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Investigations have been conducted t o  determine by means of 

The Jet  
total-pressure surveys the boundaries of single and twin jets dis- 
charging through convergent nozzles into quiescent a i r .  
boundaries for  the region from t h e  nozzle outlets t o  a s ta t ion 
6 nozzle diameters damstream are presented f o r  nozzle pressure 
r a t i o s  ranging f r o m  2.5 t o  16.0 and for twin-Jet nozzle center- 
line spacings ranging from 1.42 to  2.50 nozzle diameters. 
effects of these pmameters on the interaction of twin Jets  are 
discussed. 

e 

The 

In order t o  ascertain the u t i l i t y  of the resul ts  f o r  other 
than the t e s t  conditions, the effects of j e t  temperature, Reynolds 
number, and humidity on the pressure boundaries have been br ief ly  
investigated. 
of 2.6 the p-essure boundaries are sl ightly smaller t k n  those of 
corresponding unheated j e t s  and t h a t  the effects of Reynolds number 
and humidity are negligible. 

The resul ts  indicate that f o r  a Je t  tenperature ra t io  

IKCRODUCTION 

Aircmft designed f o r  transonic 'and supersonic speeds require 
extremely high-powered jet-propulsion engines and, depending on the 
particular requirements of a given design, single or multiple Jets 
may be used. 
engine-body combination be a s  compact a s  possible. 
frequently leads t o  installations wherein the j e t s  discharge in close 
proximity t o  the aircraf t .  

From a drag standpoint, it is  desirable that the 
This consideration 

I A considerable mount of spreading m y  occur i n  the immediate 
vicinity of the discharging je ts ,  particularly a t  high engine- 

0 compression ratios. E anz a i rc raf t  surfaces are  located in th i s  
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zone, serious structural problems may arise as a result of heating 
of these surfaces by the hot jets. 
faces may be affected by the aerodynamic disturbances in the jet 

arises from the interaction between the Jets. In order to properly 
locate such jets, it is necessary to know the wake characteristics 
over a wide range of operating conditions. 

In addition, the control sur- 

wake. When more than one engine is used, another complication t; 
N 
N 

Although the characteristics of subsonic jets have been thor- 
oughly studied (references 1 and 2 give recent developments and bib- 
liography), little information is available on the boundaries of 
sonic and supersonic jets, particularly in those cases for which the 
pressure is less in the discharge region than at the nozzle outlet. 
Investigations are consequently being conducted at the NACA Lewis 
laboratory to study the spreading characteristics of jets. One 
phase of this p r o m  was concerned with total-temperature profiles 
for twin jets (reference 3). Jet characteristics studied by means 
of total-pressure surveys are presented herein. The effects of 
nozzle pressure ratio, nozzle temperature ratio, and jet spacing 
for single and twin jets discharging through convergent nozzles into 
quiescent air are evaluated. A limited study is made of the effects 
of Reynolds number and humidity on the jet boundaries. 

SYMBOLS 

The following symbols are used in this report: 

% nozzle-throat diameter 

MJ theoretical jet Mach number, Mj 

M Mach number at any point in jet 

P total pressure 

p static pressure 

R 

Re Reynolds number 

S 

T total temperature 

ratio of radial distance from jet center line to nozzle diameter 

distance between center lines of twin jets 

C O N F I M T I A L  
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X ratio of distance A.cm plane ccmtaking center lines of twin 
jets tonozzle diameter 

Y ratio of distance Fram plane of symmetry between jets to noz- 
zle aismster 

2 ratio of axial distance d m ~ t m m  of nozzle outlets to noz- 
zle diameter 

y ratio of specific heats 

Subscripts: 

0 ambient 

p nozzle inlet 

r rake 

The apparatus used in the investigations (fig, 1) consisted 
essentially of a primary chamber, several sets of axially symnretric 
convergent nozzles, and a low-pressure receiver, 

The primary chamber could be opened to the atmosphere or con- 
nected to either the cmpressed-air system or the dry-air system. The 
pressure at the nozzle inlet 
tubes in the primary chamber. The spacing between the nozzles S was 
1,42 inches for all twin-jet studies. Nozzle diameters were chosen 
to give values of the spacing parameter 
2.50. Single-jet studies were made by plugging m e  of the nozzles. 
The luw-pressure receiver had an 8- by 9-inch cross section. 
was connected to the laboratory exhauster system, and any pressure 
between atmospheric and 2.5 inches of mercury absolute coula be 
obtained by throttling. "he receiver pressure po waa measured by 
static orifices in the tank wall, Pressures in the jet were mea8ured 
by a 23-tube total-pressure rake. 
alfel to the nozzle axis. 

?p was meaaured by fouT* total-pressure 

S/Dn of 1.42, 1.738, and 

The receiver 

Each total-pressure tube was pa3'- 

For the humidity and Reynolds number lnvestlgatians the primary 
chamber was connected to t h  dry-air and high-pressure systems, respec- 
tively, 
the atmosphere and the nozzle pressure ratio PP/po was set at values 

ppr ell &hey investigations the nrlmar_v chamber was onen to 

CONFDENTIAL 
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of 2.5, 4.6, 10, and 16 by adjusting the receiver pressure. 
effect of temperature on jet spreading was investigated by burning 
propane in the primary chamber. 

The 

P w 
N 
N 

A ccrmplete total-pressure survey was made in one quadrant of 
the wake and sufficient points In adjacent quadrants were investi- 
gated to ascertain symmetry. Surveys were made at stations 1, 2, 
4, and 6 nozzle diameters downstream of the nozzle outlets. 

DEFINITION OF JET BOUNDARY 

Because the velocity in the outer fringe of the jet approaches 
zero asymptotically, the jet boundary is arbitrarily defined as the 
locus of points for which the Mach number ratio M/Mj attains a 
value of 0.11, where M is the Mach number at any point in the jet 
fringe and Mj is the theoretical jet Mach number corresponding to 
isentropic expansion from 
number ratio of 0.11 was selected because of convenience in measuring 
technique. 

to po. Although arbitrary, the Mach pP 

For the boundary regions of the jet the value of M is subsonic 

It can also be assumed that the static pressure 
and it can be assumed that the pressure measured by the rake is the 
true total pressure. 
in the boundary region is equal to the receiver pressure The 
value of the rake-pressure ratio for points near the boundary is 
then given by 

po. 

Po I i 1 

. 
The ratio po/Pr is plotted in figure 2 as a function of Pp/po for 
several values of M/Mj. The values of M/Mj 
loee significance in regions of the jet where 
0.53, because for these regions the value of M 
the pitot-pressure readings are subject to shock losses. 
reason only the subsonic portion of the jets is considered. 

given by equation (1) 
p0/Pr is less than 
is supersonic and 

For this 
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- For each position of the rake, the location of the point for 
which M/Mj 
for each tube as a Arnction of tube position, 
figure 3 the  value of 
poeition X for a nozzle pressure r a t i o  of 16; consequently, the 
mlue of p&r far M/kj 

= 0.11 was obtained by plotting the value of P0/pr 
As an example, in 

po/Pr is plotted as a function of tube 

= 0.11 is 0.950 (fig,  2). The value 
of x c n m n p d ’ f b g  k? H,kj = 0.11 is therefam 1.533 En* 

Unheated Single Jet 

The boundaries of an unheated single j e t  are given i n  figure 4 
f o r  an axial s ta t ion  l n o z z l e  diameter damstream of the nozzle out- 
l e t  (Z = 1) for a range of nozzle pressure ra t ios ,  These bound- 
a r i e s  were obtained by c r o s s - p l o t t a  the points on the rake-survey 
pressure distributions for  which M/hj = 0.11. The boundaries so 

defined are adequately represented by circle6 which are  concentric 
with the nozzle and, consequently, a single radius can be used t o  
define each boundary. 

- 
Values for the r a d i i  of the jet boundaries were determined in 

a similar manner fur downstream stations of 2, 4, and 6 diameters and 
the resu l t s  e ~ ; ~ e  shown in figures 5 and 6.  The boundaries of figure 5 
are given as functions of axial distance f r o m  the nozzle outlet  for 
seveml values of nozzle pressure r a t i o  P /p Increasing the pres- P 0’ 
sure r a t i o  resulted i n  an increased rate of expansion immediately 
damstream of the nozzle, as expected. 
expawion, the r a t e  of growth of the Jet radius decreased and appeared 
t o  vary only s l igh t ly  with distance downstream. 

Follcrwing the initial rapid 

The boundaries in figure 6 are given as functions of nozzle pres- 
sure r a t i o  f o r  several values of damst ream station Z, The lowest 
value of Pp/po investigated in this study was 1.50. 

Pp/po 
of Pp/po, the jet r ad i i  w e r e  re la t ively unaffected by changes in  
nozzle pressure r a t i o  and for  each value of 2 
sure r a t i o  existed above which the je t  radius increased. 
varied fram 2.5 for Z = 1 t o  5.0 f o r  2 = 6, 

The values f o r  

of 1.04 w e r e  obtained from reference 4. For the lower values 

a value of the pres- 
This value 

. 
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In order t o  show the correspondence between the je t  boundary 
a rb i t ra r i ly  defined by the Mach number r a t i o  0.11 and the jet  vis- 
ible  i n  a schlieren photograph, points obtained from the pressure 
surveys a t  nozzle pressure r a t io s  of 2.5 and 16.0 have been super- 
imposed on the corresponding photographs in figure 7. The boundary, 
visible in the schlieren photopaphs, i s  in close agreement with the 
boundary determined by the pressure survey, although as the mixing 
region thickens the boundary becomes less clearly defined in the 
schlieren. 

The effect  of nozzle pressure r a t i o  on the subsonic portion of 
the Mach number distributions of a single Je t  is shown in figure 8 
f o r  several downstream stations. The c m e s  f o r  Pp/po of 2.5, 4.6, 

10.0, and 16.0 were obtained from cross plots  of the pressure sur- 
veys; a l so  included are  curves f o r  Pp/po of 1.04 taken from the 

data in reference 4. These curves show that the distributions f o r  
different pressure r a t io s  are  similar, particularly f o r  the axial 
stations close t o  the nozzle, and t ha t  the chief effect  of an 
increase in nozzle pressure r a t i o  is t o  spread the j e t  without 
a l ter ing t h i s  outer portion of the profile. 

The curves from figure 8 are  cross-plotted i n  figure 9. The 
positions of the lines of constant Mach number are shown as a func- 
t ion of distance downstream of the nozzle f o r  several values of the 
nozzle pressure ratio.  As the downstream distance Z increased, 
the radii of the constant Mach number surfaces in general increased 
for  M h ~ ~ 0 . 5  and decreased fo r  M / M ~ 7 0 . 7  f o r  the range of Z 
investigated. 

In order t o  extend the u t i l i t y  of the jet-boundary charts, a 
limited study was made of the effects  of j e t  Reynolds number and 
humidity. 
the effect of Reynolds number on the Mach number prof i le  and on the 
result ing j e t  boundary should be small. 
W i t u d e  of t h i s  effect ,  the pressure a t  the inlet Pp was varied 
and the r a t i o  Pp/po was held constant. The Reynolds number of the 
fluid i n  the mixing region can a l so  be varied by varying the nozzle- 
inlet temperature, the nozzle temperature ra t io ,  or  the nozzle pre- 
sure ra t io .  
causes a change i n  the j e t  boundary which may mask any change that 
may re su l t  f rom the corresponding change i n  the Reynolds number, the 
effect of Reynolds number alone can best be studied by varyin@; the 
nozzle-inlet pressure and holding the other variables fixed. In t h i s  
case, the Reynolds number can be defined by the stagnation density at  

Because the f l a w  in the j e t  m i x i n g  region is  turbulent, 

In order t o  determine the 

However, because a change in any of these variables 

I-' w 
N 
N 
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the nozzle W e t ,  the velocity and viscosity of the nozzle throat, 
and the nozzle-throat diameter. Changing the Repolas number from 
290,000 t o  1,340,000 had m a p c i a o l e  effect on the  pre~~ur*r 
d3stribUiiiol.L (fig, 10) and hence an the Jet boumbry. 
inves t i@ed coven the Reynolds nmbers t o  be expected in f-t. 

The range 

Conceivably, a carndeneatian shock can alter the flow in the Jet 

 he data of reference 5 indicate that 

and therefare humidity is another quantity that may af fec t  the jet 
boundary. Ths atannepheric a i r  used in the investigation had a dew 
point of approxirpstely 35O I?. 
in a wind tunnel designed for a pressure r a t i o  of 10 a moderately 
strcmg compression shock can be expected if the dew point of the 
intake air i s  35' F. Because of the rapid expamion and the strorng 
ccnnpreasion ahocks, however, the f l o w  i n  the jets of the present 
study was different than that  in a tunnel and it is possible t h a t  no 
c d e n e a t i a n  shocks occurred. In order t o  evaluate the e f fec ts  of 
humidity, aaditiontai studies were made using re lat ively d r y  air (a- 
point, -ZOO F). The dis t r ibut ions for w e t  EL& dry air were almost 
i d e n t i c a l  (fig. 10). 

H e a t e d  Single Jet 

Ln order t o  determine t o  what  extent the unheated-Jet boundaries 
approximste those of heated jets, press- surveys were made of a 
single j e t  having a t o t a l  temperature of 1360° F absolute, the tem- 
perature r a t i o  T /T being 2.6. The boundaries of the heated j e t s  

are shwn in  figure 11 for a range of nozzle pressure ratioe. 
trends were consistent with those of the unheated je t ,  A cmparison 
of the Jet r ad i i  f o r  the heated and unheated single jet over a range 
of nozzle pressure r a t i o s  and axial stations is presented in table I. 
The heated-jet radius wae slnsller than that fo r  the anheated j e t  near 
the nozzle outlet  but increased t o  a value nearly equal t o  that of 
the unheated j e t  at 6 diameters for a l l  cases except at  a nozzle 
pressure r a t i o  of 2.5, when the heated-jet boundary was smaller for 
all downstream statione. 

P O  
The 

Twin Je t s  

When t w h  j e t s  are employed, interaction between the j e t s  is 
obviously an additional factor influencing j e t  spreadhg, as i l l u s -  
trated in figure 12 by a ccanpsrison of the boundaries of single aQd 
twin j e t s  operated a t  a pressure r a t i o  of 16.0 a t  an axia l  statim 
of 6 dlametera. 
between centers have been superposed on the twin-jet bomdary. 

Single-jet boundaries spaced 1.738 nozzle diameters 
The 
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displacement region is a result of the interaction of the twin jets. 
In the zone clear of the region of interaction, the jet boundaries - 

are relatively unaffected; that is, the single- and twin-jet radii 

sented in table I. 
in this region nearly coincide. A comparison of these radii is pre- w w 

N 
N 

The extent of the jet interaction depends on both the jet noz- 
zle pressure ratio and the nozzle spacing. These effects were inves- 
tigated quantitatively and the results are presented in figures 13 
to 17. 

Nozzle pressure ratio. - For a nozzle spacing of 1.738 diam- 
eters, the effect of varying the pressure ratio is sham in fig- - -  
ure 13, where jet boundaries for several pressure ratios are pre- 
sented at axial stations of 1, 2, 4, and 6 diameters. At the 
l-diameter station (fig. 13(a)) the jets interacted at a pressure 
ratio of 10.0. The displacement region at this pressure ratio was 
appreciable and became even more pronounced at a pressure ratio of 
16.0, For the station 6 diaueters downstream of the nozzles 
(fig. 13 (a) ) , the displacement region increased considerably. 

Schlieren photographs shuwing the spreading of single and twin 
jets at nozzle pressure ratios of 2.5, 4.6, 10.0, and 16.0 are pre- 
sented In figure 14. The twin jets pictured were spaced 1.42 noz- 
zle diameters apart. The difference in jet thickness of the single 
and twin jets was particularly noticeable at a pressure ratio of 
16.0 and was a direct result of the jet interaction and the resulting 
displacement. 

Nozzle spacing. - An additional factor influencing the boundary 
of twin interacting jets is the distance between the nozzle axes. 
This effect is sh&-in figure 15, where boundaries are presented 
for twin jets having nozzle spacings of 1.42 and 2.5, and oper- 
ated at several pressure ratios at a given axial station. Increasing 
the spacing f r a m  1.42 to 2,5 diameters delayed the point of jet inter- 
action and thus decreased the displacement at the expense of widening 
the over-all jet boundary. 

S/Dn 

The boundaries for twin jets having nozzle spacas of 1.42, 
1.738, and 2.5 and operated at a pressure ratio of 10.0 at several 
axial stations are shown in figure 16. 
spreading is again apparent . The effect of spacing on jet 

The effect of nozzle spacing on jet interaction is also illus- 
trated by the schlieren photographs in figure 17. 
of 1.42, 1.738, and 2.5 diameters are s h m  for nozzle pressure ratios 

Nozzle spacings 

CONEIDENTIAL 
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of 2.5, 4.6, 10.0, and 16.0. 
action pattern were pr0auced either by &n increase in the pressure 
r a t i o  o r  by a decrease in  the nozzle spacing, as shown in figure 17, 
For example, inOl.eaSing the pressure mtio f r o m  10 t o  16 for a 
spacing of 1.738 produced a pattern similar t o  t h a t  result ing A.an 
a decrease 
at 10. 

Similar effects on the shock inter- 

spac- to 1-42, with the pressure r a t i o  rema- 

SOWARY OF IBSOIXS 

The followjng resul ts  were obtained from an experimental hves- 
t igat ian of the spreading chasgcteristice of jete: 

1. For both e-le and twin jets the effect  of nozzle pressure 
r a t i o  on the jet boundaries was signfficast. Increasing the nozzle 
pressure r a t i o  resulted in increased expansion downstream of the 
nozzlee. Pollaring the initial rapid expansion, the rate of growth 
of the je te  decreased end appeared t o  vary anly sl ight ly  w i t h  axial 
distance . 

2. Ths effect  of nozzle temperature r a t i o  on jet spreading was 
small throughout the range inveetigated. Except for a nozzle pres- 
sure r a t i o  of 2.5, the boundaries f o r  the heated jets were sanewhat 
smaller at  the nozzle outlet  than those for the unheated jet, but 
a t  an axial station of 6 diameters the boundaries f o r  both were  
identical , 

3. The effect of Reynolds number in the range fYom 290,000 t o  
1,340,000 was negligible. 

4. The presence of moisture in  the air had no effect  on the 
spreading of the jets fo r  the range investigated. 

5. Far the tvin jets, the effect of the spacing between nozzle 
center lines was significant, 
1.42 t o  2.50 nozzle diamstere reduced the height of the boundary in 
the plane of symwtry between the jets from 2.10 t o  1.0 d i a m t e r s  at  
an axial  station of 6 diameters at the expense of widening the over- 
a l l  jet boundary. 

For example, cbnghg the spacing f r o m  

Lewis Flight Propulsion Laboratory, 

Cleveland, Ohio. 
N a t i o n a l  Advisory Committee for Aeronautics, 
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Axial 
s ta t ion  

2 
( dia- 

meters) 

CONFI DENTI AL I I  

Jet r a d i i  for single Jet r a d i i  for twin jets 
jet, nozzle diameters c lear of interact ion 

zone, nozzle dime ters 
Heated Unheated Nozzle spacing, s/'D, 

1.42 I 1.738 1 2.5 

TABLe I - JET WII FOR SILSGIE AND TWIN JETS 

I 

1 1.07 
2 1.32 
4 1.48 
6 1.62 

1 

Nozzle 
pre s sure 

1.20 1.17 
1.39 1.38 1.42 1.41 
1.55 1.51 
1.65 1.63 

1.05 1.00 1.02 1.00 10.0 

4.6 

2. s 

1.5 

. 79 
83 

1.00 
1-16 

63 
.73 . 94 
1.20 

. 81 

. 72 
. 61 
.67 
82 

1.06 

2 
4 
6 

.64 

.72 .71 
-89 
1.19 

064 
073 

1.03 

1 
2 
& 
6 

1 
2 
4 
6 

1 
2 
4 

1.17 1 1.27 1.17 
1.40 I 1.39 I 1.33 

I I 

. 77 I :78: I . 80 
I 1.00 

1.15 1 1.17 

1.14 1 1.24 
1.41 1.39 

6 1  I 1.18 I I I 
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Inlet tota l  pressure 3 
Receiver static pressure’ po 

Distance from jet center l ine,  X, diameters 

Figure 3. - Typical pressure distribution in Jet wake. Nozzle pressure 
ratio, P 16.0. d 
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. 
0 (a) Axial stat ion 2 ,  1 diameter. (b) Axial station 2 .  2 diameters. 

( C )  Axial s t a t i o n  2, 4 diameters. (d) Axla1 stat ion Z ,  6 dlaneters. 

Fis~re 8. - l parb  mnbcr distributions i n  aingb jet. I W Z Z ~  tanperatwe r a t i o  T ~ T ~ ,  1. 
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2.4 

1.6 

.8 

0 
( a )  Nozzle p r e s s u r e  r a t i o  Pp/po, 16.0. 

1.6 

.8 

0 

1.6 

.8 

0 

( b )  Nozzle p r e s s u r e  r a t i o  PP/po, 10.0. 

( c )  Nozzle p r e s s u r e  r a t i o  Pp/po, 4.6. 
1.6 

.8 

0 
.8 1.6 2.4 3.2 4.0 4.8 5.6 6.4 

D i s t a n c e  downstream of n o z z l e  o u t l e t ,  2 ,  d i a m e t e r s  

( d )  Nozzle p r e s s u r e  r a t i o  P d p o D  2.5. 

Figure 9. - Lines  of c o n s t a n t  Nach number r a t i o  f o r  single j e t .  Nozzle 
tempera ture  r a t i o  T$T~’ 1. 

b 
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0 . 
. Figur-e 10. - Effect of Reynolds number ana humidity on rad ia l  

pressure dis t r ibut ions for  s ingle  j e t ,  Nozzle pressure r a t i o  
p d p 0 ,  10.0; nozzle temperature rat io  T ~ / T ~ ,  1; axia l  s t a t i o n .  Z, 
4 diameters. 
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Nozzle pressure ratio ~ ~ / p ~ ,  10.0 

mozzle px-essirre r a t io  -Dp/po? 4.6. 

Nozzle pressure r a t io  Pp/po, 2.5. -73jiziiz 
C - 2 5 5 7 7 3  

5 - 2 - 5 0  
(a )  Single j e t .  (b) T W : ~  ; e t s ;  spacing between 

center lines S/Dn9 1.42. 

Figure 14. - Schlieren photogaphs of single 2nd twin je t s .  
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s p c -  between cector ~ n e s  s/%, 1-42. 

~_wcing  betweeri center lines sDn, 2.5 
c -  25774 
5-  2 -  50 

(a) nozzle pressure ra t io ,  
Pp/Po, 16.0 

(b) Nozzle pressure ra t io ,  
P,/PO, 10.0 

Figure 17. - Schlieren photographs showlng vertical view of twin jets for three nozzle 
spacings. 
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T' Spacing betwsex center lines S/%, 2.5. 

(c)  iIozzle pressure re t io ,  
Pp/Po, 4.6. 

C -  25775 
5- 2 -  50 

(a) mozzle pressure rztio, 
P&,, 2.5. 
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