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TECHNICAL NOTE D-513 

THRUST CHARACTERISTICS OF MULTIPLE LIFTING JETS 

I N  GROUND PROXIMITY 

By Edwin E.  Davenport and Kenneth P. Spreemann 

SUMMARY 

An inves t iga t ion  has been made t o  determine the t h r u s t  charac te r i s -  
t i cs  within ground proximity of a ser ies  of models which might represent  
v e r t i c a l  take-off-and-landing (VTOL) a i r c r a f t  with multiple e x i t  j e t  
engines exhausting v e r t i c a l l y  downward beneath a l i f t i n g  surface.  V a r i -  
a t i ons  i n  simulated engine configurations were provided by a series of 
nozzle i n s e r t  plugs i n  which the number of j e t  e x i t s ,  located symmetri- 
c a l l y  on a f ixed  c i r c l e ,  w a s  varied, o r  the diameter of the c i r c l e  w a s  
var ied f o r  a given number of j e t  e x i t s .  
represent l i f t i n g  surfaces,  and high-pressure air  was  used t o  simulate 
jet-engine exhaust. 

Plywood p la tes  were used t o  

The r e s u l t s  of the invest igat ion showed that increasing the number 
of e x i t s ,  such that an annular j e t  configuration w a s  approached, provided 
more favorable th rus t  cha rac t e r i s t i c s  within ground proximity than any 
other  var ia t ion  i n  the  geometry of these multiple je ts .  Tests of a con- 
f igura t ion  with two nozzles approximating a fan-in-wing VTOL a i r c r a f t  
with fans  located a t  d i f f e ren t  spanwise locations indicated t h a t  the 
augmentation i n  th rus t  within ground proximity w a s  g rea te r  f o r  the 
arrangement with the more inboard locat ion of the  nozzles. 

INTRODUCTION 

Considerable i n t e r e s t  is cur ren t ly  being shown i n  VTOL a i r c r a f t  
which use the v e r t i c a l l y  d i rec ted  t h r u s t  from turboje t  engines f o r  take- 
o f f .  Some recent  a i r c r a f t  - some of which are s t i l l  proposals and others  
which have ac tua l ly  flown (Bel l  X - 1 4  and Ryan X - 1 3 )  - a r e  described i n  
references 1, 2, and 3. One proposal which would be applicable t o  hor i -  
zontal  a t t i t u d e  VTOL a i r c r a f t  would u t i l i z e  t h rus t  from jets mounted i n  
the fuselage or non t i l t i ng  wing. 
simple je t ,  exhausting v e r t i c a l l y  below a l i f t i n g  surface within ground 
proximity su f fe r s  large t h r u s t  losses .  The above-mentioned inves t iga t ion  
a l s o  disclosed t h a t  t h i s  adverse ground e f f ec t  could be reduced by s u i t -  
ab le  ground s t ruc tu res  such as a pe r fo ra t edp la t e  raised s l igh t ly  above 

It w a s  found i n  reference 4 t h a t  a 
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the ground. A flying vehicle of the type being discussed would be 
limited to special take-off-and-landing areas. It is also known that 
within ground proximity an annular jet of the type discussed in refer- 
ence 5 possesses favorable thrust characteristics. 

The present investigation was made in a static test room in the 
Langley 7- by 10-foot tunnel building to explore the possibility of 
reducing the above-mentioned adverse ground effect by modifications to 
the jet nozzle, such as providing a nozzle arrangement approaching that 
of an annular jet. These tests included a simple jet nozzle and a 
series of multiple exit nozzle plugs which could be inserted In the 
simple jet. Still another modification was that of providing a gap 
between the simulated lifting surface and the outside diameter of the 
nozzle. It was hoped that opening the gap and allowing air to flow in 
might reciuce the high negative pressures below the wing thus reducing the 
losses in lift. Also tested were two double nozzles which would simulate 
a fan-in-wing configuration with different spanwise spacings. These 
double nozzles were tested with and without a simulated fuselage. 

SYMBOLS 

The positive sense of thrust used in this paper is indicated in 
figure 2. 

jet-flow area, sq in. AJ 

plate area, sq in. - AP 

De equivalent nozzle dime ter, JY, in. 
diameter of opening in plate, in. DP 

F fuselage 

g acceleration due to gravity, 32.2 f t/sec2 

h height of nozzle above ground board, in, 

m mass flow, w/g, slugs/sec 

5, ambient pressure, lb/sq ft 

total pressure at nozzle exit, lb/sq ft Pt 
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R gas constant, - 
l b  

t plenum chamber temperature, ?R 

TC calculated thrus t ,  m V j ,  l b  

Tm measured t h r u s t ,  l b  

j e t  veloci ty  ( i sen t ropic  expansion i s  assumed), vJ l a - ,  f t / s ec  

W weight flow, lb/sec 

Y r a t i o  of spec i f ic  heats f o r  a i r ,  1 .4  

APPARATUS AND METHODS 

A photograph of one of the model configurations and plenum chamber 
A sketch of the mounted on a strain-gage balance i s  shown a s  f igure  1. 

basic model and the plywood ground-board d e t a i l s  i s  shown i n  f igure  2 ( a ) .  
Detai ls  of the basic  4-inch-diameter nozzle are also given i n  t h i s  f igure .  
Shown i n  f igure  2(b) a r e  the f i v e  multiple nozzles which were made as 
wooden plugs t o  f i t  i n  the ex i t  of the basic b i n c h  nozzle. 
of the l i f t ing-sur face  p l a t e s  is  given i n  f igure  2 ( c ) .  

The geometry 

Deta i l s  of the double nozzles which could be considered t o  represent 
a fan-in-wing concept a r e  sham i n  f igure  3 .  
w a s  provided t o  accommodate d i r e c t l y  the smaller s ized  p l a t e  (p l a t e  6) 
and double nozzle. This plenum i s  not shown. Dimensions of the balsa  
wood fuselage used with the double nozzles a re  a l s o  shown i n  t h i s  f igure .  

A rectangular s t e e l  plenum 

Compressed air used t o  simulate jet-engine exhaust was supplied t o  
the plenum chamber through two f l ex ib l e  hoses connected t o  a tee  f i t t i n g  
so that any pressure e f f ec t s  due t o  the hoses were a t  r i g h t  angles t o  the 
t h r u s t  ax i s .  The mass flow was determined by means of a standard sharp- 
edge-orifice flow meter. The mass flow f o r  nozzles 1, 5 ,  and 6 w a s  held 
constant a t  about 0.07 slug per second; f o r  nozzles 2, 3, and 4 ,  
0.04 s lug  per  second; and f o r  the double nozzles, about 0.06 s lug per 
second. Stagnation temperatures and pressures, measured i n  the plenum 
fer the most p a r t  varied between 60° t o  TO0 and 16 t o  22 pounds per 
square inch, respect ively.  Temperatures were measured w i t h  the aid of a 
thermocouple and pressures,  with t.he use of a total-pressure tube and a 
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manometer board. Exi t  ve loc i t ies  computed on the basis of i sen t ropic  
expansion remained subsonic. 

The invest igat ion w a s  conducted i n  a s t a t i c  t h r u s t  f a c i l i t y  i n  the 
Langley 7- by 10-foot tunnels. 

RESULTS AND DISCUSSION 

The r e su l t s  of the invest igat ion which are shown as p lo t s  of the 
r a t i o  of Tm/Tc against  h/De are presented i n  f igures  4 t o  8. It 
should be noted that the values of De i n  the r a t i o  of h/De are the  
equivalent diameters as  defined i n  the sect ion "Symbols . I '  

Effec t  of P l a t e  Modification 

I t  was found from t u f t  s tudies  i n  reference 4 that, within ground 
proximity, a r a d i a l  outflow across the  ground under the p l a t e  simulating 
the l i f t i n g  surface tended t o  pump air  from beneath the p la te ;  t h i s  
reduced the pressure and caused an induced download. 
p a r t i a l l y  balance the adverse pressures and reduce the negative th rus t ,  
a ser ies  of gaps, varying from 0 t o  20.3 percent of the nozzle diameter, 
were l e f t  between the nozzle (basic nozzle 1) and platel  ( f i g .  4 ) .  For 
comparison the r e su l t s  obtained with the p l a t e  of f ,  p la te  on, and zero 
gap are included i n  the f igure .  The th rus t  losses  with p l a t e  off are i n  
l ine  with previous experience and amount t o  about 2 percent of the bas ic  
t h r u s t .  Adding the p l a t e  increased the losses  t o  about 5 percent out  of 
the ground-effect region and t o  a much greater  extent  i n  the ground-effect 
region. Opening a gap between the p l a t e  and the nozzle had about the  same 
e f f ec t  upon th rus t  losses  within ground e f f e c t  as it did out  of ground 
ef fec t .  Within the range of gaps inves-Ligated, t h i s  e f f e c t  w a s  of l i t t l e  
significance . 

I n  an attempt t o  

Multiple Nozzle Modifications 

Since it w a s  knowli thzt t h e  t h r u s t  charac te r i s t ics  of an annular j e t  
within ground proximity a re  favorable, a log ica l  nozzle modification would 
be one which produced a multiple nozzle approaching an annular j e t .  The 
invest igat ion of t h i s  p o s s i b i l i t y  w a s  made by using nozzles 2, 5 ,  and 6, 
de t a i l s  of which a re  shown i n  f igure  2(b) ,  and by comparing the r e s u l t s  
d i r ec t ly  with thme obtained with nozzle 1, the  simple j e t .  Increasing 
the number of j e t  e x i t s  which were 1oca"t~d s p a e t r i c a l l y  on a c i r c l e  of 
f ixed circumference so  as t o  approach ef fec t ive ly  the geometry Of ZXI 
ar,n,ular J e t  provided some of the advantages of an annular j e t ,  that is, a 



reduction in the adverse ground effects. 
lifting-surface-plate area of 5 percent was necessary to obtain this 
trend. These results are shown in figure 5. It was noted in the see- 
tion "Apparatus and Methods" that the mass flow was not constant for 
all the nozzles compared in figure 5. 
sented in reference 4 that there is some effect upon thrust performance 
with variation in mass flow. Had the mass flow for nozzle 2 been con- 
sistent with that of nozzles 1, 5, and 6, its performance would probably 
have been improved over what is shown. Another consideration which was 
not investigated would have kept the jet-exit area constant while varying 
the number of exits. Further experimentation would be necessary before 
it would be wise to speculate as to the results which would be expected 
from this arrangement. A second variation in nozzle geometry which was 
investigated, that of keeping the ratio of jet area to plate area con- 
stant but decreasing the diameter of the circle on which the same nwnber 
of jets were located, did not result in an improvement in thrust char- 
acteristics. (See fig. 6.) 

A ratio of jet-exit area to 

It can be seen from the data pre- 

Double Nozzles 

The double nozzles, which might represent an aircraft with twin 
lifting jets or a heavily loaded fan in either wing, produced favorable 
thrust characteristics within ground proximity under certain conditions. 
With a simulated fuselage installed so as to represent a high-wing con- 
figuration, favorable ground effects were obtained at low heights 
(fig. 7). 
were experienced, depending on the ratio of jet area to plate area 
Aj/Ap; a reduction in Aj/% produced greater losses. Moving the noz- 
zles spanwise away from the fuselage (fig. 8) reduced or eliminated the 

were the effects favorable close to the ground. 

Without the fuselage, varying degrees of losses in thrust 

favorable effects, again depending upon Aj/Ap. Only at A j/\ = 0.26 

Visual observation of the jet flow fromthe double nozzle close to 
the sides of the fuselage, made with the aid of a tuft wand, showed the 
presence of a flow reversal between the ground board and fuselage. The 
reasons for the reversal in the curve of T T, against h/De for this 
configuration at h/De = 1 
tuft study. The tuft pattern depicted in the following sketch shows that 
the flow streamlines in a plane joining the nozzles were meeting beneath 
the fuselage and were being deflected up against the bottom of the fuse- 
lage so as to produce a lift force. 

m l  
in figure 7 may partially be given by this 
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Both ahead of and behind t h i s  plane the flow w a s  def lected up a t  
the bottom of the  fuselage a t  a shallow angle or p a r a l l e l  t o  it as 
shown i n  the  next sketch. 

I 

t 
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This parallel flow, ahead of and behind the wing or lifting-surface 
The relative strength of these fevorable plate, induced a down load. 

and unfavorable effects apparently vary with height to produce the 
erratic variation in the values of T T, shown in figure 7. m l  

S U " U 3 Y  OF RESULTS 

The investigation of the thrust characteristics of multiple nozzles 
exhausting beneath lifting surfaces within ground proximity has indi- 
cated the following results. 

1. Creation of a gap between a single nczzle and lifting surface 
was ineffective in reducing thrust losses. 

2. Variation in multiple exit nozzle geometry to approach an annu- 
lar jet did provide a favorable trend in the thrust characteristics. 
A ratio of jet-exit area to lifting-surface-plate area of 5 percent was 
necessary to obtain this trend. 

3 .  Increasing the spanwise jet spacing for a combination of a 
double nozzle, fuselage, and lifting surface while holding the ratio of 
jet-exit area to lifting-surface area constant reduced the favorable 
ground effect upon thrust. 

4. Erratic variations in thrust were experienced by the combina- 
tion of a double nozzle, fuselage, and lifting surface with the smaller 
spanwise spacing of nozzles. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., June 20, 1960. 
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(a) Plenum and nozzle 1 with ground board. 

Figure 2.- Model details. A l l  dimensions are in inches except as m t . P d .  



Nozzle 3 Nozzle 4 Nozzle 2 

Section A - A  

Rodius 

Typical sections thru a l l  plugs Nozzle 5 I 
Nozzle 6 

(b) Nozzle i n s e r t  details. 

Figure 2.- Continued. 
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( c )  PIZ~P details. 

Figure 2.- Concluded. 
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Piate Gap/De 

o None 
' 0  1 0 
' 0  2 0.058 
A 3  0.109 
A 4  0.203 

"0 2 4 6 8 IO a? 
h/D, 

Figure 4.- E f f e c t  of plate-opening diameter on thrust characteristics of 
a simple jet nozzle. Nozzle 1. 
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0 l 0 I 
I Aj /Ap (0.025 I 

000 
00° 

I A 
Aj /Ap 0.049 161 

Figure 5.- Effect of nozzle geometry on thrust  charac te r i s t ics  of 
multiple nezzlcs exhausting beneath p l a t e  5 .  
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Plate on Plate of w-t-i 
I Nozzle 2 I 

yq 
Nozzle 3 

Plote on Plate of -7-H 
10.025 I 0.25 I 
I--Nozz/e 4 I 

Figxre 6.- Effect of nozzle geometry on thrust characteristics of a 
4-holed multiple nozzle with and without a lifting surface. Plate 5. 



I f  Plate A j / A p  

0 ~ O f f  6 0.26 
0 O f f  7 0 IO 
0 O f f  8 0.05 
A On 6 0.26 
A O n  7 0.10 
L1 On 8 005 

Figure 7.- Effect  of fuselage and l i f t i n g  surface on the thrust charac- 
t e r i s t i c s  of a double nozzle; 5 i ~ c h e o  between centers .  
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Figure 8.- Effect of lifting surface and fuselage on thrust character- 
istics of a double nozzle; 7 inches between centers. 

NASA - Langley Field, Va. L-865 


