERS 

Up to the present two of the three AGARD-Models have been subjected to tests. These are the models Al and 
A2.  The test conditions were the following 

(1) Cold propulsive jet:   277 K <'Ttj < 288 K . 
Mi = 0, 0.5. 0.75 , and Mj = 1.00 at Pj/p» = 1.00 . 
Tne effect of undcrexpansion of the propulsive jet was investigated for Pj/p« = 1-5, 2.5 , and 3.5. The 
relation between the nozzle pressure ratio NPR = Ptj/p« and the nozzle exit flow conditions expressed 
by  Mi   and   Pj/poo  is shown in Figure 17. 

(2) Natural boundary layer flow;   i.e. No boundary layer suction or blowing was applied.  Thus, slot (2), see 
Figures 2 and 6, was closed. 

(3) No turbulence generator was installed in the air supply duct leading to the nozzle (sec Item (4) of Figure 6). 

(4) External flow: Free stream Mach numbers of M« = 0 5, 0.6, 0.7, 0.8, 0.9 . and 0.96 ,  T,«, = 280 K   and 
p» = atmospheric were the conditions of the external flow. 

The scope of the investigation comprised the measurement of: 

(a) Static pressure distributions on the afterbody of the models and inside the nozzle at the wall. 

(b) Total pressure distributions in the external flow field and inside the nozzle at the position of the internal 
total pressure rake.   Up to the present the total pressure distribution in the external flow field has been 
investigated for model Al only. 

The free stream Mach number  M» could not be varied independently of the Reynolds number  Re»  based 
on the free stream conditions and the maximum model diameter  D .   Similarly, the nozzle pressure ratio  NPR 
could not be altered independently of the jet Reynolds number   Re;  based on the nozzle exit conditions and the 
nozzle exit diameter  D:.  Table II shows the relation between  Moo  and   Re«, and between  NPR  and   Rej , 
respectively.  The nozzle exit flow conditions expressed by  M: and   Pj/p« are also shown. 

3. RESULTS AND DISCUSSION 

3.1   Static Presusre Distributions 

3.1.1    Static Pressure Distributions on the Afterbody 

The results, which are expressed by Cp = (p ~ PooVq« = f (x//) , where / is the boattail length, are displayed 
in Figures 18 24 for model Al and in Figures 25 31 for model Al. Fach figure corresponds to a particular nozzle 
flow condition.  The origin of  x  coincides with the junction of the cylindrical and boattail portions of the afterbody. 
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Table III contuins the relevant information concerning the symbols on these diagrams and the associated free stream 
Mach number M„ and the Reynolds number Reg. . 

In the following the effect of NPR  on the static pre iure distributions will be discussed by referring to two 
representative free stream Mach numbers, i.e.  M«. = 0.80 and  M«, = 0.95 . Considering model A! first, for this 
tho flow field is marked by an absence of any significant flow separation on the model.   Results obtained using the 
oil flow technique indicate that, for example, at   M» = 0.95  und   NPR = I   (jet-off condition) no flow separation 
exists despite of the fact that the local supersonic flow at the shoulder of the model afterbody is terminated by a 
shock wave.  At NPR = 6.63 the shock strength associated with the jet plume had increased sufficiently to cause 
flow detachment at   x// = 0.96 .  Generally, in regions where the streamlines are convex in the outward direction 
to the model there exists a suction on the model (negative values of C',, ), a typical example being the shoulder of 
the model afterbody.   Towards the aft end of the model the stream lines asume a concave curvature in the outward 
direction to the model as the flow external to the wake or jet respectively is turned into the free stream direction. 
This leads to positive values of Cp on the model in the region concerned.  The difference between the cases of jet- 
off and jet-on makes itself felt in the following way.  When the jet is turned on the elimination of the wake and the 
displacement of the external flow by the presence of the jet results in an increased concave curvature of the flow in 
the vicinity of the aft end of the model.  Thus, in this region  Cp  grows.   This is evident in Figure 32  (Moo=0.80) 
by comparison of the static pressure distributions for  NPR = 1.0  and   NPR = 1.19 .  On increasing the  NPR   from 
1.19 to 2.84 no further significmt changes in the Cp-distribution are observed.  The underlying reason is that the jet 
pluming present at  NPR > 1.89  is still small and consequently no marked change in the displacement effect exerted 
by the jet on the external flow occurs.   From this observation it can be deduced that no significant alteration of the 
flow entrainment by the jet arises when  NPR  is varied, since an increase of the entrainment, for example, would be 
indicated by decreasing values of Cp .   For NPR > 3.0  the jet pluming becomes important and therefore with 
increasing NPR  the static pressure coefficient at the aft end of the model grows.  This trend of the variation of the 
static pressure coefficient with   NPR  on the rear part of the model is essentially maintained for M» = 0.95 (Fig.33). 
Compared with the case of  M« = 0.80 , however, the strong expansion at the shoulder of the afterbody leads to a 
significant rise in the suction peak. 

The flow field of model A2 is characterized by a pronounced flow separation for the free stream Mach number 
x 

range investigated.  Thus, using the oil flow technique, for  M«, = 0.5   separation occurred at   — - 0.85   and for 
x ' 

Moo = 0.95  at  —^ 0.4 , irrespective of the jet nozzle flow conditions.   For Moo = 0.80  separation was observed 

x 
to take place at  — =* 0.725 .   The static pre sure distributions for model A2, which are displayed in Figures 34 

and 35 for  Moo = 0.80   and 0.95 respectively, reflect the How detachment by a plateau pressure distribution, 
starting approximately at the position of the flow separation.  The How separation entails a reduction of concave 
curvature of the streamlines of the flow in the rear portion of the model and consequently also a decrease of the 
magnitude of Cp .   At   Mo» = 0.80  the effect of NPR   on the static pressure distribution is essentially the same 
as that observed for model Al at the same free stream Mach number.  One difference arises in that for model A2, 
as result of the extensive flow separation at the rear end, the displacement effect exerted by the jet plume in the 
case of underexpansion of the jet can make itself felt only at higher values of NPR .   Thus, while for model Al ti.e 
displacement effect by the jet pluming occurred at  NPR > 3.0 . for model A2 it becomes significant for  NPR > 5 
approximately.   At   Moo - 0.95   flow separation on model A2 coincides with the position of the shock wave termi- 
nating the region of local suptrscnic flow of the external flow field at the shoulder of the afterbody.   In contrast 
to the case of  Moo = 0.80   now at   Moo = 095   there exists a wide wake of separated external flow which is affected 
by the property of the jet to entrain fluid from it:, surroundings in addition to the displacement effect exerted by 
the jet on the external flow.   Thus, at the aft end of model A2 the static pressure coefficient arises from the negative 
value associated with the wake flow in the jet-off condition to a positive value as the iet is turned on.   This is 
exemplified by the case   Mj = 0.50  (NPR = 1.19)  in Figure 35.   However, on increasing  Mj  the magnitude of Cp 
is reduced, since the entrainment of flow from the wake becomes the dominant factor.  This trend continues until 
NPR  has increased to   NPR = 4.74  approximately, corresponding to   Mj = 1.0  and  pj/poo = 2.50 .   For values of 
NPR > 4.74  approximately the displacement effect due to the jet pluming, which sets in at   NPR =* 2.84 
(Mj = 0 ,  Pj/poo = 1-5)   begins to counterbalance the entrainment effect and finally dominates, so that  Cp   rises 
again.  This is demonstrated by comparison of the cases  NPR = 4.74 and 6.63 , the latter corresponding to 
Mj = 1.0 and   Pj/Poo = 3.5 . 

3.1.2   Static Pressure Distributions on the Nuzzle Wall 

Typical examples of the static pressure distributions on the nozzle wall are shown for model Al and A2 in 
Figures 35 and 36, respectively.   In these figures the local static pressure is related to the nozzle reference total 
pressure  ptR , which is the total pressure measured with probe (11) (Fig.8).   The static pressures were measured at 
taps (1) (10).   In those cttses where a nozzle flow exists  (Mj > 0) , because of the flow contraction towards the 
nozzle exit and the associated acceleration of the How, a static pressure reduction is observed as the nozzle flow 
proceeds towards the nozzle ."xit.   At any particular station   X/D = const,   the static pressure decreases as the no//' 
Mach number is raised until the nozzle flow becomes choked  (Mj = 1.0). 
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3.2 Total fmmn Dtotributiora 

3.2.1 Total Pressure Distributions In the Flow Field of thr Propulsive Jet Without External Flow 

The data for model Al are displayed in Figures 38-48 as plots of pt/p,j ■ f(Y/D) for X/D = const., where 
Ptj ■ p(R  is the jet reference total pressure and pt is the total pressure measured with probe (1.3) of the flow field 
traverse gear (Fig.3).  For sonic nozzle flow and Pj/p« = 1.0 within the limits of the measuring accuracy no 
difference existed between  ptR and  p, measured in the nozzle exit plane on the model centre line (X/D = 14.725 
Y/D = 0). 

The results show that for sonic nozzle flow and Pj/p«, = 1.0 the effect of the flow mixing of the jet with the 
surrounding medium at rest reaches the centre line of the jet at approximately X/D = 16.965.  For  Pj/p» > 1.0 
the jet flow becomes underexpanded and within the jet core not affected by the How mixing supersonic flow is 
established. The ratio of Pt/ptj on  Y/D = 0 at any particular X/D m const,  is reduced compared with the 
corresponding value for Pj/p» = 1.0 on account of the total pressure loss across the normal shock wave that is 
presented upstream of the total pressure probe of the flow field traverse gear.  Across internal shocks of the jet flow 
field an additional total pressure loss occurs due to the entropy rise associated with the presence of a shock wave. 

3.2.2 Total Pressure Distributions In the Flow Field Without Propulsive Jet 

Reference is again made tu model AI.  For the region of the flow field upstream of the aft end of the model 
(X/D < 14.725)  the data are plotted as  Pt/p,«, = f(y/D)  or My'/D)  with the free stream Mach number M«  as 
parameter. The co-ordinate systems used are explained in Figure 5. These results are presented on Figures 9-12. 
The free boundary of the external flow (wind tunnel free jet) is at a distance of approximately  y/D = 2.0  from the 
model surface. The reduction of total pressure of the free stream in the vicinity of the model (y/D or y'/D < 0.4) 
is due to the effect of the skin friction and is an indication of the boundary layer flow established.  Details of the 
total pressure distribution across the boundary layer are presented in Figures 49-55.  The boundary layer thickness, 
defined by  y/D or y'/D  where pt/pt» =0.99. increases from 0.1 at   X/D = 10.250 to 0.3 at  X/D = 14.725 
(aft end of the model).   For  X/D > 14.725 the results are plotted as  pt/Pt«. = f (Y/D) on Figures 13-16.  The 
region of the flow field where  p,/P(oo < 1.0 in the vicinity of Y/D = 0  represents the wake of the model.  As 
already indicated when discussing the wind tunnel calibration the effect of the mixing of the free jet of the wind 
tunnel with the surrounding nu-dium penetrates into the wake flow at approximately  X/D > 19.2 (Fig. 15). 

3.2.3 Total Pressure Distributions in the Flow Field with Propulsive Jet 

It was observed that for model Al in the presence of an external flow  (Moo > 0)  the propulsive <ct had no 
effect on the total pressure distributions in the region of the flow field upstream of the nozzle exit. The total pres- 
sure distributions at the nozzle exit and downstream of it are displayed in Figures 56-75. A comparison with the 
case where the surrounding medium is at rest (Figures 38  48) leads to the conclusion that the presence of the 
external flow introduces no significant change in the rate of the mixing of the jet with its surrounding medium 
when this is in motion.  Otherwise the flow features observed when discussing the flow field of the propulsive jet 
in the absence of an external flow (Section 3.2.1) are essentially retained. 

3.2.4 Total Pressure Distributions at the Internal Rake 

Figures 76 and 77 show two typical examples of the total pressure distributions measured with the internal 
total pressure rake in the pipe supplying the air for the jet simulation to the nozzle. The results are expressed by 
Pt/PtR = f(Y/D), where  ptR  is the total pressure measured with probe (11) of the rake (Fig.8).  Differences in 
the total pressure distributions for models Al and A2 at a given NPR reflect the measuring accuracy, since the set- 
up for testing both models incorporated one and the same uir supply system, including the air supply pipe to the 
model and the internal total pressure rake. These differences amount to 0.2% of P|R  at the maximum. 

3.3 Pressure Drag Coefficient 

3.3.1    Effect of NPR 

The pressure drag coefficient was obtained by integration of the static pressure-area distributions on the boattail. 
The results reflect the flow features already observed when discussing the static pressure distributions.  With reference 
to model Al the influence of NPR  is displayed in Figure 78.  Turning the jet on eliminates the wake flow at the 
base of the model and displaces the external flow, so that the associated static pressure rise at the aft end of the 
model creates a thrust force and thereby reduces the CDp value in comparison with the jet-off case.  For 
1.5 < NPR < 3.0 on the whole the displacement effect of the jet is relatively unaltered like the rate of flow entrain- 
ment by the jet, so that  C^p remains effectively constant.   However, the slight growth of CDP for the lowest free 
stream Mach number (M«, < 0.7  approximately) investigated seems to indicate that the flow entrainment effect 
outweighs the displacement effect of the jet with growing  NPR .  The opposite appears to be true for the highest 
free stream Mach numbers covered in the investigation (M«, > 0.9).   For  NPR > 3.0 with growing  NPR  the jet 
pluming becomes the dominant factor and the accompanying static pressure rise at the model aft end results in an 
increasing thrust and thus a reduetion of CDP . 
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For model A2 flow wpantton it present already it Mm m 0.5 irrespective of the nozzle flow condition!, to 
that the displacement effect exerted on the external flow by the jet when this is turned on is generally smalVr in 
compaiiion with that experienced for model Al. Depending on the free stream Mach number, two different trends 
of CDf with NPR are observed for model A2. For M*. < 0.8, then exists only a relatively slight (low separation, 
the separation lying within the range 0.725 < x// < 1.0. The wake of the model is comparatively narrow, so that 
when the jet is turned on the effect of NPR on Cpp is similar to that observed in the case of model Al.  For 
M«. > 0.8 flow separation becomes pronounced, separation progressing upstream from  x// = 0.72S at M» - 0.8 
to x// - 0.41  at M« m 0.95 .  Under these conditions the wake of the model is wide, and, consequently, the 
displacement effect of the jet is relatively unimportant for the NPR range   1.25 < NPR < 3 in comparison with 
the entninment effect. The latter leads to a reduction of the static pressure on the boattail in the vicinity of the 
nozzle exit and thereby entails a rise in CDP with NPR. Decreasing NPR  from NPR -1.25 to 1.0 (jet-off 
condition) involves flow conditions where the velocity difference between the wake flow and the jet flow is reduced 
to such an extent that there is practically no significant entninment effect of the jet, and the initial decline of CDp 
with NPR from the jet-off condition is the result of the jet displacing the wake flow from the base of the model 
when the jet is turned on. Thus, then exists a depression or valley at NPR - 1.25  in the plot of CDP against 
NPR. For NPR > 3.0, approximately, the displacement effect exerted by the jet begins to outweight the contribu- 
tion stemming from the entninment effect, so that CDP declines again with  NPR . 

... •   - 
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3.3.2   Effect of Free Stream Mach Number 

The variation of the pressun dng coefficient with the fne stream Mach number is plotted in Figures 79 and 
81 for the models Al and A2 respectively. The Mach number drag rise is found to be mon pronounced in the case 
of model A2 than for model Al.  This is largely due to the extensive shock induced flow separation associated with 
the large boattail angle of model A2.  No further analysis of the results plotted in Figures 79 and 81 is attempted 
at this stage, because, as already indicated, during testing the fne stream Mach number could not be varied indepen- 
dently of the Reynolds number.  The relation between MM and the fne stnam Reynolds number is given in 
Table II. 

i 

4.    CONCLUSIONS 

Concerning the various factors influencing the boattail pressure drag coefficient the following conclusions can 
be drawn: 

(a) Effect of Boattail Geometry expressed by Boattail Chord Angle ß and the Effect of Free Stream 
Mach Number 

For small boattail chord angles ß of the order of 10°(Model Al) the external flow is fully attached except 
at high subsonic Mach numbers and relatively strong underexpansion of the propulsive jet. If flow separation 
occurs, this is comparatively weak. Thus, flow ncompnssion at the aft end of the model is under all circum- 
stances effective in keeping the pressun drag coefficient small. Drag rise with free stream Mach number is 
moderate. In contrast, for boattail chord angles ß of the order of 15° (Model A2) flow separation exists even 
at low free stream Mach numbers (M«, = 0.S).  The level of the pressure drag coefficient is therefore 
raised.  At higher values of M» (M«, > 0.8) shock wave induced flow separation is responsible for a 
wide wake and the drag rise in this free stream Mach number range is large. 

(b) £//«•/ of NPR 

For slender boattails  (ß < 10°)  the displacement effect of the propulsive jet is the dominant factor and 
this causes a decrease of the boattail pressure drag coefficient because of the associated stronger recompres- 
sion of the external flow at the aft end of the model. Turning tht propulsive jet on leads to a rapid 
decrease of CDP .   For   1.5 < NPR < 3.0 no significant changes in the displacement and entrainment 
effects of the jet occur so that the boattail pressure drag coefficient remains at a plateau level.  On raising 
the nozzle total pressure ratio above NPR = 3.0 the jet pluming results in a predominance of the dis- 
placement effect of the jet over the entrainment effect and  CDp consequently falls with  NPR . 

For large boattail angles iß > 15°) , where flow separation is already present at low free stream Mach 
numbers, the influence of the entrainment of the jet on the fluid of the wake is of importance. This 
leads to an increase in CDp .  Only for very low values of the nozzle total pressure ratio (NPR < t .25), 
where the velocity difference between the propulsive jet and the external flow does not cause a significant 
flow entrainment, and at high values of NPR (NPR > 3), where the jet pluming begins to be pronounced, 
does the displacement effect of the jet predominate.  Increasing NPR from the jet-off condition the boat- 
tail pressure drag coefficient falls initially to climb between NPR = 1.25  and 2.0 to a plateau value. The 
level of the plateau is comparable to the magnitude of the boattail pressure drag coefficient at the jet-off 
condition.   For NPR > 3.0  there is a general decline of CDP with   NPR , since as a result of the jet 
pluming the displacement effect of the jet becomes the dominant factor. 

^V^!...!..^.!,...   ... 
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TABLE I 

PMition of SUtic PNnura Tapt and of Internal Probet for Modeb Al and A2 (D = 671 

Static pressure lap 
or probe location 

lFlg.8) 

r             ■ 

X 
(mm) X/D 

(mm) 
Y/D 

1 21 0.3135 

2 24 0.3582 

3 39 0.5821 

4 44 0.6567 

5 52 0.7761 

6 57 0.8507 

7 70 1.0448 

8 93 1.3881 

9 102 1.5224 

10 115 1.7164 

11 115 1.7164 0 0 

12 115 1.7164 -6 -0.0896 

13 115 1.7164 -11 -0.1642 

14 115 1.7164 -15 -0.2239 

15 115 1.7164 -18 -0.2687 

16 115 1.7164 -21 -0.3134 

17 115 1.7 IM -23 -0.3433 

18 202.3 3.0194 

i? 170.9 2.5507 

20 121.3 1.8104 

21 95.8 1.4299 

22 79.0 1.1791 

23 67.0 1.0000 

24 55.3 0.8254 

25 48.6 0.7254 

26 41.9 0.6254 

27 33.8 0.5045 

28 26.5 0.3955 

29 19.1 0.2837 

30 13.0 0.1940 

31 9.0 0.1343 

T 115 1.7164 
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TABLE II 

Relation Between M« and Re« and Between 
NPR and Rsj, Respectively 

M« Re« 10^ NPR Rej 10^ Mj Pj/p» 

0.5 0.86 1.19 0.33 0.50 1.0 

0.6 1.05 1.45 0.53 0.75 1.0 

0.7 1.31 1.89 0.81 1.00 1.0 

0.8 1.53 2.84 1.22 }:,0 1.5 

0.9 1.79 4.74 2.02 1.00 2.5 

0.96 1.95 6.63 2.84 1.00 3.5 

i 

TABLE III 

Symbols Associated with the Results Plotted in Figures 18-31 

Symbol M» Re» 10-6 

o 0.5 0.86 

D 0.6 1.05 

0 0.7 1.31 

A 0.8 1.53 

V 0.9 1.79 

> 0.96 1.95 
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0   AGARD-MODEL 

0   SlOr FOR BOUNOARYLAYER 
^   BLOWING OR SUCTION 

0   FREE JET WIND TUNNEL NOZZLE 

0   DUCT FOR PRESSURE TUBING, 
v^   MEASURING LEADS, AND FOR 

BOUNDARY LAYER CONTROL BY 
BLOWING AND SUCTION RESPECTIVELY 

0    WIRE SCREENS 

0   CONDUIT FOR PRESSURE TUBING, 
MEASURING LEADS AND FOR 
BOUNDARY LAYER CONTROL BY 
BLOWING AND SUCTION RESPECTIVELY 

®    SUPPLY PIPE FOR COLD AIR AND 
HOT COMBUSTION CASES FOR SIMU- 
LATION OF PROPULSIVE JET 

0   AIR SUPPLY FOR FREE JET WIND 
TUNNEL 

.J..,- 

Fig.2   Test set-up in the 340 mm diameter, free jet wind tunnel 
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(TV) ROT Al ABLE PROBE HOLDER  SUPPORT 
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'£) AGARD  MODEL 

(J) FREE  JET WIND TUNNEL   NOZZLE 

(T) PROBES  FOR WIND   TUNNEL   REFERENCE 
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{£1) TOTAL  PRESSURE  PROBE 

@ STATIC   PRE5SUR PROBE 
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SURFACE   STATIC   PRESSURE 

(?)        PLANE OF MEASUREMENT  OF STATIC 
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(?)        INTERNAL   TOTAL  PRESSURE   RAKE 

Fig.3    Basic instrumentation of wind tunnel and for flow field investigation 
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RESULTS OF MLR CONTRIBUTION TO AGARD AD HOC STUDY 

by 

D.Rozendal, C.C.Groothoff, W.B.G.Derkten 
National Aerospace Laboratory, NLR, The Netherlands 

SUMMARY 

A description Is given of a series of experiments in order to assess the influence of jet 
exhaust parameters - total pressure distortion, nozzle pressure ratio, jet temperature (ratio 
of specific heats) - at transonic Mach numbers in the range of .8 to .96 on the nozzle 
thrust and discharge coefficients, on the afterbody pressure distribution and on the after- 
body pressure drag. 

A model of .08 m diameter was tested in the .27 x .27 m1 transonic test section of a 
continuous blow-down wind tunnel. The 15° boattailed afterbody configuration as proposed 
by AGARD was supplemented by an afterbody with a twice as large nozzle area. The fuse- 
lage boundary layer thickness was varied by increasing the forebody length. 

A method was developed to define a valid total pressure, based on a mast flow 
averaging procedure, for a distorted jet pipe flow. The results for the AGARD nozzle, 
contraction ratio 3.24, show that in the investigated range of NPR's there is only a small 
effect due to the jet pipe total pressure distortion, while for the larger nozzle with a 
contraction ratio of 1.62 the "hollow" velocity profile, compared to a flat profile, signifi- 
cantly lowered the nozzle discharge coefficient (3.2%), raised the specific thrust +2.1% 
and changed the afterbody pressure distribution at  MM ■ .8 .  Effects on afterbody 
pressure distribution and pressure drag due to different NPR and M«. were evident, while 
an influence due to fuselage boundary layer thickness is indicated.  Furthermore it was 
found that boattail surface temperature significantly affects the boattail pressure distribu- 
tion.  For the hot jet tests the jet temperature effects on the nozzle characteristics were 
of minor importance, while the jet temperature effects on the boattail pressures could not 
be separated from the surface temperature effect. 

UST OF SYMBOLS 

A area,   mJ 

% geometric exhaust area, corrected for nozzle wall temperature,  m1 

Aref reference area, — Dj^ ,  m2 

4 

P ~ P« 
C_ static pressure coefficient    

P q- 

CDfi boattail pressure drag coefficient 

Cp friction drag coefficient, friction drag/qM Aref 

Cj nozzle discharge coefficient 

CT nozzle thrust coefficient 

C* specific velocity,  m/s 

"max maximum model diameter,  m 

i number of i^1 concentric jet pipe area 

L model length,  m 

Mm free stream Mach number 



/ 
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in man flow,  kg/s 

NPR nozzle pressure ratio  pq/pm 

p |Kv«mn,  N/m1 

p, total pressure.  N/m1 

Pw tunnel free stream static pressure. N/m3 

Pi jet total pressure.   N/m2 

Um free stream dynamic pressure  iTPopML.  N/m2 

m1 

R gas constant   —— 
sJK 

r distance from model centreline,  mm 

ReD free stream Reynolds number based on maximum model diameter 

T temperature.   K 

t temperature. "C 

U velocity,   m/s 

x distance from exit plane of nozzle A. upstream is positive,  m 

y distance from model wall surface,  mm 

1 ratio of specific heats 

8* boundary layer displacement thickness,   mm 

0 boundary layer momentum thickness,  mm 

p density,   kp/m' 

1 angle, degrees, see Figure ! 

Subscripts 

üv average 

e edge 

ex external near nozzle exit plane, average of values at   x/l)max = .056  (nozzle A» respectively at 
x 
 = .27   (nozzle B) 
''max 

i index m mber of  i1'1   concentric jet pipe area 

id ideal 

»• free stream, reference orifice on model at Stn. 16.  'fi = 0 

J jet 

jp jet pipe 

x 
/ internal near nozzle lip at  = .063 (nozzle A) 

"max      JM , nozzle B) 

meas measured 

n nozzle 

i total 

I, 2. 3 different definitions of C"T  coefficients 

.\ 
I also used in Tl , the external total temperature of the boaltail. measured at  r   .056 

"max 

:.  l 
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UST OF DEFINITIONS 

Cd 
m 

nozzle discharge coefficient  =   -— 
my 

For supercritical pressure ratios Cj = 
..* m 

P'j 

where the specific velocity 

c*   =   — 
TRTtj 

UT+'Wr-i) 

For subcritical pressure ratios   Cd  = 
m I RT.j 

\(y-\)h 

Thrust coefficients  = Fyd, 2 or 3). the ideal thrust, is based on: 
Fid(l.2or3) 

suffix I:  actual   p,   and   An , derived  thy 

suffix 2:  aciual   p,   and  m . derived  An x Cj 

suffix ?>: actual   m  and  An , derived  p,  with suffices 1. 2 or 3 omitted, the used equation is 

Fa = "/r2! 
, /p«\(T-l)/7| 

^ 

■ 

r'^e»i 

nozzle A 

nozzle B 

I 
It may be noted that   Fy|   = — x F^ . and CT, = CTj x Cd 

Cd 

measured thrust force = measured balance force     pressure drag     friction drag    gap pressure 
correction.   (Upstream t >rcc is positive.) 

exhaust nozzle defined by AGARD coordinates, contraction ratio 3.24. see Table II 

exhaust nozzle with contraction ratio 1.62. see Table II 

I.     INTRODUCTION 

Within the Propulsion and Hnergetics Panel of AGARD an ad hoc study group was formed with the object to 
initiate a research program to better understand the relevant parameters and their effects on nozzle and afterbody 
performance at transonic speeds.   This study, known as PEP/WG 04 "Improved Nozzle Testing Techniques at Transonic 
Speeds" was directed by Prof. A.Ferri.   Its aim is to compare the results of analogous experiments from different 
institutes, which yields a common reference base.   In addition each group could concentrate on one or more special 
topics, by preference likewise incorporating equal boattail and nozzle geometries. 

In evaluating the performance of jet nozzles, it is known that jet parameters as nozzle pressure ratio, jet tempera- 
ture and ratio of specific heats may have a marked influence both on the flow Held outside the nozzle and on the 
characteristics of the nozzle flow itself.   In real jet engines the jet pipe flow mostly shows some distortion in the 
total pressure profile, some swirl and turbulence, particularly at afterburning.   This may also be the case with turbo- 
fan engines.   Because to this date the influence of these parameters seems not to have been investigated to the same 
extent as the other mentioned jet parameters, this topic was emphasized at NLR. 

In preliminary tests, which will not be described here, changing swirl or turbulence by means of vanes resp. 
screens caused also the total pressure profile to change somewhat    By comparison of these preliminary results it was 
concluded that the total pressure distortion was the prime parameter.  Therefore it was decided to study this effect 
in particular, and not to investigate jet turbulence and swirl. 

The best indication of possible effects due to the change of parameters is given if the other test conditions are 
practically kept constant. Therefore the design of the model for these experiments incorporated a distortion device 
that could be ope.-ted during a run. changing the jet flow total pressure profile. 

Apart of the nozzle as specified by AGARD. which can be considered i.s representative for the nozzle of a non- 
afterburning jet engine, the investigation included also tests with a nozzle with a twice as large exit area, corresponding 
to a typical afterburning nozzle or. regarding the contraction ratio, to a fan engine nozzle. 
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The pvuneten that were varied, were 

during • run -  <1Uortion/no distortion 

from run to run 
-   NPR 

after a series of runs RTjCr)                           (2 values) 
An                                  (2 values) 

-   boundary layer thickness (2 values) 

more or less inadvertently tunnel wall configuration (2) 
-   model wall temperature 

Before the powered model was tested in the wind tunnel a test series was performed at a static test stand to 
investigate the jet flow total pressure profiles and to determine a proper definition for the mean jet total pressure. 

This report describes the facilities, models and experiments and gives a survey of the results. 

2.     EXPERIMENTAL SETUP 

2.1 General 

The wind tunnel that was available for the investigation was the NLR-CSST tunnel with a .27 x .27 m2 test 
section (Fig.1).  Due to the limited size of the test section the model must necessarily be small.  In or' r to tie able 
to perform simultaneously afterbody pressure and nozzle thrust measurements, the hydrogen pern- '«tic 
technique was used. This technique allows small dimensions of the supply tubes and a compao • 'lieh 
the liquid  HJOJ  flow causes minimum interaction.  The existing thrust balance that was cnvisa: , u. \ 
required a minimum model diameter of about .08 m.  This dimension was considered to be tolernbit     . *> ' uind 
tunnel as far as blockage was concerned.  It was realized however that due to the resulting block.igt: of "    i'> 
experiments yield relative rather than absolute results, at least concerning phenomena that dfjiend on I . no* field 
outside the nozzle. 

For the hydrogen peroxide a concentration of 75* was chosen.  After decomposition in a catiilyst pack this 
yields hot gases of about 630 K, with   RT and  >  typical for the jet gases of a non-afferbuming iurbojel (Rel. I). 

To provide a reference base with the investigations of the other study group« also measurements with cold air 
as jet medium were envisaged.   No balance was used in that case. 

2.2 Wind Tunnel 

The transonic test section of the continuous blow down supersonic wind tunnel CSST was provided with closed 
side walls and with slotted top and bottom walls.  Some dimensions are given in Figure I.  The first series of experi- 
ments in the wind tunnel was performed while two slats were removed from the test section bottom wall to allow 
attachment of the stepping mechanism of a total pressure probe for boundary layer measurements.   In later test 
series this probe was removed and the bottom wall slats were replaced.   For the wind tunnel test at   M« = 0  the 
transonic test section was removed. 

The test section static pressure was adjusted to about I atmosphere to provide approximately equal conditio is 
as at the static tests outside the wind tunnel.  The adjustment of tunnel free stream conditions was performed by 
controlling the total pressure and the diffuser throat area.  Since this procedure was not standard practice tor the 
wind tunnel, the actual achieved Much numbers differed slightly from the desired values 

For the present tests a reference Mach number has been determined from the tunnel total pressure and the static 
pressure at model station 16 (orifice at  # - 0 deg.) on the cylindrical part of the model. 

In this test set-up (model blockage of Tk>, partially open lest section at the downstream end of the model, see 
Figure I) it was not possible to find the relation between this Mach number and the free-stream Mach number, that 
would be obtained with the same model in a much larger test section. It may be added here, that lor small models. 
having a blockage ratio of I ^ or less, the free-stream Mach number is usually determined from the plenum pressure 
and the settling chamber pressure. In most cases a further ..mall correction is required due to a difference between 
the plenum pressure and the free-stream static pressure   This correction is obtained from tunnel calibration 

Because the relation between measured Mach number and free-stream Mach number is not known in the present 
tests the pressure coefficients and the pressure drag coefficients may be affected by small systematic errors which 
depend on Mach number.   Mere consequently the pressure coefficient at station 16 is zero, which ma> not he the 
case if the model were placed in an infinitely free stream.   In Section 3.2 the possible errors due to this procedure 
are further analyzed. 
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2.3  Model 

The wind tunnel model consisted of an earthed forebody and a metric afterbody (Figures 1, 2 and 3). 
model is basically cylindrical with a maximum diameter of .080 and a maximum length of 1.200 meter. 

The 

The model was mounted on two side struts 12 mm thick in which the tubes for HaO,, air, cooling water and 
pressure measurements and the other instrumentation wires were Incorporated.   Furthermore it was braced to the top 
and bottom tunnel wall by two steel wires just upstream of the split line between afterbody and forebody. To 
prevent choking of the tunnel near the struts the forebody was shaped such that the model cross-sectional area 
including the struts gradually increased to the maximum model area downstream of the struts. 

The fuselage could be lengthened by addition of a cylindrical part to the forebody in order to thicken the 
natural boundary layer on the afterbody. 

The shape of the afterbody with the smaller nozzle (nozzle A), as well as the location of the static pressure and 
temperature instrumentation followed the coordinates as proposed by the AGARD group (Table I).  The afterbod/ 
contour was manufactured according to the ordinates as supplied by Rolls Royce. 

The larger nozzle configuration (nozzle B) was obtained by "cutting off an appropriate part of afterbody A 
and fairing the exhaust nozzle inner contour with a straight cone into the jet pipe. This resulted in a nuzzle inside 
convergence half-angle of 4° vs 7° for the original ACiARD nozzle. 

The single component thrust balance which was used in the hot jet tests vas designed for a maximum force oi 
800 N    It consisted of a cart wheel sensing element with two solid beams with strain gauges and four hollow spokes. 
These spokes connected the anulus. where II] O] was supplied through two tubes, with the balance sting, through 
which the HjOj flowed to the silver screen catalyst pack.   At (he downstream end the sting was supported by spring 
beams.   Water cooling and a Ferobestos shield prohibited the heat of the catalyst pack to flow to the balance. 

The balance was calibrated, including the stiffening effect of the pressure measurement tubing, thermocouple 
wires, water tubes and air supply tubes to the distortion valve.  The calibration tests examined the effects of mass 
flow, supply pressure, actuation pressure and temperature of HjOj and of the balance parts.  These parameters wire 
measured also during t'ie test runs.   The correction for temperature and pressure of th' liquid MjOj proved to be 
most Important, amounting together to about 1.5 N.   The effect of the mass How was smaller, approximately .5 N. 
It Is estimated that after the corrections are made the error in the balance readings is of the order of the average of 
the corrections that were applied due to the zero shift of the balance before and after a run. i.e. I N. 

Tlie difference In axial elongation between the Inner and outer structure of the metric afterbody assembly due 
(u temperature effects was compensated Internally, assuring that the gap at '.he splitlinc location between metric and 
non metric fore-body remained constant. 

The II.O. suppl> was eontrolled with high precision by manually adjusting a micrometer which was connected 
to the movable conical spindle of a cavitating venturi outside the model.   I or the lest series with air as jet medium, 
the thrust balance and catalyst pack were removed and replaced by an airduct.   The air flow was adjusted by an 
electrically operated plug valve in the supplv line from the same pressure vessel that supplied air to the tunnol itself. 

For reasons mentioned in the Introduction the configurations that were used In this program were provided with 
a specially developed distortion device    It consisted of a sleeve valve which could admit or cut off the How of the 
jet medium to the centre part (50': i of an orifice plate    Hence the gas flow could either be forced through the out- 
side part ol the orifice plate or homogeneously distributed over the cross section area.   In the first case a "hollow" 
velocity profile was created in the jet pipe, in the second cas- a flat profile resulted.   Downstream of the orifice plate 
lour screens smouthened the flow     The sleeve valve could be actuated by one of two small pneumatic cylinders, led 
by 40 atm. supply an through thin stainless steel lubes    Durine a run this air pressure was kept on the actuating 
cylinder to fix ihe position of the valve    The air mass that leaked into the valve was measured and was taken into 
account in the calculations   The influence of the pressurised supply tubes on the thrust balance proved to be nlhil. 
The pressure in the valve housing was measured to monitor the functioning, showing about twice as large a value In 
the case of "distortion"' compared to "no dMortion"    In figure 2. showing the wind tunnel model, this distortion 
valve is schematicallv drawn 

In a preliminary test series the total pressure profile in the let ,'ipe was determined.   It was preferred not to 
install a total pressure rake In the wind tunnel model because Ihe construction would become complicated.   Moreover 
it had tv-en proposed by the •\(.\R1> croup that Ihe jet total pressure would he derived from measurements of the 
let pipe static pressure, let mas» flow and temperature 

This preliminary lest series was therefore carried out at a static test stand with separate nozzle models which 
did incorporate the total pressure rake and moreover a cross rake in the exit plane    Two configurations, one with 
the A(iARI) nuzzle tnoz/le A) and one with the large nozzle (no/zle B» were used in these tests.   Ihe latter nozzle 
could be partial'y Mocked by a stepped plug I UI.  02 and  O.t m dia )    fhese nozzles had arbitrarily shaped outside 
contours. 
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The total prenure profile wu only determined with HaOi (hot jet tests). These tests have not been performed 
with cold air as jet medium, because the high pressure air facility was not availabh at the test stand due to other 
priorities. 

2.4 Instrumentation 

For the test series to investipte the jet flow total pressure profiles and to define a valid mean jet total pressure, 
the 10-tube rake as specified by the AGARD group was mounted in the jet pipes, 9 tubes measuring the total pressures 
while the 10th tube on the centreline was modified to measure the static pressure.  Besides in the jet pipe the gas 
temperature was measured.  The wall static pressures were measured at 8 locations.  In the exit plane the total pres- 
sures were surveyed by a cross rake with 20 probes for nozzle A, 24 probes for nozzle B. 

During the wind tunnel test the pressures were measured by pressure transducers mostly incorporated in Scanni 
valves, temperatures by chromei-alumel thermocouples, the balance force by strain gauges. The mass flows of air to 
the distortion device and Hj Oj to the gas generator were determined by turbine flow meters. A sharp edge orifice 
flow meter was used to measure the air flow for tiie cold air tests. 

Recordings were made automatically after conversion into digital values. An U.V. multi-channel recorder was 
run parallel to provide a quick look capability. In early tests a boundary layer probe was mounted in the wind tunnel 
between the slats in the tunnel bottom wall. This probe could be stepped every .25 millimetres taking a total pressure 
survey for a distance of 40 millimetres from the model wall. 

The following accuracies (90% probability levels) must be considered, derived from instrument and digitizing 
characteristics. 

Pressure coefficients 

Pressure drag coefficients 

Free stream Mach number 
(see Section 3.2) 

Nozzle discharge coefficients 

no distortion, low/high flow 
distortion, low/high flow 

Nozzle thrust coefficients 

no distortion, low/high flow at  M«, = 0 
(due to scatter at   M« ^=0,3% more) 
distortion, low/high flow 

Nozzle pressure ratio 

no distortion/distortion 

2.5 Test Sequence 

In Table II a survey is given of the range of parameters that are encompassed in the test series.   Series 1 is the 
forementioned preliminary test series. 

During a test run in the wind tunnel at each of the following test conditions, a measurement was taken, if 
necessary after readjustment of the Mach number: 

tunnel off, 
- tunnel started, jet off, 

tunnel on, jet on, no distortion, 
tunnel on, jet on, distortion, 
tunnel on, jet off, 

- tunnel off. 

3.     RESULTS AND DISCUSSION 

3.1   Nozzle Characteristics 

i. /. /    Definition and Calibration of Jet Total Pressure 

The jet total pressure is of paramount importance in the calculation of the nozzle discharge and thrust coeffi- 
cients.   It had been proposed by the AGARD group that during the research program the jet total pressure if possible 
be determined from the measured mass flow, the jet temperature and the static pressure in the jet pipe.  In a jet 
flow with a total pressure profile distortion however, the determination of a valid mean jet total pressure from these 
parameters poses some special problems. 

Cp .005 

CDp .003 

M« .005 

Cd 
.71.5% 
1.0/.8% 

CT 1.4/.6% 

CT l.7/.9% 

NPR .4/.7% 
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The averaged pt. that must be determined will have to be a characteristic property of the jet flow, i.e. must 
be independent of the axial location where the measurements are made.  It must not change its value, except due to 
viscous losses if the cross sectional area of the jet pipe is changed. 

The area averaged jet total pressure will not satisfy this requirement.   During expansion the cross section area 
of a stream tube with a higher total pressure will decrease less than that of a stream tube with a lower total pressure. 
This means that the area averaged total pressure of a distorted flow will increase in a contraction. However the mass 
flow and the total pressure remain the same per stream tube in a contraction.  Hence the total pressure mass averaged 
over all stream tubes, will remain constant and might therefore be a proper means of averaging, at least superior to 
area averaging. 

For the determination of the mass flow averaged total pressure it is necessary to know everywhere in the cross 
section of the jet pine the local total pressure and mass flow, or the local static pressure, temperature and mass flow. 
Compressible flow relations yield 

dm = 
'PtV fr-niy 

- I 
pt\(T-1)/l' a (i) 

So'ving this equation a value for the local total pressure  pt can be derived if the mass flow distribution, static 
pressure and tutal temperature are known.  The mass flow averaged total pressure then is 

/ 

fp, dm 
*      J     m 

(2) 

In order to determine  pt.  in the wind tunnel model from static pressures and mass flow, it was therefore 
necessary to have knowledge of the local static pressure and mass flow in the jet pipe.   The H] O] was decomposed 
just upstream of the measuring station, so the total temperature could be assumed to be constant over the cross 
section. 

During the calibration tests the static pressure distribution in the jet pipe at the location of the total pressure 
rake was determined by four pressure orifices in the wall and one on the centreline.  These all measured essentially 
equal pressures so it was assumed that the static pressure in the plane of the rake was constant and equal to the 
average value.  It was also established that the pressures measured by ihe neighbouring orifices in axial direction, 
were not significantly different from this average static pressure. 

The jet pipe cross section was divided into 9 equal areas, defined by the total pressure rake.  The mass flow 

distribution   (—)   over ihese 9 equal areas AA  can be calculated from Equation (1), if the average static pressure 
\ m /i 

Pjp  and the measured total pressure distribution  p^ are known. 

Taking  RTt  ,  7 and  AA  constant and dividing by  m , Equation (I) yields 

a = 'puV^J/ftiV 
PJP/ IVPjp/ 

,(7-0/? 

I©   -'!(■ 
PjATRFr 

PJP/ 

(3) 

It was found that this mass How distribution was insensitive to the total mass flow, pressure level or contraction 
ratio of the nozzle. For all nozzle configurations for both "distortion" and "no distortion", the difference between the 
measured and average mass flow distribution was 

(-) -(T), — <  .01 

so it could be established with confidence that a standardized mass flow distribution can be assume (Fig.4).   Based 
on the consistency of this standardized mass flow distribution, together with  mme.d%,  Pjp     and  Tme^ , the mass 
flow averaged total pressure in the jet pipe can be calculated without knowledge of local total pressures.   Solving 
Equation (1) for dm = Am and  dA = Ajp/9 

Pti   =  Pjp 

7/(7-1) 
(4) 
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and 

(5) 

The jet total temperature TV was (iteratively) calculated from 

Mj   =   'meu (6) 

+ 1 

Pk where .87 is the measured recovery factor of the thermocouple.  It may be noted that   —- , the pressure ratio of 
pJP the 2nd concentric area, was taken because the jet temperature was measured in the 2nd concentric ring. 

If the standardized mass flow averaged total pressure ptj is compared with the total pressure that was directly 
derived from the actual measured mass flow distribution in the jet pipe, for 29 runs it was found that 
pt. = Ptjmei, * -4%, the tolerance indicating the standard deviation. 

In the exhaust plane it is not possible to determine along the same method the mass flow averaged total pressure 
because of radial variations in the static pressure due to sonic line curvature.  The total pressures as measured from 
the cross rake may be used however to calculate an approximate mass flow averaged total pressure.  Realizing that at 
the throat of a nozzle, the flow is near sonic (M: = 1.0 ± 10%), and therefore the local mass flow is about propor- 
tional to the total pressure (pv = constant x p, ± 1%). With Am = pv AA , Equation (5) can be written approxi- 
mately 

Pt.   = 

± pf, AA 

I, Pti AA 
(7) 

Illustrating the foregoing, the following examples are given, taken from test series I, for jet flows with distorted 
total pressure profiles. The total pressures in N/m3, as determined by the various methods, were for 

Nozzle A 

standardized mass flow average 
measured mass flow average 
area average 

Nozzle B 

standardized mass flow average 
measured mass flow average 
area average 

in the jet pipe 

2.335 x 10» 
2.336 x 105 

2.307 x 105 

3.069 x 10s 

3.068 x 10» 
2.926 x I05 

in the exit plane 

2.335 x 10' approx. 
2.335 x 105 

3.095 x 10s approx 
3.053 x I05 

The measured total pressure profiles for these examples are shown in Figures 5a and 5b. 

It may be seen from these examples, that the area averaged total pressures increase towards the exit for both 
nozzles, and that the difference between the area averaged and mass flow averaged values in the jet pipe are consider- 
able for the large nozzle B, but also still clearly evident for nozzle A. 

It may be concluded that the method to determine the total pressure from the standardized mass flow yields 
reliable results. 

In the following section this method is applied to calculate the jet total pressures and the derived nozzle thrust 
and discharge coefficients. 

i. /. 2   Characteristics of Nozzle A 

The equations for the discharge and thrust coefficients are given in the list of definitions. 

The calculated discharge coefficients for the hot test series 2 and 5 are shown vs the nozzle pressure ratio in 
Figures 6 and 7 for Moo = 0 and  M« # 0 respectively. 
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The chocked nozzle pressure ratio for this axisymmetric nozzle with a half angle of 7° was expected to be 
slightly higher than 2.4 (Ref.2).  From the test results this cannot be confirmed with ceitainty, a somewhat lower 
value would also be possible   To determine the average choked nozzle discharge coefficients the runs with 
NPR > 12 were used. 

The average choked discharge coefficients for both M«, = 0 and  M«, ^ 0 are: 

series 2 + 5,   36 runs       no distortion Cj = .988 t .004 
distortion Cd = .986 ± .005 

the tolerances indicating the standard ueviations. 

The effect of distortion could not be detected with good confidence.   For all runs with NPR > 2.2 : 
Q (dist.) - C,) (no dist.) = ACj = — .002 ± .004.. This result is not surprising if it is remembered (Fig.5a) that 
with distortion the total pressure profile is still rather uniform both in the tail pipe and in the exit plane.  Neither 
does the static pressure at the inner nozzle lip show any evidence of being affected by distortion as will be shown 
later.  In these test series 2 and 5 very few tests were performed at unchoked  NPR , so the effect of ambient airflow 
on C,) cannot be shown in detail in these series. 

Figure 8 shows the Cj  values for cold air series 3 "no distortion".   Mere more .uns have been performed at 
unchoked  NPR , so that the influence of the ambient air stream on  Cj  may be shown in more detail than in series 
2 and 5. 

As will be shown in Section 3.4, for  M«, - .8, .85 and .9 the pressure at the external nozzle lip is higher than 
the free stream static pressure, Cpex ^ +.15 , while at  M,, = .95   this overpressure has almost disappeared.   Hence 
at the lower Mach numbers the effective nozzle pressure ratio will be lower than the standard  NPR , which will be 
reflected in the relation of Cj vs standard NPR .  The dashed line in Figure 8 represents the data for  M« = 8 to .9. 

The average value and the standard deviation for the choked discharge coefficient, as determined from 21 runs 
with  NPR > 2.2  is 

Cd = .986 ± .004 

so it may be concluded that the jet medium (HJOJ decomposition products for test series 2 and S, and cold air for 
series 3) did not significantly influence the discharge coefficient of this high contraction ratio nozzle.  The value of 
the determined discharge coefficients for this nozzle for "no distortion" agrees well with the data of Reference 2, 
which show that a value of approximately .987 would have been expected. 

The static pressure distribution along the jet pipe wall of test series 2 and 5 is shown in Figure 9.  The difference 
between "no distortion" and "distortion" has disappeared in the downstream part of the jet pipe din" to the high 
contraction ratio of the nozzle. 

For lower  NPR  the results of test series 3 give more details.  The ratio of the static pressure in the jet pipe 
at   x/Dmax = .063 (nearest to the exit plane) to the jet total pressure is shown in Figure 10.  Also shown are the data 
points with  NPR > 2.2 , where a correction on the NPR  is applied by replacing  p«  by the external boattail over- 
pressure pex  near the exit plane.   Apparently the corrected nozzle pressure ratio correlates the data points better 
for the cases with and without external flow. 

The thrust coefficients CT!   and  CTj vs NPR are shown in Figure 11 for the runs of test series 2 and 5 where 
MQB = 0.  The thrust coefficient  CT]  is most practical for engine cycle assessment, because it is related to the actual 
delivered mass flow and actual jet total pressure.  CT|   (= CTj x Cj , sometimes used in iclevant literature) is used 
for reference purpose.   No evident difference is seen between "distortion" and "no distortion". 

For II runs    CT, (dist.) - CT, (no dist.)   =  ACT,   =  -.003 ±.007 
CTj (dist.) - CT2 (no dist.)  = ACT,  =   + .002 ± .005 

This result may be due to the fact that these thrust coefficients take into account the measured jet total pressure, 
which itself is influenced by the distortion profile. 

An influence of distortion might better be shown by the change of the reference thrust coefficient  CT3 .  This 
coefficient does not depend on   pt.        or consequently on Cj , which themselves are related to the distortion 
profile. 

CT, (dist.) - CTj (no dist.)  =  ACTj   =   f .005 ± .003 . 

This means that a small increase in thrust may be expected if a nozzle exhausts a certain mass flow with a distorted 
total pressure profile vs. a flat profile. 
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It would have been expected that for  NPR «• 1.9 thrust coefficient CT,  would have been approximately 1.005 
(Reference 2, »jib,. = CT,  for NPR * 1.9). The high values of CT| and CT2 could not be explained since the 
measured thrust forces are determined sufficiently accurate to preclude the influence of scatter on the trend of the 
average thrust coefficients. The balance was calibrated including all known secondary effects. 

For the thrust coefficients at M« # 0 the actual thrust force had to be derived from a force balance equation 
incorporating the measured thrust balance force, the integrated boattail pressure drag, the friction drag and the correc- 
tion force due to the pressure inside the gap between forebody and afterbody.  For the friction drag the values as 
derived from Reference 3 were adapted amounting to a friction drag coefficient, related to Arej , of Cp ~ .0425 . 
These values agreed with the average values obtained from force measurements of test series 2 at "jet off, particularly 
at the larger Mach numbers.  Figure 12 shows the thrust coefficient CT] vs. NPR   for  M« ^ 0 . The large scatter 
in the results can be attributed to the inaccuracies introduced by the pressure force corrections, particularly the gap 
force correction. The same trend hov -ver as for M« = 0 is indicated. The possible effects of distortion for 
M,» ^ 0 are seen to submerge in tb    .tatter: 

ACT, = -.003 ±010 
ACT, = + .000 ± .008 
ACT,  =   + .001 ± .008 

For this large contraction ratio nozzle it appears that the effects of the jet total pressure distortion on the nozzle 
characteristics are of minor importance under the condition that the proper mass flow averaged total jet pressure is 
used. 

J.1.3   Characteristics of Nozzle B 

The larger nozzle B has only been tested with the hot decomposition products of HjO,.   Figure 13 shows for 
MM = 0 and  MM # 0  the discharge coefficients vs. NPR .   Vpart from the effect of the external flow at low nozzle 
pressure ratios the influence of distortion is clearly shown.  The avrage values of the discharge coefficients of 12 runs 
for NPR > 2.1   (approximately the choked pressure ratio for undistorted Duw) are 

no distortion Cj 
distortion Cj 
Cj fdist.)-Cj (nodist.) = ACd 

= .978 ± .002 
= .946 ± .010 
=  - .032 ± .008 

For this nozzle with a low contraction ratio the effect of distortion is considerable.   This tendency may be ascribed 
to the increased curvature of the sonic line at the nozzle exit due to the "hollow" velocity profile. 

For a nozzle with a convergence half angle of 4° and a contraction ratio of 1.62 the discharge coefficient for non- 
distorted flow would have been expected to be slightly lower than .99 (Ref.2).  The calculated discharge coefficients 
of nozzle B howevei' average about one per cent lower, which may be caused by the slight amount of hollow dis- 
tortion that still exists in the mass flow distribution for the "no distortion" condition and by the influence of the 
step in the duct wall on the internal boundary layer.   It must be remarked that the results of a part of the test runs 
(about 12 runs with 1.6 < NPR < 2 2) show a slightly different level from the other data points.   During this part 
of the tests the distortion valve functioned erratically due to a silver deposit from the catalyst pack.  No effect on 
the preasure in the valve housing however could be detected.  After repolishing the valve the other data points were 
obtained, which correlated better with results of test series I.  Figure 14 shows the ratio of the static pressure in the 
jet pipe close to the nozzle lip to the jet total pressure. The difference between "no distortion" and "distortion" is 
still clearly present. 

Figures 15 and 16 show the values of CT!  and CTj vs. NPR for both "distortion" and "no distortion" for 
Mo» = 0 and  # 0 respectively.   Due to erratic ouput of the gap pressure as mentioned in the previous section, at 
Moo ^ 0  rather a large scatter appe.irs in the results.  The difference in thrust coefficients, due to distortion, is 

for M„ =  0-ACT,   =  -.036 ± .023 and for MM   *  O.ACT,   =  -.049 ± .009 
(12 runs) ACTj  =  -.002 ± .013 

ACT,  =   + .024 ± .007 
(11 runs) ACTj  =   -.010+ .007 

ACTj  =   +.021 ± .005 

the tolerance again indicating the standard deviations. 

It is obvious that CTi   will show a marked influence from distortion due to the considerable change in Cj 
and the direct coupling with this coefficient.   For comparison Figure 15 shows the reference line for CT, (dist.), 
obtained from the line for CT^  (the same for both distortion and no distortion) multiplied by  Cj   (dist., M« = 0) 
from Figure 13. 

CT, increases markedly if the jet flow total pressure profile is distorted.  This was clearly shown on the balance 
readings when the distortion valve was actuated. 

It is indicated that the thrust coefficient  CTj  has the least tendency to change due to distortion, and hence 
may be used as the most characteristic coefficient for nozzle performance evaluations. 
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3.2  Mach Nuntbef Menurvincnt 

J.2.I   General 

At mentioned in Section 2.2, an analysis of the reference Mach numbers is required.  Because these Mach 
numbers are derived from the static pressure at the cylindrical part of the fuselage at model station 16 
(x/Dmu = 3.017) the possible effects of jet parameters, tunnel configuration and forebody length on this pressure 
will be discussed. 

3.2.2   Effect of Jet Pmmeten 

An analysis of the pressure distribution on the cylindrical part of the model shows that the upstream influence 
due to variation of jet parameters does not affect model station 14 and stations further upstream (Fig. 17). With 
the used method of Mach number adjustment (variation of diffuser throat) there might have been a possibility that 
throat area variations - necessary to allow for the additional mass flow of the jet - would counteract the upstream 
influences. Therefore some additional tests have been made with solid simulated jet plumes which did not require 
the Mach number readjustments as necessary for the real jets.  Results of these tests are also presented in Figure 17. 

Although the plotted points show some scatter there are no systematic variations, 
that variation of jet parameters does not affect the reference Mach number. 

It is concluded therefrom 

3.2.3 Effect of Tunnel Configurciion 

The partially open transonic test section had closed side walls. The top wall had an open ratio of 11.1%. The 
open ratio of the bottom wall has been changed after the first test series from 40.7% (further referred to as test 
section I) to 11.1% (test section II).  Figure 18 shows that this variation of bottom wall open ratio has a considerable 
effect on the axial pressure distribution on the model. Circumferential pressure distributions show that the flow on 
the model is essentially axisymmetric for both test sections. Therefore the changes of the axial pressure distribution 
are attributed to changing wall interference effects.  This means that the reference Mach numbers from the two test 
sections are not comparable.  Therefore mainly test results obtained in test section II have been presented. Only the 
test results presenting the influence of boundary layer thickness (Section 3.5) have been obtained with test section I. 

3.2.4 Effect of Forehody Length 

Figure 19 shows axial pressure distributions on the cylindrical part of the model for the two forebody lengths 
as used in the tests. This figure illustrates t. at variation of forebody length causes a small change of the pressure at 
model station 18.  This piessure change indicates that the reference Mach number depends slightly on forebody length. 

3.3  Jet-Off Boattail Pressure Measurements 

3.3.1 Effect of Mach number 

Figure 20 shows the effect of Mach number on the boattail pressure distributions (nozzle A).  Schlieren photo- 
graphs of the flow are presented in Figure 21.  At  M«, = .85  weak shocklets appear just downstream of the boat- 
tail shoulder indicating the presence cf a small region of sonic flow. At higher Mach numbers a shock wave occurs 
causing the steep pressure rise at  x/Dmax *' .8 (Fig. 20). Furthermore the Schlieren photographs indicate that 
boundary layer separation occurs on the rear part of the boattail at MM = .90 and  M«, = .95 . 

A comparison of pressure distributions on nozzle A and nozzle B is presented in Figure 22 showing that the 
differences are very small. The general trends are the same for both nozzles. 

Boattail pressure drag as function of Mach number is given in Figure 23 for both nozzles, the bands enclosing 
95% of all data points. 

3.3.2 Effect of Boattail Surface Temperature 

A comparison of jet-off pressure distributions obtained during the hot jet test series and the cold jet test series 
reveals that for nozzle A the boattail surface temperature systematically affects the recompression on the rear part 
of the boattail.  Typical examples of this effect are shown in Figures 24 and 25.   Increasing surface temperature 
causes the boattail pressures to decrease which might be explained by decreasing boundary layer stability. 

It should be noticed that the "hot model" results have been measured a few seconds after a hot jet measure- 
ment.  This means that the model temperature gradually decreases during the jet off measurement due to natural 
cooling.  Moreover the model temperature has been measured at only one position on the model (x/Dmax = .056) 
and only at the end of the measurement.  Therefore a quantitative analysis of this effect has not been possible in 
the present test series. It can only be concluded that the rather limited increase of the measured surface temperature 
already causes a clearly different boattail pressure distribution. Therefore a more detailed study of this temperature 
effect is reauired. 



3.4  Jet-On BoattaH hwran MMwnnwnts 

i. 4.1   Effect of Nozzle Pressure Ratio 

Figures 26 through 29 «how the effect of nozzle preuure ratio on boattail pressure distribution for  M« ■ .80 , 
M« « .85 , MM 

s .90 and M« - .96 respectively. These data have been obtained with hot jets and nozzle A. 
All figures slow the same trends, i.e. increasing boattail pressures with increasing nozzle preuure ratio. These trends 
are atso found with cold jets (e.g. Figure 30). These test results indicate that jet displacement (increasing surface 
pressures with increasing nozzle pressure ratio due to increasing jet plume angle) is dominating jet entrainment in the 
range of the present measurements. 

The effect of nozzle preuure ratio on boattail preuure distribution as measured with nozzle B is presented in 
Figures 31 and 32 for M« = .79 and M« = .89  respectively. The trends observed from these figures are the same 
as for nozzle A, except that for the larger nozzle the influence of NPR is more pronounced. 

It should bv noticed that the jet effects are limited to the rear part of the model at M« = .89 due to the 
region of supersonic flow near the boattail shoulder.  At M« = .79 no such supersonic flow exists and jet effects 
are felt further upstream. 

The effect of nozzle pressure ratio on boattail preuure drag is presented in Figures 33 through 35. 

S. 4.2    Effect of Jet Distortion 

The effect of jet distortion on boattail pressure drag is illustrated in Figures 36 and 37 for nozzle A and nozzle 
B respectively.  Figure 36 shows that for nozzle A no significant effects of distortion are found.  This result is not 
surprising, however, because distortion is not very pronounced with nozzle A (see Figure 5a>. 

With nozzle B the distortion is more effective (Fig.Sb).  In this case it appears that the boattail preuure drag 
is affected by jet distortion at M« = .80 (Fig.37> only.  At M«, = .90 and M« = 95  no effect is found.  It is 
rather surprising that the separated boundary layers as occur at the higher two Mach numbers are not affected by a 
variation of jet entrainment (due to jet distortion) whereas at M«, = .8 when no separation £?ems to occur (cf. 
Section 3.3.1), the effect is significant for all nozzle pressure ratios tested (Fig.38), except for the lowest  NPR 
(= 1.67).  In this case the outer part of the distorted exhaust flow is subcritical vs. supercritical for the other cases. 
This effect of distortion is also indicated by the external pressures, Figure 39.  At  M«, = .90  the pressure distribu- 
tion is unaffected by distortion. Figure 40. 

' 

3.4.3   Effects of Jet Temperature 

A comparison of boattail preuure distributions for hot and cold jets is presented in Figures 41 and 42.  Both 
figures show that the pressure distributions on the boattail differ markedly for hot and cold jets.  Generally these 
changes of boattail pressure distribution are considered to be caused by two phenomena: 

- change of jet displacement, 
- change of jet entrainment. 

A simple prediction based on isentropic Prandtl/Meyer expansion suggests that jet plume angle (jet displacement) is 
larger for the hot jet due to the lower value of 7 .  This is confirmed by Schlieren photographs of the jets. 

The jet entrainment, itself being of less importance than the plume shape effect, would be expected to be 
lower for the hot jets than for the cold jets (Ref.4).   Because both increasing jet displacement and decreasing jet 
entrainment tend to cause a pressure rise on the boattail one would expect that for the hot jets boattail pressures 
would be higher than for the cold jets, giving lower drag. This expected trend is only partly supported by the 
measured preuure distribution (Figures 41 and 42) which show that just downstream of the boattail shoulder the 
pressures are higher for the hot jets.  However, at the downstream end of the boattail the pressures for the hot jets 
are about equal or even lower than the pressures for the cold jets. This might be explained by the effect of boattail 
surface temperature as described in Section 3.3.2.   Because during hot jet measurements the boattail surface tempera- 
ture is considerably higher (T| ^ 500 k) than during the measurements described in Section 3.3.2, a marked 
decrease of boattail pressures may be expected due to this surface temperature effect. 

The resulting boattail preuure drag for the hot jets is compared with boattail pressure drag for cold jets in 
Figures 43 and 44 for NPR Ä 3  and NPR ^ 4  respectively. 

With NPR ^ 4 boattail pressure drag is about equal for hot and cold jets indicating that the jet temperature 
effect (decreasing dr?.g) is compensated by the opposite boattail temperature effect (Fig.44).  With NPR Ä 3 it 
appears from Figure 43 that the boattail temperature effect is even stronger than the jet temperature effect at 
Moo = .85  and M«, = .9 which may be due to earlier flow separation on the hot boattail (for jet off conditions 
flow separation starts at  M» = .9 , cf. Section 3.3.1).  From these results it is concluded that the present measure- 
ments are not suitable to make a quantitative analysis of jet temperature effects. 
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3.S  Boundary Layer Effects 

In the present test series boundary layer effects have been studied by varying forebody length.  Figure 45 shows 
the measured boundary layer velocity profiles for both the short (L/Dmix ■ 10.63) and long models (L/Dinax = 15). 

Some characteristic data of the boundary layer are summarized in Table III.  It should be noted that the 
boundary layer profiles have been measured on a cold model and without a jet.  Because during hot jrt measurements 
model surface temperature rises approximately 60 deg C at the model station where the profi'es have been measured, 
one should be careful when using the presented boundary layer data for an analysis of hot jet test results. 

The influence of forebody length on boattail pressure drag is illustrated in Figure 46 both for jet-off conditions 
and for a nozzle pressure ratio of approximately 2 (hot jet). This figure shows that in both cases an increase of 
forebody length causes the pressure drag to decrease at  M« = .9 and at M«, = .96 whereas at M« = .85  no 
significant effect is found. Typical examples of boattail pressure distribution for long and short forebodies are 
shown in Figures 47 and 48. 

3.6  Tunnel Wall Interference 

As indicated in Section 3.2 measured reference Mach numbers cannot be related to free stream conditions due 
to the relatively la;ge model blockage.  Because of the large model length the corrections required to obtain inter- 
ference-free data (solid blockage and wake blockage correction, e.g. Reference 5) do not merely consist of a Mach 
number correction.  Further correction terms are necessary which vary in axial direction. 

Although it has been demonstrated in Section 3.2.1 that variation of jet parameters (wake blockage) had no 
effect on the forebody it is possible that the wake blockage effects on the boattail are changing. 

To get some more information on these wall interference effects, pressures have been measured on a solid tunnel 
side wall during the cold jet test series.  Some typical examples of wall pressure distribution are presented in Figures 
49 and 50. 

Figure 49 shows that tunnel wall pressures are very sensitive to Mach number which consequently I licates that 
blockage effects depend also on Mach number. 

Figure 50 presents the effect of nozzle pressure ratio on tunnel wall pressure distribution indicating that wake 
blockage effects will also depend slightly on nozzle pressure ratio   Both figures show that the pressure variations 
measured on the tunnel wall are much smaller than the variation .a^ isured on the model.   Because wall pressures 
are induced by model pressures, this indicates that flow field disturbs 'ces at the model are damped out rapidly when 
moving away from the model.  Because the blockage effects on the mo lei are in an analogous way related to the 
tunnel wall pressures, it seems reasonable to assume that pressure changes on the model due to varying blockage 
effects are again much smaller than the wall pressure variations. This would mean that the measured trends of Mach 
and jet effects on the boattail pressure distribution are valid.  However these data cannot be used as absolute due to 
wall interference. 

4.     CONCLUSIONS 

A method using a standardized mass flow distribution was developed to determine the mass flow averaged 
jet total pressure from mass flow, static pressure and temperature in the jet pipe.  The results of this 
method agreed with values derived from total pressure rake measurements. 

For nozzle A with a contraction ratio of 3.24 the following characteristics were determined, the tolerances 
indicating the standard deviations: 

The choked discharge coefficient for a hot jet consisting of 
decomposed HJOJ, without distortion 

For a hollow distorted total pressure profile in the jet pipe 
the discharge coefficient decreased 

For cold air, no distortion. 

Cd = .988 ± .004 

.002 to Cd = .986 ± .005 

Cd = .986 i .004 

These results show that for this nozzle the influence of jet medium and distortion on the discharge coeffi- 
cient was small. 

The effect of ambient airstream on the discharge coefficient resulted in lower values for Cj in the case 
of unchoked nozzle pressure ratios. 

The thrust coefficients were found to be higher than expected, and no clear difference was found between 
values for jet pipe flows with and without distorted total pressure profiles. 
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The characterittict of nozzle B with a contraction ratio of 1.62 were more clearly influenced by distortion 

Cd (no ditt.) 
Cd (dirt.) 

.978 t .002 

.946 ± .010 

Ambient airflow lowered the discharge coefficients for unchoked nozzle pressure ratios. 

The net thrust forces for the same mass flow were higher for the distorted flow, resulting in higher values 
of the reference thrust coefficient CTi, for "no distortion" and "distortion". The thrust coefficient CTj 
was found to be least sensitive to distortion. 

The obtained data for the boattail pressures cannot be used as absolute, due to the relatively large blockage 
ratio of the used model/test section combination.  It is argued however that the measured trends are valid. 

The defined Mach number was found to depend slightly on test section configuration and model forebody 
length, but was not influenced by the nozzle pressure ratio. 

For both afterbodies it was found that increasing the Mach nu Tiber changed the afterbody pressure distri- 
bution, resulting in higher pressure drag coefficients.  Increasing the nozzle pressan. ratio decreasrd the 
afterbody pressure drag, nozzle D being more sensitive than nuzzle A. 

For "jet off higher model temperatures were found to decrease the pressures on the rear part of the boat- 
tail, causing increasing pressure drag. 

For nozzle A the use of hot or cold jet medium caused a rather small difference in afterbody pressure 
distribution due to the opposing effects of the jet temperature and the model surface temperature. A 
further investigation of this effect is recommended. 

The influence of distortion on the boattail pressure distribution was not significant for nozzle A, for nozzle 
B at  Ma, ~ -8 the hollow distortion decreased the pressure on the rear part of the boattail, resulting in 
pressure drag. 

Thickening the fuselage boundary layer by increasing the forebody length for the model with nozzle A 
decreased the pressure drag. 
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TABLE I 

Co-ordinate! of Boattail Contour and Petition of Pnoure Orifices and Thermocouples 

la  15° Boattail Ordinatcs 

■  r 

"/Dm« r/Dm« 

1   0 .2075   I 
.025 .2155  1 
.050 .2245 

|  .075 .23475  1 
1  .100 .24575 
1  .125 .2568 
1  .150 .2678 

.175 .2788 

.200 .2888 

.212 end of 
nozJe B 

.225 .2988 

.250 .3085 

.275 .3180  | 

.300 .3275 

.325 .3368   1 

.350 .3458   ! 

.400 .3630   i 

.425 .3718 

.450 .3500 

.475 .3580 

.500 .3958 

*/Dm« '/Dm«   i 

.525 .4033   | 

.550 .4108 

.575 .4178   | 

.600 .4248   1 
|   .625 .4313 

1   •650 .4375 
.675 .4435 
.700 .4499   ! 
.725 .4543 
.750 .4595 
.775 .4645 

|   .800 .4695 
.825 .4743 
.850 .4788   j 
.875 .4828 
.900 .4863   1 
.925 .4898   j 
.950 .4928 
.975 .4953 

1.000 .4978 
J 

*/Dm„ r/DmiX  | 

1.02S 
1.050 
3.000 

.4990   | 

.5000   | 

.5000   1 

lb Internal Geometry of Nozzles 

Nozzle A Nozzle B 

"/Dmax r/Dmax r/Dn.ax 

1.513 .366 .366   { 
1.124 .366 .366   j 
1.014 .343 .343 
.516 .314 .3i4   i 
.212 .287 
.179 .226 
0 .204 
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w 
■   '■  "i 

Id Internal Mudei Prewuret 

|     x/Dmix *         ! 

.063 270       ] 

.125 270 

.154 270 

.204 270 

.435 45 

.505 45 

.545 45 

.635 45        | 

.745 45 

.845 45 
1.025 45 
1.265 45 
1.385 45 

|       1.515 45        | 
1.515 135        | 
1.515 225 
1.515 315        j 

le Thermocouples 

X/Dmax * 

.056 

.997 
3.017 
1.490 

225 
225 
225 
60 

external 
external      | 
external     i 
internal      i 

If 

total pressure rake in jet piiv at 
Dn 

= 1.515 

dividing the cross section in 9 equal areas 



1 
I-E18 

TABLE II 

1 Survey of Test Serie» 

Series 1 2 .? 4 5 

M. 0 0,0.8-0.95 0,0.8-0.95 0. 0.8 - 0.95 0,0.8-0.95 

f jet medium,  T, ,  K H,Oj,630 H,O,,630 Air, 290 HJOJ.öSO H,Oj,630 

I R    m- 390 390 287 390 390 

Kj T 1.30 1.30 1.40 1.30 1.30 

fei NPR 1.8-4.6 0, 1.9-4.6 0, 1.1-4.4 0,1.3-3.3 0, 1.7-4.5 

i contr. ratio    Ajp/An 1.62-3.24 3.24 (A) 3.24 (A) 1.62 (B) 3.24 (A) 

I body length short + long short short short 

tunnel bottom wall, % open - 40.7 11.1 11.1 11.1 

m ReDmax   (x 10*) - 1.6    2.1 1.6-2.1 1.6-2.1 1.6-2.1 

1   balance thrust range  N 90-300 100-400 - 100-500 100-400 

I 
TABLE III 

Summary of Boundary Layer Characteristics at  x/Dn 2.91 

Mop 

(-) 
Reo 
() 

6* 
(mm) 

0 
(mm) 

806 1.74 x 10* .97 .61 
854 
915 
943 

1.89 x 10* 
1.91 x 10* 
2.09 x 10* 

.99 
1.09 
1.14 

.60 

.64 

.66 

short fuselage 
L/Dmax = 10.6 

804 1.63 x 10* 1.25 .79 
857 
907 

1.90 x 10* 
2.00 x 10* U9 

.78 

.78 long fuselage 

963 2.09 x 10* 1.36 .80 L/Dmax = 15 
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Fig. i 4   Ratio of static pressure near nozzle exit to jet total pressure vs. NPR for nozzle B 
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Fig.21    Schlieren photographs of the flow over the boattail (nozzle A, jet off) 
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Fig. 18    Effect of tunnel configuration on the axial pressure distribution along the cylindrical part of the model 
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Fig. 19    Effect of forebody length on the axial pressure distribution along the cylindrical part of the model 
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Fig.35    The effect of nozzle pressure ratio on boattail pressure drag (hot jet, nozzle B) 
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Fig.36   The effect of jet distortion on boattail pressure drag (hot jet, nozzle A) 
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Fig.38   The effect of jet distortion on boattail pressure drag for  M«, = 0.80 (hot jet, nozzle B) 
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Fig.49   Mach number influence on tunnel side wall static pressure distribution 
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EFFECTS OF VARYING REYNOLDS NUMBER AND BOUNDARY LAYER 
DISPLACEMENT THICKNESS ON THE EXTERNAL FLOW OVER NOZZLE BOATTAILS 

by 

Dr.D.Zonars, James A.Laughrey, Douglas L.Bowers 
Air Force Flight Dynamics Laboratory Wright-Patterson AFB, Ohio USA 

SUMMARY 

Data for the 10°, IS0, and 25° AGARD nozzle boattails presented in this paper are 
from hose test facilities in which the Reynolds number was varied at constant Mach number 
or whe*^ the boundary layer was varied by blowing or changing the length of the model. 
Evaluation and discussion cr the data concentrates on the trends in pressure drag and static 
pressure distributions when the external flow conditions (specifically Reynolds number and/ 
or boundary layer displacement thickness) are altered over the Mach number range of 0.8 
through 0.95. 

In general (for M« < 0.90)  when the Reynolds number was increased or the 
boundary layer displacement thickness was decreased, the static pressures decreased at the 
beginning of the boattail (flow expansion region) and increased near the nozzle exit (flow 
recompression region).  The pressure drags associated with these changes in the pressure 
distribution varied only slightly at 0.8 Mach number, but increased measurably at 0.9 Mach 
number.  Increasing the Reynolds number or decreasing the displacement thickness at a Mach 
number of 0.95 changed the flow such that the expansion was greater and the recompression 
was less resulting in a significant increase in pressure drag. The flow separated just down- 
stream of the shoulder on the 25° boattail for all Mach numbers investigated and a change in 
Reynolds number or displacement thickness did not noticeably influence the point at which 
the flow separated although there was some variation on the level of pressure in the separated 
zone. Analytical procedures using "viscous-inviscid strong interaction" techniques were 
applied which verified the trends observed in the experimental pressure data for the boattails 
without extensive flow separation. 

1.     INTRODUCTION 

One of the objectives of the AGARD Research Project on "Improved Nozzle Testing Techniques in Transonic 
Flow" is to understand more fully the effects on turbine engine exhaust nozzle external flow and related boattail 
drag when full scale external flow Reynolds number and boundary layer properties are not duplicated. 

The Reynolds number based on a characteristic geometric dimension and the boundary layer properties 
(profile, upstream history, etc.) must be duplicated to obtain flow similarity on a sub scale model versus a full scale 
flight test.  Thus if a one-tenth scale model is used in a wind tunnel facility, the unit Reynolds number should be 
ten times the flight unit Reynolds number to maintain the same total value, based on a selected characteristic 
dimension.   In most wind tunnels the full scale Reynolds number and boundary layer properties are not duplicated, 
so it becomes important to understand the trends with Reynolds number variations in order to extrapolate flight 
performance of the nozzle, and to develop analytical procedures which can be applied at full scale conditions to 
predict installed nozzle performance. Thus the proper simulation, measurement, and interpretation of Reynolds 
number effects on nozzle boattails in transonic flow is an important element in improving test techniques.  To 
approach this problem from several aspects, participants in the AGARD study varied Reynolds number and external 
flow properties in various ways.  One method was to vary the tunnel stagnation pressure which effectively alters the 
Reynolds number the model external boundary layer profile at the same external Mach number.  Another way of 
changing the boundary layer properties of the flow over the nozzle boattail was to inject additional air in the boundary 
layer tangential to the model surface upstream of the shoulder of the nozzle boattail.  The boundary layer thickness 
was also varied by changing the length of the model nacelle to which the no/zle was attached. 

The nozzle afterbodies investigated during this study were the AGAr.D contours described in References 2 to 9 
that were tested in several different facilities to address several test tech .lique problems in transonic flow.  The results 
presented in this paper are from those facilities where Reynolds number could be varied at constant Mach number 
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or where the boundary layer thickness wu varied by either boundary layer blowing or changing the length of the 
model. The boundary layer displacement thickness divided by model maximum diameter is the flow parameter used 
to correlate the data and determine trends (pressure drag and static pressure coefficient distribution) obtained by 
the various procedures, since all methods eff.ctively change the boundary layer displacement thickness ahead of the 
nozzle boattail. 

This paper concentrates on the trends in pressure drag and static pressure distribution when the external flow 
conditions are altered for Mach numbers of 0.8 through 0.95.  A comparison of data obtained in different facilities 
or on different models is made only if the model (nacelle pod and nozzle boattail) being considered is the same or is 
geometrically scaled.  Most of the data presented are for the AGARD 15° boattail nozzle contour; however, some 
drag and pressure distribution trends are given for the 10° and 25° boattails. Nozzle pressure ratio was held constant 
at a representative value for turbine engines for the comparisons. 

Also included in the paper is a limited comparison of experimental and analytically determined pressure 
distributions for selected flow conditions on the 10° and 15° boattail nozzles. The analysis used is a viscous-inviscid 
strong interaction prodecure developed by Bower1 wherein the viscous flow properties are calculated by an integral 
theory for the compressible turbulent boundary layer that takes into account separated flow regions. 

The authors of this paper would like to acknowledge the efforts of Dr.W.W. Bower of McDonnell Aircraft 
Company, St.Louis, Missouri, in the theoretical analysis, Mr.Lawrence L.Galigher of AEÜC (ARO), Captain Robert 
Lock and Mr.Phillip Everling of AFFDL for their support in data analysis, and Mr.G.K.Richey of AFFDL for his 
review and suggestions. Also, the efforts of Mr.LR.Harper of Rolls Royce, Ltd. in supplying data on the effects of 
mass injection on boundary layer development are gratefully acknowledged. 

2.    TEST FACILITIES AND MODELS 

Data presented in this paper was obtained in various AGARD facilities2-'. As stated in the introduction, only 
the data which represents variations in Reynolds number (Re) or boundary layer displacement thickness (5*) is 
discussed.   United States data for the AGARD project "Improved Nozzle Testing Techniques in Transonic Flow",2 

was ob'lined in the Arnold Engineering Development Center (AEDC) 16 Foot Propulsion Wind Tunnel, Tullahoma, 
Tennessee, the 16 Foot Transonic Wind Tunnel at NASA Langley Research Center, Langley Air Froce Base, Virginia, 
and the Lockheed-Georgia (USA) Compressible Flow Facility (CFF), Marietta. Georgia.   Data from the NASA Langley 
facility were not used in this paper since the rind tunnel Reynolds number of model boundary layer properties were 
not varied at a particular Mach number.  The Jata from this tunnel3 is certainly valuable for other parts of the entire 
AGARD study.  The AEDC PWT 16T facility is a continuous flow, closed circuit wind tunnel and has porous walls 
in the 16 Ft x 16 Ft x 40 Ft test section with a Mach number range of 0.2 to 1.6.  The AEDC AGARD nozzle 
models were strut mounted to the tunnel floor (Fig.l) and were instrumented with external static pressure orifices 
and boundary layer rakes.  Overall model length was 146.934 inches (373.21 cm) and the maximum diameter was 
9.86 inches (25.04 cm).  This model is referred to in this paper as the "full scale" AEDC model.   In a related 
investigation supporting the AGARD study, another model was built which is approximately one-sixth scale of the 
full scale AEDC model (15° boattail only).  This model was tested in the same 16 foot wind tunnel and the 20 inch 
(50.8 cm) by 28 inch (71.12 cm) Lockheed-Georgia Compressible Flow Facility (CFF).  The AEDC sub scale model 
was mounted on a sting supported strut (see Figure 2) in the AEDC 16T tunnel and on a floor strut in the 
Compressible Flow Facility.  Primary instrumentation was external static pressure orifices on the nozzle boattail. 
The model length is 22.247 inches (56.51 cm) and the maximum diameter is 1.54 inches (3.91 cm).  The unit 
Reynolds numbers (Re/ft) was varied on both full scale and sub scale models from 1.0 x 10* to 6.0 x 10* at AEDC 
and from 6. x 10* to 50. x 10* in the CFF.  The AEDC full scale model included the 10, 15, and 25 degree AGARD 
contours.   All AEDC models simulated the exhaust plume with 530° R high pressure air. 

Additional data4 for the AGARD contours at 0.8 Mach number was provided by the Air Force Aerospace 
Research Laboratory at Wright-Patterson Air Force Base, Ohio, USA.  The 30 inch (76.2 cm) long, 3 inch (7.62 cm) 
maximum diameter model was sting mounted from the rear with a cylindrical sting and was also tested in the 
Lockheed-Georgia Compressible Flow Facility (CFF).  The unit Reynolds number (Re/ft) range was 6.0 x 10* to 
50.0 x 10*.   Primary instrumentation was external static pressure orifices. 

Data used in this paper from the United Kingdom was obtained in the open circuit ejector driven wind tunnel 
at the Rolls Royce Limited (RR) Bristol Engine Division.  All three AGARD boattail shapes (10, 15, and 25 degree 
contours) were forward-sting mounted in the slotted octagonal test section56.  The model maximum diam«.      "as 
101.6 mm.  The boattail approach boundary layer was changed by blowing high pressure air tangential to the sting 
surface approximately 462.88 mm ahead of the boattail exit.  Tunnel Reynolds number was approximately 1.2 x 104 

per mm.   Instrumentation consisted primarily of external static pressure orifices on the nozzle boattail, external 
boundary layer rakes, a jet total pressure rake, and tunnel wall static pressures. 

Data used in this paper for the AGARD 15° contour from France was obtained from the ONERA studies' 
which used an open circuit wind tunnel with the model mounted on a forward sting.  The tunnel test section was 
rectangular (800 x 900 mm) with perforated top and bottom walls.  The model maximum diameter was 80 mm. 
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The sting boundary layer was changed by the tangential blowing of high pressure air. The two blowing locations 
used were 286 mm (S,) and 628 mm (S}) ahead of the nozzle exit. The throat height of the blowing slot was 
varied from 0.5 to 1.5 mm. Instrumentation included internal and external static pressure orifices and total pressure 
rakes. 

,. 

From the Netherlands, data for the AGARD IS" contour was provided by NLR* from tests in a 270 mm square 
slotted transonic test section of a continuous flow wind tunnel.  The model had a maximum diameter of 80 mm and 
was mounted by two side struts and braced by two wires.  The test section static pressure was adjusted to I at- 
mosphere for all test conditions. The model jet flow was provided by liquid hydrogen peroxide.   Instrumentation 
was a single component thrust balance, external static pressure orifices, sting boundary layer probes, and internal 
total pressure measurements. The boundary layer thickness just upstream of the boattail was changed by increasing 
the length of the model forebody ahead of the support struts by 350 mm. 

The German participants in the AGARD study (MBB and DFVLR) conducted tests on the 10° AGARD boat- 
tail" but there were no variations in Reynolds number or boundary layer displacement thickness.   This data will not 
be used for the discussions in this paper. 

3.     DISCUSSION OF EXPERIMENTAL DATA 

This section of the paper will discuss the Reynolds number and/or boundary layer displacement thickness effects 
which were obtained during the AGARD study by three different techniques.  One technique was to vary tunnel test 
conditions which varies the unit Reynolds number while maintaining Mach number constant.  The other two tech- 
niques of varying boundary layer displacement thickness were injection of high pressure air upstream of the nozzle 
boattail or changing the length of the model while maintaining the same wind tunnel test conditions.   The format of 
the data presentation in this section is to discuss first the details of the flow field at a given Mach number and for a 
given boattail shape as Reynolds number and/or displacement thickness is varied.  The effect of the Reynolds number 
or displacement thickness changes on the flow field will then be discussed in terms of the drag determined by a 
pressure-area integration of the pressure distributions on the model.  The AliDC data, which varied unit Reynolds 
number is examined first.  Data from RR, ONERA and NLR will then be reviewed and consistent trends in the data 
from the various facilities will be discussed. 

An indication of the effect of a Reynolds number change or displacement thickness variation on the flow over 
the AGARD boattail shapes may be observed by examining the changes in the static pressure and the projected area 
as a function of length along the boattail.  This general relationship is shown in Figure 3 (see Appendix for explanation 
of the terms).   On the initial part of the boattail, there is an expansion as the flow begins to turn around the shoulder 
of the boattail.  The negative pressure coefficient region downstream of the shoulder combined with the aft facing 
projected area of the boattail contribute to the total pressure force acting on the boattail.  As the flow continues 
over the external boattail surface, it begins to recompress toward positive C-  values as the flow turns back to the 
horizontal stream direction.   In the recompression region the product of a positive  C„   with an aft facing projected 
area is a contribution to thrust on the boattail.  The relative areas of thrust and drag production for a typical con- 
dition at   M = 0.9  using measured pressure distributions from the AEDC facility on the three AGARD boattail shapes 
are shown on Figure 4.   It is important to consider the contribution of both the static pressure and area changes to the 
total nozzle boattail force. The total projected area (Ap)  is the same for all three boattails.  The relative levels of 
the thrust and drag contributions are affected by the viscous-inviscid interaction associated with a change in Reynolds 
number or a change in the boundary layer displacement thickness upstream of the nozzle boattail surface and how 
the boattail projected area varies in the axial direction. 

AEDC (US) DATA 

Data was obtained for all three AGARD contours (10, 15, and 25 degree boattails) at Mach numbers of 0.6, 0.8, 
0.9, 0.95. 1.1, and 1.5.   The unit Reynolds number was varied from   1.0 x  106   to   5.0 x 10*   per foot which 
corresponds to Reynolds numbers of   12.0 x 10*   and   60.0 x 10*   based on a total model length of approximately 
12 feet.  Although nozzle pressure ratio (PTJ/P«.) was varied from jet off to pressure ratios of approximately 20, 
the analysis will concentrate on a nozzle pressure ratio of approximately 3.0, which is representative of the nozzle 
exit conditions for a fairly low bypass turbo-fan engine.   Only data at Mach numbers of 0.8, 0.9 and 0.95 will be 
discussed in this paper.   Reference 2 contains data at all Mach number which were tested.  A recent calibration at 
various Reynolds numbers of the AEDC 16T tunnel indicates that the levels of C-   presented in this paper may be 
shifted slightly.   The calibration change results only in a slight change in  p«,   and thus the relative pressure distribu- 
tion behaviour with various Reynolds numbers does not change substantially from that described herein. 

The pressure distribution over the 15° boattail at Mach number 0.8, nozzle pressure ratio of approximately 3.0, 
and a variation in Reynolds number from   1.0 x 10*   to   5.0 x 10*   per foot is shown on Figure 5.   As Reynolds 
number increases there is a decrease in the boundary layer displacement thickness approaching the nozzle boattail. 
The data shows an increased expansion on the shoulder near X/DMAX = 1.0, and increased recompression on the 
aft part of the nozzle boattail.   Increased expansion near the shoulder tends to increase overall nozzle drag;  increased 
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recompreuion on the aft boattail surface tends to decrease drag (increase thrust) on this part of the boattail and re- 
duce overall drag of the nozzle model. These offsetting trends of pressure distribution on the contribution tc the 
total boattail pressure force tend to give only a slight increase of nozzle boattail pressure drag with increasing Reynolds 
number at this Mach number. 

Data for the 15° AGARD boattail at 0.9 Mach number is shown on Fig.6.  As Reynolds number increases 
(displacement thickness decreasing) there is an increase in expansion at X/D MAX " 0.9  near the shoulder, with a 
slight shift downstream of the point of minimum pressure.  There is generally increased recompression with in- 
creasing Re on the aft part of the boattail; particularly at  Re = S.O x 10*/ft.   At intermediate Reynolds numbers 
of 1.75 and 2.S million per foot there is little change in the recompression region but an increase in expansion near 
the shoulder, which tends to increase total drag relative to the   1.0 x 10*  per foot case.  At a Re of S.O x 10' 
per foot the effect of the increased recompression is favorable and results in a slight decrease in boattail pressure drag 
coefficient. 

3 
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As is shown on Figure 7, the pressure distribution trends are somewhat different at a Mach number of 0.95. 
Here, as Reynolds number increases, or as boundary layer displacement thickness decreases, there is very little change 
in pressure distribution (no increased expansion) on the shoulder of the boattail and a decrease in pressure in the re- 
compression region except for the flow condition where  Re  is 5.0 x 10*/ft. This tends to increase drag on the 
boattail surface at increased Reynolds number.  However the corresponding drag coefficient at Re = 5.0 x 10*/ft is 
approximately equivalent to the 2.5 million per foot flow drag coefficient.  At Mach number 0.95 there is a weak 
shock on the boattail surface at X/DMAX =  0.8 (observed from Schlieren). The shock-boundary layer interaction un- 
doubtedly becomes more pronounced as the unit Reynolds number is increased (increase .;i tunnel stagnation pressure). 

An example of the flow on the 10° AGARD boattail shape is shown on Figure 8 for a Mach number of 0.9, a 
nozzle pressure latio 3.0 and over a range of Reynolds number.  The effect of increasing Reynolds number (decreasing 
displacement thickness) appears to be primarily in the recompression region of the boattail surface with a small in- 
fluence on the flow at the shoulder region. The increased recompression on a small projected area results in a slight 
decrease in pressure drag for the boattail while the small influence at the expansion region with a larger projected 
area contributes to a slight increase in boattail drag coefficient as Reynolds number is increased.  As shown in Figure 8, 
this is generally verified by the pressure area integrations for this case, although the variations are rather small. 

For the 25° AGARD boattail shape, data is shown in Figure 9 at  M = ').95 .  As Reynolds number increases 
from   1.0 x 10*   to  5.0 x 10*   per foot, there is an increased expansion near the shoulder and a decrease in pressure 
in the recompression zone on the aft surface of the boattail, which both contribute to an increase in drag.  Since the 
flow in the boattail is almost entirely separated, the pressure is nearly constant on the boattail surface from 
X/DM^X.55   to the nozzle exit.  There is a slight effect of Reynolds number on the pressure level in this region, with 
the effect being that as Reynolds number increases the pressure coefficient is slightly more negative.   The total con- 
tribution of the pressure force is a drag since the static surface pressures are never greater than the free stream pressure. 
As shown on Figure 10, there is a somewhat conflicting trend of drag with Reynolds number anil points out the rather 
unique quality of the viscous-inviscid interaction for a particular boattail geometry and flow condition.   At a Reynolds 
number of 1.7S million there is a decrease in pressure near the shoulder of the boattail.  This contributes to an in- 
crease in drag at this Reynolds number.  As the Reynolds number is increased further to  2.5 x 10*/ft   there is some- 
what less expansion on the shoulder resulting in a slight decrease in drag.  At a  Re of 5.0 x 10*/ft   the How has less 
recompression near the nozzle exit contributing to a slight increase in drag.  The behaviour in the recompression region 
for this model is similar at Mach 0.95 and shows a slight decrease in the Cp  level as Reynolds number is increased. 
All of the data on the 25° boattail indicates that most of the flow on the boattail surface just downstieam of the 
shoulder is separated.  There is strong evidence of a shock associated with the separation on this model and the effect 
of Reynolds number variation is to slightly alter the viscous-inviscid interaction.  The point at which flow separation 
occurs does not appear to chatige significantly as Reynolds number is changed although there is some influence on 
the level of pressure in this separated zone as the external flow conditions are varied. 

A summary of the variation in pressure dra^ on all three AGARD boattails is shown in Figures 11, 12, and 13 
for Mach numbers of 0.8, 0.9, and 0.95 and illustrates the general trends discussed above. 

Changing the Reynolds number by changing total flow conditions (tunnel stagnation pressure) as was done in 
the case of the AEDC tests of the AGARD models has the following influence on the viscous-inviscid interaction: 

(a) At Mach 0.8, there are somewhat offsetting trend; ■.) the pressure distributions.  That is, as Reynolds 
number increases (displacement thickness decreases) there is increased expansion over the shoulder con- 
tributing to drag, and increased recompression on the aft part of the boattail contributing to reduced drag. 
The net effect is a slight increase in drag with Reynolds number. 

(b) At Mach 0.9, the trend is toward very little change of the pressure in the aft recompression region, and an 
increased expansion near the shoulder of the boattail, resulting in a slight increase in drag with Reynolds 
number. • 

(c) At Mach 0.95, the trenc1 is toward a very small change in the pressure distribution in the expansion region 
near the shoulder, but a decrease in pressure in the recompresions region contributing to an increase in drag 
at this Mach number as Reynolds number is increased. 
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'■ .though the mechanisms of the viscid-inviscid interaction are slightly differei   for the three Mach numbers, the 
trend is toward a slight increase in pressure drag with increased Reynolds number foi the 10" and 15° boattails. 
At the highest Reynolds numbers in some cases, there is a slight decrease in pressure drag as a result of increased re- 
compression.  For the 25° boattail, results are somei mes conflicting but show a trend of increased pressure drag as 
the Reynolds number is increased from  1.0 x 10*/ft followed by a slight decrease and then increase at the higher 
Reynolds numbers. The important >oint is that the boundary layer displacement thickness is being influenced by 
Reynold* number (ie. a decrease in displacement thickness with an increase in Reynoius» number) which results in 
an alteration of the inviscid flow streamlines as Reynolds number is changed. Then, depei "ing upon the basic shape 
of the boattail, the pressure distribution may be altered in a favorable or unfavorable manner (decrease or increase 
in drag). 

AEDC 15° Boattail sub scale model data 

The 15° AGARD boattail configuration was also constructed in a sub scale model approximately 1 /6 scale of the 
exhaust nozzle pod arrangement discussed above.  This model is 22 inches (55.88 cm) in length, and was run at 
AEDC at the same tunnel test conditions as the larger model.  The Reynolds nun*- ;rs based on model length varies 
from approximately  2.0x10*   to   10.0x10*   as unit Reynolds r.. Tiber varies from   1.0 x 106   to  5.0 x lO* 
per foot.  The Reynolds number based on length of the larger model is between   12.0 x 10*   and  60.0 x 10* . 
Blockage, based on the cross-sectional area of the model, plus its support system is approximately 0.11 percent in 
the AEDC 16 toot tunnel.  The sub scale model also underwent tests at the Lockheed-Georgia Compressible Flow 
Facility, which is a blow-down wind tunnel capable of a Reynolds number based on length of  120.0 x 10* . This 
data from AEDC and the high Reynolds number facility, makes it possible to examine Reynolds number effects on 
the same model over a very wide range of Reynolds numbers. 

Pressure distributions on the 15° sub scale model at 0.8 Mach number are shown in Figures (14a) and (14b).   In 
the expansion region, the sub scale data in both the AEDC 16 Foot Wind Tunnel (14a) and the Compressible Flow 
Facility (14b) show essentiUly the same behaviour as the larger mode)  The CFF data in the recompression region 
shows increased pressure with increased Reynolds number.  The sub   cale data in the 16 Foot Wind Tunnel, however, 
shows decreased pressure with increased Reynolds number.   Pressu.e data is not available on this model near the exit 
of the boattail since the installation of pressure instrumentation in this region on the smaller scale model was very 
difficult.  A comparison of the pressure drag on the sub scale model with the pressure drag on the full scale model 
where the pressure distribution is truncated at X/DMAX - 0.2  is shown in the lower part of Figures 14(a) and 
14(b).   it is important to note that the trend of pressure drag with Reynolds number based on total model length 
is continuous and smooth between the small scale and large scale model at Mach 0.8. 

The pressure distribution and pressure drag on the sub scale model are shown on Figures 15(a) and H(b) for a 
Mach number of 0.9.  All tests show similar trends in the expansion region.  In the recompression region however, 
the 16 Foot wind tunnel data for the sub scale model again shows decreasing pressure with increasing Reynolds 
number.  Variation of pressure drag with Reynolds number based on a truncation of the "full scale" data is shown 
on Figures 15(a) and 15(b) and indicates a very good correlation between the pressure drag on the sub scale model 
and pressure drag on the larger model   Figure 16 compares the actual pressure distribution for the sub scale and larger 
model at a comparable Reynolds number based ov total model length. As can be seen from Figure 16, there is very good 
agreement of the pressure distributions for the different models and test arrangements. 

Data was also taken on the sub scale moJel at 0.95 Mach number, and is shown in Figures 17(a) and 17(b).   At 
this Mach number, there is a Si bstantial differerce in pressure distribution of the aft part of the boattail between the 
sub scale and "full scale" models.  Pressure coefficients for the sub scale and "full scale" models are comparable in 
the expansion region.   However, there are significant differences upstream of the boattail shoulder.   The lower pressure 
in the recompiession region results in a large pressure drag at Reynolds number based on model length of slightly less 
than   10.0 x 10*   as shown on the figure.  This data is being examined fu'ther to determine the effect at this 
particular Mach number.   As stated previously, the interaction between the external flew and the boundary layer of 
the model is very sensitive to location of shock waves in transonic flow and the rate of change of displacement 
thickness with distance.   In general, the sub scale data seems to substantiate the trends observed on the larger scale 
model with variations in Reynolds number. 

High Reynolds number (ARL) data 

In a related study sponsored by the Air Force Aeronautical Research Laboratory (ARL), the AGARD boattail 
shapes were tested in the high Reynolds number Lockheed-Georgia Compressible Flow Facility (CFF) at  0.8 Mach 
number.  With thi. facility, variations of Reynolds number based on length of up to 127.0 x 10* are possible with 
this model which was 30 inches (76.2 cm) in length. The model was sting mounted from the rear with a cylindrical 
plume being used as the sting.  This technique has been lued by many investigators and corresponds to a nozzle 
pressure ratio for a convergent nozzle where exit static pressure equals ambient static pressure.   Variation of the 
pressure distributions for the 15° boattail contour at three different Reynolds numbers is shown on Figure 18.   At 
0.8 Mach number, the data indicates a similar variation of pressure distribution to the AEDC data.   As Reynolds 
number based on model length is increased from   15.0 x 10*   to   127.0 x 10*   there is an increase in expansion 
near the shoulder and an incre?se in pressure level on the recompression surface near the nozzle exit.  Comparison 
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of the pressure distribution on this boattaii in the Compressible Flow Facility with the "full scale" data from AEDC 
is shown in Figure 19.  There is good agreement between the AEDC model, which has a flowing jet, and the ARL 
model which uses a solid cylindrical plume to simulate the jet efflux.  Data taken over the wider range of Reynolds 
number on this model appears to validate the interpretation uf the AEDC data. That is, at a Mach number of 0.8, 
increasing Reynolds number (or decreasing boundary layer displacement thickness) results in increased expansion 
near the shoulder of the boattaii and increased reompression on the aft portion of the boattaii. 

The pressure distributions on the APL model for the 10° and 25° AGARD contours at Mach number 0.8 is 
presented in Figures 20 and 21 respectively.  With increasing Reynolds number for the 10° model the pressure drag 
decreases slightly. The higher Reynolds numbei pressure data indicates slightly more expansion but a significantly 
higher recompression.   These combined effects produce a lower pressure drag coefficient for the higher Reynolds 
number flow condition.   Increasing the Reynolds number on the 25° model (Fig.21), alters the pressure distribution 
such that the pressure drag coefficient is decreased.  While the pressures are comparable in the recompression region, 
the lower Reynolds number flow has lower pressures in the expansion region and correspondir^'y more pressure drag 
than for high Reynolds number.  The trends for both the 10° and 15° small scale contours tesud in the Compressible 
Flow Facility correspond to the AEDC data at the 0.8 Mach number flow condition. 

Rolls Royce (UK) data 

Both the United Kingdom through Rolls Royce, Ltd. (RR) Bristol Engine Division, and France through ONERA, 
conducted wind tunnel studies of the effect of boundary layer injection on nozzle boattaii flow5,''il,ld 7.   Boundary 
layer injection effectively simulates an increase in the Reynolds number of the flow by decreasing the boundary layer 
displacement thickness.   Although the mechanisms for changing displacement thickness are different, the change in 
pressure distributions on the boattaii is about the same.  A comparison of the pressure distributions for the natural 
boundary layer (no blowing) and the blown boundary layer is shown on Figure 22 for the RR test of the 15° boattaii 
at 0.8 Mach number.   Displacement thickness for the natural boundary layer is 2 0 mm measured just upstream of 
the nozzle boattaii shoulder while displacement thickness for the blown boundary layer is 0.98 mm at the same station. 
The decreased displacement thickness, which is equivalent to an increase in Reynolds number, shows an increased ex- 
pansion near the shoulder and increased compression on the aft surface of the boattaii. These two effects are 
essentially oft-setting so that the pressure drag remains unchanged at 0.8 Mach number.  In Figure 23 a comparison 
is made of the pressure distributions on the 15° boattaii for the natural and blown boi-ndary layer at a Mach number 
of 0.91.  The thinner boundary layer associated with flow injection results in an increased expansion near the shoulder 
but very little change on the flow in the recompressio i zone.  The difference in pressure distribution near the shoulder 
contributes to a substantial increase in pressure drag for this model. The data shown on Figure 24 indicates that at a 
Mach number of 0.9S, with and without blowing, the major change in pressure distribution occurs in the aft region 
of the nozzle (recompression zone).  With the thinner boundary layer (blowing) the flow recompresses to a lower 
pressure. This was observed at 0.95 Mach number on other models tested during this investigation and is most likely 
related to the boundary layer interaction with the shock wave which is present on the model at X/DMAX   approxi- 
mately 0.75.  The lower pressures in the recompression zone result in an increase in pressure drag at 0.95 Mach 
number.  The effect of displacement thickness changes by boundary layer blowing on the AGARD 25° boattaii is 
shown on Figures 25 and 26.  Although the flow is separated just downstream of the boattaii shoulder, the effect of 
boundary displacement thickness variations is still evident.   For the natural boundary layer condition the flow re- 
compresses more than the blown boundary layer case, which is consistent with the associated changes in unit Reynolds 
number.  The two different boundary layer thicknesses result in flow separation at slightly different boattaii locations 
with a resultant diiference of the pressure level in the region of separated flow   A summary of the variation of the 
pressure drag with Mach number for the natural and blown boundary layer flow conditions is give" on Figure 27 
which indicates that there generally is an increase in pressure drag for the thinner boundary layer.  This could be off- 
set in some cases by reduced friction drag associated with the thinner boundary layer but in most cases the variation 
in pressure drag will predomi jte, resulting in an increase in total drag of the boattaii with the thinner boundary 
layer. 

It is concluded, in the case of the RR data, that the variation of displacement thickness on the viscous-inviscid 
interaction on the AGARD boattails is similar in character to the effect of a variation of Reynolds number which was 
observed on the AEDC "full scale" and sub scale models.   For a wind tunnel which cannot vary Reynolds number, 
the technique of varying displacement thickness to simulate a change in Reynolds number may be a valuable test 
to investigate nozzle shapes in the transonic regime. 

ONERA (France) data 

Boundary layer displacement thickness was also varied in tests conducted in the ONERA facility on the 15° 
boattaii by using mass injection at a location well upstream of the shoulder of the boattaii.   In addition to the natr.al 
boundary layer, the boundary layer profile was varied by using two throat heights in the injection channel.   These 
are referred to on the figures as  e = 0.5  (millimeters) and  e = 1.5  (millimeters).  At the higher injection rates 
associated with  e = 1.5  there is a greater reduction in the displacement thickness.   Results from these tests in which 
the boundary layer had recovered to a typical turbulent boundary layer profile at the measurement station just up- 
stream of the nozzle shoulder were used to assess the effect of displacement thickness variation on nozzle boattaii 
pressure and drag coefficients.   Results from the ONERA test at 0.8 Mach number of the 15° boattaii are shown on 
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Figure 28.  Decreasing displacement thickness by mass injection produces increased expansion at the shoulder and 
increased compression on the aft surface of the boattail, similar to the results observed in the RR test of the blown 
versus natural boundary layer. This results in a slight change in preuure drag with the decreased boundary layer 
thickness (e = l.S). At Mach number 0.9 (Fig.29) similar trends to that observed with increasing Reynolds number 
are shown with the reduced displacement thickness associated with boundary layer injection. That is, at M = 0.9 
there is little change of the flow on the boattail in the aft recompression region, but an increased expansion near 
the shoulder which result", in an increased pressure drag.  For a Mach number of 0.95 (Fig.30) the pressure level in 
the recompression region decreases when the displacement thickness decreases.  This is the same trend observed in 
the AEDC and RR data, verifying the nature of the viscous-inviscid interaction.   A summary of the pressure drag 
variation with Mach number for the ONERA 15° boattail at various displacement thickness conditions is shown in 
Figure 31 and in general shows the same trends observed from the AEDC and RR data. 

In summary, injecting air into the boundary layer ahead of the boattail shoulder and thus decreasing displacement 
thickness is very similar to an increase in unit Reynolds number. The general trend, subsonically, for the 10° and 15° 
AGARD boattails is greater expansion at the boattail shoulder and greater recompression at the boattail exit for the 
thinner blown boundary layer.  The 25° AGARD contour for the thinner boundary layer cases has greater tlow ex- 
pansion over the boattail shoulder and not as much recompression at the boattail exit. 

NLR (Netherlands) data 

Another method of varying displacement thickness entering the boattail region is to change the length of the 
forebody.  This procedure was used at NLR* in the Netherlands to assess the effect of different external conditions 
on the nozzle boattail.   Two lengths of forebody were investigated; one which was 850 mm in length and the other 
which was 1200 mm in length.   Boundary layer profile measurements were obtained only at jet off conditions for the 
NLR tests.  Values of 6*/D|t,   of 0.0124, 0.0136, and 0.0143 were determined for the model with the short fore- 
body at Mach numbers of 0.85, 0.90, and 0.95 respectively.  With the long forebody installed and at the same respec- 
tive Mach numbers, the values of 6*/Dj-   were 0.0157, 0.0162, and 0.0171.   For a turbulent boundary layer,-where 
the displacement thickness varies approximately with the 1/5 power of the change in Reynolds number, this change 
in model length results in about a 7% calculated change in displacement thickness upstream of the boattail.   Data 
from the NLR facility on the 15° AGARD boattail shape at Mach number 0.9 is shown in Figure 32.  The effect of 
a decreased  6* just upstream of the shoulder of the boattail is to increase the expansion near the shoulder, but 
with no significant change on the pressure in the recompression region.  This is similar to trends observed at 0.9 
Mach number with variations in unit Reynolds number or variations in displacement thickness due to injection.   The 
increased expansion near the shoulder results in an increased pressure drag for this condition.   Data shown in Figures 
33 and 34 for Mach numbers of 0.8SS and 0.965 respectively, indicate that there is some influence of the change in 
displacement thickness on the pressure distributions.   However, the variations are rather small and this is reflected in 
the small chanf-i in the drag coefficients.  In general, the trends seem to validate the character of the viscous-inviscid 
interaction at these Mach number which has been observed previously.   At 0.965 Mach number, the primary effect of 
the decreased displacement thickness (short fuselage) is to decrease the pressure in the recompression region.   A 
summary of the pressure drag variation versus Mach number for the long and the short forebody is show in Figure 
35 and indicates a slight increase in pressure drag with the thinner displacement thickness of the short forebody. 

4.     ANALYSIS OF THE VISCOUS-INVISCID INTERACTION 

The experimental data obtained under this AGARD investigation indicates that changing Reynolds number and/ 
or displacement thickness alters the viscous-inviscid interaction of the flow over the nozzle boattail.  Tionds with 
Reynolds number may be discerned, but cannot be expected to hold for other model geometries or other upstream 
boundary layer conditions.   There seems to be a rather unique quality to the interaction between the boundary layer 
and the inviscid flow which must be considered for a given model or nozzle shape.  The primary benefit of examining 
variations with Reynolds number from the experimental data is to gain an understanding of the interaction between 
the boundary layer and the inviscid flow to guide development of analysis procedures that can be used to predict the 
viscous-inviscid interaction at higher Reynolds numbers. 

This section briefly describes an analytical procedure which has been used to help validate the trends observed 
in the experimental data and to provide additional insight into the nature of this rather complex interaction.   Although 
this method compares favorably with the trends observed from the AGARD model data, there is a need for improved 
analytical procedures, particularly if shock waves are present on the external surface of the boattail. 

Bower1 has developed a "viscous-inviscid strong interaction theory" which is capable of predicting the pressure 
distribution over axisymmetric bodies in transonic flow with a supersonic exhaust plume.  The procedure is unique 
in that it can successfully handle a region of separated flow.  The separated flow regions are analyzed through a two 
layer integral technique similar to reference 11, but modified for turbulent compressible boundary layers.  The 
analysis as applied to exhaust nozzles assumes the total flow field is composed of three component flow fields, namely 
the outer inviscid flow, the inner viscous flow, and the supersonic exhaust plume.  The shape of the exhaust plume is 
computed by the Method of Characterises, with the inviscid flow Held calculated as in reference 10. 
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The pressure distribution <-ver the body is calculated by interatina on the boundary layer displacement thickness 
untn an ei'!ective body contour is determined which produces the same pressure distribution from both the inviscid 
flow procedure and an inverse boundary layer procedure. Figure 36 shows that when a conventional, weak interaction 
theory is used, which combines a standard intqral ooundary layer analysis with an inviscid procedure such as that 
of reference 10, the boundary layer displacement thickness diveraes on the first iteration, making further analysis 
impoaible. This situation occun because tetlaration is pi"Micted based on the initial inviscid pressure distribution. 
This pressure distribution is never felt by the flow as it goes over the boattail. The strong-interaction theory gives 
results typically as shown on Figure 36 which shows a boundary layer thickening near the boattail exit and its effect 
on the conveqed pressure distribution. 

Fi&Ures 37 to 39 compar: the strong interaction theory with experimental data from AEDC tests of the "full 
scale" 100 and 15° AGARD boattail confiJUrotions at 0.8 Mach number. The theory predicts the essential character 
of the viscous-inviscid interaction discussed in Section 3.0 and compares very favorably with the actual level of Cp , 
particularly for the 10° boattail. For the 15° boattail, the theory predicts somewhat higher Cp values in the aft 
recompression felion of the boattail, which may be related to n.ozzle plume effects. Comparing FiJUres 38 and 39, 
the theory predicts an alteration of the viscous-inviscid flow : tteraction for the two different Reynolds numbers. 
There is better qreement between theory and data at unit Reynolds number of 1.0 " I 06 per foot. 

The theoretical prediction of Reynolds number effect on pressure distribution for the 15° boattail is shown on 
Fi&Ures 40 (M = 0.9) and 41 (M = 0.8) . Fi&Ure 40 shows that, as Reynolds number is increased, there is increased 
expansion near the shoulder with a decreased 6* . This is the same trend shown by the experimental data, except 
that experimental!} this behaviour <X;curred at 0.8 Mach number. Similar results are shown on FiJUre 41 except 
that the interaction in the expansion reaion near the shoulder does not l:bange substantially with increased Reynolds 
number. The theory is definitely showing that there is an interaction between the boundary layer and the inviscid flow 
and that as Reynolds number increases, 6• is reduced as expected, but also changes in the slope d6*/dx occur at 
critical points on the model which influence the pressure distribution. 

The application of the strong interaction theory to the AGARD contours was made with no modifications of 
the parameters in the integral boundary layer technique. Further refinement of the analysis could yield improved 
results for the 15° boattail. 

5. SUMMARY ~D CONCLUSIONS 

Data obtained in support of the AGARD research program on "Improved Nozzle Testing Techniques in Transonic 
F.ow" has provided valuable information concerning exhaust nozzle boattail performance. In particular, the Reynolds 
number variations from tests at AEDC at AEDC and the boundary layer variations from test data obtained at RR, 
ONERA, and NLR have yielded similar nozzle boattail performance trend·; as the displacement thickness of the 
boundary layer approaching the nozzle boattail shoulder was changed. In general, the experimental data indicates 
the following trends for the AGARD 10° and 15° contours: 

(:1) At a Mach number of 0.8, increasing Reynolds number or decreasing 6* increases the expansion at the 
boattail shoulder and the recompression at the boattail exit. These effects tend to be compensating and 
the pressure drag increases only slightly. 

(b) At 0.9 Mach number, increasing Reynolds number or decreasing 6* produces only small changes in the 
rec·:>mpression region but increases the expansion near the boattail shoulder. These coinbined effects 
yield an increased pressure drag. 

(c) lncro:asing the Reynolds number or decreasing 6• at a Mach number of 0.95 alters the flow such that 
expansion is greater and recompression is less resulting again in a higher nozzle pressure drag. 

for the 25° boattail contour, the data indicates that the flow on the surface is separated just downstream of 
the s oulder. There is evidence of a shock associated with this separation, and changing the Reynolds number in
fluences this viscous-inviscid interaction. The point at which flow separation occurs does not appear to change 
signific;: ntly as Reynolds numbei is changed although there is some variation on the level of pressure in the separated 
zone. 

Analytical procedures using "viscous-inviscid strong intera.::tion" techniques <Here applied which verified the 
trends in the experimental pressure data and yield comparable results to the experiments for boattails without ex
tensive flow separation. Further efforts are required to refine the analytical procedures and extend them to cases 
with strong shock-boundary layer interactions. 

From the data and anolysis presented in this paper, it is clear that the effect of Reynolds number or boundary 
!!Oyer displacement thickness variations on the transonic flow over a given nozzle shape must be addressed in terms 
of a r~ther complicated interaction of the viscou and inviscid flow, which may under certai11 conditions include the 
presence of shock waves. Changing Reynolds number or 6• alters the basic interaction between the viscous and 
inviscid flow which under certain conditions may result in an increase in drag, while at other condition~ it may result 
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in a decrease in drag.  Some of the data (e.g. AEDC subscale) indicates that other factors, such as model mounting 
techniques, tunnel wall and blockage effects, might also influence the magnitude of the pressure data and the absolute 
value of the drag coefficients. 
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APPENDIX 

DERIVATION OF PRESSURE DRAG FORMULAS 

The pressure drag (Dp) of a nozzle boattail is the net force due to a local free-stream pressure difference 
(PL - PM) that acts on the total projected area. The total projected area (Ap) is simply the change in cross- 
sectional area of the boattail length, hence; 

Dp   =  -    /   (PL  - P~)dAL   = Poc) dAL   dX 

local projected area 

x * a x ■ 0 

where T = —        and the subscript   L  denotes local conditions on the boattail.  The pressure difference is related 
DMAX 

to the pressure coefficient, i.e. 

q.L   =  (PL   - P,.)/q„ 

thus the pressure drag can be expressed in terms of Cp 

The pressure drag coefficient is defined as: 

CD     = 
qoo ARef 

which in terms of CpL   becomes 

CD-   = -   / *     Cp,   d(AL/ARef)dX where  ARef =   (02^1 

llie local projected a.ea (non-dimensionalized by reference area) associated with the local pressure coefficient can be 
defined as: 

AP. 
d* 

and teh lo^al pressure drag coefficient associated with this local projected area is then defined as: 

d(AL/ARef) 
Q)p CPL   '   V   :=  CPL 

These are the parameters shown in Figures 3 and 4. The total pressure drag coefficient then becomes: 

r 
*=0 

cüp = - /T=n 
C"PL 

dT 
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Likewise the total projected area (non-dimentionalized by reference area) is given by: 

Ap   = /,!0 V   • dX 
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DESCRIPTION OF THE AG ARD NOZZLE AFTERBODY EXPERIMENTS CONDUCTED 
BY THE ARNOLD ENGINEERING DEVELOPMENT CENTER 

by 

LL.Galigher, F.M.Jackson and C.H.Robinson 
AEDC, Tennessee, USA 

INTRODUCTION 

A comprehensive test program was conducted at the Propulsion Wind Tunnel Facility of the Arnold Engineering 
Center (AEDC), Arnold Air Force Station, Tennessee, USA, and Lockheed Georgia Compressible Flow Facility, 
Marietta, Georgia, USA, in partial support of the AGARD research project on "Improved Nozzle Testing Techniques 
in Transonic Flow".  Program emphasis was directed toward evaluation of Reynolds number and exhaust plume 
temperature effects on nozzle afterbody pressure drag.   Reynolds number effects were obtained by varying both 
model scale and wind tunnel pressure level.   At AEDC, Ethylene®/air combustor, installed in the nozzle flow tube, 
was used to provide hot exhaust products which very closely duplicate the exhaust products of JP-4 burned in air. 
Ignition was accomplished by injectinj; a small quantity of tri-ethyl borane (a pyrophoric fuel) into the combustor 
flameholder.   Nozzle afterbody pressure drag, determined from pressure integration, was obtained at freestream Mach 
numbers of 0.6, 0.8, 0.9, 0.95, 1.1, and 1.5.   Reynolds number (based on model length) and nozzle total pressure- 
to-free-stream static pressure ratio was varied from 2 x I06 to 62 x 10* and from jet-off to a maximum of 22, 
■espectively, depending upon the free-stream Mach number.  Fuel/air ratio was varied from 0 to 0.05, which corres- 
ponds to an exhaust plume total temperature range from 306°K to approximately I8890K.  Model angle of attack 
was zero degrees at all test conditions. 

To evaluate the effect of test section wall porosity on the performance of transonic wind tunnels the walls were 
modified for wall porosities of 2 and 4 percent in addition to the normal 6 percent, through the Mach number range 
from 0.6 to 0.95. 

TEST FACILITY - AEDC 16T PWT 

General Description 

The PWT 16 Ft Transonic Wind Tunnel is a continuous-flow closed circuit tunnel which can be operated at 
Mach numbers from 0.2 to 1.6.  The tunnel has a test section 40 ft (12.19 m) long and 16 ft (4.88 m) square with 
6 percent porosity walls. The test section side walls can be either converged or diverged 1°.  The general arrangement 
of the test section and the perforated wall geometry is shown in Figure I. 

Tunnel 16T is a variable density tunnel which is operated within a stagnation pressure range of 120 psfa to a 
maximum of 4000 psfa (5.75 x 103 Newton/mJ to 1.92 x I05 Newton/ml), depending upon the Mach number.  The 
stagnation temperature can be varied from a minimum of about 270C, dependent upon available cooling water tempera- 
ture, to a maximum of 720C. 

The Tunnel 16T main compressor is a constant speed, three stage, axial flow compressor with variable stator 
blades. The compressor drive system consists of four motors with a power rating of 1.61 x 10s watts. 

Supersonic Ma-n numbers are generated by a flexible, two-dimensional Laval nozzle.  Test section flow removal 
is required to pre\ent tunnel choking in the transonic range.  Although the tunnel is equipped with diffuser flaps, an 
auxiliary compressor system (PHS) is utilized for necessary plenum suction.  The PF.S consists of ten compressors 
which are driven by motors with a total power rating of 1.34 x 10' watts.  The PE3 is also utilized for tunnel 
pressure level control.  Additional details with regard to Tunnel I6T and its capabilities are presented in Reference I. 

Tunnel Operating Procedures 

Various Mach numbers in Tunnel 16T are established by regulation of compressor speed, pressure ratio, nozzle 
contour, and the plenum pressure.  Mach numbers below 0.55 are obtained by operating the compressor drive motors 
suhsynchronously.  Auxiliary flow removal is utilized at Mach numbers above 0.75 and supersonic nozzle contours 
are utilized at M > 1.05 . 
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During conduct of tests, the stagnation pressure and temperature can be held within 1 5 psf 
(± 2.39 x 10' Newton/m1) and ±1° F, respectively. The Mach number is determined from previous tunnel calibrations 
as a function of test section wall angle and measured plenum and stagnation pressures.  The Mach number is normally 
controlled within ± 0.002. 

Tunnel Calibration 

The calibration of the I6T Tunnel is based on the measured pressure differential across the test section walls at 
various operating conditions. As a matter of procedure, a plenum chamber Mach number equivalent is defined based 
on plenum chamber and stagnation pressure environments. The calibration can therefore be expressed as a function 
of the difference between the free stream and plenum chamber Mach numbers. These data, for all possible tunnel 
operating conditions, are incorporated into the on-line data reduction routine for each test program.  During testing, 
the plenum chamber Mach number is determined from current measurements and is used to compute the free-stream 
Mach number.  Both centerline and wall static pressure distributions have been obtained during tunnel calibrations. 
Comparisons of such data show good agreement, such that with proper procedures either may be utilized to define 
the tunnel calibration. 

For the special tunnel calibration conducted in support of the AGARD study, a 6.5-in (16 51 cm) diameter 
static pressure pipe was used to obtain the centerline Mach number distributions from tunnel station — S.8 ft to 
48.2 ft (—1.77 meters to 14.69 meters).  The pipe included a total of 75 static orifices.   The calibration installation 
is illustrated in Figure 1. 

During the calibration, centerline Mach number distributions were obtained for wall porosities of 2, 4, and 6 
percent at Mach numbers from 0.5 to 1.6.  Corks were utilized to modify the wall porosity from the normal 6-percent 
configuration.  The effects of Mach number, porosity, test section pressure ratio, and test section wall angle upon the 
centerline Mach number distributions were determined at a stagnation pressure of 1600 psfa (7.66 x I04 Newton/m2). 
Limited data were also obtained to indicate the effects of Reynolds number on the tunnei calibration. 

Although the tunnel was calibrated at various porosities, all of the AGARD nozzle afterbody testing at AEDC 
was conducted with a porosity of 6.0 percent.   Typical Tunnel I6T calibration data at porosity cf 6.0 percent are 
presented in References 2 and 3.  It is noted that the centerline Mach number distributions obtained during the 
special calibration at a porosity of 6.C percent compared well with those obtained during previous calibrations. 
Variation of test variables, including porosity, had no significant effect upon the distributions for the test regime 
over which the AGARD models were tested. 

With regard to the tunnel Mach number calibration, the special calibration data at 1600 psfa 
(7.66 x 104 Newton/m2) and a zero test section wall angle agreed within ±0.001 with the Reference 2 calibration. 
The tunnel calibration data (at  M = 0.6  and 0.8) indicates that the free-stream Mach number increases slightly with 
increasing Reynolds number.  For the range of Reynolds numbers covered during the AGARD nozzle afterbody test 
program, the special calibration agrees with Reference 2 Mach numbers within ±0.0025.   Because this agreement 
was within the data precision and repeatability and since only limited calibration data at various Reynolds numbers 
was available, the Reference 2 calibration was used to conduct the AGARD tests. 

Following the conduct of the AGARD tests, analysis of the data revealed that some trends in model afterbody 
drag with Reynolds number could possibly be attributed to the tunnel calibration.  The errors attributed to use of 
the Reference 2 calibration and neglecting the effects of Reynolds number on  M», Poo , and  Q«, were less than 
0.4, 0.2, and 0.6 percent, respectively.  These small errors are about the same order of magnitude as errors associated 
with instrumentation precision.   For most test programs in the AEDC/PWT wind tunnels, such errors are not signifi- 
cant.   However, for testing of bodies such as those used in the AGARD program, the error in static pressure can 
induce an error in afterbody drag as high as 15 percent at the highest Reynolds number.   As a consequence of these 
results, an additional Tunnel 16T calibration was conducted with Reynolds number as a primary variable.  Results 
of this calibration are presently being applied to data obtained from prior tests to determine if there are any changes 
in the nozzle drag trends with Reynolds number. 

TEST FACILITY - LOCKHEED GEORGIA COMPRESSIBLE FLOW FACILITY 

The Compressible Flow Facility (CFF) is a blowdown transonic wind tunnel with a test section that has a 20 in 
(50.8 cm) x 28 in (71.12 cm) cross-section and is 72 in (182.88 cm) long.  The facility is capable of unit Reynolds 
numbers from 6 to 50 x 10* Re/Ft (19.7 to 164.0 x 10* Re/M).  The perforated walls, with 60 degree inclined holes, 
can be varied from 0 to 10 percent porosity.   Flow from the 13,000 cubic foot (368.12 m3) storage vessels passes 
through a contraction/nozzle to accelerate   he flow approaching the test section.   Both the rectangular test section 
and the diffuser flap are enclosed in the plenum chamber.  A variable diffuser with a re-entry flap section and an 
adjustable second throat provides Mach number control in the subsonic and transonic speed ranges.   A fixed diffuser 
directs the flow from the variable diffuser to the exhaust stack. 
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Figure 2 shows the model installed in the CFF.  A description of the model is included in the next section. 
Test section Mach number was set by measuring wall static pressures upstream of the model using a tunnel empty 
calibration. The tunnel stagnation and test section wall static pressures were measured with transducers with an 
accuracy of 0.05 percent. The scanivalves used to measure external model pressures had an accuracy of 0.25 percent. 

AGARD TEST PROGRAM - AEDC 

Test Article Description 

An existing axisymmetric pod model was modifled to satisfy requirements for both cold and hot exhaust testing 
with the three AGARD external afterbody configurations with boattail angles of 10, IS, and 25 degrees. The model 
had a length of 12.25 ft (374 cm) a maximum diameter of 9.86 in (25.04 cm) and a 14 degree half-angle conical 
nose.   A boundary-layer trip consisting of 0.055 in (0.14 cm) diameter steel spheres spot-welded to a trip ring at a 
circumferential spacing of four sphere diameters was located I-ft (30.48 cm) aft of the cone vortex.  The model was 
mounted on a tapered strut with an average aft sweep angle of 35 degrees. The strut thickness-to-chord ratio varied 
from 0.053 at the model to 0.088 at the tunnel floor. The maximum cross-sectional area of the model/strut arrange- 
ment was equivalent to 0.88 percent of the wind tunnel test section cross-sectional area.   A sketch of the model is 
presented in Figure 3. 

High pressure air was used to simulate the nozzle exhaust for the cold-flow portion of testing. For the hot-flow 
portion ot testing, high pressure air was used as an oxidizer for the combustion of Ethylene®. Water cooling require- 
ments for the hot-flow nozzle and combustor liner resulted in decreasing the nozzle exit diameter from 3.982 
(10.11 cm) to 3.228 in (8.2 cm). Therefore, the nozzle base area was equivalent to 6.52 percent of the model maxi- 
mum cross-sectional area for the hot-flow nozzle as compared to 0.93 percent for the cold-flow nozzle. Both nozzle 
configurations were convergent nozzles. All nozzles had approximately 102 static pressure orifices mounted on their 
external surface. 

A 0.1514 sub-scale model of the existing, large-scale, cold-flow model with the IS degree boattail configuration 
was fabricated to investigate the effects on aftbody drag caused by tunnel wall porosity variations and by varying 
unit Reynolds number. The sub-scale model support strut was also a scale model of the large-scale support strut. 
Primary instrumentation consisted of 21 surface-mounted static pressure orifices which were installed on the nozzle 
boattail to provide a more precise pressure-integrated drag value.  The sub-scale model was tested in the AEDC 16T 
tunnel and the Lockheed Georgia CFF. 

Experimental Procedure and Sample Results - AEDC 

The data acquisition procedure consisted of (I) setting desired free-stream Mach number based on tunnel calibra- 
tions and Reynolds number, (2) varying nozzle total pressure-to-free-stream static pressure ratio (NPR)  from jet-off 
to a maximum of 22, depending on the Mach number, and (3) setting, if required, a desired fuel/air ratio.  Nozzle 
pressure ratio surveys for the hot flow model were conducted primarily at constant fuel/air ratios of 0, 0.015, 0.02S, 
and 0.040; which correspond to nozzle exhaust total temperatures of approximately 550oR, 1550oR, 2150oR, and 
2900° R, respectively. Two data redaction techniques were employed to calculate nozzle boattail pressure-integrated 
drag; one was based on all of the boattail surface pressure measurements and the other based on individual rows of 
pressure measurements along the nozzle boattail. 

Results are presented in the form of (I) pressure coefficient as a function of model station, and (2) nozzle 
boattail pressure drag coefficient as a function of nozzle total pressure-to-free-stream static pressure ratio.   Drag 
coefficient was normalized with free-stream dynamic pressure and maximum cross-sectional area based on a model 
diameter of 9.8ö in (25.04 cm).   Sample data results are presented in Figures 4 and 5, and more thoroughly discussed 
elsewhere in this report. 
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by 

William B.Compton, III and Jack F.Runckel 
Langley Research Center, Hampton, Va., USA 

1. INTRODUCTION 

A spec i.il international effort has been organized by the Propulsion and Energetics Panel of AGARD to improve 
nozzle testing lechniques in transonic flow.   The program is designed to demonstrate the infliience of the experimental 
apparatus on teit results, and to determine the importance of the parameters to be simulated.  As a result of the 
effort, three noz.Mes were designed and tested on single nacelle models in wind tunnels of several nations belonging 
to the North Allan;:'- Treaty Organization. 

As part of the contribution of the United States of America to the program, all three of these nozzles were 
investigated in the Langley 16-foot transonic wind tunnel at the National Aeronautics and Space Administration's 
Langley Research Center.   Langley Research Center also contributed theoretical calculations of the jet plume boundary 
and afterbody pressures.   The calculations were obtained using an iterative solution which combined the inviscid 
Douglas Neumann method' for the external flow with the method of characteristics for the flow in the jet plume. 
For the investigation, the nozzles were mounted on a single nacelle model 15.24 centimeters in diameter and 162.56 
centimeters long.   Tests were made at free stream Mach number from 0.4 to 1.2, and at Reynolds numher«! per meter 
from 7.38 million to 13.78 million depending on the Mach number.   Four types of data were recorded:   afterbody 
pressure d; ta, afterbody force data, model boundary layer data, and tunnel wall pressure data.  The ratio of jet total 
pressure to free stream static pressure ranged up to 8.5.   A brief description of the wind tunnel, model, and test 
procedure follows. 

2. WIND TUNNEL 

The Langley 16-foot transonic tunnel is a single-return atmospheric wind tunnel with a slotted transonic test 
section.   The Mach number is continuously variable from 0.20 to 1.30.   An exterior view of the facility is shown 
in Figure 1 and a schematic diagram in Figure 2. 

The test section, -xhich extends from tunnel station 39.77 meters to station 41.76 meters is an octagonal cylinder 
vented to a surround; ig plenum through slots at the corners of the octagon.  Air is removed from the plenum by an 
exhauster to obtain Mach numbers of 1.05 or greater.  The slots at the corners of the test section walls are shaped 
for a minimum axial gradient of Mach number in the test section.   The test section walls are diverged up to 0° 45' 
to further minimize the axial Mach number and pressure gradient.  The predetermined wall divergence setting is a 
function of Mach number and dew point. 

Extensive calibrations of the test section have been made using a center line probe and wall flat pressure measure- 
ments.  At the worst conditions, the average test section axial Mach number gradient is less than ±0.0016 per meter. 
This gives an axial pressure gradient normalized by the free-stream total pressure of 0.0010 per meter.   There is 
generally very good agreement between the center line and wall Mach number distributions except where the curva- 
ture of the wall between the test section and diffuser causes the local Mach number on the wall to exceed the center 
line Mach number.   Measurements have been made of the length of run of laminar flow on a highly polished 10° 
cone.  These measurements (see Reference 2) indicate that longer runs of laminar flow were obtained in the Langley 
16-foot transonic tunnel than in the other wind tunnels investigated.   A long run of laminar flow indicate, a low 
level of airstream turbulence. 

The basic wind tunnel reference measurements are airstream stagnation pressure and temperature, and plenum 
static pressure.   Test section airstream Mach number is a calibrated function of airstream stagnation pressure and 
plenum static pressure.   The absolute error of the calibration is believed to be no more than AM«, = ± 0.005 .  For 
more information on the tunnel, see Reference 3 which presents a detailed description of the tunnel, the tunnel 
calibration, and the tunnel equipment. 
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3. MODEL 

The three AGARD nozzles were tested on a single nacelle model with an ogive nose. The model was 15.24 
centimeters in diameter and 162.56 centimeters long with the nozzles installed. The model was supported from the 
nose by a sting-strut arrangement which positioned the center line of the model on the center line of the tunnel.  A 
photograph of the model installed in the tunnel is presented in Figure 3.  Figure 4 shows a detailed sketch of the 
model and support system.  The double cross-hatched portion of the model aft of the metric break at station 67.31 
is supported by the strain gage balance. 

Room temperature air, which was used for the jet exhaust, is introduced into the metric portion of the model 
through eight sonic nozzles equally spaced radially around a central core.  The two flow smoothing plates have a 
lattice-work of sharp edged holes drilled in an equilateral triangular pattern.  The jet total temperature and pressure 
were obtained from a rake.   No jet exit total pressure profiles were measured, however the jet total pressure profiles 
at the rake are uniform (see Figure 5).  Figure 6 presents cross-sectional area distributions of the model and support 
system.  The blockage of the model and support system was 0.148 percent of the test section cross-sectional area. 

4. TEST PROCEDURE 

At the Langley 16-foot transonic tunnel, afterbody pressure data, afterbody force data, and model boundary 
layer and tunnel wall pressure data were measured.  Separate tunnel runs were made for the three groups of data. 
During a tunnel run, the free stream Mach number was set and held constant while data were recorded at several 
discrete values of jet pressure ratio.  Data were taken at the highest Mach numbers first, and then at progressively 
lower Mach numbers to keep the variation in the tunnel stagnation temperature small.  Pressures on the model and 
wind tunnel wall were measured with individual strain gage pressure transducers calibrated to an accuracy of ± 0.75 
percent of the capacity of the gage. Temperatures were measured with iron-constantan swaged wire thermocouples 
which had an accuracy of ± 0.6 Kelvin. Wind tunnel parameters were measured with the standard tunnel instrumenta- 
tion described in Reference 3. 

Since the Langley 16-foot transonic wind tunnel is an atmospheric tunnel, the values of the tunnel free-stream 
parameters are a function of the atmospheric conditions.  Thus the free-stream Reynolds number varied during the 
investigation.   Figure 7 presents the band of Reynolds numbers encountered.  Reference 4 indicates that for this 
band width, at subsonic speeds the effect of Reynolds number on afterbody pressures and drag should be very small. 

Afterbody pressures were measured at the recommended locations.   Figure 8 presents pressure coefficients for 
both the top, bottom, and side rows of afterbody pressure orifices for the 15° boattailed nozzle. The support strut 
creates a narrow wake at the bottom of the model in which there is a decrement in total pressure.  The top row of 
pressures are considered to be the row least affected by the strut. 

The boundary layer on the model surface was measured with a rake at model station 123.18 at radial locations 
of 0° (top), 180° (bottom), and 247.5°. The 15° boattailed nozzle was installed on the model when these measure- 
ments were made.   Boundary layer profiles are presented in Figure 9.  The boundary layer on the bottom of the 
model is slightly thicker and has a different shape than the top and side boundary layers.  The top boundary layer 
changed very little with Mach number; also, the boundary layer was not significantly affected by changing the jet 
pressure ratio.  At a free-stream Mach number of 0.90, the boundary layer displacement thickness and momentum 
thickness on top of the model were respectively .012 and .009 times the model maximum diameter. 

When the force balance data was being recorded, only the pressure instrumentation necessary to the proper 
interpretation of this data was retained. Therefore, restraints across the balance wen kept to a minimum.   Figure 10 
presents a plot of nozzle discharge coefficient and thrust normalized by ideal thrust versus jet total pressure ratio. 
The data is for static conditions, zero free-stream Mach number.  The measured thrutl is close to the calculated 
theoretical ideal convergent nozzle thrust. 

Static pressures were measured on the tunnel test section wall at a radial location of 225° looking upstream. 
Tunnel wall Mach numbers were computed from these pressures and the tunnel total pressure.  During the AGARD 
nozzle test, the accuracy of the wall pressures based on gage accuracy was ± 293 newtons/meter5 which resulted in 
a wall Mach number accuracy of approximately ±0.005.   In addition, the condition of the tunnel wall orifices was 
poor (chipped paint near the orifices, etc.). Differences between these tunnel wall Mach numbers with the model 
installed, and those with the tunnel empty, are shown in Figure 11.   No pressure signature of the model on the 
wall can be discerned at subsonic speeds, and most of the data lies within the free-stream Mach number accuracy 
band which is also  AM« = ± 0.005 . Therefore tunnel wall effects on the model pressure and force measurements 
should be insignificant at subsonic speeds.  At a free-stream Mach number of 1.2, disturbances emanating from the 
model nose appear on the wall between tunnel stations 41.15 meters and 42.06 meters.   Boundary-reflected- 
disturbance lengths measured in the Langley 16-foot transonic tunnel indicate that these disturbances should be 
reflected far behind the model. 
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Fig.l    The 16-foot transonic wind tunnel at NASA Langley Research Center, 
Hampton, Virginia, United States of America 
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Fig.2    Anangement of the Langley 16-foot transonic wind tunnel.  (All dimensions are in meters) 
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Fig. 3    Photograph of NASA-Langley Research Center model installed in the 
Langley 16-foot transonic wind tunnel 
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Fig.4    Sketch of the NASA-Langley Resear-h Center model. 
(All dimensions are In centimeters unless     herwise noted) 
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Fig.7    Band of free-stream Reynolds numbers per meter encountered during the 
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Fig.8   Afterbody pressure coefficient distributions on the NASA-Langley Research Center model 
with the 15° AGARD nozzle installed.  (M«, = 0.95 .   Pg/p». = 3.0) 
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Fig. 10    Discharge coefficient and thrust normalized by ideal thrust for the 10° AGARD 
nozzle installed on the NASA-Langley Research Center model.   (M« = 0) 
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SUMMARY 

The results of tests carried out under the AGARD (PEP) collaborative programme are 
discussed in terms of the influence of model external geometry.  Three aspects are con- 
sidered; (i) the variation of drag and drag rise Mach number, which are shown to correlate 
with boattail chord angle,  (ii) the sensitivity of drag measurement to boundary layer thick- 
ness, where an increase in thickness is found to decrease the effective body curvature, 
(iii) tunnel interference, which is found to have no measureable effect on pressure drag for 
blockages between 0.2% and 7%, although high blockages introduce difficulties in definition 
of tunnel static pressure. 

The overall conclusion is that results obtained in the various facilities are in good 
agreement and the techniques in current use are generally satisfactory, at least up to about 
Mach 0.95, although correct simulation of boundary layer thickness is sometimes necessary. 

NOTATION 

A cross sectional area 

/CpdA 
CD pressure drag coefficient 

Cp pressure coefficient 

Amax 

p local — Poo 

i y Poo Moo2 

D diameter 

M Mach number 

P total pressure 

p static pressure 

Re Reynolds number 

X distance from nozzle exit plane 

60.95 boundary layer height at which velocity is 957r of free-stream velocity. 

Subscripts 

oo in free-stream 

max at model maximum diameter 

j in jet at nozzle exit 

dr drag rise 

I.      INTRODUCTION 

Earlier papers in this series have described the tests carried out by several organisations of the three single nozzle 
axisymmetric afterbodies whose profiles are compared in Eig.I.    The results of these tests are discussed here in terms 
of the influence of model external geometry.   For the purposes of this paper model geometry will be taken to refer 
only to the afterbody since the influence of lorebody geometry and the Interaction between forebody and afterbody is 
discussed separately. 
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The aim of the present exercise is to improve the capability of accurate drag measurement. The way in which 
tunnel or technique imperfections affect the accuracy of drag measurement may vary with the type of afterbody 
shape being tested so the first objective has been to relate the drag characteristics of the models to their geometry. 
This has been done by use of a simple shape parameter so that a correlation could be obtained which used data from 
a wide range of sources in addition to the present tests and so that the results should be fairly general. 

One of the ways in which the model test environment often differs from that experienced in flight is that the 
boundary layer on the modsi may be unrepresentatively thick. The way in which the drag of the three afterbodies 
varied with boundary layer thickness has been examined, using data from tests in which the boundary layer was 
blown, with the aim of assessing the influence of model geometry on the sensitivity of drag to boundary layer thick- 
ness.  The results of this exercise should be of assistance in deciding whether correct boundary layer simulation is 
necessary in any particular test application. 

Considerations of cost and other practical limitations often lead to afterbody models being tested at considerably 
higher model/tunnel blockages than are usually recommended. The present series of tests of similar models in a wide 
range of lacilities has provided the opportunity to assess whether high blockage tests are valid and what are their 
limitations. 

2.     THE INFLUENCE OF MODEL GEOMETRY ON DRAG 

Although the drag of three dimensional bodies cannot, in general, be predict d with high confidence there are 
rules by which cstüiiates can be made for reasonably simple classes of afterbody shape   One such rule is that drag 
increases and drag rise Mach number falls as the body is made less slender.  Variou,- parameters are available to define 
"slenderness", for axisymmetric bodies the boattail chord angle is convenient. 

Drag coefficient at Mach numbers below drag rise and drag rise Mach number are plotted against boattail chord 
angle in Fig.2 using results from the tests of the three AGARD models together with dati from a wide range of 
geometries tested elsewhere.  While it is recognised that drag is also dependent on other features of the afterbody 
shape such as final boattail angle, maximum curvature and nozzle exit area to maximum cross sectional area ratio, it 
can be seen that these correlation bands are in fact quite narrow and can be used at least for preliminary estimates 
of drag characteristics for this class of afterbody.   This type of estimate may be useful in deciding whether or not it 
would be necessary to represent a realistically thin boundary layer in any particular model test programme since it 
will be shown in the next section that boundary layer thickness is of greater importance near and above the drag rise 
Mach number. 

3.     THE INFLUENCE OF MODEL GEOME TRY ON SENSITIVITY TO BOUNDARY 
LAYER THICKNESS 

The question of whether it is necessary to represent a realistically scaled boundary layer thickness is of consideiable 
practical importance.   In many model test arrangements the afterbody is supported on a long sting, while even when the 
model is strut mounted it frequently has an unrepresentatively long forebod^.   In addition Reyno'ds number is usually 
significantly lower than at full scale.   As a result in most model tests the boundary layer is two or three times as 
thick as the equivalent flight value.  There are methods whereby the boundary layer thickness can be reduced by, 
blowing or by suction, but these involve considerable complication of the test arrangement.   Therefore it is worth 
determining how significant is the effect of boundary layer thickness on drag and whether, at least for certain classes 
of geometry or ranges of test conditions, it is possible to measure drag to adequate accuracy without boundary layer 
control. 

The effect of boundary layer thickness has been examined at Rolls-Royce, and in a similar programme at ONERA, 
in tests of an afterbody mounted on a long support sting where the boundary layer thickness could be reduced by 
blowing.  Pressure distributions on the three models with and without blowing are plotted in Fig.3.  The effect of a 
thick boundary layer can be seen to be to reduce the rate of flow deflection over the afterbody so that below drag 
rise (Figures 3(a) and (b)) both the peak suction and the maximum recompression are reduced.   It is found that these 
two effects nearly cancel so that there is little change in drat in this regime.  Above the drag rise Mach number 
(Figures 3(c) and (d)) the peak suction is again reduced and this no* causes the supersonic expansion and recom- 
pression losses to be less severe so that a higher recompression level is reached at the end of the afterbody.  Therefore 
at this condition a thick boundary layer causes a significant reduction of drag. 

These effects are clearly shown for the three AGARD afterbodies in Figure 4 where it can be seen that up to 
the drag rise Mach number changes in boundary layer thickness caused little change in drag but at higher Mach 
numbers the drag coefficient was increased by about 0.01 when the boundary layer was blown. 

When making the decision whether it is necessary to represent a realistically thin boundary layer the first step 
is to determine whether one is going to be attempting to make measurements in the drag rise regime. Correlations 
such as those in the first part of this paper might be helpful here.   If the answer is yes then the next question is 
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just how accurate must these measurements be.  The results presented here have shown that reducing the 95% 
boundary layer thickness from the typical mode! test value of 10% of body diameter to 3%, which is more typical 
of flight conditions, caused an increase of drag coefficient of about 0.01 for each of the three model geometries. 

A note of caution is needed regarding the extent '.t which flight conditions are simulated by use of a blown 
model support sting.  Although blowing reduces the thickness of the model boundary layer the unit Reynolds number 
in the test environment remains unchanged so that the Reynolds number based on boundary la: 'r momentum thick- 
ness is made even smaller relative to the flight value.   In a marginally separating situation, as described for example 
in Reference 1, it is found that decrease of Reynolds number increases the extent of separation and so increases drag. 
Therefore there appears to be a risk that in some cases reduction of boundary layer thickness to the equivalent 
flight value could cause the drag measured on the model to be considerably higher than in flight. 

It seems clear tha' when dealing with an afterbody where the flow is likely to be marginally separating the test 
environment should simulate the full scale viscous flow conditions as closely as possible. 

4. THE INFLUENCE OF BLOCKAGE ON TUNNEL INTERFERENCE 

The significance of tunnel interference has long beer, a source of considerable anxiety to those engaged in after- 
body drag measurement.   In the field of whole aircraft model testing blockages not exceeding a few tenths of a per- 
cent are usually recommended and in some rases, of course, large wind tunnels are available for afterbody tests. 
However in many cases cost considerations lead to the use of rather small tunnels and the need to be able to represent 
quite fine mechanical details oi the model, together with the usual desia to maintain as high a Reynolds number as 
possible, result in a relatively Urge model.   As a result tests frequently are carried out at blockages of seven percent. 
The programme of tests of the AGARD models in a wide range of test facilities has provided an unusually good 
opportunity of assessing whether high blockage tests are valid and what are their limitations. 

Figure S shows the drag of the 15° boattail as measured in a number of wind tunnels with blockages ranging 
fiom 0.2% to 7%.  While there is some scatter in these results, particularly at higher Mach numbers, the agreement 
is generally quite good and there seems to be no distinct trend of variation of drag or drag rise Mach number with 
blockage,   llie indication of these results is that for the facilities and test conditions considered tunnel interference 
has not been significant.   A« i turther confirmation Figure 6 compares the pressure distributions measured on the 
15° boattail in the various faoiiities.   Apart from some variation in the pressure close to the end of the boattail, 
which does not seem to be related to blockage, the various sets of data are seen to be in veiy close agreement. 
Similarly close agreement has been found throughout the Mach number range and in the distribution measured on 
the 10° and 25° boattails. 

As well as the experimental dnta Figure 6 includes a distribution calculated for th^ 15° model in an infinite 
stream using an inviscid impressible analysi« procedure2.   This is seen to correspond qui'e closely with the experi- 
mental results apart from an exaggerated perturbation part-way down the boattail and near the end of the boattail 
where the analysis predicts a very high ^compression which in reality is terminated by viscous effects.  This analysis 
^as also used to predict the pressure distribution in an infinite stream along a surface correspondia^, to the position 
of tl.e tunnel wall in the Rolls-Royce terts.  These distributions are compared with the experimental mcasurementf 
in Figare 7 wherf it can be seen thm Ih«; measured pressures on the tunnel wall near the afterbody location vary a 
great deal more than would 'ivt pressure field in the same region in an infinite si ream.   This large variation in tunnel 
wall static pressure provider the main diViiculty in accurate drag measurement iii high blockage tunnels, that of 
specifying the correci tunne1 siaiic pn ssure to be used as the datum against which the pressure coefficients and 
pressure drag are referred.   L.ai^e absolute errors can easily arise if tue reference pressure is measured in a region in- 
fluenced by th? m )lel press.AK  'eld.   Ii the Rolls-Royce tests the tunnel static datum pressure has been taken as 
the mear -jt t'rtc<: statics, as indiwttti m Figure 7 which are considered to be d jwnstream of the tunnel entry effects 
but upstream ot the afterbody field. 

5. CONCLUSIONS 

The results of model tests of three axisymmetric afterbodies in u number of different wind tunnels have been 
examined in terms of the influence of model external geometry. 

The variation of drag with afterbody geometry has been shown to be in accord with the trend for drag U1 in- 
crease and drag rise Mach number to decrease as the body is made less slender.   It is found that drag and drag rise 
Macli number can be correlated quite well with boattail chord angle for a wide range of afterbody geometries in 
uddition to those tested in this exercise. 

Incease of boundary layer thickness has been shown to decrease the effective curvature of the afterbody.   At 
speeds below the drag rise Mach number for any particular geometry this modifies the afterbody pressure distribution 
but has little effect en the pressure drag.   Above the drag rise Mach number drag coefficients measured with a 
boundary layer thicki ess typical of model test conditions were about 0.01 lower than when the boundary layer 
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thickness wu reduced to a value typical of flilbt conditions. 

Comparison of results obtained in various wind tunnels coverina blockqe ratios from 0.2% to 7% failed to show 
any diKemable effect of tunnel interference at leut for Mach numbers up to about 0.9 to 0.95. At hiJh blockagt:s 
static pressure varies considerably alona the tunnel wall and it becomes crucial to select a reference static pressure 
which is substantially free from the influence of the afterbody pressure field . 

The overall conclusion is that results obtained in the various facilities are in aood aareement and the techniques 
of afterbody draa meuurement in c-urrent use are aenerally satisfactory althotiah correct simulation of boundary 
layer thickness is sometimes necessary. 

6. SOURCES OF DATA 

The results presented in this paper have been taken from various contributions to the AGARD collaborative 
proaramme, particularly those from Rolls-Royce (1971) Ltd., U.K.; Air Force Fliaht Dynamics Laboratory (WPAFB), 
U.S.A., O.N.E.R.A., France, and National Aerospace Laboratory (NLR), the Netherlands. 
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Fig.l    Comparison of the AGARD afterbody profiles 
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Fig.2   Correlation of subsonic drag coefficient and drag rise Mach number with boattail chord angle for 
axisymmetric afterbodies without annular bases at nozzle pressure ratios near 3:1 
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(q) R.R. TESTS OF A6AHD 10* BOATTAIL.      (b)M: TESTS ^Lü^g 'S'BOATTAIL. 
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Fig.6    Pressure distribution on AGARD 15° boattail 
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II III 

INFLUENCE DU TAUX DE DETENTE DU JET SUR LES COEFFICIENTS TE PFRFORMANCE 

D'UN ARRIERE-CORPS MONOFLUX AGARD DE MACH 0,60 A MACH 0,9). 

par Bernard MECHIN*« jean-Marie HARDY** 

Ktsumt 

Dans le cadre de IViude entrep'i» par I'AGARD, la symh^se des rtsuliais eip^rimenlaui relatifs » I'influence des condiiions 
K^niratrices du jei sur la ttafnee des differems arriire-corps est pr^sent^e. L'influence du taux de detente sur les pre   sions de tetreim 
et les d^collements de la couche limile est analyste. Cette elude est effectute pour diffetentes ^paisscurs de courhr limite, certains 
montages permettant le coniröle de celle-ci pat un soufflage tangentiel. 

INFLUENCE OF THE IET PRESSURE RATIO ON THE PERFORMANCE OF AN AGARD SINGLE FLOW AFTERBODY 
IN THE 0.60-0.9^ MACH RANGE 

Summary 

Within the scope of an AGARD study, the synthesis of the experimental data concerning the effect of tec stagnation conditions on the 
drag of various afterbodies is presented. Jet pressure ratio effect on boattail pressure and on boundary layer separation is analysed. This 
study is made for several values of the boundary layer thickness, taking into account the fact that some test rigs make its control possible 
by means of tangential blowing. 

Notations 

M       : nombre de Mach de Ifcoulement externe a I'infini anom 

p       : preaaion scatique de l'icoulement externe i I'infini amont 

P       : pression generatrite du flux intetne de la tuyire 

P./p    . taux de detente 
I   r- 

p        : pression externe sur le rttreinl. 

C       : coefficient de pression sur le tetreint 
P 

C    *   f-Pm 
V      

-P  M' 
2   "  " 

C__ : coefficient de trainee de pression DP r 

R_ : nombre de Reynolds de I'tcouletnent externe rapport^ au diamitre D||Awdu maitre couple. 
"DM AX 

1. Introduction 

Un programme d'ttudes sur les techniqjet d'essai d'arri*re-coips de revolution en tcoulemenl transsomque a *i* prop >* par I'AGARD 
aux difftrems organiames de redliche dca pays membres de ce groupe : NASA et AEDC aux USA, Rolls-Royce (BED) en   itande-Bretagne, 
NLR aux Pays-Baa, DFVLR en Allemagne et ONERA er France. Chacun de ces organiames a ttniitt la totalitf ou une partie aculement 
du programme initial ; les esaais ainai effecluia dans les diff*»enies souffleries tranaaoniquea donnent la possibility de caractiriüer les 
difftrcnies techniques uttlisies et de micux comprendre le rile jou* pat les divers paramitres entrant en ligne de coapie, auasi hien ceux 
qui sont li*s au fonctiohnement de I'arritre corpa (taux de d*»ente, temperature du jel, distorsions du jet, nombre de Mach) quc ceux qui 
aonl inhirents au montage et ji la soufflerie utilis^e : couche liaute, montage sur mil lateral ou en dard amont, nombre de Reynolda de 
I'tcouleoent externe, obatruction de la veine. 

La synthesc pr*sent*e dans ce document ne conceme quc l'influence du taux de detent e aur lea coefficients caractenstiques de 
larfi*re-rorps : coefficient   de preaaion, coefficient de trainee. L'influence dea autres parametres fondamentaux (nombre de Mach, nombre 
de Reynolds, coudie limile ...) est etudiee par ailleurs par les autres participants au programme d'etides el fait l'abiet de documents de 
Synthese particuliers. 

* Ingenieur de Recherche i TONER A. 

** Chef du Service Tuyeres 1 la SNECMA. 
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2. Motmyi J'twi 

2.! • LM moutugt» i'tmmi luilittt mm d<crit« ta dtttil dust In tittotnce» II * 61. Us ■ppactirancai k dcui cutgont» : 

. Lea aoouiet «ur alts lu<raui (AEDC, NASA, NLR) o* la ■aqvcctc ac crouvc pUctt k Vettttmili aval d'ua fuacau muni d'uae 

ogive A raaroat, l'aiacable du awaia|c ae i rouvant aiaai daaa la veiac. 

. Le» aMMagea ea dard aaool (ONERA, Rolla Royce, OFVLR) oi la ■•quetie eac diapoa^e k Vettttmitt aval d'ua dard doni I'originr 

ac crouve daaa la diaabre de iraaquilliaatioo. Lea aMMlagea de ce type aoal d'ailleura nunia d'un diapoaiiif dr wufflage langeniirl de 

la couefce liailc. 

Lea acktaaa d'caaeable de ce» montage« aoM repriaentia aur lea figure» 1 k 6. 

L/Um» a 9.67 

SOUFFLERIE      OE    16 Ft     LANGLEr 

Fig. 2 • Monfo«« NASA fUSA). 

Fig. 1 - Montag» AEDC (UiAI. 
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Fig. ? ■ Schema d«> troit maqumtttt ufiflsMS. 
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9     =   anqim  du   cone   »quivalvnt 

2.2 ' Couches limites 

Les couches linuies mr-urees sur les monia^es a des nombres de Mach de 0,6 et 0,9 soni rtpiesentees sur les figures 8 et 9. L'effel 

du soufflage tangentirl de la louche limite obstwe sur les montages Rolls-Royce et ONER A est de rWuirr sensiblemcnt les ipaisseurs 

catact^ristiques de la couchc limite tout en con.se>"ant un profil de vitesses regulier. Ce disposilif permet done de conlröler efficacement 

la couche limite et de compenset ainsi un ^paississement de celle-ci du a la grande longueur du montage. Les dissymAries observees 

pour les couches limites du montage ONERA ont rrcenunent tti considirablement riduites pat une amelioration des carrnages du montage 
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3. CoftfMioB dct r<tult«ci 

Sue Its fi(ure* 10 el II MM reptisentiet let- variations du coeificical de prcsaion C   sur la (vytte IV ohccnuea pat lea diffirenih 

ergaaiaaea pear lea ooabre* de Mach 0,80 et 0,9) el pour un taut de dHnu e omyen compri« em re 2.) ec ). A Mach 0,8, lea points ohtenua 

ac rcgroupcM aur uae courbe uaiquc. Touiefoia dass lea eaaaia NLR la dAenie eat rooius pronoacie et la iecoapression retard^« pat 

rapport aus aul res eaaaia, ce qui peui a'eipliqbcr par la forte valeur du taui d'obstruction (7 %). Cea eaaais soot par ailleurs effeciuta en 

|a> chaud (Ti > 6)0*K). 

A Mach 0,9) Tapparilion d'ua choc et d'un dtcotlcmenl de caractfce inaiahle provwjuc de l*|tres differences i la fois au niveau de la 

position du choc et de la {«partition dc preaaion dtns la zone d*coll*e. 

L'influence du tau de dttente aur les coeffidents de pression teste comparable em re tous les eaaaia. C'est le seul piim qui est 

analyst dans cette note, rinflueoce des conditions particuliites d'essai devsiit tire eaaainie par ailleurs. 
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4. loflueace du taui dc detente sur le coefficient dc prcaaioa 

Panai lea rtaultats diapooiblea, aous a«Daa retcnu priacipalcaMat ecus obtenus par I"AEDC aur lea trois awqacttes 10*, IV et 2V 

car ila oat ttt eticctu^s pour uae large gwmmi de tau de dttcMc lP./fm  coapris entre I et 12) a»ec des maquette* diapoaaat de t tit 

aoabrcaaea priacs dc prcaaioa. Lea riaaltats utilia^a pout chacuac des tuytres i des noabres dc Mack dc 0,60, 0,80 et 0,9) sent regroup«* 

aur lea figures 12 i 1) (eaaaia ONERA fig. 12, eaaaia AEDC fig. 13 * I)). 

4.1. Tuyteea I» et I» (fig. 12 k 14) 

- L'effet Ai taus dc dttcalc aar le coefficieat de prcaaioa C   eat d'accraftre scasiblenraai le niveau dc la rrcoapr« ssion lors^ue le 

taaa dc ddtcatc aagaeaic, ccci par effet potentiel dl k <a prtiaace da jet, laai qu'il n'y a pas d^colleaent de la coaebe liaute. Get cffei 

a'eat aaaaiblc qac Haas la aoac o4 le gradieat dC /ds cat poaitif. 

- Cct effot cat d'aaiaat plus ialcaac que le aoakre de Mach cutikear cat *le»t. Vers l'eitrtait^ du rdcrciat raccroisscacat dn taus 

dc rcceapcaaiaa cat aaaald : 

• aoit par effct d'eatrafacawat qai accdlirc I'dc—I—«M proche (esp'irauoa valahle daas toas lea caa sauf daas celai dc la luytrc I)* * 

M    » Oßi). Des aoadages dc I'dcaalaacat as «oiaaagc dc la parni «craieat atccsaaires poar caafiiacc cette hypothisi' , 
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■ «oil par une leodnacc «u d^collcacni tic I« couche liaiie. II Mabic coulefoi* que ce pbAMMitae toil davan(a|c li* k I'tpparicion 

d'un choc cammt le «outre Ic ralemiiMarat de I« recoapcemsion *u pied du choc tut le tttniat Kf kHm = 0,9). Sur le rtircinc 1)*, 

u mtme aomkit dc M«ch. le dtcollcaeat, qui put du choc, resie i(«bli wr tout Ic ftneint. 
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4.2. Tiy»tt2> (fig. 19) 

• La Mt* irudc coerbar« m dlbui d« rtotin Itlt •ppanhr* IM choc droit, «t*e k Mach 0,6. Pour c* aonbrt de Mach, 1c choc *M 

•tiivi d'uat rtcoaprtttioo 'tgtiiitt done I* aiv*M dtpttd du tarn de dtonu. 

• Ma que M   ■ 0,80, il apptrtfi en «val du choc ua pcofil de preaaioa plat caractdriatiquc d'tui ^coulement dtcolU. 

■ A Mach 0,9) I* oiveau dc recoaprtaaioa tat iafdriwrt cclui obceav k Mach 0,80 et paaac par ua waiwui pour ua tau« do dtttatc 

«oiaia d* 7. Cette «volution pa« a'cipliquct par ua ichaa|* antic l'elfet de jot aw I'icouleMni potaniiel et reffet d'cntraiaenieiu prt- 

poaddraat aaa faiblct tans dc dtteate, en raiaon dc I'dtaadue dc la zoac dc ■4laa|a. Ccc hypothtaca dcaandcraient dgalcaicni 4 Itr« 

wM&tt» par dea aoodagca dc r<coule«ent en particuliet ea aval du plan dc aortic. 

5. laflueace da taui de dfcente tui le coeffideat dc trafnlc d> preaaion 

Lc coefficient de erafnte dc preaaion C^ eat calcult par iati|raiion dc la repartition de preaaioa aur rarri*re-corpa conaiddrl La 

prdciaion obtennc depend dtroitcaMnt du noabre dc priaca dc preaaion diaponiblea pour la ■canre. A ce litre lea caaaia AEDC paraitaeat 

Ice plua prtcia cu 4|ard aa (rand aoaibrc dc priaca dc preaaion inatalKca. 

L'iTolntion dc ce coefficient de trafnte, «a feaction du lauz de diteotceat repr<ccnt<e pour chaque tuydre et pour dea nombrei de 

Mach de 0,80, 0,90 et 0,99 aur lea figure* 16 k 24. 

L'aaalyae dc cea r4aaltata pennet de pr<ci*er ec dc coofimer lea observation* dtjft faite* pricMcauaent pour I'^rolution dea coeffi- 

cient* C . 

9.1. Tuytrca 10» et 19» - Figurea 16 « 21. 

Coauac pour lea coefficient* C , lc coefficient dc trafn4e C— dininue dc fa^on iaipottante lotsque Too paaae de la configuration 

aana jet k ua taui dc d<tcntc de 2. Cet effet e« d'autaat plua awrqu* que l'angle de cartne eat plua faible. 

La tr*t><e reate enauitc aenciblcawnt conataate entre f]/pm " 2 et P]/pm 
m 4 puia dtetotk rtgulUreaent loraque le taui dc dtaote 

croft. Elle devicnt negative pour uae valcur anffiuammeot <le*<e du taui de detente. 

Sur le* figure* 19 et 21 aont repriaenttes «galenent lea variation* dc C^ obtenu pour la tuyire 19° avec lea montagea Rolla-Royce 

et ONERA avec ct a*a* aoufflage de la couche Unite. A Mach 0,8 (fig. 19) la valeur de CLp obteau avec et «ana aoufflage aont trie wi- 

ainca eatte ellea, k la dispersion dea meaurea prt*. A Mach 0,99 (fig. 21) le aoufflage augmente le C^,. La forte diaperaion dea r<sultats 

entre les difMrcntes «ouffleries tnduit I» r<percu**ion *ur le C^ de petite* differences aotaaaeot sur la poaition du choc dont I'eiiatence 

a Mt aigaaKe prtcMeounent. Cet difference* sent tributaire* d'effeta d'obatniction de veine et de couche limitea variable* auivant lea 
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;.2-Tuytfe2y (fig. 22*24) 

Pour cette (uyCre doot I'lngle de catiut eat beau- 
coup plus important, 1 Evolution eJt difKrente : la 
crafnie commence par crofire avec le taui de ditente, 
atteint un maximum pour une valeur du tauz de ditente 
croissante avec le Mach, puis d*croft r^gutiirement. 
S'il y a quelquea differences dans lea niveaux absolus 
de Cp- revolution de ce coefficient en fonction du 
taux de o^rente est commune aux difMrents essais. 
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6. CWKI—ton 

QMifMS iMdaacM |<«<nl«a pwivMC Im d4|B|4m de* ««Mis «Haccv^s dan« diftdrtnic« iar.allKisai cenceratac I'influence du 
(Mi d» ddtMtt dc jM sur I'dcealMMai cncrac Mtoyr d'm tniirf corps. 

I) Les coaditioB« puticuliirc« dc« difftrmce« iaMalluioa« (OM •ppamlkrc dc faiblct *c»rti «ur I«« vileurs abaoluei dei coefficients 
Mssrte, siais ne sMdifisnt pas I'dvolucies de ces irsadcsrs en fosctien du taui dc ddtente. 

% L'cffat du caux dc ddtmce aur 1c coefficient de prcasion CL est surtout sensible lorsque le jet coauEince k s'Ctsblir. 

3) Le uui de dftcate n's d'effet que sur Is psnie in I'smire-caps fenssnl rftreiat, et a'sffcctc pas It repartition des pressioas en 
SSMOI du choc qui sppsrsit sui nombres de Msch auffisssusent ilevts : le choc est Ugiremem modifi< en intensity, ce qui sc trsduit par 
dei teatta »iaibles dc trafnie. 

4) Dans le ess d'un *cooleir.ent non dicotli aur le r^treint, une augmentation du taui dc detente tend A tugmeoter la recoBpression. 

5) Dans le ess d'un fcoulcnent dtcolU en svsl du choc le nivesu de preosion de Is zone d^colKe coouaence psr d&rohre qiiand 
Pj/p^ croft, puis sugmente k psrtit d'un certain niveau, asset tievi, du tsux de detente. 

De» hypotheses ont M (ormuUes pour eipliquer les difMreotestendsaces. Leur discussion qui pourrait ttre un prolongenent normal 
de cetle (Hude, n<ceaaiterail une saalyae plus spprofondie de I' tcoulemefli par Jes sondsges des regions proches de Is sortie du jet, et 
eventuellemcat psr I'inModuction de tuyeres convergent es divergentes permettant, parallelemenl aus eassis en gsz chaud, de faire verier 
les conditions d'enttsinement et de recollemeni sur Is frontiere du jet. 

\.r.   I. 

'M 
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INFLUENCE OF JLT PARAMETERS: 
NOZZLE THRUST AND DISCHARGE COEFFICIENTS 

by 

CC.Groothoff 
National Aerospace Laboratory, NLR, 

The Netherlands 

SUMMARY 

Internal flow and nuzzle characteristics were analysed as part of the program co- 
ordinated by the AGARD ad hoc study group.  All available data were used in a comparison 
of the nozzle discharge and thrust coefficients and jet pipe wall static pressures of similar 
model configurations.   It was found necessary to take into account the distortion of the 
total pressure profiles in the jet pipe. The mass flow averaged total pressure was used in 
the calculations.  The distortion coefficient DCM proved to be a useful tool in the compa- 
rison of the mass flow averaged total pressure with the 1-D isentropical total pressure, 
derived vrom mass flow, temperature and static pressure. 

The discharge coefficients th?t were found in the range of nozzle pressure ratios of 
about 1.3 to 12 were in good agreement.  For the specified nozzle  A  the discharge 
coefficient Q = .986 .  For this nozzle configuration with a contraction ratio of 3.24 
hardly any influence on Cj of jet medium or distortion was found.  External air flow 
did influence Cj , mainly through the boattail overpressure near the nozzle iip. The thrust 
coefficients were found to be difficult to compare, one set of data however shows an 
inexplained higher level (about I - 2%).  Nozzle  B  (contraction ratio 1.62) showed more 
influence of distortion in the jet flow.  The values for the choked nozzle discharge coeffi- 
cients were Cj = .978 (no dist.) and Cj = .946 (dist.).   Distortion was also found to 
influence the wall static pressures in the jet pipe.  The distortion coefficient DCM enabled 
comparison of the results of the various institutes which cooperated in the program. 

1 

LIST OF SYMBOLS 

A 

An 

CT 

c* 

^max 

DCM 

k 

Moo 

m 

NPR 

area,   nr 

geometric exhaust area, corrected for nozzle wall temperature,  m2 

factor in Equation (5), Section 3 

P — Poo 
static pressure coefficient,     

«loo 

nozzle discharge coefficient, see list of definitions 

nozzle thrust coefficient, see list of definitions 

specific velocity,   m/s 

maximum model diameter,  mm 

distortion coefficient, Section 3 

thrust,  N 

number of ith concentric jet pipe area 

factor in Equation (5), Section 3 

free stream Mac'i number 

mass flow,  kg/s 

nozzle pressure ratio   rt 'Poo 

"■-'■-•■ *"■''■"—"-^ ■-■■■' ■-■'■ -■■.-..■. 
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n 

P 

q» 

total number of equal concentric jet pipe areas 

pressure, N/m1 

Tree stream dynamic pressure lypmWi, N/m1 

Re D„ nozzle Reynolds number m 
m* 

R gas constant   1 

r distana- from nodel centreline, mm 

T tcmperatur    K 

• velocity, m/s 

X distance from exit of nozzle A , upstream is positive, m 

a nozzle convergence half angle, degrees 

ß mixing parameter of Reference 10 

y ratio of specific heats 

V viscosity,  m2/« 

ß density,  kg/m3 

Subscripts 

av average 

q. on centreline 

ex external near nozzle exit plane x/Dmax = .056 (nozzle A) or   = .27 (nozzle B) 

f flat, according to   1 - D  isenUopical calculation 

i index 

id ideal 

j jet 

JP jet pipe 

/ internal near nozzle lip at   *lümax 
= O^ (nozzle A) or  = .204 (nozzle B) 

meas measured 

n nozzle 

t total 

0, 1, 2, 3 different definitions of CT 

<■ free stream 

* critical throat condition 

LIST OF DEFINITIONS 

Cd nozzle discharge coefficient   = 
m 

mid 

For supercritical pressure ratios Cj = 
Ptj • An 

where the specific velocity 

For subcritical pressure ratios   Cj   = 
m      h- \ RTtj 

PooAn /   27 

\P«/ \Poo/ 

\(r-i)/7 
- 1 
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CTo 

CT, 
CT, 
CT, 

no/zle A 

nozzle B 

thrust coefficient as used in Reference 7 CTQ CT, + 
pressure drag 

Fld, 
(upstream force is positive) 

thrust coefficients  = me« 
Fid(l,2or3) 

The ideal thrust F^ 1, 2, or 3 is based on 

- I: actual p,  and  An , derived is my 

- 2:  actual  p,  and   th , derived is  An ■ Cd 

- 3:  actual  m  and  An , derived is pt 

with suffices 1, 2 or 3 omitted, the used equation for the maximum attainable thrust after complete 
expansion to the ambient pressure is 

FM   -n^RT^.-^ 
Ad-D/T 

CT,  =  CT, x Cd 

measured thrust force = measured balance force - pressure drag 
(upstream force is positive) 

friction - gap pressure correction 

exhaust nozzle defined by AGARD coordinates, contraction ratio 3.24, see Table I 

exhaust nozzle with contraction ratio 1.62, see Table I 

1.     INTRODUCTION 

The AGARD ad hoc study group PEP/04 on "Improved Nozzle Testing Techniques in Transonic Flow" has been 
formed to investigate the relevant parameters which affect the performance of nozzle and afterbodies at transonic 
speeds.  Several institutes coordinated their research in this project, mostly using essentially the same afterbody and 
nozzle configurations.  Comparison of the results of analogous experiments would yield a frame of reference, while 
the special topics that were investigated by the different institutes would extend the range of parameters. 

Several groups, cooperating in this pajram, have accepted to compile and discuss th** results, each concentrating 
on one topic of relevance in the afterbody nozzle performance testing.  The part that discusses the influences of jet 
parameters on the afterbody and nozzle performance was shared between DFVLR (Germany) and NLR (the 
Netherlands).  These groups agreed that DFVLR would concentrate on the external boattail pressure distribution 
while NLR would deal with internal nozzle phenomena.  This report is the NLR contribution to the data analysis 
and complementary to the DFVLR report. 

The internal jet pipe flow and nozzle characteristics constitute an important area in the assessment of jet engine 
performance. 

The nozzle discharge coefficient affects the exhaust total pressure and hence the thermodynamic cycle of the 
engine, while the engine gross thrust is proportional to the nozzle thrust coefficient. 

The flow in the jet pipe of real jet engines, particularly at afterburning, and also of turbofan engines, is not 
homogeneous.   Generally, the total pressure and total temperature are non-uniform (distorted), the flow may contain 
swirl and the turbulence level is usually high.  The degree, to which these inhomogeneities affect the nozzle characteris- 
tics, depends on the nozzle geometry, contraction ratio of the nozzle and the external flow field in which the jet 
exhausts.  In this analysis only the influence of jet flow total pressure distortion could be included, as swirl or 
turbulence have not been investigated in this program. 

In order to establish the nozzle characteristics, the primary jet parameter, i.e. the jet total pressure, must be 
defined.  In a distorted flow this requires a special approach. 

The tested conical convergent nozzle configurations (except of Reference 2) constituted a simplified representa- 
tion of an actual exhaust system of a non-afterburning engine (nozzle A) and of an afterburning engine (nozzle B). 
Nozzle B is also representative for a fan engine nozzle as regards to the contraction ratio.  The model of Reference 
2 simulated to a larger degree the exhaust system of an actual engine nacelle. 

The measuring and flow definition station at the entry of the jet pipe may be considered to coincide with the 
engine end face, generally constituting the split line betweeti the responsibility of the engine manufacturer and the 
airframe designer. 
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This report discuuM the influence of tome jet, nozzle and external flow parameters on the internal nozzle 
characteristics and jet pipe pressures, as compiled from the results, gathered by the different participants in this 
program.  Some of the data that have been received are published elsewhere in this AGARDograph (References I, 
2, J), others (References 4, 5, 6, 7, 12) were made available as preliminary results or ii. private communication. 

INVESTIGATED NOZZLES AND PARAMETERS 

2.1 Nozzle Geometry 

Although the investigation of the different study groups have been performed using essentially the same nozzle 
and jet pipe configuration, some differences are noted.  In Table I and Figure I the dimensionless jet pipe and nozzle 
shapes are given. In Table II the nozzle size is given along with other parameters.  It may be noted that the location 
of the static pressure orifices in the jet pipe, of the thermocouple and of the total pressure rake were specified in 
this program (Table I). Most configurations essentially conformed to this specification. 

Nozzle A is the standard nozzle according to AGARD specifications. Nozzle B has a twice as large nozzle area 
and was derived from nozzle A with a 15° boattail angle by "cutting off an appropriate length and fairing the 
exhaust inner contour with a straight cone into the jet pipe.  This resulted in a nozzle convergence half-angle ol 4° 
vs. 7° for nozzle A.  Nozzle B can therefore be considered as the opened, reheat, position of nozzle A in case the 
nozzle is supposed to be a convergent conical iris nozzle.  The dimensionless contours of the nozzles of References 
S and 7 are only sli/htly different from nozzle A and will be considered to be the same. 

The model assembly of Reference 2 simulated the engine nacelle of the HFB 320-CJ610 jet eng; tr, incorporating 
a hot primary jet and a cold secondary jet.  The tests with this nozzle however have been focussed more on external 
effects, impeding comparison of the internal characteristics of this nozzle with the others. 

The boattail and nozzle external contours will not be discussed here, as these will be related to the internal 
phenomena mainly through the external nozzle lip pressure pex . This pressure will be taken into account when the 
effect of ambient airflow is discussed. 

2.2 Jet Parameters 

In Table 11 a survey is given of the relevant jet parameters and dimensions of the models that were used. 

The data which could be used in the present analysis on internal phenomena were scarce, because most results 
dealt with external nozzle phenomena such as afterbody pressure distribution and afterbody drag.   From the supplied 
data results could be deduced concerning the following jet flow parameters:   nozzle pressure ratio, total pressure 
distortion, jet medium, Reynolds number and axial static pressure distribution. 

Main emphasis in the data analysis will be on NPR and total pressure distortion, both closely connected to the 
flow delivered from the engine.  The use of the different jet simulation media as listed in Table II gives an indication 
how internal nozzle characteristics are affected if the engine combustion gases are simulated with an other gas, for 
example by cold air as is often done in wind tunnel tests. Other jet parameters such as turbulence, swirl and tempera- 
ture distortion may also be of relevance for assessing the performance of nozzles, but have not been considered in 
the program.  Nozzle leakage and lip edge curvature will also affect nozzle performance (Reference 8 and 9 respectively) 
but are not considered either.  The data that were available and could be used for a comparison of the nozzle charac- 
teristics and jet pipe total pressure determination are surveyed in Table III.   More details of the experimental facilities, 
models and instrumentation used by the different research groups, can be found elsewhere in this AGARDograph. 

3.     DETERMINATION OF THE JET TOTAL PRESSURE 

For the determination of the nozzle characteristics knowledge of the jet total pressure is essential.  It had been 
proposed by the AGARD study group that in this test program if possible the jet total pressure should be derived 
from the measured mass flow, static pressure and gas temperature in the jet pipe.  In a jet flow with a total pressure 
profile distortion however, the determination of a valid mean jet total pressure from these parameters poses some 
special problems. 

The average pt. that must be determined should be a characteristic property of the jet flow, i.e. it must be 
independent of the axial location where the measurements are made, 
viscous losses, if the cross sectional area of the jet pipe is changed. 

It must not change its value, except due to 

The area averaged jet total pressure will not satisfy this requirement.   During expansion the cross section area 
of a stream tube with a higher total pressure will decrease less than that of a stream tube with a lower total pressure. 
This means that the area averaged total pressure of a distorted flow will increase in a contraction.  However per 
stream tube the mass flow and the total pressure remain the same in a contraction.  Hence the total pressure mass 
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averaged over ill stream tubes will remain constant and might therefore be a proper means of averaging, at least 
superior to area averaging. 

In Part I of this AGARDograph a method is described (Rif.3) to derive the mass flow averaged total pressure 
for distorted velocity profiles, if the mass flow distribution, the mass flow, the static pressure and the temperature in 
the jet pipe are known. The description method defines the mass flow averaged jet total pressure as: 

where 

Ptj =  Pjp 

Knowledge of the mass flow distribution 

i + i    /l + 
/AmV m'RTtj 2(7-1) 

\—)P*y 

(■y)/(r-i) 

(i) 

(2) 

m can be obtained by measuring the total pressures with a rake during 

a run (Refs 1, 5) or by preliminary tests (Refs 3, 4. 6).  In Figure 2 the mass flow distributions in the jet pipe are 
given as derived from the different sources.   It was found that these distributions for each test set-up and model were 
fairly constant.  An example of accompanying total pressure profiles is given in Figure 3. 

If the total pressures are calculated according to the mass averaging procedure, for distorted flows it is found 
that these values are different from the values obtained from a one-dimensional isentropic calculation that assumed 
the profile to be flat.  This is illustrated for the simplified example as shown in Figure 4.   If in case I (flat) 
Am, = Aih] , and in case II (distortion)  Arii| = .5 Ariij (Am, + Amj = constant), then Equations (I) and (2) yield 
p^ = 2.06 x 10s N/m' (case I)  and   Pj. = 2.08 x 10' N/m2 (case II).   Hence a correction of 1% would be necessary 

D isentropically derived  pt   to obtain the mass How averaged   p, , if distortion is present.  It can also be 
any distortion will lead to an increase in the ratio of total to static pressure in the je 

on a I 
seen that any 

'     1 

jet pipe. 

The parameter to describe the distortion in ttK Ja pipe mass flow distribution used here is the DCM, the distor- 
/AmV 

tion coefficient, mass flow averaged.   Based on the presence of the factor  I )   in Equation (2), it is defined as 
Vrii   /j 

DCM =°tm 
or more general 

A    r 
DCM   =   -TT }p2U2d\- I . 

(3) 

(4) 

For low subsonic Mach ntmbers in the jet pipe flow it can be shown that a relation exists between DCM and the 
correction that is necessary to obtain the mass averaged  pt   from  p^  ; 

P.;   =   P., (■   + DCM  Ji«_) (5) 

where k   = 

4, m 
and   B 

m'RT, 

K^P 

It can be deduced that the factor  k   has a value of 3 if the surplusses and deficits of the mass flow distribution 
balance as compared to the average value.   If the mass flow distribution profile is very peaky, for instance if in 

A, Aril! 
Figure 4   — = .5   and     = 1.5 , the factor  k  is somewhat different from 3, in this case  k = 3.4 .  The 

A] Arii] 
factor  B   primarily depends on the effective contraction ratio  Ajp/A* . 

Figure 5 illustrates the described relation between  p,. ,  p(.r and   DCM .   Data of 5 AEDC (air) and 5 NLR 

(decomposed H]02) test runs with nozzle A were used to determine the ratio —-  for the distortion profiles of 
Ptjf 

,. ..■■■^-...-i ...,.  MaüB a* 
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Figure 2.  It is found that the data points are close to the lines representing Equation (5) with  k = 3  and B 
Ajp 

derived from the test data. The sonic throat area A* , which is used in the parameter  -~, is related to p,Jf. 
n 

Only the NLR distortion profile shows some discrepancy, with respect to k » 3 .  Here  k  i* approximately 3.3 due 
to the peaky mass flow distribution profile. 

For nozzle B with a contraction ratio Ajp/An ■ 1.62  the ratio —-'■   is much larger.   For a choked nozzle, 
Ptjf 

-^ = 1.141   for a DCM = .338 .  Equation (S) with k » 3  would yield a less precise correction due to the higher 
Ptjf 

jet pipe Mach number ( for the given example  —^ - 1.116 , see insert of Figure 5 ]. 
\ Ptjf / 

It may be noted that for low subsonic Mach numbers in the jet pipe the distortion coefficient  DCM  is related 
to the mixing parameters ß in Reference 10, i.e. ß - DCM + 1 . 

In the following sections the jet total pressures p.   are expressed as the mass flow averaged values, using either 
the calculation method of Reference 3 or Figure S. 

4. NOZZLE D> "CHARGE COEFFICIENTS 

4.1   General Remarks on Data Presentation 

m A* 
The definition of the nozzle discharge coefficient used here is  —— , not — as is sometimes preferred.  For 

my An 

supercriti ;al nozzle pressure ratios these definitions would give the same results, fot subcritical  NPR's the results 
diverge. 

As discussed in Section 3, it is necessary to take into account the jet pipe flow distortion in the calculation of 
Pt-  and hence of the discharge coefficients.   Reference 5 gives a series of discharge cociTicients which were derived 
from   mmeas,   Pj-  and T:  according to the proposal of the AGARD study group.  Ir order to compare these data 
with the results of other groups, they were recalculated taking into account the appropriate mass Dow distribution 
of Figure 2.  This resulted in approximately 1.3% increase of the jet total pressure.  This is in agreement with Figure 
5, for  DCM =* .19. 

The jet pipe total pressure profile of Reference 6 was almost flat  (DCM 
.1% would be required, according to Figure S. 

.01)  and a correction of less than 

The modification in the results due to the new definitions of Cj  and  pt.  are illustrated in Figure 6.  This 
figure shows the results of a recalculation of Cj vs. NPR   for a given set of data points of Reference 5. 

Figure 7 shows the nozzle discharge coefficients from References 3, 5 and 6 for nozzle A. while Figure 8 shows 
Cj vs. NPR  for nozzle B from Reference 3.   The shift in the results for "distortion" in Figure 8 for   1.6 < NPR < 2.2 
requires some reservedness towards the absolute values of these data. 

4.2   Choked Nozzle Pressure Ratio 

For two-dimensional nozzles Reference 11 gives a methou to derive the choked nozzle pressure ratios.  For a 
nozzle with a convergence half angle a this yields 

a  =   7°      7   =   1.4 (air) choked NPR   =   2.42 
7   =   1.3 (HJOJ decomposed)       choked NPR   =   2.31 

a  =  4°      7   =   1.3 (Hj O, decomposed)       choked NPR   =   2.13 

Axisymmetric nozzles show a slightly larger choked  NPR  than two-dimensional nozzles with the same convergence 
angles. Hence for nozzles  A  and   B  the choked  NPR   were expected to be slightly larger than the values mentioned 
above.  The test results do not disagree with these theoretical results, slightly lower values may be possible too 

The values of the discharge coefficients for increasing  NPR very gradually approach the choked  Cj  value. 
Hence for the determination of the choked  Cj  no large inaccuracy will be introduced if data are included for 
NPR's slightly lower than the choked value.   For no.:zle A the data with  NPR > 2.2   were used, for nozzle B the 
data with  NPR > 2.1 . 

For both nozzles it could not be determined with certainty whether distortion in the jet pine flow affected 
the nozzle choking pressure ratio. 

'■    '   ■■■■■w-ii*iniiir ITI       "•'-•;-ir III! MllMI 



II-C? 

4.3  Choked Diacharfe Coefficient, No Dbtortion 

Although some convex dittorted pressure profile is present in the jet pipe flow of Reference S (Fig.3), these 
results are included in thi* group of data.  For nozzle A the following choked nozzle discharge coefficients were 
derived for NPR > 2.2 (see Figure 7), the tolerances indicating the standard deviations, 

ONERA 

NLR (no dist.) 

NLR (no dist.) 

AEDC 

52 runs, air 

21 runs, air 

36 mm, decomposed H2Oj 

29 runs, air 

Cd = .9858 ± approx. .0005 

Cd = .986   ± .004 

Cd = .988   ± .004 

Cd = .986   ± .004 

For nozzle B, the choked discharge coefficient for  NPR > 2.1   was (Fig.8) 

Cd = .978   ± 002 . 

A prediction derived from Reference 11 woull yield for nozzle A, Cd = .987  and for noz/l. B,  Cd slightly below 
.99.  For nozzle A this value agrees well with the results, though the discharge coefficient cf • ozzle B averages one 
per cent lower.  This may be caused by the slight amount of distortion that still exists in t c jtt pipe flow even in 
the "no distortion" condition (Fig 3) and by the influence of the step in the wall of the Juct on the internal boundary 
layer.   Due to this step the boundary layer will thicken appreciably due to the local high Mach number and besides 
the boundary layer will diminish only slightly in the small contraction to the nozzle exit. 

The data of ONERA show a substantial greater accuracy than the other data. This is the result of the great 
care that was taken in the mass flow measurement, by means of a plenum chamber and a sonic throat, and measuring 
pressure levels and temperatures very accurately by special techniques.  In the other tests sharp edge orifice and 
venturi flowmeter are used.   However the ONERA measurements were taken at M«, = 0 only.  The NLR results for 
tunnel off and on combined, gave greater scatter (± .004) than for tunnel off (± .002). 

The jet medium (Hj Oj decompostion products or air) does not appear tc significantly affect the discharge 
coefficient of nozzle A. The same is found for the influence of changing nozzle Reynolds number. This is in agree- 
ment with Reference 12, where data are presented for Cj vs. throat Reynolds number which ranged from 
.5 x 10* to 7.3 x 10*. 

4.4   Effects of Distortion on Choked Discharge Coefficient 

For nozzle A the choked nozzle discharge coefficient in the case of distortion (Fig.7) is: 

NLR (dist.) 36 runs, decomposed HjO, Cd = .986 ± .005 . 

The effect of distortion is insignificant for this nozzle, for all runs with  NPR > 2.2  (Ref.3) 

Cd (dist.) - Cd (no dist.)  =  - .002 ± .004 . 

This result is not surprising if it is remembered from Figure 3 that with distortion the total pressure profile is still 
rather uniform both in the tail pipe and in the exit plane. For nozzle B distortion in the jet pipe flow had more 
effect 

NLR (dist.)   12 runs 
and 
Cd (dist.)    Cd (no dist.) 

Cd = .946 ± .010 

-   .032 ± .008 

This tendency must be caused by the increased cu-vature of the sonic line at the nozzle exit due to the "hollow" 
velocity profile. 

From the fact that for nozzle A the marked hollow distortion profile hardly changed the discharge coefficient, 
it can be concluded that the less distorted convex velocity profile of the jet pipe flow of Reference 5, would hardly 
alter the Cd value.  However if in the tests of Reference 5 the nozzle had a lower contraction ratio, such as nozzle 
B, the convex velocity profile would have caused   Cd to increase, because the sonic line would be straighter and 
would move towards the geometric exit plane.   In Reference 9 analogous results for low contraction ratio nozzles 
are discussed, although in that paper the presented  Q^% for distorted flows (hollow and convex) were derived for 
area averaged total pressures, 
coefficients. 

A correction for the mass averaged pt   would slightly decrease the presented discharge 

4.5   Effects on Discharge Coefficients for Unchoked Nozzles 

Figures 6, 7 and 8 show the discharge coefficients of nozzles A and B also in the region of unchoked nozzle 
pressure ratios.  The Cd's increase with NPR  until the choked condition is attained. 

^y ttMU 
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The curves for Cj vs. NPR are different if external flow is present. Figure 7 shows the results for nozzle A, 
where the influence of M«. is clear.  For M» = .6 - .9  the external pressure at the nozzle lip pex  is higher than 
the free stream static pressure pM , Cpt% "« + .15 , while at M«. - .95 this overpressure has almost disappeared. 

Due to this overpressure the effective NPR ÜL .El will be lower than the normally used NPR , —-'-, and also Q 
Pex P« 

will be different.  Figure 9 incorporates the correction for the boattail overpressure pex for nozzle A.  It may be 
seen that this correction alone is insufficient to explain the differences in Cj   for M«, # 0 and  Mao = 0 . though the 
gross effect of external flow is explained. The final vena contracta of the jet flow is also affected by the momentum 
of the external flow. The scatter in the data does not allow to distinguish the differences at various Mach numbers. 

For nozzle B the effect of distortion can be established for unchoked NPR    In case of a hollow profile in the 
jet pipe, it is indicated that the discharge coefficient decreases more rapidly with decreasing NPR  than for a less 
distorted profile (Fig.8).  For a convex profile a different tendency may occur. 

■; ^'ft 

5.     NOZZLE THRUST COEFFICIENTS 

Information concerning the thrust characteristics -vas available from two sources, ONERA (which used a special 
thrust rig in the tunnel settling chamber) and NLR (where an internal thrust balance was mounted inside the model). 
In both cases the balances measure nozzle gross thrust minus afterbody drag.  The used thrust coefficients were 
defined differently.  A comparison of the definitions gives 

CTo (ONERA)  =  CT, + 
pressure drag 

(NLR) 

Figure 10 shows the average lines for the thrust coefficients CT|  and CT, for nozzle A at M» = 0 from 
Reference 3.   It would have been expected from the studies of Reference 11 that for NPR »• 1.9  the thrust coeffi- 
cient would have been approximately CT| := l.(K)5  (for this NPR the coefficient from Reference 11, TJ^,. S ci"! ). 
Even after very extensive calibration the about 1.5% higher values of CT|  and consequently of CT}  could not be 
explained. 

The results for M« # 0 show a large scatter for the data of Reference 3, which was attributed to the 
inaccuracies introduced by the pressure force correction, particularly in the gap pressure force correction at the split 
line.  These data however show the same trend as for  M«, = 0 .   In Figure 11 the results of ONERA and the data 
for Moo =£ 0  (for test Section 2, see Reference 3) of NLR are presented.  The NLR data were recalculated to 
include the boattail drag component for direct comparison.   In the ONERA tests the afterbody pressure drag could 
be affected by boundary layer blowing.   Both conditions, "blowing" and "without blowing" are included in the 
figure. 

Both at the lowest Much numbers and at the higher  NPR's , when the pressure drag is much less than the thrust 
force, the   NLR  data are 1 to 2% in excess of the ONERA data.  This conforms with the inexplained high value of 
CTj at  M«, = 0 for the  NLR  data.  At lower  NPR   and at high Mach numbers the thrust force is relatively less 
important and differences in afterbody drag are more pronounced. 

For nozzle B similar trends for the thrust coefficients as for nozzle A are found (Ref.3).   Figure 12 shows that 
the influence of distortion is especially marked in the thrust coefficient CT!   (—3 to - 5%), due to the influence 
of the change in Cj .  The thrust coefficient CTj had the least tendency to change due to distortion (0 to    1%), 
while CT3  increased significantly (about + 2%) when the jet total pressure profile was distorted. 

6.    JET PIPE INTERNAL STATIC PRESSURES 

6.1 General 

Some interesting features of the nozzle characteristics arc reflected in the static pressures in the jet pipe.  In 
Section 3 the influence of the jet pipe velocity profile distortion on the jet total pressure was discussed, with the 
related effect on the ratio of static pressure to jet total pressure.   In this section some attention is given both to the 
static pressure distribution in down-stream direction along the jet pipe wall and to the internal static wall pressure 
close to the nozzle lip. 

6.2 Wall Static Pressure Distribution in the Jet Pipe 

Figure 13 shows the static pressure distribution along the jet pipe wai' for nozzle A at a nozzle pressure ratio 
of about 3, for 6 series of data from various groups. 

 -— ■•■ifc«liiiii»iii^ 
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A« 
For this noz7le at choked NPR the ratio   —^- = 3.3   and consequently -^ = .978 or p,   = pjp( 1.0725) 

Ptjf 
From Equation (2) in Section 3 for low subsonic velocities in the jet pipe the following approximation can be derived: 

p(jf = pjp(l +B). (6) 

With Equation (5) this expression yields 

£!£ = I 

Pti I + B(l +kDCM) 
(7) 

Pjp 
(for "balanced" total pressure distortion profiles k = 3 , Section 3).  The relation between  DCM   and -^ in the 

Pi. 
cylindrical part of the jet pipe, with  B = .0225  and   k = 3 , is included in Figure 13.   It is shown that for flows 
which exhibit a rather undistorted velocity profile indeed   DCM < .1 , with exception of the data of ONERA which 
would be expected to show less distortion. The data of Rolls Royce, as included in Figure 13, are related to the 

I - D calculated  pt f.  Hence in the cylindrical part   —^-(here = —"-j=  .978  is 
Ptj V Ptjf' 

expected. 

Because stream tubes with a higher total pressure contract less during expansion than with a lower total pressure. 
in the case of distortioi; the   DCM  will tend to decrease in a convergent channel.  The effects of a decreasing DCM 
and a decreasing cross sectional area act in opposite direction on the average static pressure in a cross section.  For 

x 
"distortion" in nozzle A this is seen to result in an approximately constant static pressure between  = .6 

Dn 
and .85. 

In the downstream part of the nozzle the difference between the static wall pressures for flows with and without 
distortion disappears.   For nozzle B this difterence remains up to the nozzle exit (Fig. 14).  The exit total pressures 
as presented in Figure 5 of Reference 3, are in agreement with these observations.  Nozzle A shows hardly any dis- 
tortion in the exit plane while for nozzle B the profile still is clearly concave. 

In the cylindrical part of the jet pipe of nozzle B the static pressure tends to increase slightly towards the exit 
(Fig. 14), which indicates that the "hollow" distortion decreases downstream due to mixing and wall friction.  This 
increase is also observed in the mixing tubes of constant area ejectors. 

In the wall static pressure distributions of both nozzle A and B some exceptional pressures are found near the 
deflection points of the wall.   For some series of data the static pressures are high, while for other tests the static 
pressures are low at seemingly the same location.   As the deflection points cause local flow acceleration as well as 
stagnation, the pressures are very sensitive to the exact location of the orifices and to the condition of the jet pipe 

x 
wall boundary layer (separation).  It may be noted that the pressures at    = 1.025  and at .505 show relatively 

"max 
low values for all  NLR  test series with respect to the other data. 

6.3   Wall Static Pvessures Close to the Exit Plane 

Although the difference in the wall static pressures in the jet pipe flows with and without distortion may have 
disappeared for no^le A in the downstream direction, an influence of the external flow is found in the level of the 
wall static pressure   p/  close to the nozzle exit plane for unchoked conditions, Figure 15.  A correction can be made 
by replacing   p»  by the external boattail overpressure at the nozzle exit plane  pex  for the cases   M» =# 0 . This 

P/ effective nozzle pressure ratio pt./pex better correlates the data points for the ratio   —.  This finding is in agreement 
J PlJ 

with the similar corrections for the discharge coefficient (Fig.9). 

As was shown in Figure 14 for nozzle B the wall static pressure  p; at the nozzle lip still is influenced by the 
initial degree of distortion in the jet pipe flow.  Figure 16 shows this more clearly for a range of  NPR .   Ideally 
such data could yield the experimental choking NPR , even with distortion.  Unfortunately Figure 16 shows that 
due to the scatter in the data the choked nozzle pressure ratio cannot be determined with greyer confidence than 
from the data for the discharge coefficients. Figure 8. 

7.    CONCLUSIONS 

The jet pipe total pressure profiles in most test series of the participating groups showed some distortion. 
The jet total pressure, which is the prime jet parameter, was derived from a mass averaging procedure. 
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This enabled comparison of the results of the various groups. The distortion coefficient DCM proved to 
be a useful tool to obtain mass flow averaged total pressures Irom one-dimensionally isentropically derived 
total pressures. 

The choked discharge coefficients for the nozzle A (contraction ratio 3.24) were in agreement for all test 
series:  Q = .986 . The jet medium, jet total pressure distortion or throat Reynolds number did not 
significantly affect the discharge coefficient.  For nozzle B (contraction ratio 1.62) the influence of distor- 
tion was more marked, choked Cj (no distortion) = .978 

Cj (distortion)      = .946 . 

The effects of external airstream on the nozzle discharge coefficients resulted in lower values for Q in 
the case of unchoked NPR's. The accuracy of the data, derived from test series incorporating a special 
test set-up for mass flow measurement by means of a plenum chamber, a sonic throat and highly accurate 
pressure and temperature instrumentation, w as appreciably greater than from other test series where a sharp 
edge orifice and a venturi flow meter were used. 

The thruit coefficients were compared for two sets of data. One set showed at M« = 0  values 1 to 2% 
larger than expected. This same difference existed for higher NPR's between the two sets of data for 
Mao = 0 , when the boattail pressure drag was included in the comparison of thrust minus drag forces. 
The thrust coefficient, based on measured jet total pressure and actual mass flow, showed relatively little 
effect from distortion. 

In the jet pipe wall static pressure distribution the effect of distortion in the jet pipe total pressure profile 
could clearly be seen for all nozzles. The differences in wall static pressures between "distortion" and 
"no distortion" disappeared downstream for nozzles with a high contraction ratio.  The difference was found 
to be present up to the wall static pressure close to the nozzle exit plane for low contraction ratio nozzles. 

It was found that including the jet pipe total pressure distortion profiles in the calculation of the jet total 
pressure and derived coefficients was the key to obtaining comparable resu'ts for the various test scries. 
Neglecting distortion would have caused large discrepancies in the obtained values of nozzle coefficients. 
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TABLE I 

Jet Pipe, Internal Nozzle Shapes and Specified Location 
of Instrumentation 

I ICH 

/ 

contraction 
ratio 

convergence 
half angle 

Nozzle A Nozzle B 

References I, 3, 4 Reference 7 Reference 5 Reference 3 

X/Dmax r/Dmax "/Dmax r/rw X/Dmax r/Dmw 
X/Dmax r/Dmax 

1.513 .366 1.513 .362 1.513 .366 1.513 .366 

1.124 .366 1.045 .362 1.126 .366 1.124 .366 

1.014 .343 1.014 .343 1.016 .343 1.014 .343 

.516 .314 .516 .314 .517 .314 .516 

.212 

.314 

.287 

.179 .226 .176 .226 .179 .227 

0 .2035 0 .202 .202 

3.24 3.22 3.28 1.62 

7° 7.6° 8.1° 4° 

Specified Location of Static Pressure Orifices 

X 
Angle Orientation 

45°          135°         225" 315° ^max 

.435 X                                          X 

.505 X                                             X 

.545 X                                          X 

.635 X                                             X 

.745 X                                             X 

.845 X                                    \ 

1.025 X                                             X 

1.265 X                                             X 

1.385 X                                             X 

1.515 XXX X 

1.705 X                                             X 

Total pressure rake at 
Dn 

= 1.515 

Thermocouples at 
Dn 

1.315 

MB^ lümmm ■"'■— BMMfti ^-~«a , "^f-i.^.- iaü^B* -  
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TABLE II 

Survey of Parimeters 

|     Reference / 2 3 4 5. 12 6. 7 

nozzle A Special A + B A A A 

Dmax,  mm 67 100 80 101.6 250 8U 

jet medium: air air 
comb, gases 

air 
H2Oa 

air air air          1 

NPR 1    6.6 1-3 1 -4.5 1.9-5 1 -12 1 -5        ! 

•y 1.40 1.40,- 1.40+1.30 1.40 1.40 1.40        ! 

R 287 287,- 287, 390 287 287 287          | 

Tti 285 290, 790 290, 630 - 310 1 

M. 0, .5 - .95 .2 ~ .6 0, .8-.95 0, .75 - .95 0, .6 - .95 0, .6-.95 

DCM .001 - .02, .J4 .08 .19 .01 

ReD   (max) 2.8x10' 2.2 xlO6 1.7x10* 7.3x10* 2.0x10* 

TABLE III 

Survey of Available Data for the Determination of Nuzzle 
and Jet Pipe Characteristics 

Reference / :         3 4 5 6. 7         I 

p,    profile, radial X x X X X 

Cd,  M, = 0 - X - - X 

M»=)fc0 - X - X - 

CT, M« = 0 - X - - 

M«, #0 - X - - X 

Pjp distribution 
(axial) 

X X X - X               | 

—tm ^«M^HMwaiii^^ 
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•Tnax 
1.5 1.0 0.6 

thermocouple 

"^■^IL 
i 
• s E 

Q 

SI 
;•♦    ♦ i 

E 
Q 

8 

Z. 
cross section with 
total pressure rake 
and static pressure 
orifices 

internal static 
pressure orifices 

nozzle A 
nozzle B 

Other dimensions in table 1 

Fig. 1    Jet pipe and nozzle contour and location of instrumentation 
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Fig.2    Standardized mass flow distribution in the jet pipe, nozzle A and nozzle B 
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Fig. 3    Jet pipt total pressure profiles in nozzle A and nozzle B 
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Fig.4    Flow in a jet pipe with and without distortion of the mass flow distribution 
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Fig.6   Modification of discharge coefficient due to distortion and definition of Cj 

Ref 

 3 NLR (no dist) 
 3 NLR { „      „   ) 
 3 NLR ( .,      „   ) 
«— 5 AEDC 
  6 ONERA 

Jet medium 

Hj 02 decomp 
air 
air 
air 
air 

M; 
0 
0 

08-09 
060.9 
0 

3.0 36 
NPR 

I 

L 
i 

4.0 

Fig.7    Nozzle discharge coefficients for nozzle A 
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Fig.8    Discharge coefficients of nozzle B vs. NPR, NLR data 
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Fig.9    Fffect of external flow on unchoked discharge coefficient, 
forrection due to external nozzle pressure 
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3.5 ~'     40 
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Fig. 10   Thrust coefficients vs. NPR for nozzle A, hot jet, for Mo» = 0 

Ma, .0.8 

NPR 

Fig. 11    Thrust coefficients for  M«, ¥= 0 
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Fig. 12    Thrust coefficients vs. NPR for nozzle B, hot jet 

II-CI9 
ü 

 •—^■~^-^■■-■-■' 1 —-IMM 1 ...   ... '^a m«ii«iirirtiiii. ..,    t«^   _„ .„^.'JIUJIU^. 



II-C20 

Fig. 13    Static wall pressure distribution in the jet pipe of nozzle A for  NPR ^ 3 
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Fig. 14   Static wall pressure distribution in the jet pipe of nozzle B for  NPR Ä 3  (Ref.3) 
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Fig.lS    Static wall pressure in jet pipe near nozzle exit plane vs. pressure ratio for nozzle A (Ref.3) 
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Fig.16    Ratio of static pressure near nozzle exit to jet total pressure vs. NPR for nozzle B (Ref.3) 
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INFLUENCE OF JET PARAMETERS: 
BOATTAIL PRESSURE DISTRIBUTION AND PRESSURE DRAG 

Evaluation of preliminary results contributed by the 
participants in the AGARD ad-hoc study 

Edited by 

H.Dissen, (1.Emunds, H.Riedel and A.Zacharias 
DFVLR-Institut für Antriebssysteme, Braunschweig 

DFVLR-Institut für Angewandte Gasdynamik, Porz-Wahn 

SUMMARY 

Within the tramework of the AGARD ad-hoc study:  "Improved Nozzle Testing 
Techniques in Transonic Flow" preliminary results are presented of the influence of the 
jet parameters on the boattail pressure distribution and on the boattail pressure d-ag with 
reference to the AGARD models and a model of the HFB 320 engine nacelle.  The jet 
parameters investigated were the jet temperature, the wake and jet mixing, the internal 
nozzle configuration, and the jet distortion. Concerning the influence of jet temperature 
two contrasting effects were observed.  These differences may be due to different suriace 
temperatures and base areas of the models tested.  Further investigations as regards these 
temperature effects seem to be necessary.  Very little information has become available 
on wake and jet mixing, so that in this area further research is also needed.  No effect 
was observed for changes of the internal nozzle geometry and of the jet distortion. 

m m 

LIST OF SYMBOLS 

AMAX 

CDp = Dp/Cq» • AMAX) 

Cp = (p - Po.)/qoo 

d 

^MAX 

Dp 

i-DMAX 

M« 

NPR = Ptj/p» 

P 

qoo = — Mi, Poo 

ReDMAX  = (P- * U» ' DMAx)/Mo 

t 

T 

U 

Uo, 

X, Y 

P. 

Moo 

maximum cross-sectional area, m2 

boattail pressure drag coefficient 

boattail surface static pressure coefficient 

nozzle exit diameter, m 

maximum model diameter, m 

boattail pressure drag,  N 

boattail length,  m 

free stream Mach number 

nozzle pressure ratio 

pressure,  N/ma 

free stream dynamic pressure, N/m2 

free stream Reynolds number based on maximum model diameter 

temperature, 0C 

temperature,  K 

velocity in x-direction,   m/s 

free stream velocity, m/s 

Cartesian co-ordinates 

free stream density,  kg/m3 

free stream molecular viscosity, kg/(ms) 
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Subscripts 

CO free stream 

j jet 

t total 

w waU 

1.    INTRODUCTION 

The paper deals with the influence of the jet parameters on the boattail surface static pressure distribution and 
preuure drag in transoi ic How with particular reference to the AGARD models and a model of the HFB 320 engine 
nacelle. The latter mo.lei was investigated in addition to the AGARD models in view of the intended full scale flight 
testing of this engine n icelle by the DFVLR. The jet parameters encompass 

(a) Jet temperature 

(b) Wake and jet mixing 

(c) Internal nozzle configuration 

(d) Jet distortion 

The effects of the above parameters are discussed by mainly referring to the boattail surface static presure 
distributions and in some cases to t*<e boattail pressure drag coefficient.  Since, because of the wall interference and 
installation effects, the flow parameters investigated cannot be considered in isolation of the testing facilities used, 
the main characteristics of the wind tunnel facilities, including data on the test set-up and blockage, are presented in 
Figure 1. A survey of the various models tested by Group members to date together with some fundamental 
geometric parameters is displayed in Figure 2.   In this connection a comparison of the external and internal model 
contours of the AGARD models with HFB 320 engine nacelle model is shown in Figure 3. The flow parameters in- 
vestigated by Groups members up to the time of writing are summarized in Figure 4.  For the present paper the in- 
formation and data have been obtained from References 1-4. 

2.    EFFECT OF JET TEMPERATURE 

Data on the effect of the jet temperature are available from three sources. These are the NLR (NL), where 
the AGARD model with the 15° boattail angle was tested, the AEDC (USA) (AGARD model with 15° and 25° 
boattail angle), and the DFVLR (GER 2).  In the case of the latter the model of the HFB 320 engine nacelle was 
tested, and the hot propulsive jet was produced by combustion of jet fuel JP 4 with compressed air in a combustion 
chamber outside the model. The jet temperature could be controlled by varying the fuel mass flow.  At the NLR 
the hot jet was obtained by decompression of liquid hydrogen peroxide in a gas generator situated inside the model. 

With reference to the results, Figure 5 shows the boundary layer velocity and total temperature profiles at the 
maximum diameter of the HFB 320 engine nacelle for cold and hot propulsive jsts (T,. = 290 K and 790 K 
respectively)  and for the free stream Mach number M«, = 0.45.  From the above measurements it is evident that, 
as result of the heat conduction within the model for the hot jet condition, the surface temperature of the model 
exceeded the static temperature of the free stream, entailing a heat transfer from the model to the free stream.  This 
gives rise to a more turbulent shape of the velocity profile, the influence being equivalem to the effect produced by 
boundary layer blowing.  The DFVLR measurements cover free stream Mach numbers up to M«, = 0.6, while NLR 
results are only available for the condition of jet off.  Thus, the velocity profiles obtained by the NLR, and which 
are displayed in Figure 6, can only give an insicht into the effect of high subsonic free stream Mach numbers on 
the shape of the velocity profile.  No boundary layer velocity and temperature profiles are available for the AEDC 
tests. 

Surface temperature distributions for the model of the HFB 320 engine nacelle and  M«, = 0.45 are  presented 
in Figure 7. For the hot jet the wavy trend of the curves is caused by the structural layout of the model of the engine 
nacelle, since at the attachment points of the model to the jet pipe the heat flux to the outer surface is intensified 
in comparison with the more insulated intermediate portions of the nacelle. The slight streamwise rise in the surface 
temperature is also a result of the heat conduction within the model, if the jet discharging from the nozzle is not. 
In the case of the blown boundary layer a shift of the curves to a higher temperature level is observed because the 
air injected into the boundary layer was at a higher temperature (340 K) than the wind tunnel air (280 K).  No 
surface temperature distributions are available from other sources. 

Boattail static pressure distributions on the model of the HFB 320 engine nacelle for cold and hot propulsive 
jets and M«, = 0.4S and 0.6 are plotted in Figures 8 and 9.  It is evident that with the hot propulsive jet a 
general reduction of the boattail surface   tatic pressure is associated.   As already indicated, the heat transfer from 

niirtiilfcmnn-mm^irwininr^ .,■.,„- .i:..-^,..«^,^..^.,..,, mimlim ,.. .,  ■.„ ....,...^^r ,, 
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the HFB 320 engine model to the free stream leads to a shape of the boundary layer velocity profile comparable to 
that of a blown boundary layer.  Consequently, in regions of surface curvature a larger centrifugal force is established 
in the shear flow layer, so that, as long as the surface curvature is convex outwards, the boattail surface static pressure 
coefficient is decreased.  In the vicinity of the nozzle exit, where the flow curvature necessarily becomes concave 
outwards, a rise in the surface static pressure coefficient is o be expected.  Such trend is, however, not observed. 
There may exist several reasons for this discrepancy.  Firstly, in the rear portion of the boattail the velocity may 
have changed shape from that measured at the maximum diameter of the model of the HFB 320 engine nacelle. 
Secondly, the entrainment of fluid from the free stream by the propulsive jet may have increased in the hot jet 
case compared with the cold jet case. Both these factors could lead to a reduction of the static pressure coefficient 
in the rear portion of the boattail. On the other hand it is known that at a given nozzle pressure ratio a hot jet 
possesses a larger initial jet plume angle than a cold jet. The displacement effect of a hot jet would thus be more 
pronounced than for a cold jet and lead to a higher static pressure coefficient at the rear end of the boattail.  However, 
within the framework of the present AGARD investigation the initial jet plume angle has not yet been measured by 
the DI'VLR.  Similarly, no results concerning the magnitude of the flow entrainment are available. Therefore, at this 
stage no conclusive evidence exists as regards the relative importance of any of the above factors.   No doubt further 
research has to be undertaken in this Held.  Of interest in connection with the above are the NLR results of the 
effet. 'f boattail surface temperature on the boattail pressure distribution of the AGARD model with 15° boattail 
angle.  The results, shown in Figures 10 and 11 for the jet-oft case, display a trend similar to that observed for the 
HFB 320 engine nacelle model of the DFVLR for the jet-on condition.   A detailed discussion of these NLR results 
is included in the NLR contribution to the AGARDograph    In contrast the AEDC results for the AGARD model 
with 15° boattail angle, which are displayed in Figures 12 am' 13, indicate that the surface static pressure coefficient 
grows with increasing jet temperature.  No information is available on the surface temperature of the model of the 
AEDC tests.  However, what is known is that there was a significant difference in the base area of the AE model 
used for the hot jet tests compared with that for the cold jet tests.  This obviously creates problems in the inter- 
pretation of the results. 

•ifl 

The boattail pressure drag coefficient for the model of the HFB 320 engine nacelle is shov n in Figure 14 for 
the cases of a cold and a hot propulsive jet (Ttj = 290 K  and   790 K respectively)  and the free stream Mach 
number range  0.2 < M«, < 0.6.   The corresponding results for the NLR-AGARD model with 15° boattail angle and 
T,j = 287 K  and 630 K are plotted for 0.8 < M«, < 0.969   in the same figure. 

The results reveal opposite trends for the CD -distribution for these two models. Here again too many para- 
meters like free stream Mach number range, NPR, surface temperature, and model geometry are not comparable to 
allow a conclusion to be reached. 

3.     EFFECT OF WAKE AND JET MIXING 

A propulsive jet discharging from a nozzle at the tail end of an afterbody has basically two effects on the 
surrounding flow field and therefore on the aircraft.   Firstly, the jet acts like a solid body in eliminating the wake 
and displacing the external flow, and, secondly, it entrains fluid from the surrounding medium.   The displacement 
effect, especially in the case of an underexpanded propulsive jet, causes a pressure rise at the tail end of the after- 
body because of the associated concave curvature in the outward direction to the model axis.   In contrast, the 
entrainment of the jet accelerates fluid particles of the external flow in the neighbourhood of the nozzle exit and, 
thus, leads to a static pressure reduction.  Only limited data have become available on the wake and jet mixing. 
Therefore, this subject will be discussed by referring to the boattail s'atic pressure distributions on the 10° boattail 
angle AGARD model tested by the DFVLR (GER 1) at  M«, = 0.95, md which are displayed in Figure 15. On turning 
the jet flow on, the displacement effect overshadows the influence of the entrainment, since the pressure coefficient 
in the vicinity of the rear and of the afterbody is increased for NPR > 1 . The NPR range !.2-3.0 covers fhe regime 
of subsonic (M: = 0.5)  to sonic nozzle flow and slight underexpansion  (pj/p«, = 1.5) .   For this nozzle flow regime 
the changes in the entrainment and displacement effects are balanced in such a way that with increasing displacement 
effects  (NPR > 1.89)  no significant variation in the pressure distribution occurs. 

Evidence in support of this is found in Figure 16, showing the boattail static pressure distributions on the model 
of the HFB engine nacelle for a cold propulsive jet as  M« = 0.6 .   For NPR = 3 the displacement begins to 
dominate as result of the establishment of a well defined jet plume, and the static pressure coefficient in tl^e rear 
portion of the boattail is continuously increased as the NPR becomes larger.  This is confirmed, for example, by the 
AEDC results displayed in Figure 17. The above holds true for attached flow and cases of slight or moderately strong 
separation.   For strongly separated flow in the tail end portion of tne boattail the opposite trend may occur.  Details 
are discussed in Reference 4. 

4.     EFFT CT OF INTERNAL NOZZLE CONFIGURATION 

Concerning the effect of the intemal nozzle configuration, data are only available for the HFB 320 engine 
nacelle model.  The contours of two different nozzles tested are shown in Figure 3. It was found that the boattail st 
pressure distributions obtained with the AGARD and DFVLR nozzles did not differ significantly.  The results dis- 
played in Figure 18 are typical. 
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* played in Figure 18 are typical. These represent data obtained by the DFVLR (GER 2) and correspond to 
NPR = 1.89, M«. = 0.45 , and a cold propulsive jet. 

5. EFFECTS OF JET DISTX'BTION 

The effect of jet distortion was investigated by the NLR and the ÜFVLR (GER 2). The method of producing 
the jet distortion adopted by the NLR was to make use of pneumatically operated device for disturbing the flow 
inside th; jet pipe. The DFVLR investigation centred on the model of the HFB 320 engine nacelle.  Jet distortion 
in this case was produced by coaxial secondary air injection round the circumference of the propulsive jet. The 
results of Figure 19, which show the boattail surface static pressure distribution on the NLR AGARD model with 
15° boattail angle for a hot propulsive jet and M«, = 0.966 , indicate that the distortion of the propulsive jet 
produces no significant effect on the static pressure distribution. This holds true for the NPR range  2.0 < NPR < 4.0 
and 0.8 < M«, < 0.966 .   Further details are contained in the NLR-contribution to the AGARDograph.   DFVLR 
results for the model of the HFB 320 engine nacelle confirm the absence of any marked effect of the jet distortion 
on the boattail static pressure distribution. 
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DATA VARIANCE DUE TO DIFFERENT TESTING TECHNIQUES 

by 

J.A.Laughrey and G.K.Richey 
Aerospace Engineers, U.S.Air Force Flight Dynamics Laboratory 

Antonio Ferri 
Astor Professor of Aerospace Sciences, New York University, USA. 

1. INTRODUCTION 

A comparison of the boattail presf ire distributions from data presented in other sections of this report shows 
that there is a significant variance in the data obtained in the various facilities, particularly at 0.9 and 0.95 Mach 
numbers. The analysis is concentrated on the 15° AGARD boattail tested in the 0.8 to 0.95 Mach number range. 
Differences in model support, model scale, tunnel blockage, tunnel buoyancy, wall type and porosity, and deter- 
mination of tunnel reference flow conditions are examined in an attempt to understand the disagreement in the 
data.  Model and wall static pressure distributions from various facilities are analyzed to try to isolate the reasons 
for these differences and to determine if there is a significant effect on the flow over the nozzle boattail.  An 
indication of possible wall interference is obtained by comparing the measured wall static pressure distributions to 
those determined analytically with a far field boundary condition com «ponding to free flight conditions. 

2. TEST FACILITIES AND MODEL ARRANGEMENTS 

A brief description of each facility and model arrangement used to test the 15° AGARD boattail is given in 
Figure. 1 Further details may be found in the first section of this AGARDograph.  In all, six different facilities were 
used with eight different model arrangements.  The first two facility/model arrangements shown in Figure 1 were 
both in the AEDC 16T Propulsion Wind Tunnel with the difference being in the size and mounting arrangement of 
the model.  The compressible flow facility (CFF) at Lockheed-Georgia Company (USA) was used for the next two 
facility/model arrangements.  The subscale model is the same one tested previously in the AEDC 16T tunnel while 
the other model, tested in the CFF (ARL model), had the same relative boattail ordinates as the subscale model but 
had a larger diameter, a smaller fineness ratio (L/DMAX ) , and was supported by a sting which simulates the exhaust 
jet.  In the NASA facility the model was supported by the sting-strut arrangement as shown.  In the NLR facility, 
the nozzle model was installed in the tunnel using struts on the forebody, while in the ONERA and RR facilities 
the model was mounted on the end of a sting.   In the NLR and RR facilities static pressures on the body surface or 
on the wall upstream of the boattail were used to set the test section Mach number.  For the AEDC, NASA, and 
ONERA facilities, the test conditions (Mach number M»  and static pressure - P») were established by measuring 
the test section plenum and tunnel stagnation pressures and using appropriate tunnel calibration data.   Test conditions 
were established in a similar manner in the CFF; however, an averaged wall static pressure (one on each wall), ahead 
of the model location was used instead of test section plenum pressure as a reference static pressure.   Figure 1 also 
provides other summary information pertinent to the discussion in this section. 

3.     BASIC COMPARISON OF BOATTAIL STATIC PRESSURE DISTRIBUTIONS 

A comparison of the pressure coefficient (Cp) distributions measured on the 15° boattail by the top row of 
pressure orifices for five different faciliaes is shown on Figures 2(a) through 2(d). At a Mach number of 0.8 (Figure 2(a)) 
there appears to be very little variation in the Cv distribution ahead of the boattail.  However, in the expansion 

Cp's of region over the shoulder and the recompression region near the nozzle exit there is a variance in the 
approximately 0.05.  In the shoulder region the RR data gives the highest Cp  while the NASA data indicates more 
expansion (lowest  Cp ) .  Near the exit the flow over the RR model recompressed to the lowest values.   In general, 
the data is considered to be in good agreement at 0.8 Mach number. 

Data on Figure 2(b) at 0.9 Mach number indicates that there is very little difference in the flow over the shoulder 
(expansion region) for the various sets of data.  More instrumentation might have revealed a variance in shock position. 
The flows recompress to different levels near the nozzle exit with a variation in Cp  of approximately 0.06 compared 
to an average Cp   of 0.13.  At a Mach number of approximately 0.95 (Figure 2(c)) the data in the expansion region 
is similar for all the facilities; how   sr, there is a significant variance in the recompression region (0.16 in Cp) . 
At both 0.9 and 0.95 Mach number, the data indicates that flow over the NASA model recompressed to the lowest 
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pressure, AEOC and RR modeis recompressed to the hilflest pressures with NLR and ONERA in between these data. 
The data at 0.95 Mach number for the RR model must be questioned due to the fact that, according to the facility 
description elsewhere in this report, there is "visible water \'apor" in the test section above about 0.9 Mach number. 
Apparently this has a very strona influence on the recompression region. 

An appreciation of the importance of these differences in the pressure data from the different facilities can be 
pined by determining the changes in pressure drag associated with the variations in the pressure distributions. 
Nozzle pressure drag coefficients (Cop = D /qooAMAX ), determined from data corresponding to that shown on 
Fipre 2(a) (Moo = 0.80), varied from o.oro to 0.026. In terms of aircraft drag these values range from 0.0\.106 to 
0.0016 (approximately 2% to 5% of total aircraft drag) for a typical single engine fighter aircraft with a fuselage 
area to wing area ratio (AMAX /Sw) of 0.06. A more significant variation is observed at a Mach number of 0.90 
where the nozzle pressure drag determined from the various facilities ranged from 0.017 to 0.065 or from 0.0010 
to 0.0039 when referenced to aircraft wing area. These latter values would be approximately 3% to 12% of total 
aircraft drag at a Mach number of 0.9. The variation in drag detennined at a Mach number of 0.95 would undoubt· 
edly be much greater due to the larger difference in the pressure data shown in Figure 2(c). 

The AEOC data shown in Figures 2(a) thrc ugh 2(c) were obtained at a unit Reynolds number of 2.5 x I 06 /Ft 
(8.2 x I 0'/meter). From Reynolds number exc.:ursions made in the AEOC tunnel, cross plots of the pressure data 
were made and compared to other facilities data at about the same characteristic Reynolds number. The characteristic 
Reynolds number Re, 6 * chosen for this comparison was based on the boundary layer displacement thickness (6*) 
approaching the shoulder of the nozzle boattail. An example of this comparison is shown in Figure 2(d) for 0.9 
Mach number where it is seen that there is still about the same variation in the data as in Figure 2(b). Thus it appears 
that some effect (or effects) other than Reynolds number is creating the more significant differences in the flow that 
were observed. However, this does not rule out the fact that the state of the boundary layer ahead of the boattail can 
have a definite influence on the flow ove.r the boattail. Another section in this AGARDograph discusses this aspect 
in some detail. In the following sections, some of the "other" effects which might give rise to variances of the re· 
compression regic;,n pressure distribution are discussed. 

Pressure distributions on the I 0 and 25 degree bcattails tested in three different facilities are shown on Figures 
2(e) and 2(f) respectively. There is very little difference in the distributions for the 10° boattail; however, tht. n-;..
separated at a higher pref>sure level on the 25° boattail in the AEOC tunnel. The following discussion on comparison 
of data between facilities concentrates on the I 5° boattail as it was tested in all of the facilities. 

4. MODEL SUPPORT AND TESTING TECHNIQUE INFLUENCE 

4.1 Support Interference and Flow Asymmetry 

In general the flow around the AGARD models, tested at zero angle of attack, should be symmetric unless there 
i,. s:lme influence on the flow of a support mechanism or the basic flow in th~ wind tunnel test section is nonunifom1. 
Asymmt'trical flow on the boattail , possibly due to the effects of support interference, can be observed in the static 
pre,sure distributions measured along and circumferentially around the model, and in the boundary layer (total 
pressut-e) measurements upstream of the boattail. As discussed earlier in this report, (the NASA contribution by 
Comptot and Runckel) the boundary layer measurements on the strut supported NASA model indicated that the 
boundary iayer on the bottom of the model was slightly thicker with a somewhat fuller profile than the boundary 
layer on the top and siue. This characteristic is likely caused by mixing in the wake downstream of the strut. Static 
pressure distributions obtained during the same series of tests (without the boundary layer rakes installed) also give 
an indication of some flow asymmetry around the model (see Figure 3). Comparison of the Cp distributions at 
0", 180°, and 2 70° on the t 5° boattail ill a Mach number of 0.9, indicates a greater expansion at the shoulder and 
more recompression near the nozzle exit at the 180° peripheral location than on the top (0°). This trend seems to 
be consistmt with an increased effective Reynolds number associated with a fuller upstream b01mdary layer profile 
and a smaller displacement thickness. Flow asymmetry can result in small variations in pressure drag depending on 
which row of pressures is used to calculate the drag. An example of this is given in the description of the AEDC 
contri ution by Galigher and Jackson to the AGARD nozzle study. For the I if boattail at 0.9 Mach number and a 
nozzle pressure ,ratio of 3.0, the pressure drag coefficient determined for tlte rop row of static pressures was 0.009 
compared to a v.alue of 0.013 calculated for the bottom row. Equivalent aircraft drag coefficients (referenced to 
wing area) would be v.(i(){)5 and 0.0008 respectively, which is approximately !% to 3% of total drag for a typical 
single engine aircraft. Thus, if the model is at zero angle of attack, flow asymmetry due to the NASA or AEOC 
strut arrangements i~ small and does not significantly affect the comJ:arison with data from the other AGARD tests 
of the I!:, boattail. 

In addition to an alteration of the viscous flow on the model surface by the strut wake, which is a local effect, 
a sting-strut area distribution can produce pressure waves and blockage effects which can be transmitted to the model 
in subsonic/transonic flow. This type of strut (or sHng) interference can have a significant influence on the flow over 
the boattai!' at high subsonic Mach numbers. It is believed that such an influence appears in the data shown on 
Figures 4(a), through 4(c), which compares the Cp distributions for the full scale model at AEOC and the subscale 
model at Clf'F (same relative strut arrangement, as shown in Figure l) with the subscale model at AEDC which has 



"T""" ■———■- nr ntni 

II-E3 

/ 
■-« 

a sting-strut arrangement.  Figure 4(d) is & photograph of the subscale model arrangement in AEDC.  Note that the 
rapid area change of the support mechanism is at a tunnel location slightly upstream of the boattail on the model. 
As the Mach number increases from 0.8 (Figure 4(a)) to 0.95 (Figure 4(c)). there is a substantial variance (lower C„ ) 
with the strut-sting mounted model, compared to the models supported only by the strut. The full scale AEDC ana 
subscale CFF model data agree at all Mach numbers and with a CFF tunnel porosity of 6%,  Although there is a 
difference in blockage as well as a different strut arrangement, it is believed that strut interference is the predominant 
effect.  Figure 4(c) shows that there is a substantial expansion of the flow upstream of the shoulder for the subscale 
model in the AEDC facility, which gives a higher local Mach number approaching the expansion region at 
X/D MAX S3. This higher Mach number apparently increases the shock strength at X/DMAX - 1.0 and causes the 
flow to separate at a lower pressure than for the other model arrangements. 

An analysis of the sub-scale mounting arrangement was conducted to determine if the pressure gradient observed 
upstream ol the shoulder could be caused by the sting-strut support system.   First the area distribution of the sting- 
strut combination was equated to an equivalent body of revolution;  then the pressure distribution at a distance away 
from this equivalent body corresponding to where the nozzle model would be located was computed using the 
transonic analysis techniques'.   Results of this analysis are shown at 0.95 Mach number in Figure 4(e) where it can 
be seen that the support produces an expansion upstream of the shoulder.   Although the absolute value of the 
calculated  C.'s  are somewhat higher than those measured experimentally, it is an indication that the gradient on the 
cylindrics)! portion of the model ahead of the boattail could be caused by sting-strut interference.   Similar calculations 
performed on the NASA sting-strut arrangement indicated a very slight influence on the flow over the model upstream 
of the shoulder, compared to the effect observed on the subscale model in the AEDC tunnel 

Other indications of flow asymmetry around the model were observed in both the RR and the ONF.HA tunnels. 
The RR data indicated a fuller boundary lay r profile on the bottom (0 = 180°) of the model thar on the top or 
side for all Mach numbers tested3.   Data from the ONERA3 tests shows variations in the boundary layer profile 
measured at four locitions around the model (0 = 0°, 90°, 180°, and 270°).   The profiles at 90° and 270° (near 
the solid wind tunnel walls) were different from the profiles measured at 0° and 180° (near the perforated walls). 
These differences could be created by the dissimilar walls, or could possibly be due to model misalignment or model- 
sting support interlerence. 

5. WALL POROSITY EFFECTS 

Another factor that can influence the flow over the model when testing in the transonic regime is the test 
section wall porosity.   Porous walls are used to help develop uniform flow along the test section transonically and 
reduce shock reflections at supersonic speeds.   In tests conducted at the compressible flow facility with the \EDC 
subscale model and the ARL model, the test section porosity was varied by sliding thi «alls which changed the 
area of the holes.  The test results indicate a significant influence of porosity on the €„  distributions for the 15° 
boattail at 0.9 and 0.95 Mach number as the porosity was changed from 2% to 6%.  There was negligible effect of 
porosity changes below 0.9 Mach number.  The change in the Cp   distributions at 0.9 Mach number for 2% and 
47c porosity is shown on Figure 5. As the porosity increases, the absolute level of the pressure increased 'increasing 
Cp's) upstream of the shoulder and in the recompression region near the nozzle exit.  As shown in Figure 4(b) 
(0.9 Mach number), the 6% porosity data correlates well with data from the AEDC tunnel which has 6% porosity. 
Similar trends with increasing porosity were observed on the ARL model in the same facility4.  The compressible 
flow facility may exhibit somewhat stronger trends with porosity than other facilities since there is a large pressure 
difference across the porous walls.   Many transonic tunnels operate with a very small pressure difference between the 
test section and the surrounding plenum. 

6. MODEL-WALL FLOW INTERACTIONS 

In several of the experiments, static pressure along the wail were measured as well as the pressure levels on the 
surface of the model.  These pressure distributions can give some indication of a possible interaction between the 
wind tunnel wall flow and the flow over the model by comparing the experimental wall pressure distribution with 
that predicted at the wall location, but with a far field boundary condition corresponding to free flight.  The 
calculated pressure distribution obtained at a distance away from the model equivalent to the wall location being 
analyzed is considered to be free of wall interference.   If the measured wall pressures are significantly different 
from the predicted values, there may be some influence of the model wall interaction on the boattail flow.   Wall 
static pressure measurements were obtained in the NLR, RR, ONERA, and NASA facilities and will be discussed in 
that order which represents a decreasing ratio of maximum model to wind tunnel cross-sectional area (normally 
called the "blockage factor" for strut supported models). 

When considering the blockage factor/area ratio in the NLR and RR wind tunnels it should be kept in mind that 
the AGARD nozzle tests were conducted using these facilities like an "annular" wind tunnel.  That is, the Mnch 
number was set by either a static pressure on the cylindrical portion of the model (NLR) or by the static pressures 
en the tunnel wall opposite the cylindrical portion of the model (RR).  This rxperimental technique does not pro- 
duce a blockage in the usual sense, where a model is introduced into a wind tunnel flow which is set at a particular 

aügüiMin iggm m ---—  —-■--   i   nr ■^■...^.-.^.^JHäMMtmvtmä**^.^^  
i Itil 



II-E4 
■     ■;,l'* 

Mach number using the plenum pressure as a reference.  In the NLR and RR test technique used for the AGARD 
tests, there is a rapid area change near the exit of the model, producing expansion and compression waves which are 
transmitted to the wall and may in turn be reflected back to the model; in transonic flow, these pressure disturbances 
are transmitted in a generally lateral direction. 

Data obtained in the NLR facility at Mach numbers of 0.8, 0.85, 0.90, 0.96 are shown in Figures 6(a) through 
6(d). As the free stream Mach number increases, the Cp  on the wall at a tunnel location corresponding to the 
nozzle boattail shoulder becomes more negative. This indicates a higher Mach number on the wall than the reference 
Mach number. The data at 0.96 Mach number (Figure 6(d)) indicates that the flow is supersonic (Cp < Ci) across 
the test section, from the model to the wall. This is an indication of a rather strong interaction between the wall 
and the model at this condition.  From the data on Figure 6(b) it can be observed that there is a slight change in 
the wall pressures between jet on and jet off, indicating that the nozzle jet plume changes what could be considered 
the effective body in the test section. 

As stated previously, a better indication of wall-model interaction can be obtained by comparing the measured 
wall pressures with those predicted using a far field boundary condition corresponding to free flight  (Cp = 0), 
at the reference Mach number.  The predicted wall pressures were computed in two different ways.   In the first 
method a direct calculation of the flow field around the body is petfr rmed which gives the pressure distribution on 
the model surface and at the wall location. This type calculation was made using procedures developed by Calarese5 

and by Krupp and Murman1.   Figure 7(a) compares the model surface pressure distributions calculated by these 
methods with the experimental data from AEDC at 0.9 Mach number.  The theoretical pressure coefficients are 
slightly higher than experiment in the recompression region.   In the second method of predicting the wall pressures, 
the experimental body pressure distribution is prescribed as a boundary condition and the wall pressure is then 
calculated with a far Held boundary condition corresponding to free flight using a modified Murman and Cole analysis 
technique6. 

figure 7(b) compares the predicted wall pressure distributions (free flight condition) with the experimental data in 
the NLR facility at 0.9 Mach number.  The increment between the theoretical and experimental distributions is 
assumed to be a measure of the wall interaction effect.  Although there is some disagreement in the various theoretical 
results, the experimental data shows a substantially lower (more negative)  Cp   on the wall, which would indicate 
that the flow at this location  (RWALL/^MAX = 1-68) 's a* a somewhat higher Mach number than if the wall was 
not present. The radius  RWALL   'S t'ie disance from the model center line to the test section wall.   If the Mach 
number near the body is also increased, due to the presence of the wall, the boattail would be expected to have 
less recompression, which is the usual trend of the boattail flow field with increased Mach number.   In this case, it 
might be more appropriate to compare the NLR data at 0.9 Mach number with data from another facility (with re- 
duced wall interaction) at a somewhat higher Mach number. 

Model and wall static pressure data were obtained in the Rolls Royce (RR) facility where tht "blockage factor" 
is 3.6% with the 15° AGARD boattail model installed.  The experimental pressure distributions on the model and at 
the wall (RWALL/^MAX = 2-67)  are shown in Figures 8(a) and 8(b) for 0.91 and 0.95 Mach number respectively. 
The wall pressure distribution is similar to that observed in the NLR facility but the absolute value of the Cp's  are 
considerably reduced, consistent with the wall being farther away from the model.  This result is verified by the 
theoretical prediction of the wall pressures shown in Figure 9.  All the theoretical curves are in essential agreement and 
indicate that there is a slight increment between the theoretical wall pressures (free flight boundary) and the measured 
wall pressures.  The result using the method of Krupp and Murman1 predicts a somewhat larger model-wall flow 
interaction than the other approaches.  The effect of this interaction on the nozzle boattail flow would be expected 
to be similar to that for the NLR data, but less severe.  The tunnel reference pressure is an average of three static 
pressures on the wall approximately five body diameters upstream of the nozzle exit and any influence of the model 
on the flow at the wall could possibly have some effect on these pressures. 

Predicted and wall pressure coefficients measured during tests of the AGARD 15° boattail model at 0.9 Mach 
number in the ONERA facility are shown on Figure 10.  The results shown are for the model with the smallest 
diameter (DMAX = 80 mm) which gives an equivalent  "blockage factor" of 0.7%.  The tunnel wall is at 
RWALL/DMAX = 5.27.   Although there is a significant difference between the theoretical wall pressures computed 
with a free flight boundary and the measured wall pressures, which could be interpreted as a wall interaction, the 
measured wall pressure distribution appears to have a shape associated more with a pressure gradient in the wind 
tunnel. Comparing this wall pressure distribution with that observed in Figures 7 and 8, it is noted that the wall  Cp 
does not return to zero downstream of the nozzle exit in the ONERA facility as it does in the NLR and RR wind 
tunnels.  From the measured pressure distributions, it appears that the flow on the cylindrical part of the model is 
at a slightly higher Mach number than the reference Mach number.  The reference pressure used to determine the free 
stream conditions is measured in the plenum of the ONERA tunnel;  it is assumed that this measured pressure is 
compared to calibration information to establish the test section reference flow conditions   (M«,  and P«,) . If the 
wind tunnel has a pressure gradient, a more realistic comparison of analytical   id measured wall pressures would be 
to consider, as the measured wall pressure, the difference with and without thr model installed. The distribution of 
wall pressure downstream of the model, shown in Figure 10, indicates that the flow downstream of the model may 
be adversely affecting the flow over the boattail of the model.  This effect is discussed later under "Diffuser and 
Back-Pressure Effects".   Another indication of a model-wall flow interaction was observed from the results of the 
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ONERA investigation in which three models with different maximum diameters (15° boattail nozzle) were tested 
at various Mach numbers. The pres&ure distributions on the nozzle did not vary much over the shoulder (expansion region) 
as DMAx  was increased from 80 mm to 120 mm, however, near the nozzle exit there was less flow recompression. 
This was particularly evident at a Mach number of 0.95 and is an indication that the local Mach number ahead of 
the boattail is increasing with increasing diameter; this would have the effect of reducing the pressures In the re- 
compression region. 

Model and wall static pressure data shown on Figures 11(a) and 11(b) was obtained in the NASA facility at 
0.9 and 0.95 Mach number with the 15° boattail model installed.  The absolute level of the wall static pressure 
coefficients at the wall is very small, indicating that the wall-model interaction is negligible in this facility 
(KWALL/DMAX 

= 14.4). This was verified by the analytical techniques which prcduted a maximum wall C-   of 
0.002 it 0.9 Mach number, due to the presence of the body.  The variation of the wall pressure data presented in 
Figures 11(a) and 11(b) is within the accuracy of the pressure instrumentation used.   In the NASA facility the test 
section Mach number and free stream pressure (P«,) are determined from a tunnel empty calibration and measured 
values (during the test) of stagnation pressure and plenum static pressure. 

Although wall pressure measurements were not made in the AEDC facility, theoretical predictions indicate that 
the wall pressure coefficient would not exceed 0.002. Thus it is felt that the larger tunnels used in the AGARD 
study, with blockage factors of less than one percent, have very little wall-model interaction.  However, other test 
technique variables or a combination of unknown effects may contribute to discrepancies in the measured nozzle 
pressure distributions. 

7.    BACK PRESSURE AND DIFFUSER EFFECTS 

The above analysis of the results from the various facilities accounts for some of the differences observed in 
the data, but it is still not entirely clear why there exists large differences in the pressure distributions near the 
nozzle exit (recompression region), especially at Mach numbers of 0.9 and 0.95.   An explanation of part of this 
discrepancy is that the local flow conditions over the boattails are not similar between facilities even when test 
section reference conditions (Moo and   Pa.) are supposedly the same.  There are undoubtedly several reasons for 
the local flows being dissimilar including support type, tunnel blockage, tunnel buoyancy, etc.  Tunnel buoyancy has 
not been addressed directly in the discussion so far other than noting that there was a possible pressure gradient in 
some of the test sections (e.g. the ONERA facility). 

An analysis of the pressure data obtained along the tunnel walls and on the model in several of the facilities 
indicates there might be an influence on the flow over the model of a pressure gradient in the test section (tunnel 
buoyancy) or of the close proximity of the diffuser back pressure to the end of the model.   An analysis of the 
information shown on Figure 12 gives some indication of what might be causing so ue of the differences in the data. 
The Mach number distribution along the test section and into the diffuser for the four facilities indicates the 
magnitude of any pressure gradient and of course any model-wall flow t.ucraction.   As can be seen from the data 
in Figure 12, the local Mach number distribution along the wall in the ONERA tunnel indicates a rather significant 
increasing pressure gradient in the test section prior to the flow entering the diffuser.  There was insufficient data 
from the NLR facility to establish a trend.  The data shown on Figure 12 for NLR is undoubtedly being influenced 
by the flow over the model.  The data from the RR facility indicates an increasing pressure gradient as the flow 
approaches the diffuser 

For the NASA facility, data from the AGARD tests along with data obtained during the tunnel calibration was 
used to gain some insight into the behaviour of the flow through the tunnel test section and into the diffuser.   As 
discussed previously, the presence o. the model in the test section had very little influence on the wall pressure 
distributions; any pressure gradient observed is there with and without the mode I present.  As shown on Figure 12, 
the Mach number distributions along the wall of the diffuser in the NASA facility indicate that the flow first expands 
and then recompresses.  However, data obtained along the center line (obtained during tunnel calibration) indicates 
only a flow deceleration (recompression) as the flow enters the diffuser.  Of note here is the proximity of the 
nozzle exit to the diffuser for the NASA mod'.l arrangement. 

The Krupp and Murman analytical technique cited previously1 was used to analyze the possible effects on the 
flow over the boattail of a pressure distribution downstream of the nozzle exit similar to that observed in the NASA 
facility.  This was accomplished by inputting the experimental back pressure distribution as a boundary condition. 
The inviscid flow analysis indicated an increase in the pressure level of the flow over the simulated plume and 
boattail.  A similar analysis performed to assess the effect of the sting flare arrangement in the NASA facility also 
indicated a very slight  (A C- = 0.002)  increase in the pressure in the flow field near the nozzle exit.  The 
experimental data obtained on the NASA model indicates that the flow possible separated at a lower pressure than 
on the models in the facilities.   It is felt that the diffuser back pressure could create a more adverse pressure gradient 
for the boattail flow tc negotiate in the recompression region, thereby causing the flow to separate at .. iower 
pressure.  A similar effect in the RR and ONERA facilities could explain some of the differences observed in the data 
at Mach numbers 0.9 and 0.95.  The experimental results appear to indicate that the ('iffuser back pressure h-s less 
effect on the flow over the models in the facilities where the nozzle exit is further from the diffuser (see Figures 2(b) 
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and 2(c)). This would be especially true in the AEDC facility where the model nozzle exit is over 20 model diameters 
upstream of the diffuser entrance. 

8. FINENESS RATIO AND TUNNEL TURBULENCE EFFECTS 

Also investigated as a possible explanation of part of the differences was the influence of model length on the 
results obtained in the NASA facility.  The inviscid flow was calculated over two bodies that differed only in length. 
One body had a fineness ratio of 14.9 (AEDC model) while the other had the Oneness ratio of the NASA model 
(L/DMAX = 10.7).  At a Mach number of 0.9 the results indicate that the local Mach number ahead of the boattail 
would be higher on the model with the lower fineness ratio. This would in turn indicate a stronger shock-boundary 
layer interaction and the possibility of the flow separating at a lower pressure. 

It has been shown (e.g. see Reference 7) that the degree of freestream turbulence or noise in a tunnel can in- 
fluence the flow over a model.   As reported in8, the majority of investigations in this area have concentrated on 
the effect of tunnel turbulence or noise on the transition from laminar to turbulent flow in the boundary layer. 
According to the results presented in Reference 7, the NASA facility has a very low turbulence level through the 
transonic Mach number range.  This could influence the flow over the model boattail in such a way that the flow 
separates at a lower pressure than it would on the same model located in a flow field that has more freestream 
turbuience.  In general, with increased turbulence and mixing in the boundary layer there is a tendency for the flow 
to remain attached longer in an adverse pressure gradient. The information presented in References 9 and 10 gives 
some indication of how tunnel freestream turbulence or noise might influence the boundary layer flow on a boat- 
tail model; however, there needs to be a more thorough investigation of how tunnel turbulence or noise can effect 
flow separation on a model such as those investigated during the AGARD study. 

9. SUMMARY 

Experimental data on the AGARD 15° boattail shape from six facilities using eight different model arrange- 
ments, obtained under the cooperative AGARD investigation, has been analyzed in an attempt to isolate the causes 
of observed variances in the pressure distribution on this axisymmetric model.   Although the test data was not 
originally obtained to determine specific transonic test technique effects, it is believed that a comparative analysis of 
the results has provided valuable insight into the influence of model installation, support arrangements and test 
procedures. In many cases, further experimental and analytical research is needed before these effects can be fully 
understood and quantified for an accurate assessment of their influence on aircraft and missile performance in the 
transonic speed regine, 

Based on the rather limited comparative analysis of data on one of the AGARD nozzle configurations, the 
following general observations are drawn: 

(a) In the transonic flow regime, it is extremely important to accurately determine the true Mach number and 
reference pressure.  A very small change in these parameters can have a significant effect on the boattail 
flow. Comparison of data from one facility to another must be very carefully based on the same reference 
conditions.  These reference conditions may be influenced by the model itself, tunnel calibration variations 
with flow parameters including Reynolds number, or by atmospheric conditions such as water vapor content. 

(b) Model support systems can cause a local effect on the boattail flow by interaction of the strut or sting 
flow with the flow on the model.   For the model arrangements used in the AGARD study, this effect is 
primarily manifested in a flow asymmetry over the boattail which may result in a slight increase in pressure 
drag on the aft portion of the model. Flow asymmetry does not seem to be responsible for a significant 
part of the overall variance observed in the data.   However, model support systems can, under certain 
circumstances, alter either the flow field approaching the boattail or the flow field downstream of the model 
in a way that the flow separation point (present on most nozzle configurations in transonic flow) is changed 
dramatically.  Thus one must be concerned about the pressure field created by the support system if there 
is any possibility that these flow fields can interact with the test article. 

(c) In transonic flow, disturbances from the model and the wall are transmitted in a nearly lateral direction 
across the flow field between the two surfaces.  Even in the absence of flow restriction (blockage) by the 
model, the model and wall flow fields can interact to alter the flow over the boattail.   Data from the 
various AGARD facilities indicate that this interaction decreases rapidly as the non-dimensional distance 
from the model centerline to the tunnel wall (RWA.'/^MAX)  increases from 1.68 to 14.4.  For the boat- 
tail shape tested, the model wall interaction appears to place the aft portion of the boattail in a higher 
Mach number flow field than indicated by the reference conditions.  The true measure of the interaction 
should be based on the increment between the measured wall pressures and those computed at the wall 
surface with a far field boundary condition corresponding to free flight.  Thus the theoretical analyses are 
used to put the experimental results into proper perspective.   It seems obvious then, that improved transonic 
test techniques and improved theoretical analyses must be developed together. 
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(d)  The flow Held downstream of the model can also be very important in determining the flow over the 
boattail, particularly in the recompression region. If the facility produces a pressure gradient, even without 
the model in the wind tunnel, which alters the point of separation on the boattail, there can be a significant 
change in the pressure distribution in the recompression region.  Analysis of data from various facilities 
where the location of the wind tunnel diffuser varied between 2.3 and 6.1 model diameters from the exit 
of the nozzle model indicates that some the variance observed in the pressure distributions could be caused 
by an increased back pressure which may move the separation point upstream on the model.  If this occurs, 
reduced pressures in the recompression zone would be expected. 

It is felt that further experimental and analytical research is necessary to fully understand the influence uf 
transonic test technique variations on the data obtained, but the AGARD study has made a substantial contribution 
to gaining insight into some of these effects. 
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Fig.2(e)    Model surface pressure distributions in different facilities 
10° boattail,  M„ = 0.90 
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15° boattail,  NPR = 3.0, M« = 0.80 
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Fi^.4(d)   Photograph of subscale model installed in AEDC 16T tunnel 
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Fig.4(e)    Calculated and measured Cp   at   M« = 0.95   due to sting-strut interference 
AEDC subscale model 
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Fig.6(a)    Model surface and tunnel wall pressure distributions in the NLR facility 
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FORE- AND AFTBODY FLOW  FIELD INTERACTION 
WITH CONSIDERATION OF REYNOLDS NUMBER EFFECTS 

Felix Aulehla and Geert Beiigk 
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Unternehmembereich Flugzeuge 

O 8 München 80 
Pottfach 801160 

W. Germany 

SUMMARY 

Recent aftbody drag result« obtained from different transonic wind tunnel measurements showed 
such large increaser in aftbody pressure drag with increasing Reynolds number that extrapolation to full 
scale became questionable.    The present paper tries to clarify this unexpected Reynolds number effect 
with the aim of contributing to improved testing techniques. 

An analysis of a wind tunnel investigation at Mach number 0, 8 on ? series of axisymmetric bodies 
showed as main retiult that varying Reynolds number produced in the wind tunnel opposite changes in 
pressure drag on fore- and aftbody,   respectively.    It is explained that this result probably was caused by 
small deviations in free stream static pressure to which part-models are by an order of magnitude mnr<- 
sensitive than complete models.    Therefore,  unless a wind tunnel is calibrated to considerably belter 
standards than usual it is recommended to take into account the compensating effects on the forebody; 
the buoyancy corrections due to pressure gradients, however, have to be considered in addition.    In the 
present measurements the changes of the mean wall pressures seemed to correlate with the correspon- 
ding changes on the model and were used as a correction term. 

Finally it is pointed out that modifications in aftbody geometry affect forebody drag.    Results from 
the commonly used aftbody test rigs with forebodies fixed to the ground therefore need appropriate 
corrections. 

m 

LIST OF SYMBOLS 

A 

A 

'Dr 

'Dp 

c; Dp 
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"DTOr. 

-"'■—■in 

^P 

Acr 
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AD 
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Cross-section of body 

Maximum cross-section of body 

Drag coefficient,   referred to 
maximum body cross-section area, 
D/tloAmax 

Friction drag coefficient 

Pressure drag coefficient 
R 

(21t /A ) /      CpRdR 
maX   R-0 

Total drag coefficient,   CJJ    + CQ 

Op    of profile with zero thickness 

Pressure coeffici'-nt,   (P - Pcj/q0 

Mean value of Cp 

Mean value of Cp from all test runs 

Difference in Cp relative to inter- 
mediate Reynolds number Re^, 
CP Re " CP Re^  ""P1 fiB-   13 

Mean valje of A Cp over 0 «x/L *!, 0 

Drag 

Drag difference 

Ideal length of body (beyond sting 
intersection,  to R = 0) 

Free stream Mach number 

■■'—^ ■'■ ' «i - 

q Free stream dynamic pressure,  0,5p   vl 

R Radius of body 

Re Reynolds No. ,   based on length of body; 
Re    - lowest.  Re, - highest value tested 

S Wetted surface 

V Free stream velocity 
o 

x Axial distance from model nose 

(x /l-')N Relative axial distance from boattail 
shoulder 

ß_ Boattail chord angle 

ß Boattail terminal angle 

6 Boundary layer displacement thickness 

SUBSCRIPTS AND ABBREVIATIONS 

AB Aftbody 

CB Complete body, AB + FB 

FB Forebody 

HB Halfbody, AB or FB 

i internal 

W/T Wind tunnel 

0 Diameter 

CD True  free stream conditions 
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I, INTRODUCTION 

The correlation of wind tunnel reiulti   obtained from small scale models with full scale flight 
measurements is an old problem in drag determination since the real flight Reynolds numbers can be 
very seldom achieved.    In the past,  therefore,  one attempted to build models as big as possible and also 
to cover large Reynolds number ranges.    This led to the construction of huge wind tunnels and,  for the 
high densities and Reynolds numbers respectively,  to enormous installed power levels. In order to raise 
the accuracy of measurement,  one also tried to weigh only a minimum of wetted surfaces when making 
force measurements,  i.e.  it was attempted not to weigh the complete model but only a part of it.    When 
measuring aftbody drag,  therefore,  the forebody and also the wing and tailplancs were fixed to the ground. 

The Reynolds number investigations which were conducted in these facilities (wind tunnel plus 
test rig) did not always lead to the hoped for clarification of the Reynolds number influence.   On the 
contrary,  gome of these measurements produced such unexpected results that fundamental doubts arose 
about their validity.    This paper attempts to clarify some of these dubious Reynolds number effects and 
also to illustrate basic interrelations, thereby contributing to a better drag synthesis as well as to an 
improved testing technique. 

2.   UNEXPECTED REYNOLDS  NUMBER  INFLUENCE 

Aftbody drag levels recently measured with different models in different tunnels showed an 
increase in aftbody pressure drag coefficient with increasing Reynolds number (iig. 1).   Adding friction 
reduces this increase but does not eliminate it.    However,  a decreasing tendency had been expected 
similar to the trend of the fully turbulent fiat plate or similar to profile drag coefficients of slender 
airfoils (compare e.g.   profile drag values computed by Squire and Young,   ref.   1 ).    The rapid rise of 
a'tbody drag coefficient with Reynolds number makes it questionable whether these data can be extra- 
polated to lull scale.    Even whe i,   as widely practised,   one uses only differences in drag from wind 
tunnel measurements,   the problem regarding the drag difference between aftbody No. 1 ..nd No. 3 
remains essentially the  same,   because curves 1 and 3 are not parallel to each othor . 
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Fig. 1    Reynolds rusher eifect on aftbody draq 
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0.6 
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? 
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JüT = 16° 
5 

6 0.6 3 axisym.  body,   ßc = 10 6 

Fig. 2   Model configurations 

Curvet 1 and 3 in fig. 1 
item from wind tunnel meaiurementi 
conducted by MBB in the Im x 1m transonic 
tunnel of DFVLR Gättingen without jet and 
with different boattail angles (ref. 2 and 16). 

Curve 2 was obtained with 
a strut mounted twin jet fighter model tested 
by the Air Force Flight Dynamics Laboratory 
in the 16 ft.  transonic tunnel of the Arnold 
Engineering Development Center (ref. 4), 

Curve 6 also results from an 
AFFDL test in the same AEDC transonic 
wind tunnel.    Here,  a single jet model with 
a cylindrical midbody was used. 

Curves 4 and 5 have been obtained with two wind tunnel models of the F-106 with undcrwing installed 
J-85 nacelles in the 8 ft. x 6ft. supersonic wind tunnel of NASA Lewis (rel. 5). Both curves apply to the 16 
boattail nozzle; the nozzles with steeper boattailing showed a greater increase in drag with Reynolds number. 

The variation of Reynolds number was achieved in these investigations by altering the density, 
except with the NASA tests in which two models of different sizes were used:   the smaller model had a 
scale of 0, 05,  the larger model, which was a half model,  a scale of 0, 22.    The method of drag 
determination was not identical:   in the Göttingen tests, the totaldrag (pressure + friction) of the com- 
plete,   i.e.  undivided fuselage was obtained from an internal strain gauge balance.    The longitudinal pressure 
distribution was also measured in one row on the upper side of the body.    Several pressure tappings at 
corresponding locations on the lower side were used as an additional check of the incidence being zero. 
In the AEDC t'"'tr,,   curve 2,   only the twin jet aftbody was attached to the balance,   leaving forebody and 
tailplanes fi ^.-d to the ground,  whereas curve 6 was obtained from a mere pressure plotting. 

In reference  13 the measured 
total aftbody drag of a twin jet fighter 
configuration is reported (fig. 3).    The 
tests were conducted as force measure- 
ments in the  16ft transonic wind tunnel of 
AEDC.     The increase of the total aftbody 
drag coefficient with increasing Reynolds 
number is very similar to that shown on 
fig. 1; the level,   however,   is rather low. 
Since in these tests the metric break was 
rather far downstream of the maximum 
cross-section (at 0,8 Arnax,   trailing 
edge of wing) the recompression pre- 
dominates and thus produced this 
low aftbody drag level.   This explanation 
is in .»greement with fig. 7a where it will 
be shown that depending on the definition 
of the forward end of the aftbody (location 
of split line) also negative total drag 
values will result.    Perhaps the 
greatest concern regarding Reynolds 
number effects on aftbody drag, 
lias arisen in recent years from the 
fact that identical configurations gave 
an increasing trend when measured in 
the wind tunnel whereas the correspond- 
ing flight tests clearly showed the 
opposite,   decreasing drag trend with 
Reynolds number (ref. 5 and 17).    In 
an attempt to explain these unexpected 
test results an experimental investigation 
on a series of axisymmetric fuselages 
was reanalysed and is reported in the 
f o 11 o w i n g. 
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Fig. 3   Measured total aftbody drag 

of a twin jet configuration 
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3.   GÖTTINGEN   MEASUREMENTS 

3. 1.       Teil Serlti, Wind Tunnel and Modell 

In 1971/72 two teit series (No.  1 and 2) were conducted by MBB in the  1 m x 1 m transonic 
wind tunnel of DFVLR Göttingen,    The measurements consisted of pressure plotting and force 
measurements of the complete body as described in the preceding chapter.    Fig. 4 shows the sting 
mounted model installed in the tunnel.    The rectangular test section has four perforated walls,  two 
of which can be rotated from +1 
to -2°.    The perforation consists 
of inclined holes yielding an 
open-area ratio of 6 %. 
Pressurizing or evacuating the 
tunnel allowed a variation of the 
Reynolds number by the factor 4 
(ref.   11). All pressure 
differences were measured by 
a standard pressure pick-up, 
which was calibrated against 
a Betz-manometer (tO,l mm 
H2O).   The pressure level in 
the tunnel,  however,  could be 
determined only to t 0, I mm Hg 
accurate which is still better 
than the usual accuracy 
(to, 01 inch Hg).    The models 
were bodies of revolution with 
a common forebody and five 
interchangeable aftbodies, 
referred to in fig. 1,  curves 
No. 1 and 3.    The body contours 
are defined in Fig. 5 Fig. 4   Model installed in the transonic tunnel 
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2yma)</(x2-X3)3 

d   =(X3ymax/{X2-X3)3) 
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Fig. 5   Model contour 
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The model with aftbody 
No. 1 had no cylindrical tnidbody; 
thus fore- and aftbody had the 
same contours.    The cross- 
section distributions and the 
wetted surfaces are shown in 
Fig. 6. 

In order to confirm the 
main results deduced from the 
first two test series additional 
measurements were conducted 
in 1974 in close cooperation 
with DFVLR-AVA Göttingen, 
Institut für Strömungsmechanik, 
which was responsible for the 
experimental side. 

In these additional 
measurements,  referred to as 
test series 3 and 4,   the wind 
tunnel wall pressures were 
recorded as well as the fore- 
body drag of bodies No. 1 and 3. 
The forebody drag was obtained 
by means of an internal strain 
gauge balance which was 
designed for a maximum load 
of 5 kp and could discriminate 
1  to 2 p.    For the measurement 
of the forebody drag the models 
were modified,   i.e.  the forebody 
was attached to the balance and 
the aftbodies No.   1 and 3 were 
fixed to the sting (non-metric). 
Between fore- and Mtbody theie 
was a knife edge gap of 0, 3 mm. 
Due to the movemen» of the 
balance this gap was reduced 
under maximum load only by 
0, 075 mm.    The gap between 
the end of the aftbody    nd the 
sting was sealed. 

AFTBODY No. 

STING 

Fig, 6    Model geometry 

The wind tunnel wall pressures were recorded from 24 pressure tappings installed in one row on 
the centre line of the upper wall of the test section at-0,3<x^L<l,l.    In test serie s 2 and 4,  which 
were almost exclusively used for the presented results,   boundary layer transition was triggered by a 
carborundum roughness strip which extended from x/L = 0, 05 to 0, 0575.    The grain size was 0, 15 mm. 
Test series 1 and 3 hid different transitions. 

3.2. Results 

In aftbody force testing the metric boattail of the model occasionally is  subdivided into the 
portion of the airframe manufacturer as well as into the portion of the engine manufacturer (protruding 
nozzle).     The drag of the nozzle "N" is then measured either against the jet pipe or relative to the 
boattail "B",  fig.  7   (The interface B/N in this figure is at x/L = 0, 90). 

If during a wind tunnel measurement the Reynolds number is varied by changing the tunnel total 
pressure,   subdividing the model causes particular difficulties because the drag values of the model 
portions nozzle,   boattail,   midbody and forebody vary differently with Reynolds number,   thus further 
complicating the synthesis of the aircraft drag (fig.  7a). 

The to*al aftbody drag coefficient for a different configuration with a metric break at 0, 8 of 
Arnax is reproduced here from fig. 3 and shows qualitative agreement.    Fig. 7a represents the results 
as obtained from the wind tunnel by force measurement and pressure plotting of the complete body No. 3 
when only the first (standard) correction for the internal pressure is applied to the balance readings. 
Fig. 7b shows on the other hand the drag variations as expected by tl.e authors:   a forebody drag decrease 
which is almost completely due to the decrease in friction drag,  i. e.  a practically constant forebody 
pressure drag.    As a consequence,  the aftbody total drag decreases with Reynolds number similarly 
as the friction drag. 
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Fig. 7   Reynolds number effect on body subdivisions 

It will be shown in the following h. * the trends in fig. 7a were obtained and also ho.'  the 
differences between measured and expected Reynolds number trends might be explained ami corrected 
respectively.   In fig. 8 the uncorrecteH pressure distribution of body No. 3 is plotted.    Incr«,.   ing the 
Reynolds number lowered the pressures on both,   the forebody and the aftbody. 

0,50 

Cp 

t 
BODY  No. 3 
Mo « 0,80 

FOREBODY-- —AFTBODY-^ 
CYLINDER 

Fig. 8   Reynolds number effect on pressure distribution 
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Fig. 10   Reynolds number effect on pressure and friction drag 
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Integrating the 
pressure distributions in fig.  8 
frcm the nose of the body (x -0) 
up to an arbitrary limit of 
integration x  yields the rumunp 
Hum of the pressure drag 
coefficient C'D     in fig.   9.    This 
coefficient enables one to read 
off the pressure drag not only of 
the complete booy but of body 
portions as well, which is done 
by taking the -üfference of the 
C'JJ    at the beginning and the 
end of the portion. 

Increasing the Reynolds 
number as in the example of fig. 
9     results in a reduction of the 
forebody pressure drag 
coefficient from 0,0147 to 
0.0025,   i.e.  by 83 %.    This 
corresponds to about 16 % of 
the total drag of the complete 
body.    On ihe aftbody this 
Reynolds number influence is 
reversed:   at the lower Reynold« 
number the pressure, drag is 
about equal to zero.    At the 
larger Re-numlct,   however, 
the afterbody pi-.jssare drag 
coefficient is  read off as 
0. 0178 - 0, 0025  -- 0, 0153. 
Thus,   increa& ng the Reynolds 
number causes here a rise in 
afthody drag by a factor of 19, 
which is still 20 % of the total 
drag of the complete body. 
Adding friction to the presaure 
drags of fig. 9 gives fig.  10. 
The friction drag of the com- 
plete body was obtained  from 
the difference between the drag 
from the balance minus  the 
integrated pressure distribution. 
The distribution of that friction 
drag over the body lengll, was 
theoretically determined (ref. 9). 

The individual drag 
components for the forebody 
(x/L - 0, 5) and for the  complete 
body (x/L «1,0) can be taken from 
fig. 10.    These drag components 
are plotted in fig.   11 for the three 
measured Reynolds numbers:   the 
pressure drags of both aftbody and 
forebody change considerably with 
Reynolds number while the sum of 
these two components  remains 
almost constant.    The friction drag 
of the fully turbulent tlat plate is 
also shown for comparison; this 
friction is above the "measured" 
friction by 1 1   % at the low Reynolds 
number and 18, 5 % at the high 
Reynolds number. 

Fig. 11    Reynolds number effect on pressure and 

friction drag of fore- and aftbody No. 3 
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Ai a further comparison the profile drag* computed 
in ref.   1 for the incompressible,  fully turbulent 
case were considered and were divided in each case 
by the drag of the profile of zero thickness (flat 
plate),  fig. 12.    It is seen that the profile drag of 
slender profiles lies above the value of the flat 
plate by an almost constant factor in the Reynolds 
number range under consideration.    In this context 
it should be remembered that the flat plate skin 
friction is reduced to 50 % when the Reynolds 
number is raised from 10° to 10°.    The total drag 
of the complete body No, 3 measured at M0 - 0, 8 
was also divided by the friction drag of the fully 
turbulent flat plate and plotted in the same diagram. 
To allow for the difference between two-dimensional 
and three-dimensional bodies the ordinates of the 
curve for d/L = 0, 15 were reduced to 25 % in a first 
approximation (compare ref. 10) and plotted as 
dashed line in the same figure.    There is fair 
agreement between this dashed line and the total 
drag of body No. 3 having also a relative thickness 
of 15 %.    If only the pressure drag instead of the 
total drag is referred to the flat plate friction,  then 
a quite similar trend with Reynolds number in found. 

The pressure drag of 
the complete body, 
therefore,   seems to be 
about correct. 
However,  whether the 
aft- and forebody 
pressure drags are 
correct remains still 
unclear.    This 
question will be 
critically reviewed in 
the next chapter. 

.Oj.00957 ■ Scp 

R«.p4,4 106 

Re2=i0,0 106 

Re 3=15,0 10 6 

-0,04 

■x/L 

Fig. 13    Change in body pressure distribution 

3.3.       Systematic Errors 

The test results reported so far do not include any flight data,  but stem exclusively from 
transonic wind tunnels with ventilated test sections.    It was suspected,   therefore,   that the Reynolds 
number effects shown in the preceding chapters might have been caused by systematic errors 
related to the wind tunnel itself.    To investigate this possibility,  let us first consider the pressure 
changes on the model, fig. 13.    Increasing the Reynolds number caused here an almost constant pressure 
drop over the greater part of the body.    Besides this constant pressure drop,  increasing Reynolds 
number also increased the expansion and the rccompression on the boattail.    Later it will be shown 
that similar effects were found in a flight test,  however,  of opposite sign as far as the constant pressure 
shift is concerned.    The random scatter of the differences in the individual pressure coefficients  ACp 
lies at M0 = 0, 8 well within a band of t 0, 0041 (maximum error).    Preferably,  these   ACp are not 
quoted relative to the lowest Reynolds number Re ] but to the intermediate one,  Re2.    The maximum 
error reduces thereby to t 0,0025 (compare also fig. 18 in ref. 14). 

The provable value of the integrated pressure differences i.e.  of the incremental pressure drag 
coefficient   ACp    can then be quoted for those conditions with a precision of about io, 001 (mean error). 
The good precision in   ACp is also reflected in fig. 8 where the original curves i.e.   the Cp-distributions 
are plotted. This mean error refers only to the recording and integration of the model pressure 
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coefficient!,  Ui eurface imperfections etc. 
It does not take into account any (systematic) 
errors in the assessment of the true free 
stream conditions as well as errors due to 
the incorrect simulation of the free flight 
flow field by the wind tunnel.    Therefore, 
the total errors are expected to be larger 
by an order of magnitude as will be shown 
in the following. 

In this context one should recall that 
for slender bodies having a pressure drag 
coefficient of about 0, 01 the error in the 
integrated Cp-distribution has to be smaller 
than 0,001 if the pressure drag is to be 
determined within an accuracy of 10 % which 
requires that the error  A M0 must be below 
0,0005 (!) at subsonic speeds. 

The mean values     ACp from fig. 13 
were plotted in fig. 14 versus Reynolds 
number ami are compared with the 
corresponding mean values obtained from 
the upper tunnel test section wall (hatched 
band,  taken from fig. 15):   at the higher 
Reynolds numbers there is good agreement 
between the pressure changes on the model 
and those on the wall.    This agreement led 
to the hypothesis that the measured Reynolds 
number effects were caused only to a minor 
degree by true Reynolds number effects, 
but primarily by undetected deviations of 
the free stream static pressure from its 
nominal value as will be discussed in more 
detail in the following chapters. 

At the lower Reynolds numbers   the agree- 
ment is not so good.    It should be noted,   however, 
that the wall pressure measurements were con- 
ducted in test series 3 and 4,  while the model 
surface pressures were obtained from pressure 
plotting body No.   3 in test series 2.    The only 
simultaneous measurements of wall pressures 
and body drag wore made in the forebody force 
tests (scries 3 and 4). 

In fig, 15 the wall pressures recorded 
during all runs of lest series 3 and 4 have been 
included.    The pressure  readings from all 24 
pressure tapp.ngs were averaged arithmetically 
lor each inciivienal  run to give one value of 
Cp wai| per run,     The numbers at each bar 
indicate how ninny  runs at each Mach and 
Reynolds number were conducted (repeatability). 
Within each bar,   these  repeats were arithmeti- 
cally averaged a second time to give Cp waii 
shown as dots and solid curves respectively. The 
scatter is shown by the hatched band which is 
about 0,003 wide.    For those tests in which the 
wall  pressures were  recorded  simultaneously with 
the model force measurements,   this band width is 
of little importance since the model results were 
corrected in each  run to their corresponding mean 
wall  pressure. 

Comparing the cross symbols (empty 
tunnel) with the solid curve at M        0, 8 it can be 
seen that the blockage of these models of 1,13 % 
had li'tle or no effect on the averaged <   all pressures. 
This  is  in agreement with the general rule that up 
to M0      0, H5 ;i blockage of 0, 75 % does not greatly 
affect the mean free  .itream static pressure. 
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In fig, 16 the tame 
data are plotted againit Mach 
number.    The curve* ahow a 
wave shape while their 
dependence on Reynolds 
number in the foregoing 
figure was an almost linear 
decrease.    These two 
different trends are reflected 
in the forebody force measure- 
ments shown in the following 
diagrams. 

-0,004 • 

The upper two curves 
in fig. 17 show the total drag 
coefficient of the forebody 
with aftbody No. 1 and 3 
respectively a« a function of 
Reynolds number.    The 
internal pressures were 
corrected to free stream static 
pressure as a standard practice. 
The friction drag coefficient 
of the forebody,  assumed to 
be equal for both bodies, 
was obtained by two different 
methods and plotted as 
dotted lines:   the upper 
curve represents flat plate 
skin friction,  laminar up to 
the transition strip (at x/L = 
5 %),  the lower one was taken 
from fig. 11 (2nd Test Series) 
and is described there. 

The difference between the total 
forebody drag (standard correction) and 
the ikin friction drag is the forebody 
pressure drag which shows, plotted as 
coefficient,  the same decreasing trend 
as on fig. 11.    Thus the two entirely 
different measurement techniques 
(half/complete body) gave fairly good 
agreement.    If,  however,  the balance 
readings are not only corrected for the 
internal pressure but also for the wall 
pressures,  then this decrease of the 
pressure drag coefficient with 
Reynolds number disappears almost 
completely,  especially for body No. 3. 
In the lower part of this figure,  the wall 
pressure coefficients are shown which 
were simultaneously measured and used 
for the correction.    Since for these 
models the maximum cross section 
equals the "base" area Aj to be used for 
the correction of the internal pressure, 
the "fully" corrected forebody drag 
coefficient is obtained as 

•C, MCt 
T corr T balance 

3 ) 
wall 

which implies that the averaged wall 
pressure is equal to the effective free 
stream static pressure.    If this 
supposition is correct,  then the fully 
corrected curves give the true effect of 
aftbody geometry on forebody drag. 

I 

Fig. 16   Mean wall pressure coefficients 
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Fig. 17   P0 correction at different Reynolds numbers 
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Thi« difference in forebody drag decreaiei with decreasing Reynold! number* similarly as 
the difference in aftbody drag shown in fig. 1 for body No. I and 3.    Steeper boattailing thus raises 
both forebody and aftbody drag by a similar amount.   At the largest Reynolds number tested,  this 
increase in drag is 0, 0020 which agrees with the computed value of 0, 0022 obtained by the MBB- 
Panel method (see fig.27). 
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Fig. 18   P.-correction at different Mach numbers 

The Mach number dependence o£ the forebody drag is shown on figure  18 for a constant tunnel 
total pressure.     Hert again,   applying the Cp waii correction,   does change the shape of the upper curve 
(standard correction) to a more familiar one (full correction),  and thereby underlines its usefulness, 
which,  cl course,   does not prove that the free stream static pressure was exactly equal to the mean 
wall pressure.    On the other hand it is expected that for small tunnel blockages the changes of these 
two pressures are similar when Reynolds and Mach number are varied.    Therefore,  the drag levels 
may still be slightly wrong,   the drag trends with Reynolds and Mach number,  however,   are probably 
correct.    In this context it should be noted that complete bodies are much less sensitive to changes 
in static pressure and,  therefore,  produce straighter curves with only the standard correction applied 
because the    Pc-correction has only a small contribution to complete bodies (small sting diameter) as 
will be discussed in the next chapter. 

SENSITIVITY  CONSIDERATIONS AT  SUBSONIC  SPEEDS 

4. 1.       Conversion to True Tunnel Static Pressure 

In the preceding chapter it was supposed that the nominal free stream static pressure P0 was 
affected by a systematic error.    Assuming that everything else (e.g.   balance,   total pressure) was 
correct,   the measured quantities   can then be corrected merely by converting them to the true 
reference conditions M—,   P,^,   q    .    If e. g.   force measurements are made on complete bodies having 
a rear sting and an internal pressure Pj the corrected drag coefficient then becomes 

fl) ■Dn [CD T balance + (Cr ) A./A J" O       QD 

where: C 
^T balance 

total drag coefficient without internal pressure correction,   referred to q 
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In a more generalized form, valid for force meaiurementa and for preifure plotting on complete or 
part bodies equation (1) reduces to 

(2) CD«      =    [CDO - Cp^ (AFB - AAB)/Aina J  qo/qo 

where Apg and A.» are the projected (outer) body surfaces 

and CDo = CDT baUnce + CPi ■ A./Amax 

Since S    - -0, 680 at Mo = 0. 8 (see table below) and usually -0, 008 < Cp    < 0. 008 the ratio q /q     ■ 1 
and may therefore be neglected.    For the forebody correction in fig, 17 and 18 equation (2) then 
reduces to 

(3) AC_  =    Cr« -    Cr)      =    -    Cp 
D uao uo »a 

(A-,,   =    A .     A4„ FB max AB 0) 

4.2.      General Relations 

For the above corrections the following sensitivities are valid: 

Mo     = 0.5 0,6 0,7 0,8 0,9 1,0 

SM   = 
AM /r 

M0
/CPa>   = 

-0,525 -0,536 -0, 549 -0.564 -0,581 -0,600 

SRe = Re   /    poo 
o 

-0,414 -0, 376 -0.332 -0,281 -0,224 -0.16 

SP    = 

AP /r 
P     /CPco  = 

0 

0. 175 0.252 0,343 0,448 0,567 0,700 

S 
q %        P00 

-0,875 -0,820 -0,755 -0,680 -0,595 -0.500 

where   A» (   )      - (   )    and Cp     • (P     - P )/q 
CO O rCD CO O        O 

Table 1        Sensitivities 

4. 3.       Sensitivity of Complete and Half Bodies to P -Errors at M   -0,8 
o o 

Assuming that the tunnel static pressure can be determined by a standard balanced beam 
manometer to 0, 01 inch Hg precise then for a tunnel total pressure of 760 mm Hg the relative error 
in the free stream static pressure is  AP/P   = 5. 1  •   10      or,  expressed as pressure coefficient 

AP / P    • S 
-1 

5, I •   10"4 • 0,448'1=   11,4 •   IP"4 

Usually this error is considered as "absolute"     minimum       for the above free stream cor   itions. 
Fig. 15 showed that in the Göttingen tests the wall pressures varied systematically by a 7 um.js 
larger amount, i.e. in the range -4 • l0"4«Cp «  i^o •   10     .  Assuming that the true fre« stream 
static pressure P« varied accordingly i.e.  Cp^ varied by the same amot<nt and in the same direction, 
then for these two cases (manometer/wall pressures) the resulting errors in complete and i'alf body 
are obtained from equation (2) and shown in table 2. 
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ACD-CDTOD-CDTO 

CDTCB.2CDTFB  .0.06 

COMPLETE BODY 

(AFB-AAB)/Amax-1/14 

FOREBODY                  | 

A.„ = 0,   A,,,,   = A 
AB              FB          max 

ACD- 104 
ACD 

ACD- 104 ACD   ! 
|        assumed erron ^TCB CDT FB        ] 

mano- 
meter 

AP = 0.01 inch Hg 

P,,    =1,5 atm 
I o 

PTo - 0. 5 atm 

o. ■■. 

1,6 

0. 09 % 

0,27 % 

7 

23 

2,5%         j 

7,6 % 

wall 

CPa.'C*valf-4M(r4 

CPco-CPwalf80-10'4 

P^    = 1.5 atm 
To 

PT    = 0, 5 atm 
To 

+0.3 

-5.7 

+ 0, 05 % 

-0. 95 % 

+ 4 

-80 

+ 1,3 % 

-27,0% 

Table 2       Errors in Drag for Complete and Half Bodies 

Table 2 illustrates c'."*1-!/ how 3 assumed values for the error in P   contribute differently to 
the (yet unknown) total error of the result depending on whether complete or half bodies are tested: 
In our example the relative errors in forebody drag increased by a factor of 28.    This factor may 
reduce noticeably if the total error is considered,   i.e.   if also other types of errors are included and 
particularly so if these are large.    In aftbody testing this situation is only slightly better (only slightly 
reduced projected area,   higher pressure drag) and stays essentially the same as for the forebody. 

As mentioned earlier,   the large projected internal area is responsible for the high sensitivity 
of part model testing towards deviations in free stream static pressure.    The magnitude of this 
internal pressure correction is shown on fig. 19.    It is worth mentioning that the uncorrected 
forebody drag curves,   i.e.  without internal and wall corrections,  were much more linear when 
plotted against Mach number than the dashed curves in fig. 18.    Thus the uncorrected half body drag 
showed a similarly low sensitivity as the uncorrected drag of the complete body.    Therefore,  it is 
primarily by applying the internal (standard) correction that these large relative errors of 27 % at 
the low Reynolds number and 10 % at the intermediate Reynolds number (750 mm Hg) respectively 
are introduced.    If part model testing is done by pressure plotting and not by force measurement 
there is no "internal" correction;   the absolute error     Ac   .    however,  stays the same (same open 
loop of integration). 

BODY No. 1 
Mo=o,e 

| P|0» 750 mm Hg 

CDT FB   balance 

«CDT FB 

0.02 0.04 0.06 

Fig. 19   Magnitudeof internal pressure correction 
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Fig. 20   Changes in drag due to deviations from nominal static pressure 
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So    far only constant pressure shifts have been discussed while there may be a number of 
additional flow irregularities,  e. g.  a pressure gradient along the test section.    Fig,  20 tries to 
illustrate these two sources of error and their effect on testing complete and half bodies respectively: 
in the left half of the figure a constant pressure shift was assumed,  whereas the right half shows a 
pressure gradient (fig. 22a and b).    With these assumed deviations the aft- and forebody pressure 
drag changes for model No. 3 were computed (fig.  22c and d).    The pressure gradient,   in the right 
half of this figure,   affects both K re body and aftbody in the same sense resulting in an even steeper 
increase in pressure drag for the complete body amounting to ÄCDp/ ACp = 1, J5.    The constant 
pressure shift on the other hand,   changes forebody and aftbody pressure drag almost by the same 
amount,  however,   in an opposite sense whereby the sum of these two drag changes cancel each 
other virtually completely (small sting diamete   ).    So far only drag changes have been discussed. 
If,  however,   a value for the pressure drag of the complete body is assumed,   say 0,016 (dashed line) 
then a deviation   ACp greater than 0, 016 will cause a change in pressure drag of the half body,   i.e. 
of the fore- and aftbody respectively,  which is greater than the pressure drag of the complete body 
itself.    In other words,   in aftbody drag testing where the forebody is not taken into account,   the 
measured aftbody (pressure) drag will attain arbitrarily great values,   depending on the free stream 
underpressure (deviation from nominal).    If,  however,   the complete body is measured then this 
high sensitivity towards constant deviations in free stream s' <tic pressure disappears (compare 
also table 2).    In fig. 20e the measured pressure drags of fore- and aftbody are plotted,   this time, 
however,   not against Reynolds number,   but against the mean values of the incremental wall pressure 
coefficients Cp      ,. shown in fig. 15.   (Dotted line in fig. 20e corresponds to decrease in friction coeff. ) 

'wall 

Comparing measured with computed values it would appear that at least as far as the pressure 
drags of the half bodies are concerned,   the changes in these pressure drags were not so much caused 
by true Reynolds number effects but primarily by deviations in the free stream static pressure.    As 
far as the complete body is concerned,   the slight increase in pressure drag with Reynolds number 
shown in fig. 20e is probably a result of a longitudinal pressure gradient which varied with tunnel 
Reynolds number (right half of fig. 20).    An inspection of the tunnel wall pressure distribution did 
in fact reveal a pressure gradient which varied systematically with tunnel total pressure and 
volumetric blockage ratio. 

Looking at fig.ZOe, no matte; for what Reynolds number and Cp .. respectively, it is not 
clear what exact proportion of the pressure drag of the complete body can be assigned to the fore- 
and aftbody drag components.     If the true free stream pressure had been achieved at Cp = 0, 
then virtually all of the pressure drag is on the aftbody leaving only 12 % for the forebody'.      If,   in 
addition,  one tried to correct the measured "Reynolds" number trend for halfbodies,   one could think 
of applying the pressure changes on the wall to the model.    In doing     so a forebody pressure drag 
is obtained which is almost independent of Reynolds number at the higher tunnel densities.    At the 
lower values there is some disagreement between pressure changes on the model and those on 
the wall,   as mentioned earlier.     It should be noted,   however,   that much better agreement had been 
found for different test series which are not presented here. 

5. EFFECT   OF   DISPLACEMENT   THICKNESS 

It is clear that varying Reynolds number cauoes a corresponding change in boundary layer 
displacement thickness which in turn alters the pressure drag.     The question remains open,   however, 
as to the sign and magnitude of this change,   i.e.   whether a variation in  6   could be the only or main 
cause for the presented Reynolds number effects.    To check the order of magnitude rather than 
trying to answer this question exactly,  a very simple hypothetical flow model was considered.    Fig. 
21  shows an ellipsoid of revolution wi'1- a displ iced geometrically similar surface.    The distance 
between these two surfaces is defined as hypothetical boundary layer displacement thickness   AR 
and is compared with the displacement thickness   S    of the fully turbulent flat plate boundary layer in 
figure 22. 

/ 

b/a =bV = 0,125 

Fig. 21   Hypothetical flow model 

 ■      ■ KMri I .  iJ^ijgj^gg ,jiL_  |      . _^  ■  ^.^—Jh- 



II-FI6 

A R«ynold* number of 2. 06 million corretpondi to a dif placement ratio a/a*   = 0,98 (fig. 2 I 
• hows a S times bigger displacement).    In most practical applications the Reynolds numbers are 
above two million resulting in an even smaller displacement.    This is simply to Illustrate how thin 
the boundary 1- -er displacement thickness is on the forebody.    Therefore,  increasing the Reynolds 
number from 1 million to 10 or even 100 million has little effect on the forebody pressure drag as 
shown on fig. 23.    This diagram was obtained by projecting the exact pressure distribution on the 
displaced surface orthogonally onto the basic ellipsoid for subsequent pressure integration. 

'•0 

0.020 

a 'a 

I 
0,020 

0,010 

Mo = 0 
AR 

BNFLAT PLATE. 
fully turbultnt) 

0,5 1,0 1,5 

Fig. 22    Boundary layer displacement thickness and distance of displaced surfaces 

For the example of the Cottingen measurements in which the Reynolds number was increased from 5 to 
15 million,   fig. 23 gives a change in computed forebody pressure drag coefficient of approximately 
2 • ID"4 which is about hundred times smaller th.in the measured decrease of 1, 5 • 10"^.    Therefore, the 
change in displacement thickness can b/ no means explain the changes in forebody pressure drag measured 
in the Göttingen tunnel even when taking into account that bodies No. 1  and 3 were not ellipsoids.    The 
absolute values CDp p-g from the hypothetical flow model may not be correct due to the unrepresentative 
aftbody flow field.    The main purpose,  however,  was to show that C^p „„ is small and changes little 
when Reynolds number is varied.    In fig.  23 the measured forebody pressure drag of an ellipsoid of 
revolution with b ^  = 0, 125 is also shown for 
comparison.    The pressure drag was 
obtained by pressure integration.    The 
measurement was conducted in a different 
tunnel at M- = 08 and a total pressure of 
one atmosphere.     The relative large scatter 
of 1 2,4 • 10      is due to the manufacturing ^Dp 
quality which was for this early model not i 
as refined as for the present bodies No.   I 1 
to 5. T 

The aftbody pressure drag coefficient 
is read off as difference between   Cup r-n 
computed according to DATCOM arid 

0/U 

CD P FB obtained from the flow model.    If 
these two curves are correct then C^jp . „ 
should decrease in the Reynolds number range 
tested by a small amount  (0,002).    The 
uncorrected,  measured pressure diag 
coefficient in fig,  II,   however,   rose by 0,015. 
If the wall corrections are applied or if the 
forebody is taken into account,   this dis- 
crepancy is largely eliminated leaving then 
only a small increase which probably was 
caused by a pressure gradient as mentioned 
above. 

Fig. 23    Decrease of pressure drag 

with Reynolds number 
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6. COMPARISON  WINDTUNNF.L   /  FLIGHT DATA 

So far only Reynolds number trends obtained from wind tunnels have been discussed.    NASA 
Lewis tested the same configuration in the wind tunnel and in flight.    In disagreemem to the windtunnel 
measurements the flight tests produced a clear decreasing aftbody pressure drag with Reynolds 
number,  fig.  24E (ref. 17).    In contrast thereto,  the aftbody pressure drag variation of body No. 3 
is shown in fig. 24 D as typical example of the corresponding aftbody pressure drag trends obtained 
in wind tunnels (sec also fig. 1).    A difference in drag level must be expected because of the different 
configurations; the difference in trends,   however,  was questioned in the preceding chapters: curve  I 
corresponds to the windtunnel results as measured while curve Z includes a correction for the 
deviation in free stream static pressure (assumption Cp waj|  - 0).    This corrected curve still shows 
an increasing trend. 

If on the other hand one accepts the argument from the preceding ch 'pter that the pressure dra^ 
coefficient of the forebody must be virtually constant in the small Reynolds number range tested then 
the  same forebody 1^-correction     applied to the aftbody gives an almost constant aftbody pressure drag, 
curve 3.    The remaining slight incre.r- is probably due to a    varying       buoyancy pressure gradient as 
indicated by the increasing pressure drag of the complete ..jdy shown in fig. Z0 e.    The rather strong 
decrease of the flight data  relative to the  flat plate skin friction coefficient,   fig.24E,   might be explained 
by the fact that variable amounts of separated flow were present in those tests. 

Comparing the pressure distributions from windtunnel and flight tests,   fig. 24A and 2415 show 
that an increase in Reynolds number lowered the surface pressures in the windtunnel (dotted line) 
while in the flight tests a    corresponding increase was found.    The stronuer recomoression at the 
higher Reynolds number is apparent in both cases.    This again points towards a uniform error in free 
stream static pressure:    for example,   increasing the Cp-distribution for the  lower Reynolds number in 
fig.24B (solid line) by a constant value of Cp between 0, U5 and 0, 07 would suffice to obtain qualitative 
agreement between wind tunnel and flight results.    Since similar Cp-shifts as    n fig. 24A were also found 
in different windtunnel investigations,   e. g. fig.   5 in ref.   18     one might expect taat these trends 
were caused at least to some extent by windtunnel wall interference.     This will  lie discussed in the 
following chapte r. 

WIND   TUNNEL 
BODY No 3 

0,25 

Cp 

■0.25 

r-Mo = 0,8—-^ 

-x/L   /     j 

—-^ A75   /   IC 

\J  [ÄI 

FLIGHT TEST F-106 

CYLINDER      AFTBODV 

0,061— 

'DP'VB 0.04 - 

-0,8 To      0,8 -0,8      0      0,8 
/ -►(x/L)N 

.Cop-CON ST 

f 0.02 - , J 

-►Re  lO"6 

Fig. 24   Aftbody pressure drag from wind tunnel and flight test 

WIND  TUNNEL  WALL   INTKRFKH K.NCK 

It was questioned whether the criterion   C \• wall permissible  and whether one should not 
rather stick to the   standard procedure  of empty tunnel centre  line calibration and applv the appropriate 
blockage corrections.     This method has proven its feasibility in many types of testing.    However,   it is 
obvious that lor most transonic  wind tunnels the calibrations available today do not meet the high accuracies 
required for the very sensitive  part-model testing technmues. 

mmmmm 



ViTi.r^pyj^ryr*.-™ 

II-FI8 

Blockage will give AV   or   AM0 

correction! to the indicated plenum Mach 
number.   This must be allowed for in the 
evaluation of P0, independently of any 
empty tunnel/plenum relationahip.    Alao 
for porous walls a gradient dP0/dx 
exists which cannot be detected during 
empty-tunnel calibrations because it is 
produced by the presence of the model 
itself.    Computed blockage corrections 
for a doublet in a rectangular wind tunnel 
with four perforated walls are shown in 
fig. 25 (compare ref.   15):   for various wall 
parameters OK different   ÄM0- 
corrections result.    For UK* 2,5 and 
sufficiently small models this disturbance 
velocity disappears whilst dP0/dx remains 
finite.    Drag measureir^nts on long 
slender models will therefore require 
significant corrections.    A calculation 
for the body of revolution shown in the 
figure indicates a buoyancy correction 
of   ACD» 0,01 at :A0 - 0.85.  with 
considerably larger values at higher 
Mach numbers (model blockage 1 %, 
uniform wall open-area ratio of Zi %). 

IAM*I CLOSED. KO 

MODEL CENT« 

UK •« (CLOSED TUNNEL) 

UKW 

UPSTNEAM 

(IK.I 

Ar 

(IK.0(MEE JET I 

DOWNSTREAM 

BK   -■   Prandtl factor   •   cross flow parameter 

Fig. 23    Disturbance Mach number distribution 

on tunnel centre line 

A blockage of 1 %,   therefore,   seems almost too large for accurate drag measurements particularly 
at transonic speeds,  although of course for comparative work 1 % might be acceptable as long as the 
buoyancy corrections are applied to each body area distribution separatelv.    If identical models are tested 
at different tunnel total pressures the cross-flow characteristics of the wall will change as well as the 
lonsitudinal pressure gradients (see also para.  4,  p. IS). 

Theiefrom it is concluded that Reynolds number testing of ihis type in a variable Reynolds number 
tunnel has to be very sophisticated and probably requires knowledge of wall characteristics versus Reynolds 
number lo an order of accuracy better than currently understood.    This inability of present tunnels to 
simulate the free flight flow field correctly indicates that for sensitive pressure drag measurerrents con- 
siderably improved testing techniques are required.    These requirements may lead to new features like 
fully variable porosity,  controlled suction and   to on-line computed tunnel flow fields using the monitored 
wall pressures and model geometries as input for semicmpirical model corrections (ref.  21,  22,  23). 

In the Göttingen tests reported in the preceding chapters the mean wall pressures were used in 
a very simple way to detect deviations in free stream static pressure.    Such a method could be used with 
the tunnel empty or with calibr..tion model installed to monitor the original wind tunnel calibration,  which 
often is not repeated for years,   and might have been invalidated due to tunnel changes.    In the particular 
tests with the bodies of revolution the 
centre line calibration was no longer 
up to the required standard.    Therefore, 
the best one can probably do in such 
conditions is to look at the relation- 
ship change of (Cp plemun - Cp waU ref) 
with Reynolds number.    If there is a 
significant change then the Reynolds 
number trends may be corrected by this 
relationship   -   no absolute values can 
be used without at least   a point 
relationship with the centreline static 
pressure and its change with Reynolds 
number.    Preferably this reference 
^P wall     should be obtained at some 
distance upstream of the model. 

t 

7. TAKING       .O ACCOUNT 
FOREBODY» 

THE 

The variation of aftbody shape 
naturally leads to the largest changes in 
pressure distribution on the rear body; 
on the forebody there are at the same 
time only minor changes in pressure 
distribution.    In wind tunnel measure- 
ments with forebodies fixed to the ground 

*  Sec comment by Proicuoi Ferri on pip. II-K23 
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Fig. 26    Effect of aftbody geometry on forebody 

pressure distribution 
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the surface pressures near the split station 
fore body/afthody are therefore in practice often 
taken as a criterion for a possible upstream 
influence:   if the change of these pressures 
coefficients is sufficiently small,  e.g.  ACp 
smaller than 0,01,   then no noteworthy c'.iangea 
in forebody drag are expected.    In the measure- 
ments discussed in the following a slender 
boattail {No. I) was replaced by a sleeper one 
(No. 3).    Due to this alteration the surface 
pressure coefficients at the split station 
changed    only by   ACp  - 0, 02; on the greater 
part of the forebocly (x/L * 0, 4S) these changes 
were even below   ACp     0,01 (fig. 26).    The 
forebody pressure drag,  however,   increased at 
the same time by 0, 0020.    This amounts to 3, 5 "^ 
of the total drag (pressure + friction)   of the 
complete body.    For the testing technique  in 
wind   unnels and for flight measurements it 
follov s therefrom that optimizing the aftbody 
drag by measuring the aftbody alone does not 
yield valid results,   except if appropriate 
computed corrections are applied to the 
forebody drag.    That is,   by omitting such 
corrections one mn-,  succeed in merely 
transferring tlv drag problem to the forward 
end (comparj ref. 7,  p. 4 -  3) and in an 
incorrect jverall aircraft drag synthesis. 

An example of such a computed 
correction is  shown in fig.   27.     The MBB 
Subs mic Panel Method (ref.   8) was used for 
this end neglecting viscosity effects.     Checking 
this computing method against exact solutions 
it has been found that the absolute drag 
coefficients may be in   error by a few 
thousands,   the difference    ACp    ,   however, 
seemed to be  bv an order of magnitude tuore 
accurate.     Therefore,   the changes in fore- 
body drag coefficients   AC[)  -  0, 0022  in fig. 2~ 
were considered to be correct. 

Mo «0.8 

0,10 

:Dp 

T       0.05 

COMPUTED 
(INVISCIO) 

| A-0,002 2 

Fig. 27    Effect of aftbody geometry 

on forebody pressure drag 
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Fig. 28    Effect of aftbody geometry on forebody drag 
To quantitatively confirm this upstream influence,   test series  3 and 4 were  conducted in which the 

forebody was attached to ,\ sensitive drag balance and aftbodies   1  and  3  respectively were non-metric. 
The result is shown in fig.   28.    At M0      0,8 the difference in forebody drag coefficients was found to be 
0,0(120 which is in very good agreement with the computed difference.     The data  points in fig.   28 are 
identical to those shown in fig.   18 with the   "lull"  correction applied.    Although only three  subsonic 
Mach numbers were tested,   the linear portions of the curves  relied little  random  scatter 

d/2b 
A  further example of upstream  influence 

is  shown in fig. 29 for an ellipsoid of revolution 
having an infinitely long sting of constant cross- 
section.    The forebody pressure drag of that 
ellipsoid has  been computed as a function of 
sting diameter.     To apply this  result from  this 
very  simplified case to practical  attbody testing, 
let us assume that in a trade-off study on af - 
body optimization one accepts larger amounts 
of separated flow and the corresponding higher 
drag  in favour of a  reduced structural weight 
I.is for instance sc itli short convergent or short 
Con  Di-Ins nozzlesi.    Let us moreover assume 
that the »ake displaces the external  flow  field 
similarly as  'he   sting ci >es,   then this  modified 
aftbody flow  field causes in turn ,i   reduced 
suction i.e.   an increase  in pressure drag on 
the  forebody   is  shown on lig. 2^  in principle. 
A  similar situation exists lor attached flows  if 
e.g.   slender Con   Di-nozzles of very different 
exit diameters and nozzle pressure ratios are 
tested (reheat on  off; oversized  reference 

'DpFB 

-0,002     

-0,004  - 

0,006 

0,008 

ELLIPSOIDS 
NOT  TO SCALE 

Fig. 29    Effect of sting diameter on forebody pressure drag 
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nozzles from sting mounted 
complete models etc.)   In 
aftbody testing with non- 
metric forebodies these 
upstream influences are 
quite often overlooked. 
This,  however,  is 
acceptable as long as the 
measurements need not be 
very accurate.    Typical 
errors for suc'i relatively 
short isolatet1 fuselages 
are about 1 ^o to 2 % of 
the total drag of the 
complete fuselage at 
subsonic Mach numbers. 

Fig. 30 shows such 
an upstream influence 
measureo on a wind tunnel 
model of a twin jet lighter 
configuration at M0 = 0, 7 
(ref. 19).    The pressures 
along the top outbo.ird 
quadrant of the eng ne 
nacelle are seen to rise 
when the nozzle is moved 
into the maximum reheat 
position.   At the metric 
break this pressure rise 
corresponds to a 
&Cp  «0,017.   Depending 

on the attenuation   rate of 
these pressure ^Uvrences 
on the forebod/,  tltlterent 
drag changes occuv on U.: 
non-metric part:   if   ACp 
approaches linearly zero 
near the maximum cross- 
section then the fuselage 
forebody drag is reductd by ACp. «0,002. If, on the other hand, ACp approaches zero only at the nose 
of the fuselage, which is more probable then the forebody fuselage drag is ncreased by ACu »0,003. 
The corresponding di-ag changes on the wing must be accounted for in addition. 

Fig. 30    Effect of nozzle position on pressure distribution 

8. CONCLUDING Hff'.lARKS 

A Reynoli1.!  nwaber ■nvestigation,   conducted with small scale    xisymmetric bodies in a transonic 
wind tunnsl,   wai    .n.iysed v ith the air.i of explaining some of the unexpected Reynolds number effects 
measured recent'v l.y MEß and others.    It is expected that most of the conclusions drawn in this paper 
will alp J apply fc  Jiose v   no tunnels which produced similir Reynolds number results.    To confirm this 
suppoph on,   sim-.l-r tneasi.rements on wind tunnel wall Cp-distribution and other data on ■■ -■11 crossflow 
ch=»i ar'f.rist:'.s as *.,;'    s   heir correlation with the tunnel centre line pressures are necessary for all 
such vests.    Those statemei'.s which do not apply to ReynoMs number effects but to aftbody testing in 
general,   like sensitivities i   tvatl bodies and interrelation of forebody / afluuüy fluw fielüb,   shuuld h >ld. 
The main results .md conclu-ions are summarised below. 

8. 1.      Fore and Aftbody Flow Field Interaction 

At subsonic speeds th> -e is a clear interrelation between the flow field of the aftbody and that of 
the  Tcebody.    Correct aftbody testing,   particularly aftbody testing pertaining to given aircraft configura- 
tions,   >'ii;refore requires provision of a  representative forebody and,   at least to some extent,  also of 
the wing flow fields    (downstream influence).    If,  on a test rig,  the forebody and the wing are not attached 
to the balance,  then the drag changes on these non-metric model portions should be accounted for by 
measured or computed corrections (upstream influence). 

«MMUli 

8. 2.      Sensitivity and Accuracy 

Half bodies,  i.e.  aftbodies or forebodies are an order of magnitude more sensitive to small 
deviations in free stream static pressure than complete bodies.    This applies to both pressure integration 
and force mcasi-rement.    As the pressure drag coefficient of a half body is directly proportional to the 
mean pressure :oefficiei.t on the body surface,  the mean error in the integrated pressure coefficients 
should not Ye greater than to, 001 if the pressure drag of the complete bod/ is to be determined with an 
accuracy of 1 7 to 10 % (slender body,  no separation). 

-"-^"-••'-li'iiri ii ii •  .^—-^—-   .-. - -. 
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This is a possible measuring accuracy as was shown for the integr-ated model pressures 
(random ~rrors). Some of the systematic errors, however, were Cl.>nsiderably larger : at the lowest 
Reynolds number tested, a uniform deviation of the eCfective free r.tream static pressure from its 
nominal value by 0, 8 1o of the free stre ul dynamic pressu ~. c?.used an error of 27 '1• in total forebody 
drag. For the complete body, however, the corresponding error amounts to less than 1 '?o . 

8. 3. Wind Tunnel Calibration and Interference 

Since the change of the mean wall pressures correlated with the corresponding changes on the 
model, it is assumed that the free stream static pressure varied accordingly, i.e. the measured 
Reynolds number trends were not so much caused by true Reynolds number eCfects but primarily by 
small deviations in free stream static pressure. The planned high accuracy recaliC.ration of thf t•.•nnel 
centre line pressures should confirm or rej '2 ct this ass umption. In the meantime, one could by-pass 
this problem by testing complete bodies rather than half bodies, in order to make use of the compensating 
eCf('Ct!' ~ n the fore !,ody. 

The influence of Reynolds number on blockage corrections and on pressure gradients respectively, 
suggests that dra:; me asurements in a variable Reynolds number tunnel need to be very sophisticated and 
probably require knowledge of wall characteristics ve.-sus Reynolds number to an order of accuracy 
better than currently understood. 

8. 4. Corr~lation with Other Results 

An tlmost identical rise in aftbody drag with Reynolds number has been found in the AEDC and 
NASA test• shown in fig. I. As a first step tow a rds clarification, one could, therefore, assume that the 
ca11ses were th same. With the NASA tests, Reynolds number was not varied by changing the density 
but by varying the model size resulting in different blockages. The results discussed in this paper 
showed how sensitive aftbody pressure drag is to a ltered crossflow conditions at the wind tunnel wall. 
Therefore, the same aftbody sha pe, tested a• ha lf body e ither in different wind tunnels or in the samf: 
tunnel with a different blockage, will give ver} dif!cre nt a ftbody drag values. 

8 . 5. True Reynold,. Numb(.r Trends 

The analysis presente d he re m a de it pl a usible th a t the strong drag increase, shown in fig. l, was 
most :ikely caused by .. ys~ematic e rror s related to tile wind tunnel itself. Also, the tunnel wall inter
ference was indicated as a possible source of the remaining discrepancy between wind tunnel and flight 
data. Therefore, it would a ppea r that only the first step towards correct drag testing in variable 
Reynolds number tunnels has been a ch ieved. 
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Comment by Professor Ferri on 

FORE- AND AFTBODY FLOW FIELD INTERACTION 
WITH CONSIDERATION OF REYNOLDS NUMBER EFFECTS 

One of the important parameters to be considered in nozzle testing techniques is the interaction between the 
front part of the vehicle and the nozzle flow.   For example, the effect of the Reynolds number in the region of the 
nozzle cannot be analyzed separately from the effect of the Reynolds number in the front part of the nozzle in 
view of the fact that if we consider the effect on the pressure as a displacement thickness effect, this effect in the 
two parts could be of opposite sign.   In addition, in practical experiments, it is extremely difficult to represent 
correctly the air intake in :<ll its details, including boundary layer scoops, boundary layer bleeding, etc. 

In the limited juog; :m of the experiment, the Ad Hoc Group was unable to perform the tests on this type of 
interference directly related to the AGARD nozzle. However, the Messerschmltt-Bolkow-Blohm research group in- 
volved in these types of problems was in a position to perform analyses and experiments that could generate some 
important information on the points mentioned above. On this basis, it was decided to incorporate the following 
work as a part of the report of the Ad Hoc Group even if some of the configurations involved are not directly re- 
presentative of the AGARD configuration. Many of the results presented in this section bear important information 
on the problem discussed. 

Antonio Ferri 
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CONCLUDING REMARKS 

by 

Antonio Ferri 

The research in improved nozzle testing techniques in transonic flow has been organized by an Ad Hot- 
Committee of the Propulsion and Energetics Panel with close cooperation of the Fluid Dynamics Panel.   Several 
NATO research groups have effectively cooperated in this effort. 

The first phase of the effort was mainly directed to determining the effects of several parameters which influence 
the nozzle characteristics, specifically, the external parameters such as: 

boundary layer characteristics 
details of geometry 
tunnel interference 
testing techniqurs 

and internal parameters such as: 

nozzle pressue ratio 
jet stagnation temperature 
jet flow distribution 

It was already known that several of the parameters described affect the characteristics of the nozzle.  This investiga- 
tion, performed by different laboratories, has been limited to an axially symmetric problem.  The investigation contri- 
butes substantially because it gives quantitative information on these effects.  Of particular value are the data on 
boundary layer effects and jet temperature effects, because they indicate the strong importance of the boundary layer 
properties on the flow, and of the nozzle wall temperature.   These results, combined with the data on interaction 
between the front part and the rear part of the body, permit us to imply that tests of a three-dimensional type 
could be strongly influenced by the small modification of pressure distribution and boundary layer properties up- 
stream of the nozzle.   In addition, these results tend to indicate that the presence of heat transfer and leakage from 
the nozzle could have an important effect on the performances. 

The results related to wall interference and testing techniques are of particular import nee.  Such results show 
that substantial effects are present due to wall interference and model support.  The data indicates that some of 
these effects could be reduced by a combination of analysis and experimental data. 

Tl.  effects of the internal flow distribution are also important even if the configuration selected for the internal 
shape tends to minimize the influence of these effects.   More detailed conclusions may be presented in a separate 
report.   However, a general conclusion can be made here.   The problem of testing nozzles and engine installations, 
especially for three-dimensional cases, is a teal one and not yet resolved.  The results presented permit us to also 
conclude that a cooperative effort of this type is a useful way to aid in improving the uriderstanding of the problem. 
The Committee feels that such an effort should be continued, and recommends that a next btep should be considered, 
if possible, under AGARD sponsorship.   Possibly a special panel, sponsored either by PEP and FDP, or a separate 
temporary special panel should be formed. 

More detailed conclusions and recommendations may be published as a separate Technical Evaluation Report. 
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