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JET mOPULSIOl EXPERIMENTS 

An i n v e s t i g a t i o n was made t o d e t e r m i n e t h e e x t e n t t o w h i c h 

a n a i r j e t c o u l d be augmented by t h e u s e o f a " t h r u s t a u g m e n t o r " , 

and t h u s g i v e some i n d i c a t i o n a s t o t h e f e a s i b i l i t y o f u s i n g t h e 

j e t a s a p r i m e mover . The a u g m e n t a t i o n was t o b e e f f e c t e d b y i n 

d u c i n g a f l o w o f a i r t h r o u g h t h e j e t , t h e r e b y i n c r e a s i n g t h e mass 

r a t e o f f l o w o f a i r , a n d c o n s e q u e n t l y t h e t h r u s t . 

S p e c i f i c a l l y , t h e p u r p o s e o f t h e t e s t s w a s ^ t o d e t e r m i n e ( l ) 

i f a s i m p l e , p r a c t i c a l augmented j e t c o u l d b e d e v e l o p e d , ( 2 ) t h e 

amount o f a u g m e n t a t i o n , ( 5 ) t h e e f f e c t upon t h e a u g m e n t a t i o n o f t h e 

f o l l o w i n g v a r i a b l e s % ( a ) d i f f u s e r e x p a n s i o n r a t i o , ( b ) n o z z l e a r e a , 

( c ) r a t i o o f i n d u c e d f l o w i n l e t a r e a and n o z z l e a r e a . 

The r e s u l t s show t h a t t h e a u g m e n t a t i o n i s r a t h e r s m a l l , b u t 

i s s u b s t a n t i a l l y c o n s t a n t o v e r t h e r a n g e o f p r e s s u r e s u s e d . A l s o 

t h e j e t d e v e l o p e d i s s i m p l e r t h a n o t h e r augmented j e t s t e s t e d b y t h e 

f a t i o n a l A d v i s o r y Commit tee f o r A e r o n a u t i c s . The v a r i a b l e s m e n t i o n e d 

i n ( S ) , a b o v e , d e f i n i t e l y a f f e c t t h e a u g m e n t a t i o n . 

IITRODUCTIOI 

The t e r m j e t p r o p u l s i o n , i n p a r t i c u l a r , r e f e r s t o p r o p u l s i o n 

by means o f a h i g h s p e e d j e t i s s u i n g from a p r o p e r l y s h a p e d n o z z l e 



2 

u n d e r h i g h p r e s s u r e s . I n i t s b r o a d e s t s e n s e , i t i s t h a t t y p e of 

p r o p u l s i o n wh ich i s c h a r a c t e r i s t i c of p r i m e movers d e s i g n e d t o work 

i n a f l u i d medium s u c h a s a i r or w a t e r , or i n s p a c e * I n a f l u i d * 

t h e j e t may be composed of t h e medium i t s e l f s e t i n m o t i o n b y some 

e x t e r n a l m e c h a n i c a l means s u c h a s a screw* I n s p a c e , t h e f l u i d mus t 

n e c e s s a r i l y come from w i t h i n t h e v e h i c l e i t s e l f ( R e f e r e n c e 8)* The 

type of j e t t e s t e d i s known a s a n " a i r b u r n i n g 1 1 r o c k e t when a f u e l 

i s b u r n e d i n t h e p r e s s u r e chamber . A l t h o u g h t h e f u e l may b e c o n t a i n e d 

w i t h i n t h e r o c k e t i t s e l f , t h e a i r n e c e s s a r y f o r c o m b u s t i o n mus t b e 

t a k e n i n from t h e a t m o s p h e r e , hence t h e t e r m w a i r burning** r o c k e t * 

The r o c k e t i s e q u i v a l e n t i n f u n c t i o n t o a c o m b i n a t i o n o f h e a t 

e n g i n e and p r o p e l l e r . I t would b e h a r d t o i m a g i n e a l e s s c o m p l i c a t e d 

s y s t e m t h a n t h e r o c k e t which.,' i n i t s s i m p l e s t fo rm, c o n s i s t s o f a h o i -

low c y l i n d e r w i t h one end c l o s e d , t h r u s t b e i n g e x e r t e d on t h e c l o s e d 

end by g a s e s e x h a u s t e d f rom a f u e l b u r n e d w i t h i n t h e c y l i n d e r . I t wou ld 

seem, t h e r e f o r e , t h a t p r o p u l s i o n b y means o f a j e t o f b u r n e d g a s e s i s 

t h e s i m p l e s t method of p r o p e l l i n g v e h i c l e s t h r o u g h a i r o r w a t e r . How

e v e r , t h e a p p l i c a t i o n o f j e t p r o p u l s i o n t o a i r p l a n e s a s t h e y e x i s t t o d a y 

h a s b e e n shown by Roy, R e f e r e n c e 7 , and Buckingham, R e f e r e n c e 8, t o b e 

u n s a t i s f a c t o r y b e c a u s e t h e s c r e w p r o p e l l e r i s v a s t l y s u p e r i o r i n s o f a r 

a s f u e l c o n s u m p t i o n and t h r u s t a r e c o n c e r n e d . Roy found t h a t an a i r p l a n e 

m u s t f l y a t a s p e e d of 800 m i l e s p e r h o u r i n o r d e r t o be p r o p e l l e d a s 

e f f i c i e n t l y by a j e t a s by a s c r e w p r o p e l l e r . T h i s speed i s o u t o f t h e 

q u e s t i o n a t t h e p r e s e n t . 

However , i f t h e t h r u s t o f t h e j e t c o u l d b e i n c r e a s e d o r augmented 

s u f f i c i e n t l y w i t h o u t i n c r e a s i n g t h e power r e q u i r e d , t h e j e t m i g h t b e u s e d 
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e f f i c i e n t l y as a p r i m e mover a t t h e h i g h e r s p e e d s now p o s s i b l e t o 

a i r c r a f t . I t i s known t h a t t h e p r o p u l s i v e e f f i c i e n c y of a j e t i n 

c r e a s e s as t h e speed o f t h e v e h i c l e a p p r o a c h e s t h a t of t h e j e t . 

T h e r e f o r e , i f some d e v i c e w e r e u s e d w h i c h would i n c r e a s e t h e t h r u s t , 

and at t h e same t i m e d e c r e a s e t h e j e t v e l o c i t y , t h e n t h i s v e l o c i t y 

wou ld a p p r o a c h more c l o s e l y t h a t of t h e v e h i c l e . Any j e t of b u r n e d 

g a s e s e j e c t e d u n d e r p r e s s u r e h a s a h i g h v e l o c i t y , and t h e r e f o r e s i m 

p l i f i c a t i o n of t h e p r o b l e m r e q u i r e s t h a t t h i s v e l o c i t y b e r e d u c e d 

w i t h o u t a g r e a t l o s s of e n e r g y . Only i f t h e p r o p u l s i v e e f f i c i e n c y 

of t h e j e t w e r e e q u a l to t h a t o f t h e s c r e w p r o p e l l e r would t h e j e t 

assume i m p o r t a n c e . The p r o p u l s i v e e f f i c i e n c y i s d e f i n e d by C a m p i n i , 

R e f e r e n c e 3 , as t h e r a t i o o f t h e work done by t h e , t h r u s t and t h e me

c h a n i c a l e q u i v a l e n t of h e a t e n e r g y a b s o r b e d p e r u n i t t i m e . J e t a u g 

m e n t a t i o n becomes a n e c e s s i t y i f t h e j e t i s to b e u s e d e f f i c i e n t l y a s 

a p r i m e mover f o r p r o p e l l i n g a i r , l a n d o r w a t e r v e h i c l e s . 

At h i g h s p e e d s , as e n c o u n t e r e d i n j e t p r o p u l s i o n , Lord K e l v i n , 

R e f e r e n c e 8 , p i c t u r e s t h e j e t b o u n d a r y a s t h a t o f a t u r b u l e n t s h e a t h 

w h i c h s e p a r a t e s t h e j e t from t h e s u r r o u n d i n g medium* T h i s s h e a t h , a c 

c o r d i n g t o h i s p o i n t o f v i e w , c o n s i s t s o f r i n g v o r t i c e s w h i c h f o l l o w 

one a n o t h e r i n r a p i d s u c c e s s i o n and t e n d t o a c t a s r o l l e r s b e t w e e n t h e 

j e t and t h e s u r r o u n d i n g medium. The p i c t u r e c a n n o t b e so o r d e r l y , f o r 

t h e r e i s no d e f i n i t e s u r f a c e o f s e p a r a t i o n b e c a u s e o f a c e r t a i n amount 

o f m i x i n g b e t w e e n t h e j e t and i t s s u r r o u n d i n g medium. The f l u i d i s s u i n g 

from t h e n o z z l e i s t e r m e d t h e n © o r e stream* 1 and t h e i n d u c e d f low i n t h e 

medium i s c a l l e d t h e w j a c k e t s t r e a m * • A f r e e j e t i s one whose r e a c t i o n 

i s a " c o r e r e a c t i o n 1 1 , and an augmented j e t i s one u s e d w i t h d e v i c e s t o 
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change i t s momentum. A l l the energy given to the a i r must come from 

the energy of the j e t . 

I t would seem t h a t the most apparent motion given to the core 

by the pressure i n the nozzle i s an ax ia l one. Other motions, however, 

do ex is t . There i s the rotary motion of eddies which make up the tur

bulent sheath, and t h e inflow of a i r normal to the je t which replace i 

t h a t carr ied downstream. This energy can be u t i l i sed to secure aug

mentation only by devices which direct these induced motions para l le l 

t o the je t axis and at the same t i m e distr ibute the energy through as 

large a mass of f l u id as possible. I t would be d i f f i cu l t to devise a 

system of guide vanes, and V e n t u r i s , which would break up t h e vortices 

and convert their angular momentum to l inear momentum. One other pos

s i b i l i t y of a u g m e n t a t i o n i s that of directing ax i a l l y the inflow of 

f l u i d , normal to the axis of the j e t , which replaces that carr ied down

stream. Thus a l l t h a t i s required i s suitable guide vanes such that 

the normal inflow i s directed a x i a l l y . The Helot augmentor i s of th is 

type. 

The American Rocket Society, Reference 9, has done a great deal 

of work on je t propulsion, but unfortunately th is has dealt with true 

rockets burning l iqu id fue ls , and no attempts were made with an aug

mented je t of any sort. Due to extremely high exhaust temperatures 

encountered i n a l l of these rocket tes ts , a very good heat resistant 

material or a massive structure would have to be employed, consequently 

a l ight weight, simple, thrust augmentor i s out of the question. Actual ly , 

only a few attempts have been made to increase the thrust of a simple je t 

by the use of aux i l ia ry devices. As mentioned previously, Roy, Reference 7 , 
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i n Ms mathematical treatment of Propuls ion by Reaction 1 1, used a 

combination of je t and screw propeller, and hence takes advantage 

of the higher eff iciency of the propeller. His idea was to place 

nozzles at the propeller t ips and have the jet directed tangential ly 

to the he l i ca l path. By the use of th is scheme, the advantage of 

highest obtainable nozzle speed i s rea l ized. This scheme, as far ar 

i s known, was never t r ied experimentally. However, th is type of ap

paratus belongs more to the gas turbine f i e l d than to true je t pro

pulsion. 

There i s s t i l l the poss ib i l i t y of using aux i l ia ry devices 

along with the j e t . As previously stated, owing to the high je t 

ve loc i t ies associated with burned gases ejected from a nozzle, the 

eff ic iency of the jet i s poor, and only a comparatively small amount 

of thrust i s obtained for a given amount of k inet ic energy i n the jet« 

I t i s eas i l y seen that i f some of th is k inet ic energy could be t rans

mitted to the surrounding a i r so as to increase the momenta of the 

je t and decrease i t s veloci ty by inducing a greater mass flow of a i r , 

the mechanical eff ic iency of the je t and i t s thrust would be increased. 

I t i s a fortunate fact that any changes i n the je t after i t leaves the 

nozzle do not affect the thrust ar is ing on the inter ior of the nozzle. 

Hence, as stated previously, additional force may be obtained by the 

action of f l u id set i n motion by the je t on aux i l ia ry devices. This 

may be done without impairing the or ig ina l reaction. Most augmentors 

t r ied by the National Advisory Committee for Aeronautics were con

structed with th is fact i n mind. 
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The sc* ~me most often t r ied or suggested i s that used some 

years ago by Melot at the French Laboratoire du Conservatoire des 

Arts et Metiers. This device consist;" of a s» r i es of annular guides 

of curved prof i le surrounding the j e t , the las t such ring (also the 

largest) having a long diverging cone attached, thus forming a large 

Yenturi tube. As stated previously, the action of the je t i s supposed 

to create a low pressure region near the mouth of the Yenturi thus 

causing the surrounding a i r to be drawn through it.(Reference 4) This 

induced flow increases the mass rate of flow and decreases the ve loc i ty . 

In th is manner, the thrust of the je t i s increased or augmented. This 

method and the one suggested by Roy seem to be the only two such schemes 

of augmentation. However, since the Melot type merely induces an ad

di t ional flow of a i r , i t was thought that a simpler method of inducing 

the flow could be devised. The type of je t used i n the development of 

the high speed wind tunnel at the la t iona l Physical Laboratory, Refer

ences 1 and 2 , although not yet used for je t propulsion, seemed t© be 

one answer to the problem at hand since th i s device directs the normal 

inflow of a i r para l le l to the axis of the j e t , increasing i t s momentum, 

without the use of several bulky guide vanes as i n the Melot type. 

In the proposed systems of jet propulsion, the je t i s composed 

of the products of combustion at a high temperature, but i t was believed 

that the augmentation would not depend greatly upon the temperature and 

nature of the gases in the j e t . Inasmuch as a supply of compressed a i r 

at ordinary temperatures was ava i lab le , no attempts were made to burn a 

mixture of combustibles i n the pressure chamber. 



T 

APPARATUS 

Ike experiments were carried out i n the laboratory of the 

Daniel Guggenheim School of Aeronautics at the Georgia School of 

Technology where a supply of compressed a i r was avai lab le . The 

tupply l i ne was a standard one and one-half inch pipe. The range 

of chamber pressures used was from 0 to 46 pounds per square inoh 

gage. 

Figure 1 shows a view of the p la in jet* This jet was used 

as the basis of comparison in determining the augmentation. Figure 2 

i s a cross section of the same je t (not to scale) and the nozzles 

tested. The chamber was turned from s tee l , as was the end cap. This 

je t has two a i r in le ts as shown i n Figure 2 . I t was or ig ina l l y de

signed to burn a i r i ad gasoline; hence* one in le t i s incl ined at 45°• 

A pressure gage tap i s at 90° to the a i r i n l e t s . 

Figure S i s a view of the augmented je t showing the small stand 

upon which the je t was mounted. Figure 4 i s a disassembled view of 

th is j e t , showing the component parts which consist of the chamber, 

nozzle, in le t f l a re , and diffuser cone. The annular chamber was con

structed from two sections ©f different diameter steel tubing placed 

one inside the other. Two end plates were welded on thus forming the 

pressure chamber. The diffuser was formed from terneplate and was 

made t© screw into the top of the chamber. The in le t f lare was turned 

from so l id wood. The nozzle was maohined from so l id round steel stock 

and screwed into the bottom of the chamber. Three such nozzles were 

made; these are designated as 1 , 2 f and 3 . Their areas are 0.1093, 
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0*177, and 0*0658 square inches, respectively* Figure 5 i s a f u l l 

s ize drawing of the je t and nozzles tested, and c lear ly shows how the 

je t was constructed and also shows the path of the a i r * 

In operation, the high pressure a i r issuing from the annular 

nozzle exhausts the a i r from inside the throat of the jet and thus 

creates a region of low pressure* This low pressure region induces 

an addit ional fl6w of a i r which mixes with the high pressure a i r , 

thereby increasing the mass rate of flow through the jet* 

Figure 6 i s a schematic diagram of the entire set up. Attached 

to the end of the supply pipe i s a 11 T n connection to which are fastened 

two f lex ib le rubber supply hose. These hose are attached to the je t 

being tested. The jet i t s e l f s i t s on the platform scales which measure 

the reaction. In the supply pipe i s a s ta t ic o r i f i ce and a total head 

tube as shown. Flexib le hose connect these to a water manometer, which 

reads the dynamic head only. A pressure gage i s placed i n the supply 

l i ne for recording s tat ic pressures. The mass rate of flow i s deter

mined by means of the manometer and pressure gage reading. Figure 7 

i s a general view of the equipment with the p la in je t i n place; Figure 

8 i s the same except that the augmented je t i s shown i n posit ion for 

test ing. 

PROCEDURE 

The procedure for one nozzle setting w i l l be given. The same 

testing procedure was followed for each nozzle tested* 
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I t was f i r s t necessary tc f ind i pipe factor or coeff icient 

of discharge* This was accomplished by making a survey across the 

pipe with a total head tube i n conjunction with a stat ic or i f i ce* A 

special total head tube was constructed for making the survey* I t 

was made of hypodermic tubing and f i t ted into a brass housing where 

i t was free to s l ide up and down. A reference mark was scribed on 

the tube for proper positioning in the pipe* When in the proper 

posit ion the tube was soldered i n place. Five stations were taken 

across the pipe. Runs were made at constant s ta t ic pressure. Two 

such runs, one at 20 pounds per square inch gage and one at 55 pounds 

per square inch gage, were made. For each stat ion, the dynamic head 

was calculated from the manometer reading. The square root of th is 

head was plotted against pipe stations and the average determined by 

taking the average of a number of heads taken at the mean rad i i of 

equal concentric annular areas. This average divided by the center 

l ine head gave the coeff ic ient. This was done for both runs and the 

average of the two taken as the overal l pipe coeff ic ient. This coef

f ic ient n C m was combined with the area of the pipe, "A" , to give a 

constant T * OA. 

In order to compute the amount of augmentation i t was necessary 

to use some je t as a basis of comparison. The thrust of a p la in , simple 

convergent nozzle was decided upon since the nozzles used i n the aug

mented je t were a l l convergent. A small convergent nozzle of the same 

area as nozzle No. 1 was machined* th is was used only to f ind the nozzle 

coeff ic ient. A test was made on th is nozzle, the actual jet ve loc i ty , 



V a , being determined from 

W H E R E T f e » T H R U S T I N pounds as measured by scales 

m - mass rate of flow I M slugs per second 

The nozz le coefficient ] f e ^ I S determined from 

where 7 ^ • t h e o r e t i c a l j e t T E L O C I T Y I N f e e t pe r 

second, 1 ^ i s c a l c u l a t e d fro® 

? t h m

 109*7 jjT° j \ - 2 8 6 j (Reference 5) 

where T° « a b s o l u t e chamber t empe ra tu r e , degrees F . 

square inch* 

P c ^ a b s o l u t e chamber pressure, pounds per 

P^ « a b s o l u t e atmospheric p r e s s u r e , pounds 

per square i n c h . 

Having determined the nozzle c o e f f i c i e n t , t h e a c t u a l v e l o c i t y for any 

chamber tempera ture and p r e s s u r e can be found from 

V * (L. 109. a v 

W H E R E 0 * 
V * 31 

By assiaming an average va lue for T° and P 0 , t h e v e l o c i t y for 

any chamber p r e s s u r e may be found. For any mass r a t e of flow t he t h r u s t 

can be c a l c u l a t e d from 
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w h e r e T^ * t h r u s t i n pounds a s b e f o r e 

? a » a c t u a l j e t T e l o c i t y , f e e t p e r s econd 

m * mass r a t e o f f low, s lugs p e r second 

H e n c e , i f t h e t h r u s t a s d e t e r m i n e d above i s p l o t t e d a g a i n s t chamber 

p r e s s u r e t h e r e s u l t i n g c u r v e w i l l b e t h e b a s i c t h r u s t c u r v e , and v a l u e s 

c a n " b e r e a d a t any d e s i r e d p r e s s u r e w i t h i n t h e r a n g e p l o t t e d . The d e 

gree of a u g m e n t a t i o n i s o b t a i n e d by d i v i d i n g t h e a c t u a l t h r u s t by t h a t 

o b t a i n e d from t h e b a s i c t h r u s t curve a t a given chamber p r e s s u r e * 

The augmented j e t was then mounted i n p l a c e for t e s t i n g on t h e 

p l a t f o r m s c a l e s , and r e a d i n g s were t aken a t 6 pounds per s q u a r e i n c h 

i n t e r v a l s o f chamber p r e s s u r e . The t h r u s t r e a c t i o n , s t a t i c l i n e p r e s 

s u r e and manometer r e a d i n g w e r e r e c o r d e d for e a c h d i f f e r e n t chamber 

p r e s s u r e . S i n c e a l l t h r u s t c u r v e s w e r e p l o t t e d for a c o n s t a n t r a t e of 

f low, M, o f 100 pounds p e r hour , i t was n e c e s s a r y t o get t h e t h r u s t for 

t h i s r a t e of f low. The a c t u a l mass r a t e of flow was c a l c u l a t e d from 

m * p K V^ 

p 

where m * mass r a t e of f low, s l u g s per second 

p * mass d e n s i t y o f a i r , s lugs per c u b i c foot 

K » OA » p ipe cons t an t 
? a • s u p p l y p i p e v e l o c i t y , f e e t p e r s e c o n d . 

P 
The mass d e n s i t y , p , was c o r r e c t e d for t e m p e r a t u r e and p r e s s u r e i n a l l 

c a s e s . The v e l o c i t y , V , was d e t e r m i n e d from 
a p 

\ - V 2 — 
p 1 p 
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where q » dynamic p r e s s u r e i n pounds per square f e e t 

p * mass d e n s i t y of a i r i n t h e supply p i p e , 

s lugs per cubic foot. 

The t h r u s t for a r a t e of flow of 100 pounds per hour was ob

t a i n e d i n t h e fo l lowing manner 

If * m x 1 1 6 , 0 0 0 • a c t u a l weight of a i r , pounds per hour 

T 
h * t h r u s t per pound per hour 

m.x 116,000 

T^ x 100 • t h r u s t for M 100 pounds per hour 

These va lues were p l o t t e d a g a i n s t chamber p r e s s u r e for a l l runs* I t 

i s t o be c l e a r l y unders tood t h a t for d i f f e r e n t chamber p r e s s u r e s , a 

change i n n o z z l e a r ea i s necessa ry i f t h e r a t e of flow i s t o be kept 

cons tan t . The results p r e s e n t e d a r e , t h e r e f o r e , for geomet r i ca l ly 

s i m i l a r j e t s of t h e type t e s t e d . The s i g n i f i c a n c e of t h e s e r e s u l t s 

i s t h a t as t h e p r e s s u r e r a t i o i n c r e a s e s , t h e dimensions of t h e j e t 

system d e c r e a s e s . 

The amount of augmentat ion was determined from 
T, 

augmentation « n 

where T ^ * b a s i c t h r u s t i n pounds, from Figure 9 . 

A curve of augmentation ve r sus chamber p r e s s u r e was p l o t t e d for each 

nozz le t e s t e d . 
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RESULTS 

Tables 1 through XI show the results obtained from the tests* 

These results are plotted i n Figures 9 th rough 20* 
p 

Figure 9 shows the thrust plotted against c atmospheres 

for. the simple convergent nozzle. This i s t h e basic thrust curve and 

i s used for determining the amount of augmentation* 

Figure 10 shows t h e thrust curve for t h e augmented jet w i th 

nozz le Ho* 1. Figure 11 i s the augmentation curve for th is nozzle* 

The augmentation curve obtained by t h e National Advisory Committee for 

Aeronautics, Reference 5 , i s plotted on t h i s same sheet for the sake 

of comparison* 

Figure 12 shows t h r e e different thrust curves for nozzle No* 1* 

Three tapered plugs designed to reduce t h e induced flow in le t area t© 

three - four ths, one-half, and one-fourth of i t s or ig inal value were 

placed i n t h e je t throat* Figure IS shows t h e augmentation curves for 

nozzle No* 1 for t h e s e t h r e e different plugs* 

Figure 14 i s t h e thrust curve for nozzle No* 2 . This nozzle had 

a s l igh t l y larger a r ea than either 1 or 3 as shown in Figure 5* Figure 

15 i s t h e augmentation curve for nozzle No* 2*-

Figures 16 and 17 show thrust and augmentation versus chamber 

pressure for nozzle No* 3* 

Figure 18 i s t h e thrust curve obtained from a convergent-divergent 

nozzle. This nozzle, shown i n Figure 2 , had a three-eights inch throat 

and an expansion rat io of 1*6 wi th a total included angle of divergence 

of about 6°* This curve i s included in order t o compare th is nozzle 



v . 

w i t h t h e augmented j e t * 

F i g u r e 19 shows t h r e e d i f f e r e n t t h r u s t c u r v e s for n o z z l e Io« l» 

T h r e e d i f f u s e r e x p a n s i o n r a t i o s w e r e t r i e d . 2 , 1*75* and 1.5 b e s i d e s 

t h a t of t h e o r i g i n a l d i f f u s e r wh ich h a d a r a t i o of 2 . 4 , F i g u r e 20 

shows t h e a u g m e n t a t i o n c u r v e s o b t a i n e d f o r t h e v a r i o u s e x p a n s i o n r a t i o s . 

TOiere d i f f e r e n t t e s t s we re made on t h e same n o z z l e , t h e n o z z l e 

s e t t i n g was kept c o n s t a n t . A l l v a l u e s of t h r u s t and a u g m e n t a t i o n w e r e 

p l o t t e d f o r a c o n s t a n t r a t e of f l ow of 100 pounds per hour . 

DISCUSSION 

The nozz le c o e f f i c i e n t for t h e b a s i c j e t was d e t e r m i n e d e x 

p e r i m e n t a l l y and was found t o be v e r y n e a r l y 1.0 (* 0.99 a c t u a l va lue ) . 

The t h r u s t was d e t e r m i n e d by a s s u m i n g a c o n s t a n t r a t e of f l ow and c a l 

c u l a t i n g t h e t h e o r e t i c a l v e l o c i t y . The n o z z l e c o e f f i c i e n t was a p p l i e d 

t o t h e t h e o r e t i c a l v e l o c i t y t o d e t e r m i n e t h e a c t u a l j e t v e l o c i t y . The 

p r o d u c t of t h e r a t e o f flow and t h e v e l o c i t y gave t h e t h r u s t , w h i c h , 

when p l o t t e d a g a i n s t chamber p r e s s u r e , gave t h e b a s i c t h r u s t c u r v e as 

shown i n F i g u r e 9 . 

A t e s t was made, a l o n g wi th t h e s e , w i th t h e i n d u c e d f l o w i n l e t 

c o m p l e t e l y p l u g g e d , t h e p lug be ing f l u s h w i t h t h e edge of t h e n o z z l e . 

T h i s was done b e c a u s e i t was t h o u g h t t h a t t h e t h r u s t o b t a i n e d i n t h i s 

manner m i g h t b e used a s t h e b a s i c t h r u s t . The r e s u l t s were so poor 

t h a t t h e y were not even r e c o r d e d . The r e a s o n fo r such poor t h r u s t was 

due to t h e l a r g e amount of t u r b u l e n c e s e t up by t h e a c t i o n of t h e j e t . 

The a c t i o n of t h e h i g h p r e s s u r e a i r i s s u i n g from t h e annul; x nozz l e i s 
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t o e x h a u s t any a i r i n t h e t h r o a t . A f t e r e x h a u s t i n g t h e a i r from t h e 

j e t t h r o a t , a low p r e s s u r e r e g i o n e x i s t e d i n t h e t h r o a t and t h e a i r 

i s s u i n g from t h e n o z z l e t e n d e d t o * s p i l l o v e r 1 1 i n t o t h e c e n t e r of t h e 

j e t t h u s c r e a t i n g t h e t u r b u l e n c e m e n t i o n e d a b o v e , f h e f i n a l r e s u l t 

was t h a t t h e v e l o c i t y o f t h e a i r coming o u t of t h e d i f f u s e r was p r a c 

t i c a l l y z e r o , f h e t h r u s t was c o n s e q u e n t l y s m a l l . 

F i g u r e 10, t h e t h r u s t c u r v e f o r n o z z l e No. 1 , h a s t h e same 

g e n e r a l s h a p e as F i g u r e 9 , wh ich i s t o be e x p e c t e d ; h o w e v e r , t h e t h r u s t 

f o r any g i v e n chamber p r e s s u r e i s g r e a t e r . T h i s i s due t o t h e a d d i 

t i o n a l mass o f a i r i n d u c e d t h r o u g h t h e j e t . In t h e B r i t i s h r e p o r t s e n 

h i g h s p e e d wind t u n n e l s , R e f e r e n c e s 1 and 2 , t h e v e l o c i t y i n t h e w o r k i n g 

p o r t i o n became p r a c t i c a l l y c o n s t a n t a t 45 pounds p e r s q u a r e i n c h gage 

p r e s s u r e . T h i s c o u l d h a v e b e e n an i n d i c a t i o n o f t h e t h r u s t , a n d , i f s o , 

t h e t h r u s t c u r v e wou ld f l a t t e n o u t . E x a m i n a t i o n o f F i g u r e 10 shows t h a t 

t h i s c u r v e h a s no t e n d e n c y t o r e a c h a maximum a l t h o u g h t h e chamber p r e s 

s u r e was c a r r i e d up t o 40 pounds p e r s q u a r e i n c h g a g e . T h i s , t h e n , 

would seem t o i n d i c a t e t h a t t h e t h r u s t w i l l c o n t i n u e t o i n c r e a s e up t o 

a c e r t a i n l i m i t . 

F i g u r e 11 shows t h e v a r i a t i o n i n a u g m e n t a t i o n w i t h chamber p r e s 

s u r e f o r n o z z l e No. 1 . The m o s t p r o m i n e n t c h a r a c t e r i s t i c i s t h a t t h e 

a u g m e n t a t i o n i s p r a c t i c a l l y c o n s t a n t t h r o u g h o u t t h e r a n g e o f p r e s s u r e s 
p 

u s e d . The s l i g h t "hump" b e t w e e n 0 o f 1.4 and 1.6 i s p r o b a b l y due 
P 

o 

t o t h e f a c t t h a t a t low p r e s s u r e s t h e c a l c u l a t e d r e s u l t s a r e s l i g h t l y 

i n e r r o r b e c a u s e t h e manometer and gage r e a d i n g s w e r e p r o b a b l y i n a c c u r a t e . 

P l o t t e d on t h i s same s h e e t i s t h e a u g m e n t a t i o n c u r v e a s o b t a i n e d by t h e 

N a t i o n a l A d v i s o r y Commit tee f o r A e r o n a u t i c s from t h e i r t e s t s on t h e Melo t 
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t y p e a u g m e n t o r . The d i f f e r e n c e b e t w e e n t h e two c u r v e s can e a s i l y b e 

s e e n ; t h e c u r v e o f t h e N a t i o n a l A d v i s o r y Commit tee f o r A e r o n a u t i c s 

r e a c h e d t h e same v a l u e o f a u g m e n t a t i o n but a t a p r e s s u r e o f 90 pounds 

p e r s q u a r e i n c h g a g e , a f t e r w h i c h t h e c u r v e i m m e d i a t e l y f a l l s o f f . 

The a u t h o r s o f t h e r e p o r t make no a t t e m p t t o e x p l a i n why t h e augmen

t a t i o n c u r v e p e a k e d a s i t d i d . 

F i g u r e 12 shows t h r e e t h r u s t c u r v e s f o r n o z z l e No. 1 w i t h p l u g s 

i n s e r t e d . T h i s was done b e c a u s e i t was b e l i e v e d t h a t v a r y i n g t h e r a t i © 

o f i n d u c e d f l o w i n l e t a r e a and n o z z l e a r e a , 1 , m i g h t g i v e h i g h e r a u g 

m e n t a t i o n . The r a t i o f o r t h e augmented j e t was found t o be 2 6 . 9 , so 

i t was d e c i d e d t o r e d u c e t h i s by i n s e r t i n g t u r n e d wooden p l u g s i n t h e 

c e n t e r o f t h e j e t . These p l u g s w e r e t h e same l e n g t h a s t h a t o f t h e j e t . 

1 d n a t i o n o f F i g u r e § w i l l show how t h e p l u g s w e r e i n s e r t e d . P l u g 

No. 1 r e d u c e d t h e i n l e t a r e a t o t h r e e - f o u r t h s o f i t s o r i g i n a l v a l u e , 

No. 2 t o o n e - h a l f , and No. 3 t o o n e - f o u r t h . These we re c e n t e r e d i n t h e 

j e t and h e l d i n p l a c e by s m a l l p i e c e s o f r o d . The r e s u l t s w e r e n o t e n 

c o u r a g i n g , f o r even t h e s m a l l e s t p l u g gave a t h r u s t much l e s s t h a n t h e 

b a s i c t h r u s t . The o t h e r two p l u g s gave even w o r s e r e s u l t s a s shewn by 

t h e c u r v e s i n F i g u r e 1 3 . A l t h o u g h t h e r e i s p r o b a b l y an optimum r a t i o 

o f a r e a s , t h i s i s n o t t h e method t o u s e t o d e t e r m i n e t h e p a r t i c u l a r 

r a t i o a s t h e i n c r e a s e d s u r f a c e a r e a due t o a d d i n g t h e p l u g s c r e a t e d a n 

a d d i t i o n a l amount o f s k i n d r a g r e s u l t i n g i n p o o r t h r u s t . 

F i g u r e 14 i s t h e t h r u s t c u r v e f o r n o z z l e No. 2 w h i c h h a d a n a r e a 

o f 0.177 s q u a r e i n c h e s . Compar ison w i t h F i g u r e 1© shows t h a t t h e t h r u s t 

o b t a i n e d a t t h e lower p r e s s u r e s i s somewhat l e s s t h a n t h a t f o r n o z z l e N o . l , 
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b u t i t i s g r e a t e r a t h i g h e r chamber p r e s s u r e s . The f a c t t h a t t h e 

r a t i o o f a r e a s , 1 , was changed when n o z z l e No* 2 was u s e d migh t h a v e 

c o n t r i b u t e d t o t h e i n o r e a s e i n t h r u s t . 

The a u g m e n t a t i o n , shown i n F igure 16 , r e a c h e s a maximum v a l u e 

of 1*4 a t a b o u t 3*6 a t m o s p h e r e s , but i t i s r a t h e r p o o r a t t h e l o w e r 

p r e s s u r e s . T h i s c u r v e i s n o t a s c o n s t a n t a s t h a t g i v e n by n o z z l e 

No* 1 s i n c e t h e a u g m e n t a t i o n a t t h e lower p r e s s u r e s i s no t as high* 

I t i s i n t e r e s t i n g t o n o t e t h a t nozz le No. 5 , t h e t h r u s t curve 

fo r which i s shown in F i g u r e 1 6 , gave e v e n l e s s t h r u s t t h a n No* 1* The 

a rea of t h i s nozz le was 0*0658 s q u a r e i n c h e s w h i c h made t h e r a t i o of 

a r e a s , R, g r e a t e r t h a n t h a t for No* 1* The r a t i o i s a b o u t 44*8 fo r 

No. 3* R e c a l l i n g t h a t i t was s t a t e d t h a t t h e r a t i o of a r e a s f o r n o z z l e 

No* 2 was l e s s t han t h a t for No* 1 , i t wou ld seem t h a t s t i l l s m a l l e r 

r a t i o s wou ld g i v e b e t t e r r e s u l t s . The a u g m e n t a t i o n c u r v e , F i g u r e 1 7 , 

i s c o n s t a n t e x c e p t for t h e "hump 1 1 a t 1*2 a t m o s p h e r e s * I t was t h o u g h t 

t h a t t h i s was p r o b a b l y due t o i n a c c u r a t e d a t a , b u t s i n c e i t a p p e a r s 

c o n s i s t e n t l y i n n e a r l y a l l t h e c u r v e s , t h i s c a n h a r d l y be t r u e . No 

l o g i c a l answer which would c l a r i f y t h i s p o i n t c o u l d be found* 

F i g u r e 18 was p l o t t e d o n l y for c o m p a r i s o n p u r p o s e s * I t i s t h e 

t h r u s t for a c o n v e r g e n t - d i v e r g e n t n o z z l e . N o t e t h a t i t gave s m a l l e r 

t h r u s t v a l u e s t han the s i m p l e c o n v e r g e n t n o z z l e * This i s p r o b a b l y due 

t o poor n o z z l e e f f i c i e n c y c a u s e d by t o o much d i v e r g e n c e which made t h e 

f low t u r b u l e n t . For t h e j e t t e m p e r a t u r e s e n c o u n t e r e d , t h e d i v e r g e n c e 

was too g r e a t ; howeve r , for h i g h j e t t e m p e r a t u r e s a g r e a t e r d i v e r g e n c e 

would p r o b a b l y b e needed* 
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F i g u r e 19 shows t h e e f f e c t of v a r y i n g t h e d i f f u s e r e x p a n s i o n 

r a t i o . The o r i g i n a l e x p a n s i o n r a t i o was 2 . 4 w i t h a b o u t 6 # d i v e r g e n c e . 

As t h e e x p a n s i o n r a t i o was d e c r e a s e d , t h e t h r u s t d e c r e a s e d , p o s s i b l y 

b e c a u s e o f t o o r a p i d e x p a n s i o n . Had t h e t a p e r s t a r t e d a t t h e n e s s l e 

i n s t e a d of a t t h e d i f f u s e r . t h e e f f e c t would p r o b a b l y n o t h a v e b e e n 

a s g r e a t . As i t w a s . t h e f l o w f o l l o w e d t h e chamber w a l l s wh ich w e r e 

s t r a i g h t and them s u d d e n l y d i v e r g e d , and t h i s e f f e c t i s more n o t i c e a b l e 

f o r t h e s h o r t e r d i f f u s e r s . 

The a u g m e n t a t i o n c u r v e s a r e shown i n F i g u r e 2 0 . The e x p a n s i o n 

r a t i o o f 2 gave a p p r o x i m a t e l y t h e same v a l u e s a s t h e o r i g i n a l e x c e p t 

a t t h e l ower p r e s s u r e s w h e r e t h e e f f e c t i s m a r k e d . For a l l t h r e e , t h e 

a u g m e n t a t i o n i s f a i r l y c o n s t a n t above 1.6 a t m o s p h e r e s . For c o m p a r i s o n 

t h e a u g m e n t a t i o n c u r v e f o r t h e o r i g i n a l d i f f u s e r i s d o t t e d i n , s i n c e 

t h e same nozzle and n o z s l e s e t t i n g w e r e u s e d . 

Te ry few e x p e r i m e n t a l d a t a c o u l d b e found w i t h wh ich t o compare 

t h e r e s u l t s o b t a i n e d i n t h e s e t e s t s . The o n l y two p u b l i s h e d s o u r c e s 

d i s c o v e r e d w e r e l a t i o n a l A d v i s o r y Commit tee f o r A e r o n a u t i c s T e c h n i c a l 

Vo te l o . 4 3 1 , R e f e r e n c e 4 , and T e c h n i c a l No te No . 4 4 2 , R e f e r e n c e 8 . 

The r e s u l t s g i v e n i n T e c h n i c a l Note No. 431 w e r e o b t a i n e d from t e s t s 

made on a Melo t t y p e a u g m e n t o r . The maximum a u g m e n t a t i o n was a b o u t 

1 .37 a t 6 . 1 a t m o s p h e r e s . A p o r t i o n o f t h e N a t i o n a l A d v i s o r y Commit tee 

f o r A e r o n a u t i c s c u r v e i s p l o t t e d i n F i g u r e 1 1 . No te t h a t t h e v a l u e s o b 

t a i n e d a r e n o t c o n s t a n t f o r any p o r t i o n o f t h e c u r v e . The r e s u l t s o f 

a g r e a t number o f t e s t s a r e g i v e n i n T e c h n i c a l No te No. 4 4 2 . Many d i f 

f e r e n t a r r a n g e m e n t s w e r e t e s t e d b u t t h e r e s u l t s w e r e p o o r ; t h e b e s t 

r e s u l t s w e r e o b t a i n e d w i t h t h e Melo t t y p e o f a u g m e n t o r . Montgomery 



^9 

K n i g h t , R e f e r e n c e 6 , i n u n p u b l i s h e d t e s t s made a t G e o r g i a Schoo l 

o f T e c h n o l o g y , o b t a i n e d v a l u e s a s h i g h a s 1*29 u s i n g a s i m p l e 

V e n t u r i a r r a n g e m e n t . 

From t h e r e s u l t s o b t a i n e d , s e v e r a l s u g g e s t i o n s for i m p r o v 

i n g t h e e x p e r i m e n t a l j e t s e t - u p a r e a p p a r e n t . F i r s t , a two d imen

s i o n a l j e t would b e more c o n v e n i e n t , for t h e p a r a m e t e r s a f f e c t i n g 

t h e t h r u s t c o u l d e a s i l y b e v a r i e d . Wi th t h i s a r r a n g e m e n t t h e n o z z l e 

a r e a , a n g l e of d i v e r g e n c e , e x p a n s i o n r a t i o , r a t i o o f i n d u c e d f l ow 

i n l e t a r e a and n o z z l e a r e a c o u l d be v a r i e d and t h e b e s t c o m b i n a t i o n 

d e t e r m i n e d . Second , F i g u r e s 19 and 20 i n d i c a t e t h a t s l i g h t l y h i g h e r 

e x p a n s i o n r a t i o s w i t h l e s s d i v e r g e n c e would b e b e n e f i c i a l . The f a c t 

t h a t t h e f low c o u l d b e h e a r d to p u l s a t e a s t h o u g h t h e a i r were b r e a k 

i n g away from t h e j e t w a l l s i n d i c a t e s t h a t t h e d i f f u s e r u s e d on t h e 

< x p e r i m e n t a l s e t - u p had t o o much d i v e r g e n c e . Some o f t h i s t u r b u l e n c e , 

h o w e v e r , was a t t r i b u t e d t o t h e j e t w a l l s n o t b e i n g smooth enough . 

T h i r d , i t would be i n t e r e s t i n g t o d e t e r m i n e t h e e f f e c t o f "ram* or 

i n i t i a l v e l o c i t y on t h e t h r u s t , and t o compare t h i s w i t h t h e s t a t i c 

t h r u s t . T h i s c o u l d b e done by m o u n t i n g t h e j e t i n a w i n d t u n n e l , 

a l t h o u g h t h e ram e f f e c t wou ld p r o b a b l y be s m a l l due t o t h e low t u n n e l 

v e l o c i t i e s . Time did n o t p e r m i t f u r t h e r deve lopmen t of t h e j e t , and 

t h e s e s u g g e s t i o n s a r e made f o r f u t u r e s t u d y . 



20 

CONCLUSIONS 

Within the l imi ts of t h e results obtained, t h e following 

conc lus ions can be made: 

(1) I t i s possible to obtain substant ial ly cons tan t 

augmentation over a range of pressures with a suitably designed 

j e t * 

( 2 ) Values of augmentation as high as 1*4 are possible 

with the annular je t tested* 

(5) fhe annular je t compares f avorab ly with other types 

of augmented je ts tested by the National Advisory Committee for 

Aeronaut ics* 

(4) Unless app rec i ab ly higher values of augmentation 

can be obtained the je t w i l l never be sat isfactory as a prime mover 

for propelling a i r , land or water vehicles a t low speeds* 
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TABLES 

A l l r e s u l t s for constant rate of flow of 100 l b s . psr hour 

Table I 
Simple Convergent Nozzle 

p 
0 

h 
P o 

1.00 0 .0 
1.35 0.622 
1.70 0,815 
2.05 0,940 
2.40 1,022 
2.75 1.09 
3 . 1 1.142 
3 .45 1,19 
3 .8 1.225 
4.15 1.257 
4 . 5 1,287 

Table I I 
Augmented Jet , Nozzle No.l 

P 
Augmentation 

1.0 0 . 0 . 
1.5 1.00 1.39 
2 .0 1.26 1.37 
2 .5 1.43 1.373 
3 .0 1.565 1.38 
4 , 0 1.65 1.375 
4 .5 1.70 1.372 

Table I I I 
Augmented Jet . Nozzle No. 1 , .97" Diameter Plug 

c Augmentation 

1,0 0 , 0 . 
1.35 0.82 0 .965 
1,70 1,69 0.960 
2.05 2.57 0,960 
2.40 3.32 0.960 
2.75 3.94 0,945 
3.10 4.82 0,935 
3* 4H 5.50 0,930 
3.80 6.19 0.940 



Table I ? 
Augmented J e t , Nozzle No. 1 , 1.37* Diameter Plug 

P e \ Augmentation 

1.0 0 . 0 
1.35 0,62 0.63 
1.70 1.12 0 .63 
2.05 1.69 0 .63 
2.40 2.18 0.62 
2 .75 2.69 0.62 
3.10 3 . 1 7 0.615 
3.41 3.56 0.605 
3.80 4.00 0.59 

Table V 
Augmented Je t , Nozzle No. 1 , 1.68" Diameter Plug 

P e 0 
P o 

Augmentation 

1.0 0 0 
1.35 0 .44 0,46 
1.70 0.94 0.52 
2.05 1.31 0.52 
2.40 1.69 0.50 
2 .75 2.06 0.46 
3.10 2 . 1 2 0 .41 
3 .41 2.25 0.37 

Table VI 
Augmented Jet . Nozzle No. 2 

Augmentation 

1.2 0.60 1,225 
1.4 0.78 1.165 
1.6 0 .90 1.17 
1.8 1.0 1.17 
2 , 0 1.1 1.195 
2 .5 1.32 1.27 
3.0 1.52 1.35 
3 .4 1.63 1.38 
3*3 1.70 1.393 



Table VII 
Augmented J e t , Nozzle No* 3 . 

0 

K 
Augmentation 

1 .2 0.72 1.4 
1.4 0.92 1.394 
1.6 1.02 1.325 
l . S 1.11 1.30 
2 .0 1.18 1.282 
2 .6 1.34 1.29 
3 .0 1.45 1.29 
3 .4 1.5L 1.29 

Table VIII 
P l a i n J e t , Simple Convergent-Divergent Nozzle 

P 
© f 

—w~ b 
r o 

1.0 0 
1.35 0 .68 
1.70 1.25 
2.045 2 .06 
2.39 2 .81 
2.745 5*5 
3.09 4 .51 
3.44 5.00 
3.79 5.87 
4 .13 6.50 

Table IX 
Augmented J e t , Nozzle N o . l , Dif fuser Expansion Rat io • 

p f h Augmentation 
\j 

1.0 0 0 
1.35 0 .84 1.32 
1.695 1.00 1.24 
2.04 1.19 1.25 
2.39 1.402 1.315 
2.735 1.473 1.38 
3.08 1.52 1.37 
3.48 1.63 1.375 
3.78 1.585 1.375 



Table X 

Augmented J e t , N o r t l e No. 1 , Diffuser Expansion Ra t io - 1.75 
Augmentation 

p 
0 

h 
0 

1.0 0 
1.2 0.45 
1.4 0.75 
1.6 0.94 
1.8 1.06 
2 .0 1.16 
2 .5 1.35 
3 .0 1.49 
3 .4 1.58 _ 
3 .8 1.64 

0 
0.918 
1.136 
1.22 
1.24 
1.26 
1.298 
1.325 
1.34 
1.344 

Table X I 
Augmented Je t , Nossle No. 1 , Diffuser Expansion Ratio - 1.5 

e T, 
P o h 

1,0 0 
1.2 0.50 
1.4 0.78 
1.6 0.93 
1.8 1.04 
2 .0 1,13 
2 .5 1.28 
3 .0 1.39 
3 .4 1.45 
3 .8 1.51 

Augmentation 

0 
1.02 
1.18 
1.208 
1.218 
1.229 
1.23 
1.235 
1.23 
1.238 
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General View of Apparatus w i t h P l a i n J e t i n P lace 




























