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1949 ANNUAL INSPECTION 

Rocket Laboratory

Part I 

The questions to be discussed with you here today are, first, 

what are the potentialities of the rocket as a fli 8ht pr opul­
• 

sion power plant , and second, what is the NACA doing to hasten 
~ 

;.) the realization of these potentials? 

The rocket engine 1s unsurpassed wherever high thrust from .. 
,). 

a small package is required for a short period of time, and it 

.. is the only engine we have today in which thrust does not de­

crease and di sappear as higher and highe r a ltitudes are reached, 
~ 

but even increases with altitude. Because it carries its own 

-( ox idant, the rocket has no need of the earth's atmosphere, and, 
.., 

in fact, develop~s h igher thrus t wi thout it. 
" The first chart is a diagrammat ic view of a rocket power

'yo( 

-.., plant installation. It comprises the fuel and oxidant tanks, 
 
,.,. 

a pumping system, a flow control valve , and the eng i ne. The 
 
-, 

fuel and oxidant mix and burn in a comhustion chamber. The hot 
~ ." 

• 	 gases a r e expanded through the convergent-divergent nozzle 
 

are 'a'ccelerated to the rear and thus exert a forward thrust 
 

upon the rocket. 
 

A compari son of the rocket engine wi th other t ype s of en­

gines - the ramje t , the turbojet, and the reciprocat i ng - i s 

shown by the next char t. The data f or ea ch e ng ine was taken 

for cond i tions of maximum range . The rocket develops the 

greatest thrust per unit engine weight and has the minimum 

f r ontal area pe r pound of t hrust of all eng i nes used for flight 

propuls i on. Further , this thrust is i ns t antly ava i lable as the 
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..... 
~~ rocket nee ds no "war m up' in the usua l sense. The spec ific fuel 
.... ~ 

or l iquid consumption of the rocket i s , however , much greate r-. 
..... than any of t he ot her e~gines, pa r t ly because the rocket c~rries 

- .. its own oxidant as well as i'ue 1. These comparisons show the 

- rocket engine's usefulness to applications requiring very great-. 
.~ 

thrust for a relatively short pe riod of time. This type of 

)­ performance is of extreme value for launching and accelerating 
.. 

missiles or a i rc raft and in assisting ot her powe r plants. For 

)., example, It ~ is useful in assisting the rocket engine which is 

~> incapable of delivering thrust until it is moving through the 
). 

air at high speeds; for rockets it is also of value for providing 

high thrust quickly when an emergency requires an airplane to ...... ~ 

~ T1 	 climb rapidly or travel very fa s t . All of the s e use s have been 
--. '" 

realized. The r ocket engine has also been us ed as a prima r y 
,,~ 

~. 	 
power plant for military missiles, for upper a tmos phere r e sear ch 

vehicles, and as t he primary power plant for research airplanes.'­
- < 

The first piloted airplane actually to operate in the supe rsonic 
~ .. 

regime , the X-I, was rocket powe red. Th is is a cut-away of one 

~-~ of the four thrus t cylinders used on this airplane. The engine 
... 

of four of these cylinders can out-pus t any exis ting turbojet 
~ 

engine at any a l ti tude above 35,000 feet •... 
In view of the high pe rfor mance potent ial i ty of the r ocket 

engine at any altitude t he NACA i s conducting research on 

major problems that must be solved in order to realize the unique
'" 
~ ~. advantages of the rocket engine. What are these major problems? 

A first problem is that of providing the best propellants ­
~ 

fuel and oxidant - f or use i n the engine. The highest possible--------...... 
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... ~ 

'.. ....., 

I,.,... ~ thrust is des ired from a g i ven quantity of mate ria l to obtai n 

-. 
... ~ 

a low specific propellant consumption and in this way increase 

the di stance of t ravel or r ange. The next char t illustrates..... 
-... the importance of low s pecific propellant consumption on range 

• assuming a ballistic flight. Shown here are a few of the many-. 
possible rocket ~opellant combinations. The range for nitric- ~)... 

~ acid and gasoline is taken as a basis of comparison. Alcohol 
 

oxygen has a relative range of 1.08, hydrazine-chloride tri ­


» fluoride 1.29, dlborane-oxygen 1.81, diborane-fluorine 2.0, 
 

~, hydrogen-oxygen 2.3 percent, and hydrogen-fluorine 2.5 percent. 
~. ~ 

Other factors than low s pecific propellant consumption must 

be considered in selecting propellants. Properties such as
"'-<' 

~ ."1 ignit4bllity, density of propellants, their boiling and freezing 
.-- ...,. 

pOints , stability, toxcl ty, and availability, must also be 
...... 
_.y considered. The final choice of propellants is always governed 

'. by t h e specific purpose for which the rocket engine will oe 
-, 

used. Only after extensive research and development can the' 
.., ~ 

bes t choice be made. The NACA has made theoretical studies of 

~-~ all the combinations shown here and has comple ted or is working 
..... ­

on the ones indi cated in blue. 
'~4 ~ 

I would like to show movie s taken during the experiment s.. 
with hydrazine-chlorine t rifluor ide , diborane-hydrogen peroxide, 

and diborane-oxygen. 

.. (MOVIE COMMENTARY) 

.... 1. This is a view of the lOO-pound thrust rocket engine 

using chlorine-trifluor i de and hydrazine as propellan t s • 
.... . 

2 . This is t he exhaust flame. The flame i s not very 
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.. luminous. The exhaust f ume s are t ox i c and for t h is r eason the 

~~ engi ne was opera t e d f r om a dis t ance . 
-. 

3 . Here is a second run of t he same engine~ 
')0 ,.~ 

4. This i s a view of the 100-pound thrus t ~ocke t engine
-~ 

~~ using diborane as a fuel. 
-. 

5. This is a run using diborane and hydrogen perox ide as - .. 
propellants • 

~. 6. This and following runs are for experiment s using di­
". . 

borane and oxygen as propellants, both in the liquid state. This 
> >> 

>-. combination has a theoretical ga s t emperature of 67800 F. 

~ , 7. In this run you will see a slight explosion and fire 

at t he rear of t he engine. This 1s caused by the extremely high 

heat transfe r from the hot gase s which burn through the engi ne 

wal l s, and empha sizes the need for positive cooling me tho ds. 

A second ma j or prob lem in the use of liquid rocket eng ines 

is cool ing . Because the rocket eng ine 1.s supplied with fuel 

and ox idant in concennrated form a tremendous amount of energy 

is liberated in a small combustion chamber. The gas temperatures 

range f r om 4000 t o over 60000 F and hence a considerable amount

of heat is transferred to the combustion chamber by radiation 

....... "'«' 
 

, ".." 

:- .. 
.... "1 

~ 

, '. 
..,.. , 

-.. ~ 

" ­ &nd forced convec t ion. To get s ome conce pt of the magnitude of 
~ 

t he problem consider a spec ific example . Th i s rocke t eng ine use s 

nitric acid and an i line and produces 1000 pounds of' thrus t. The 

heat r elease is 520,000,000 btu/hr/cu. f t or 20 time s gre a te r 
.. 

t han a turbo j e t engine or 10, 000 times greater than a modern 

boiler. This par ticu l a r eng ine is un cooled because it only 
...~ 

ope r ates f' or a few seconds. One method of cooling tha t is used 

fo r r ockets is to c irculate one or both propellants over the 



- 5 ­


engine surface prior to injection and combustion. For example 

t he X- I engine he r e ha s t he f uel f i rst circul ating i n a sp i ral 

path around t he nozz l e and combustion chamber pr i or to injec ti on. 

With many h i gh ene r gy propellants this manner of cooling is not 

sufficient or the propellants are not suitable as coolants. In 

these cases an effective method of cooling is internal film 

cooling, in which a film of coolant is maintained along the inner 

surfaces of the rocket comhustion chamber and nozzle in dir ect

contact with the hot gases. One method for doing this is to make 

all or part of t he rocket of porous metal such as this c~ample 

and al,low the coolant t o seep through it and form a p~ot.otlv. 

l aye r on the inside. Here is a model to illustra te this method of 

cooling. A second me thod of film cooling is to introduce the 
and 

current at discre t e posi tions in the combustion chambe r/nozz le. 

The red fluid similates the hot combustion ga ses which, as I have 

said, may be at a temperature of 60000 F or more. The tempera ture 

of t he walls of t he chamber and nozzle wou ld rise quickly above 

their melting po i nt if they were not cooled. The blue fluid 

which you see along the walls of the chamber and nozzle simulates 

the coolant. Note that it dissipates itself by mixing wi th the 

h ot gas stream and must be introduced at several posit i ons a l ong 
-

the c ombustion chamber wall s for maximum ef f ectiveness • 
...... 

Another f ilm cool ing method is the use of porous meta ~ . 

The coolant flows through t he porous metal int o the rocke t engine . 

Here is a model to illustrate th i s method of cooli~g . Both 

disks shown here are similar except that this one is rigged so 

A ~ that wa ter can flow t hrough it in this manner . A hot fl ame, 

such a s this acetylene oxygen flame can be played d i rectly on the 

... .. 

........ 
 

.' ~ 

~ ~ 

-. 
-.... 
-. 

• 

~. ... 
» 

~. 

~. 

.. . 
, y 

... 
~ "1 

.) 
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porous se ct ion wi thout overheating the me t al. Without the 

coolant the flame would quickly bur n through the metal . The NACA 

has in progress a basic study to determine the ~hara cteri stics 
"u 

of internal film cooling. The study is being made first at tem­


peratures up to l800 0 F and in the future the results will be ex­


tended to higher temperatures. The next chart illustrates some

... oM. , 

~ .. 
- .~ 

+. of the results that have been obtained from this study. The 

•• first plot shows the length of the duct that is effectively 

cooled as a function of gas veloci t y for severa l gas temperatures. 

. -~ For a given gas temperature the dats sh ow that the effective, 

'... 	 length decreases as the gas veloci ty increases. ~eoo=t}¥ r!l.Q..t 
 

show, h e--:::e-r1'e-c tl f -l i-eng-th=s.s:- 8 _ funa.t-ion- o-f..;.;.-the amou nt- of 
 
" .. 

coolan t flow for- several gas t~mper8nfres:- . For-a-- given, ~gas .. ,,, 
 
....... 
 tempe-ra~'tn:re - the~da'ta sho"W -tha t the effective length decreases 
 
... .. 
 

as the-	 gaa veloci t y incr ,e8:Ses ..~ The second plot shows the effective 
~. 

- » 
film l ength a s a function of the amount of coo l ant flow f or several 

--, gas temperatures . For a given gas temperatur e , the effect of 
'r' fi lm length i ncreases as the coolant fl ow increases . The data 

from this research project are used to determine the rules that 

a designer must follow in meeting a , specific cooling problem 

at high temperatures and high ga s veloc it ies. And now I would 
.. 

like to i ntroduce Mr . Paul Ordin who will continue the discussion 
.,.. 	
 

of r ocke t problems. 
 
. . 
.. ~ 
, .. 
A .. 



- .7 ­.... ~ 
, ,., Part II 

A thi rd major pr oblem encountered in the design and use 
~ . 

of liquid propellant rocket engines is altitude starting. 

" .... This includes the inj~ct ion and mi x i ng of the propellants and 
.. , 

their ignition. 
~ A 

As more and different tactical demands are made of engines,· .. 
...) new problems arise. The successfUl ignition of rocket propelw 

' r • 
lants at high alt i tude and low temperature has been emphasized .. . 
as a rea l and present problem as a r esult of a broadeni ng 

, . } usage of rocke t powe r plants. For example , a rocke t engino in­

tended f or use as a thrust augmentat ion device t o provide super.. . 
performanc e of an airplane is carr ied several hours at high 
 

• -< altit ude - long enough to become thoroughly chi l led to 40 or 
 
J <t/O \IV' 

• • y 50 J zer o F. But it is required that i ts propellants shall ig­

nite and provide thrust immediately.'" , 


, , 
 The NA CA ha s rec~ntly i nstalled facilities f or studying 

the s tarting or rocket engines at altitude and with the rocke t 

and propellant s at low temperature you wil l see this equipment 

after your stop here. 

Te s t of a conventional rocket engine like this one using 

a cid and aniline as propellant s a r e on the way with this al ti ­, . .., 

... tude equipment. This engine wa s des i gned to start at s ea-level 
-., 

and normal temperatures but new uses contemplat ed by the mi li ­

tar y r equire start i ng . a t altitude and low temper a tures . Thi s 

chart depicts t he first findings of an investigation to deter­

mine the effect of low propellant temperature and low atmos­

Pheric pressure on the starting of this particu l ar engine. The 

chart shows that at sea-level a ir temperatures warme ~ than 00 F 
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.... 

successful s t a r ting was obtained. At t empe r ature s b e tween 


.... -
... . 00 F and 	- 250 F i gniti on was uncertain and below _250 F igni­.... 

t ion could no t be obtained. At ve r y high alt i tudes and warm 
~ . ... t emperature above 00 F either explosions were experienced or ... igni tion 	failure occurred. Here is one engine that exploded 
#~ 

during these t es ts. 
~ .' . The NACA is studying this problem of igniti on in an effort 


..... 

~

to explain anG to eliminate explosions and ignition failures. 
~ 

Since th is chart shows that temperature is a major factor caus­
> ... 


;- > ing ignition failures and explosions, a sim~le bench experiment 


.. ~ has been made t o measure the ef fect of temperature on ignition 

delay and to seek additives or new fuels to reduce or to eli ­
-..~ 

minate this delay. The effec t of t emperature on t he i gni t i on~~ 

... ., delay of 	 acid and a niline can be demonst ra ted by means of this 
.... ., 

apparatus shown d iagrammat icall y by the n ext chart • .. 

.. It is desi red to mix the fuel and oxidant at low tempera­


.~.,. 	

ture and to me asure the time interval between mixing and flame 
... . 

- ", 
appearance. This is done by placing the fuel in a sealed gla s s 

, ... ampoule and immersing it in the oxidant in a test tube as shown. 
- -( The test tube contained fuel and oxidant is itself immersed in 
~" o/ 

an alcohol bat h that is mainta i ned a t 300 bel ow 00 F by a c i r ­
~ 

culating 	coolant . The gla ss ampoule of f uel i s broken by means 

" 	 of a falling we i ght which when released by the trigger strike s 

t hi s rod and breaks the ampoule . This switch starts an elec t r onic 

timer at the time the ampoule is struck and this photo cell stops 
~ .... the timer when a flame appears . 
-, ... 

4 
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Thi s apparatus is set up here t o demonstrate ignition 

delay at l ow temperature . Here is the timer and this potentio­

meter sh ows the t emperature of the coolant around the t est tubes• 

Two i dentical sets of apparatus are shown. In t he fir st , on

the left we have placed an ampoule of crude monoethylanlline in 

a tube contain ing mixed acid which is mostly nitric. This is 

the combination used 1n the engine just described. The acid­

aniline combination ras an ignition delay of 35/1000 second at 

room temperature but now see what happens at 300 below zero. The 

ttmer shows 8. delay of __ seconds or __ times longer than for 

room t emperature. This t i me difference is sufficiently long to 

permi t accumulation of propellant s in quantities capable of pro­

ducing an explosion when they do igni te , or even so long that 

""~ 

, ... 

.. , ... 
.. 

'... 
.... ~ .. ~ 
. ~ 

> ... 

>. 

~ ). 

-~ 

~ "f' 

,. ... i gniti on n ever occurs wi th, fresh charge continuously sweeping 

...,~ t hrough the engine. One proven cure is to keep the engi ne and 
..... 

propellants warm.-. 
.~", A second possib le curve now under study is t he use of chemi­

'yo' cal additives to the fuel to shorten ignition delay at low te~ 

perature or the use of different fuels. The second apparatus 
, .. 
 
-.; on the right, has a fuel containing aniline and furfuryl alcohol 
 

...... 
 which i s one combinati on which wa s found to have a short delay 

• 
 at low t emperature. It is also immer sed in mixed acid and at 

J" - 300 F. Now s ee what happens. The time r shows a delay of 

oJ "</ seconds or roughly l Is the delay of the origina l fuel. Th is 
- .c s t udy is still in progress. 
~ 
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-. 	 A fourth problem of l i quid f uel rocke ts is combustion or 
.. 1 	 more specifica l ly the obtaini ng of effic i ent combustion to in­

crease per fo rmance and to do so in as small a volume as poss i bleA, 

.1. to decrease heat losses. Satis factory combustion is a function 

• • of the injection and mixing processes and the combustion chamber 
... ,. 

~ 
volume and shape. It was pointed out at the inspection last. 

- . > 	 year that this laboratory has been studying various i njection .. ) 

methods by 	taking high speed photographs of the r esulting com­·} 

> > 	
bustion patterns . Since that time the apparatus has been used 

.. , 	 to study another combustion problem that is c losely connect ed 
> • 	

with injector design. This is the phenomenon of combustion 

vibration 	or chugging which causes violent fluctuations or pres­
., y 

sure, to be set up in t h e combustion chamber and supply lines. 

The chamber pressure may reach a maximum that is double the 

normal value and the excessive f orces frequent l y result in the 

structural 	failure of the chamber in suppor ting members. This 

phenomena 	has been encountered in the course of rocket develop­

ment and has occurred at unpredictable ti me s. 

This laboratory first made an analysis of the "chugging" 

problem f rom a theoretical standpoint to determine the conditions 

a t which chugging can occur. A rocke t wa s then set up to check 

the theory experimenta lly. Experiment s are being conducted to 

dete rmine how chuggi ng is effect ed by such variable s as combustion 

chamber pressure, inject i on pr essure , and combustion volume. 

This information will permit the design of rockets in which 

chugging will be avoided in the desired operating range. You will 

now be shown some motion pictures illustrating this phenomena. 

• y 

~ .. 
... T 

~. 

"" ~I • 

, . 
- , 
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(MOVIE COMMENTARY)

2. He r e is a no rmal run. The eng i ne is pr oduc i ng 1000­

·. 
.. ~ 
... . 1 . Thi s is a view of the setup• 

...... 
" . pound thrust with nitric acid and , ga~oline as propel lan t s . ,... 
 

~. Here the rocket is chugging at a frequency of about 
 

~ 30 cycles per second. 
~ ~ 

4. This is another view of the same run taken through the 
.~~ 

· operator's observation window. 
~ 

• > 	 5. This is another run with chugging at about 30 c~les 

per second. 
, > 

~. 

~ .. 	 S. The se are high speed photographs at about 3000 frames 

per second of normal combustion. Notice the shock pa t terns in 
-.. 

t he flame. 
~ ., 
....., 7 . Here are high s peed ph otographs at 3000 frames per second 

... 'f of chugging. The frequency is about 18 cyc les per second. The 
-, 

l i ttle whit e dot right behi nd the noz zle lever is stationary and 
-+ 

.	.,.., show! how much the rocket is movirlg because of the r ocke t chugging • 

-.. . Note that at times the flame di s appears completely. 
.... . 

To further demonstrate t his phenomena of chugging a rocket
'. .... engine will be operated for you~ and regular research data will 

... .... -. 
 be obtained during the run• 

The rocke t will oper ate with t wo short bursts of five seconds
"- .. 

ea ch. The fi rs t burst will be with chugg ing and th e second burst 

wi th the s ame rocket operat ing in a nor mal manner. 
4 .. 

-~ 
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Fai r Weather When you hear the si ren plea se hold your 

".. hands over your ears unt i l you are accustomed 

to the noi se . If you prefer you may rema i n 

~. 

A • 

seated here and watch the flame by television. 

• • Those who wish to go to the observa tion point, 

~ ; 

~ 

please follow the guide. Thank you. 
~ ~ 

-~ Ra iny Weathe r Because of the rain you will not be able to 
~> 

~> 
see the rocket directly. I f you remain in 

" . your seat s you can see the fl ame through 
,. . 

television and hear the noise directly. The 
.. ~ 

demonstration will start soon after the start 

... .., .. of the s iren. Thank you • 
, . 

" . 

.., , 

.~. 
~ . 

.. . 
 

~ .. 
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LIQUID PROPELLANT ROCKET 

OXIDANT 

TURBINE PUMP 

FUEL 

CONTROL 
8 GUIDANCE 

TURBINE GAS GENERATOR 

C-2.44"t. 
lD-lB-0\9 

~ 



< ~ ~ 
J 

.;. .... -. ...... ~ ' ...: ~ .", 

POWERPLANT · COMPARISONS 
POWERPLANT THRUST IFRONTAL AREA ISPECIFIC FUEL 

PER UNIT ENG. WT PERUNITTHRUST CONSUMPTION 

ROCKET 

RAM JET 

TURBO JET 

PISTON 

o 

@ 

• 

C-2..~11 
10-13-49 

~ 
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THEORETICAL RELATIVE BALLISTIC RANGE 
 
HYDROGEN-FLUORINE 
 

HYDROGEN-OXYGEN 
 

DIBORANE-FLUORINE 
 

DIBORANE-OXYGEN 
 

HYDRAZINE-CHLORINE 
 
TRIFLUORIDE 
 

ALCOHOL-OXYGEN )'iii 

GASOLINE-ACID AZ ­ rF' 

o I. 1.5 
RELATIVE RANGE 

2. 2.5 

C-2.+\18 
10-1.3-<\9 

~ 
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INTERNAL FILM COOLING · 
 

~IOOO°F 

LENGTH 
OF 

COOLED 
DUCT 

LENGTH 
OF

COOLED 
DUCT

GAS VELOCITY 
 

'----800° F 

1400°F\ 

'-1800°F 

COOLANT FLOW 
 
C-2.~'HS 
lD-l~' 49 

~ 



IGN IliON APPARATUS 
 

0000 
0 00 0 
0000 
0000 

ELECTRONIC 
 
TIMER ­


TRIGGER 

PHOTO -ELECTRIC 
CELL 

WEIGHT 

FLAME 
DEFLECTOR 

SMASHING 
ROD 

FUEL AMPULE 

LOW TEMP BATH 

C·2.441S 
lJ)·n -49 

~ 
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ALTITUDE STARTING 
 

ALTITUDE 
 
ABOVE 
 

50.000 FT. r~ 
~ 

PROPER START /EXPLOSION NO START 

SEA 
 
LEVEL 
 

PROPER START 

WARM 

PROPELLANT TEMPERATURE 

NO START 

COLD 

(-14414­
lO-13-QG 

~ 
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	Structure Bookmarks
	'" -> 
	1949 ANNUAL INSPECTION 
	.." 
	.

	Rocket Laboratory
	-t 
	~ ­
	Part I The questions to be discussed with you here today are, first, what are the potentialities of the rocket as a fli8ht pr opul­
	-~ 

	• 
	sion power plant , and second, what is the NACA doing to hasten 
	~ 
	;.) the realization of these potentials? The rocket engine 1s unsurpassed wherever high thrust from 
	.. 
	Figure

	a small package is required for a short period of time, and it is the only engine we have today in which thrust does not de­crease and disappear as higher and higher altitudes are reached, 
	,). 
	.. 

	~ 
	but even increases with altitude. Because it carries its own -( oxidant, the rocket has no need of the earth's atmosphere, and, 
	.., 
	in fact, develop~s higher thrust without it. 
	" 
	The first chart is a diagrammatic view of a rocket power
	'yo( 
	-.., plant installation. It comprises the fuel and oxidant tanks, . a pumping system, a flow control valve , and the engi ne. The . 
	,.,. 

	-, 
	fuel and oxidant mix and burn in a comhustion chamber. The hot 
	~." 
	• . gases ar e expanded through the convergent-divergent nozzle . are 'a'ccelerated to the rear and thus exert a forward thrust . upon the rocket. . 
	A comparison of the rocket engine with other types of en­gines -the ramjet, the turbojet, and the reciprocating -is shown by the next chart. The data for each engine was taken for condi tions of maximum range . The rocket develops the greatest thrust per unit engine weight and has the minimum f r ontal area per pound of thrust of all engines used for flight 
	propulsion. Further, this thrust is instantly available as the 
	Figure
	-2 ­.
	..... 
	~~ rocket needs no "warm up' in the usual sense. The spec ific fuel ~ 
	.... 

	or liquid consumption of the rocket is, however, much greater
	-. 
	than any of t he ot her e~gines, par t ly because the rocket c~rries -.. its own oxidant as well as i'ue 1. These comparisons show the rocket engine's usefulness to applications requiring very great
	..... 
	-

	-. 
	thrust for a relatively short period of time. This type of 
	Figure
	.~ 

	)­
	performance is of extreme value for launching and accelerating 
	.. 
	missiles or a irc raft and in assisting ot her power plants. For )., example, It~ is useful in assisting the rocket engine which is 
	~> 
	incapable of delivering thrust until it is moving through the air at high speeds; for rockets it is also of value for providing high thrust quickly when an emergency requires an airplane to 
	). 

	~ 
	...... 

	~ T1 . climb rapidly or travel very fast. All of these uses have been 
	--. '" 
	realized. The rocket engine has also been used as a primary 
	,,~ 
	power plant for military missiles, for upper atmosphere research vehicles, and as t he primary power plant for research airplanes.
	~. . 

	'­
	-< 
	The first piloted airplane actually to operate in the supersonic 
	~ .. 
	regime , the X-I, was rocket powered. This is a cut-away of one ~-~ of the four thrust cylinders used on this airplane. The engine 
	... 
	of four of these cylinders can out-pust any existing turbojet 
	~ 
	engine at any al titude above 35,000 feet •
	... 
	In view of the high performance potentiality of the rocket engine at any altitude the NACA i s conducting research on major problems that must be solved in order to realize the unique
	'" 
	Figure

	~~. advantages of the rocket engine. What are these major problems? A first problem is that of providing the best propellants ­
	~ 
	fuel and oxidant -for use in the engine. The highest possible
	--...... 
	------

	-3' ­.
	~ '.. ....., 
	... 

	I,.,... ~ 
	thrust is desired from a gi ven quantity of material to obtain ... 
	-. 

	~ 
	a low specific propellant consumption and in this way increase the distance of travel or range. The next chart illustrates
	..... 
	the importance of low specific propellant consumption on range • 
	-
	... 

	assuming a ballistic flight. Shown here are a few of the many
	-. 
	possible rocket ~opellant combinations. The range for nitric
	~)... 
	-

	~ 
	acid and gasoline is taken as a basis of comparison. Alcohol . oxygen has a relative range of 1.08, hydrazine-chloride tri­.fluoride 1.29, dlborane-oxygen 1.81, diborane-fluorine 2.0, . 
	» 

	~, 
	hydrogen-oxygen 2.3 percent, and hydrogen-fluorine 2.5 percent. Other factors than low specific propellant consumption must be considered in selecting propellants. Properties such as
	~. ~ 

	"'-<' 
	~ ."1 
	ignit4bllity, density of propellants, their boiling and freezing 
	...,. 
	.--

	pOints, stability, toxclty, and availability, must also be 
	...... _.y considered. The final choice of propellants is always governed by the specific purpose for which the rocket engine will oe used. Only after extensive research and development can the' 
	'. 
	-, 

	.., 
	~ 
	best choice be made. The NACA has made theoretical studies of ~-~ all the combinations shown here and has completed or is working 
	..... ­
	on the ones indicated in blue. 
	'~4~ 
	I would like to show movies taken during the experiments
	.. 
	with hydrazine-chlorine trifluoride, diborane-hydrogen peroxide, 
	and diborane-oxygen. (MOVIE COMMENTARY) .... 1. This is a view of the lOO-pound thrust rocket engine 
	.. 

	using chlorine-trifluoride and hydrazine as propellants • 
	.... . 
	2. This is t he exhaust flame. The flame i s not very 
	-4 ­
	e 

	Figure
	~ 
	.~ 
	luminous. The exhaust fumes are toxic and for this reason the ~~ engine was operated from a distance. 
	.. 

	-. 
	3. engine~ 
	Here is a second run of the same 

	')0 ,.~ 
	4. ~ocke t engine
	This i s a view of the 100-pound thrust 

	-~ 
	~~ using diborane as a fuel. 
	-. 
	5. This is a run using diborane and hydrogen perox ide as 
	-.. 
	propellants• 
	~
	6. This and following runs are for experiments using di­borane and oxygen as propellants, both in the liquid state. This 
	. 
	". . 

	> >> 
	combination has a theoretical gas temperature of 6780F. 
	>-. 
	0 

	~ 
	7. In this run you will see a slight explosion and fire at the rear of the engine. This 1s caused by the extremely high 
	, 

	....... "'«' . 
	heat transfer from the hot gases which burn through the engine 
	, ".." 
	walls, and emphasizes the need for positive cooling methods. 
	:-.. 

	.... "1 
	A second major problem in the use of liquid rocket engines 
	~ 
	is cooling. Because the rocket engine 1.s supplied with fuel 
	, 
	'. 
	and oxidant in concennrated form a tremendous amount of energy 
	..,.. , 
	is liberated in a small combustion chamber. The gas temperatures range f r om 4000 t o over 6000F and hence a considerable amount
	0 

	-
	.. ~ 
	of heat is transferred to the combustion chamber by radiation 
	" ­
	&nd forced convect ion. To get some concept of the magnitude of 
	~ 
	the problem consider a spec ific example. This rocket engine uses nitric acid and aniline and produces 1000 pounds of' thrust. The heat release is 520,000,000 btu/hr/cu. ft or 20 times greater 
	Figure

	.. 
	than a turbojet engine or 10,000 times greater than a modern 
	boiler. This particular engine is uncooled because it only 
	...
	oper ates f'or a few seconds. One method of cooling that is used for rockets is to circulate one or both propellants over the 
	~ 

	Figure
	-5 ­.
	... .. 
	........ . 
	engine surface prior to injection and combustion. For example 
	~ 
	.' 

	the X-I engine here has the fuel fi rst circulating in a spiral 
	~ ~ 
	path around the nozzle and combustion chamber pri or to injection. .... 
	-. 
	-

	With many high energy propellants this manner of cooling is not 
	-. 
	sufficient or the propellants are not suitable as coolants. In these cases an effective method of cooling is internal film cooling, in which a film of coolant is maintained along the inner 
	• 

	~. 
	surfaces of the rocket comhustion chamber and nozzle in dir ect
	... 
	contact with the hot gases. One method for doing this is to make all or part of t he rocket of porous metal such as this c~ample 
	» 

	~. 
	~. 
	p~ot.otlv. 
	and al,low the coolant t o seep through it and form a 

	.. . 
	layer on the inside. Here is a model to illustrate this method of cooling. A second method of film cooling is to introduce the 
	, y 

	and 
	... 

	current at discret e positions in the combustion chamber/nozzle. 
	~ "1 
	The red fluid similates the hot combustion gases which, as I have said, may be at a temperature of 6000F or more. The temperature 
	0 

	.) 
	of t he walls of the chamber and nozzle would rise quickly above their melting poi nt if they were not cooled. The blue fluid which you see along the walls of the chamber and nozzle simulates the coolant. Note that it dissipates itself by mixing wi th the hot gas stream and must be introduced at several positi ons al ong 
	-
	the combustion chamber walls for maximum effectiveness• ...... Another f ilm cooling method is the use of porous meta~ . The coolant flows through the porous metal int o the rocket engine. Here is a model to illustrate thi s method of cooli~g. Both disks shown here are similar except that this one is rigged so A~ that wa ter can flow through it in this manner. A hot flame, such as this acetylene oxygen flame can be played di rectly on the 
	-6 ­
	Figure

	porous section without overheating the metal. Without the coolant the flame would quickly burn through the metal. The NACA has in progress a basic study to determine the ~haracteristics 
	"u 
	of internal film cooling. The study is being made first at tem­.peratures up to l800F and in the future the results will be ex­.
	... 
	0 

	oM. , 
	~ 
	.. 
	tended to higher temperatures. The next chart illustrates some
	.~ 
	-

	of the results that have been obtained from this study. The •• first plot shows the length of the duct that is effectively cooled as a function of gas velocity for several gas temperatures. For a given gas temperature the dats show that the effective
	+. 
	. 
	-~ 

	, 
	'... . length decreases as the gas velocity increases. ~eoo=t}¥r!l.Q..t . show, he--:::e-r1'e-c tl f-l i-eng-th=s.s:-8_ funa.t-ion-o-f..;.;.-the amount-of . 
	" 
	.. 
	coolant flow for-several gas t~mper8nfres:-.For-a--given,~gas 
	.. ,,, . ....... . 
	tempe-ra~'tn:re -the~da'ta sho"W -that the effective length decreases . ... .. . 
	as the-.gaa velocit y incr,e8:Ses ..~ The second plot shows the effective 
	~. 
	film l ength as a function of the amount of cool ant flow f or several gas temperatures. For a given gas temperature, the effect of film length increases as the coolant flow increases. The data 
	-» 
	--, 
	'r' 

	from this research project are used to determine the rules that a designer must follow in meeting a , specific cooling problem at high temperatures and high gas velocities. And now I would 
	.. 
	like to introduce Mr. Paul Ordin who will continue the discussion .
	.,.. .. of r ocket problems. . 
	.. ~ 
	.. 

	, .. 
	A .. 
	-.7 ­
	.... ~ 
	, ,., 
	Part II A thi rd major pr oblem encountered in the design and use 
	~ . 
	of liquid propellant rocket engines is altitude starting. " .... This includes the inj~ction and mixing of the propellants and 
	, 
	.. 

	their ignition. 
	~ A 
	As more and different tactical demands are made of engines,
	·.. new problems arise. The successfUl ignition of rocket propelw 
	...
	) 

	'r • 
	lants at high alt i tude and low temperature has been emphasized 
	.. . 
	as a real and present problem as a result of a broadening usage of rocket power plants. For example, a rocket engino in­tended f or use as a thrust augmentation device t o provide super
	, . } 

	.. . 
	performance of an airplane is carried several hours at high . • -< altitude -long enough to become thoroughly chi l led to 40 or . 
	\IV' 
	J <t/O 

	• • y 
	J zer o F. But it is required that i ts propellants shall ig­
	50 

	nite and provide thrust immediately.
	'" , ., , .
	rec~ntly i nstalled facilities f or studying the starting or rocket engines at altitude and with the rocket and propellant s at low temperature you will see this equipment after your stop here. 
	Figure
	The NACA has 

	Test of a conventional rocket engine like this one using acid and aniline as propellants ar e on the way with this alti­
	,. .., ... tude equipment. This engine was designed to start at sea-level and normal temperatures but new uses contemplated by the mi li­tary require starting. at altitude and low temperatures. This chart depicts t he first findings of an investigation to deter­mine the effect of low propellant temperature and low atmos­Pheric pressure on the starting of this particul ar engine. The 
	-., 

	chart shows that at sea-level air temperatures warme~ than 0F 
	0 

	Figure
	.,.. .-8 ... 
	.... .successful st arting was obtained. At t emperatures between .
	.... 
	-
	... . 
	0F and .-25F i gnition was uncertain and below _25F igni­
	0 
	0 
	0 

	.... 
	tion could not be obtained. At very high altitudes and warm 
	~ . 
	t emperature above 0F either explosions were experienced or 
	... 
	0 

	... 
	igni tion .failure occurred. Here is one engine that exploded 
	#~ 
	during these t ests. 
	~ .' 
	The NACA is studying this problem of ignition in an effort ...... .
	. 

	~
	to explain anG to eliminate explosions and ignition failures. 
	~ 
	Since this chart shows that temperature is a major factor caus­
	> ... .;-> ing ignition failures and explosions, a sim~le bench experiment .
	~ 
	.. 

	has been made t o measure the ef fect of temperature on ignition delay and to seek additives or new fuels to reduce or to eli­
	-..~ 
	minate this delay. The effect of t emperature on the ignit ion
	~~ 
	., 
	... 

	delay of .acid and aniline can be demonstrated by means of this 
	.... ., 
	apparatus shown diagrammatically by the next chart• 
	.. ... It is desired to mix the fuel and oxidant at low tempera­.
	.
	ture and to measure the time interval between mixing and flame 
	~.,. .

	... . 
	appearance. This is done by placing the fuel in a sealed glass , ... ampoule and immersing it in the oxidant in a test tube as shown. The test tube contained fuel and oxidant is itself immersed in 
	-", 
	--( 

	~"o/ 
	an alcohol bath that is maintained at 30bel ow 00 F by a cir­
	0 

	~ 
	culating .coolant. The glass ampoule of fuel is broken by means 
	" .of a falling weight which when released by the trigger strikes this rod and breaks the ampoule. This switch starts an elect r onic timer at the time the ampoule is struck and this photo cell stops 
	~ 
	.... 
	the timer when a flame appears. -, ... 
	-9 ­.
	""~ 
	, ... 
	Thi s apparatus is set up here t o demonstrate ignition delay at l ow temperature. Here is the timer and this potentio­meter shows the t emperature of the coolant around the t est tubes• 
	Figure
	, 
	.. 

	Two identical sets of apparatus are shown. In the first, on
	... 
	the left we have placed an ampoule of crude monoethylanlline in 
	.. 
	a tube containing mixed acid which is mostly nitric. This is 
	'
	... 
	the combination used 1n the engine just described. The acid­
	~ 
	.... 

	aniline combination ras an ignition delay of 35/1000 second at 
	.. 

	~ 
	~ 
	.

	room temperature but now see what happens at 30below zero. The 
	0 

	> ... 
	8. delay of __ seconds or __ times longer than for 
	ttmer shows 

	>. 
	room t emperature. This t ime difference is sufficiently long to permit accumulation of propellants in quantities capable of pro­
	~ ). 
	-~ 
	Figure

	ducing an explosion when they do ignite, or even so long that 
	~ "f' 
	,. ... ignition never occurs with, fresh charge continuously sweeping 
	...,~ 
	through the engine. One proven cure is to keep the engine and 
	..... 
	propellants warm.
	-. 
	.~", A second possible curve now under study is t he use of chemi­
	'yo' 
	cal additives to the fuel to shorten ignition delay at low te~ perature or the use of different fuels. The second apparatus 
	, .. . -.; on the right, has a fuel containing aniline and furfuryl alcohol . ...... . 
	which is one combination which was found to have a short delay .• .
	at low t emperature. It is also immersed in mixed acid and at -30F. Now see what happens. The timer shows a delay of 
	J" 
	0 

	oJ "</ 
	seconds or roughly lIs the delay of the original fuel. This 
	-.c 
	st udy is still in progress. 
	~ 
	Figure
	---.. .-10 ­
	-. .A fourth problem of l i quid f uel rockets is combustion or 
	more specifically the obtaining of efficient combustion to in­crease per formance and to do so in as small a volume as possible
	.. 1 .

	A, 
	.1. to decrease heat losses. Satisfactory combustion is a function of the injection and mixing processes and the combustion chamber 
	•
	• 

	... ,. 
	volume and shape. It was pointed out at the inspection last
	~ 

	. 
	-. > .year that this laboratory has been studying various injection 
	) 
	.. 

	methods by .taking high speed photographs of the resulting com­
	} 
	·

	bustion patterns. Since that time the apparatus has been used 
	> > .

	to study another combustion problem that is closely connect ed 
	.. 
	, .

	with injector design. This is the phenomenon of combustion 
	> • .

	vibration .or chugging which causes violent fluctuations or pres­
	., y 
	• y 
	sure, to be set up in the combustion chamber and supply lines. 
	~ .. 
	The chamber pressure may reach a maximum that is double the 
	... T 
	normal value and the excessive forces frequently result in the 
	~. 
	structural .failure of the chamber in suppor ting members. This 
	phenomena .has been encountered in the course of rocket develop­
	"" ~I 
	• 
	ment and has occurred at unpredictable times. This laboratory first made an analysis of the "chugging" 
	, . 

	, 
	-

	problem f rom a theoretical standpoint to determine the conditions 
	A rocket was then set up to check Experiment s are being conducted to determine how chuggi ng is effected by such variables as combustion 
	at which chugging can occur. 
	the theory experimentally. 

	chamber pressure, injection pr essure, and combustion volume. 
	This information will permit the design of rockets in which 
	chugging will be avoided in the desired operating range. You will 
	now be shown some motion pictures illustrating this phenomena. 
	-11 ... .
	·. 
	(MOVIE COMMENTARY)
	~ 
	.. 

	1. Thi s is a view of the setup• ...... 
	... . 

	2. Here is a normal run. The engi ne is producing 1000­
	" . 
	pound thrust with nitric acid and , ga~oline as propellants. 
	,... . ~. Here the rocket is chugging at a frequency of about . 
	~ 
	30 cycles per second. 
	~ ~ 
	4. This is another view of the same run taken through the 
	.~~ 
	operator's observation window. ~ 
	· 

	• > . 5. This is another run with chugging at about 30 c~les 
	, > 
	per second. 
	~. 
	S. These are high speed photographs at about 3000 frames 
	~ .. . 

	per second of normal combustion. Notice the shock patterns in 
	-.. 
	t he flame. 
	~ 
	., ....., 7. Here are high speed photographs at 3000 frames per second 
	... 'f 
	of chugging. The frequency is about 18 cycles per second. The 
	-, 
	li ttle white dot right behind the nozzle lever is stationary and 
	-+ 
	...,.., show! how much the rocket is movirlg because of the rocket chugging • -.. . 
	Note that at times the flame disappears completely. 
	.... . 
	To further demonstrate t his phenomena of chugging a rocket
	'. 
	engine will be operated for you~ and regular research data will 
	.... 

	....... -. . 
	be obtained during the run• The rocket will oper ate with two short bursts of five seconds
	"-.. 
	each. The first burst will be with chugging and the second burst with the same rocket operating in a nor mal manner. 
	4 .. 
	-~ 
	.. 
	-12 ­.
	Fair Weather When you hear the siren please hold your ".. hands over your ears unti l you are accustomed to the noise. If you prefer you may remain 
	~. 
	A • 
	seated here and watch the flame by television. • Those who wish to go to the observation point, 
	•

	~ ; 
	~ 
	please follow the guide. Thank you. 
	~ ~ 
	Rainy Weather Because of the rain you will not be able to 
	-~ 

	~> 
	see the rocket directly. I f you remain in " . your seats you can see the flame through 
	~> 

	,. . 
	television and hear the noise directly. The 
	~ 
	.. 

	demonstration will start soon after the start ....., .. 
	of the siren. Thank you • 
	, . ." . .
	.., , 
	~. 
	.

	~ 
	. 
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