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Method for  Determinat ion  of the Coefficients of Gasodynamic and Heat

• Losses in Solid Propellant Rocke t  E nH i ne s

J. Weiss , J. Sochacki

A method is pre sented for the experimental  determinat ion of the

coefficien ts of gasodynarri ic loss connected with gas flow th rough a nozzle

and of heat losses occurr ing during combust ion of the propellant charge.

The dependences describing the heat and gasodynamic processes 
- 

-

flo wing through solid propellant rocket eng ines are us ually established for

an ideal system. In practice when establishing rocket characteristics it is

necessary to consider the following properties of a real working process.

The a b s e n c e  o f  p a r a l l e l  g a s  f l u x e s  f l o w i n g  t h r o u g h

t h e  no  z z 1 e . This factor is usually neg ligible when u t c od uc 1 n~ a ) ‘~~~‘~u ii  1 -
~

for propulsive fo rce. In ac tua l i ty  in the diver gent par t of the nozz le the

gas flux take s on a conic shape and then onl y the in ner po rt ion of the f lu x

shifts in parallel to the axis of the nozzle , how ever , the remaining one is

deflected at a certain angle with respect to the axis. This leads to a decrease

in p ropulsive force.
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The e x i s t e n c e  o f  f r i c t i o n  b e t w e e n  t h e  g a s  a n d  t h e

w a l l s  o f  t h e  c o m b u s t i o n  c h a m b e r  a n d  t h e  n o z z l e  as  w e l l

a s  t h e  h e t e r o g e n e o u s  d i s t r i b u t i o n  o f  g a s  p a r a m e t e r s  i n  a

c r o ss  - s c n  o f  t h e  f l u x .  These phenomena are conditioned by the

qualities of ac tual gas and engine construct ion.  They also cause a decrease

in propulsive force.

D e c r e a s e  i n  t h e  p a s s a g e  s e c t i o f l  of  t h e  n o z z l e

c a u s e d  b y t h e  e m e rg e n c e  o f  t h e  f l u x  b o u n d a r y  l a y e r . A

decrease in the jet ’ s cri t ical  area causes a change in the second output of

gas , ho wever an decrease in the exhaust area influences a decrease of the

de gree of gas expansion and likewise lowers the value of rocket propulsion.

H e a t  l o s se s  o c c u r r i n g d u r i n g  f u e l  c o m b u s t i o n .  As

a res ult of heat transmission through hot gases to the walls of the combustion

cha mbe r energetic losses occur.  For that reason th~ ~ictua l running deter- ,

mined by the propellant force 5 ~~RT 0 is less co mpared with that determined

by way of theoretical calculations. Heat losses have an uneven pat tern .. At

the beginning of the engine run they have the greatest value but decrease

within the limits of the combustion charge .

P r e s s u r e  d r o p  a l o n g  t h e  c o m b u s t i o n  c h a m b e r .  T h e

value of the pressure drop depends chiefl y on the relation between the critical

2
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jet area and the chamber  passage area and several  s t ruc tu ra l  qualities of

the eng ine. In the ch ani be r the appearance of local obstacles , e. g. , a

gra te , influences the p res su ~~ (1 rop to a considerable degree. The pres sure

(I rop should also be con~ ide red when calculat ing th e fo rce  of propulsion .

In the the o ry  of so lid p r ope l lant  ro~ ket engines t he  a~~ ye f a c t o  l ’s

art’ taken into con s idera t ion  wi th the aid ot ’ co r rect ion  facto  t~s in t roduced

to corresponding condition s dvs~- r ib iug gas exhaus t .  f ly us ing coe f f i c i en t s

of gasod yn anh ir  and heat losses confo rn i i ty  of the results  ol’ t h e o ret i ca l  cal-

culatio ns wi th  the expe r imen ta l  data  is achieved .

Gasodynamic losses are determined with the help of the  coefficients

of tosses of gas f lux v e l o c i ty  ~ , and the un evennes s of real output  ~~ ‘9.

A cco rdin g to the dat a in the l i t e r a t u r e , for  t y p ical engines , the

values  of these coeff icient s are formed within ra the r broad l imi ts .

= 0. 9-0 . 97; 9~2 ~ 0 . 85 -0 . 98

When consider ing heat losses in practical  caluclations the most o f ten  used is

the empi rical dependence

- 

I + h~

where a and b are the constants depending on the t ypt ’ of charge

1J~ is the relat ive pa rt of the burned propellan t

3
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For examp le fo~ engines without  t he rmal l y insulated walls , with a tubu la r

charge having f lank combust ion and r ela t ive ly  short running pe n ods on the

average ~~0. 9 is accepted.

Noting the rather  wide scope of change s in these quant i t ies , the

elaboration of a general method of expc r ime~ta l  evaluation of correct ion

fac tors  for a specific type of eng ine is ef fec t ive .

In consideration of the fact that  the values of these fac tors  are rath-

er d i f f i cu l t  to dete rmine  wit h  the hel p of direct  expe r iments , in WAT a

re la t ive ly  s imple method is used to determine divergent  values on the basis

of a suitable elaboration of oscil lograph records of  the run of propulsive

force R ( i )  and of p ressure  in the combust ion chamber p ( T )  obtained when

the engine is running .

To evaluate these fac tors , besides emp ir ica l  curves of the force and

pressure suitable theo retical dependences were  used. The concern here

atx ve all is for pat terns for propulsive fo rce H and unit impulse J1.

h’ f ” i c: ~~~~~~~~~~~~ ~~~~~ ~~ 
r~ ( It

. !‘ 

~~ I g ~~~ ~~~~‘ ~~ 9,~ ç~~y j ’  (2)
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whe re: ~C - - di m in ished fo r ce of prepell ant

p - - pressure in combustion chamber

- - e xterna l  pressure

g - - acceleration of gravity

a -- coefficient of nozzle divergence of supe rsonic element

Xa - - r elation of exha ust pr essure Pa to pressure in combustion
cha mbe r

k0 - - size de pendin g on the expon ent of the  adiab at k

F~ (k , g~a) - - fu nction of the coefficient i~a and exponent of the adiabat k

• - - coefficient of loss in velocity in nozzle flux

2 - - coefficient of losses in gas output in the nozzle

x - - coefficient of heat losses

- . On the basis of dependences (1) and (2) only 2 out of 3 quantities interest ing us

can be determined.

Fro m the analysis of basic dependences in the theory of solid pro-

pellartt rocket engines

- - the equation for the velocity of gas exhaust

W=9 , 1 F~(k ,~.) I ilo ~3 x F ~(k .~ 1fl (3)

- - the expression for gas output

9,2 k 0 F ~~~~p  ~~, 9,2 k0 F m~P
(1 = =-  4

I x I

L



—
~~~ 

~~~ 
—v .- -‘—- 

~~~~~~~~~~~~~~~~
“ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
____________________

• - — • • - 
-- --. ‘~ --.w~ -~~~~~

~1

—— the  p a t t e r n  for  p ropuls ive  fo rce

~~~ 9,~ F~(k . ~
‘..~t nP (5)

— — the p a t t e r n  toe uni t  impulse

9,, 3 3 . . ~:;i’ ~ I
1 ,,~~h . ~~

) —  
~
‘, ~ 1 (6 )

— — the  express ion  (‘or ~‘ba ege parameter

— ~S.4 3 
— 

c1 ~ ~~~ I • r~A 
~~~ ~~~~~~~~~~ 

— 

‘ ; (7)

the resul t  is t h a t  the  facto  t~s 
~~ 

and \ enter  t he  prope r einuat ions solely

in th e  form of th e  p rodu c t s  
~ 

‘ 7~ 
and 

~~~

Mo reove c ’ when solving a se ezes of peach cal problems know led ge of

the value s ot ’ these  p roduc t s  shou ld be su f f i c i e n t .

The product  
~~ 

can be de term ined  f rom pattern (1) if it is di s—

po sed of by osci ilograp h records of pressure  and fo rce obt ained at the  s aine

t i m e  dur ing co n bust ion of the propel lant  in the examined engitie.  3 l ow cv e r

the product  9~ 
can be det e  rmined from dp dependence ( 2 ) .  in ~ In cli

the unit impulse  w i l l  he de f ined  f rom a rca casur eni  cuts  of curve  H ( t

for  t he  burned  mass of charge . A change in the  ch ar a c t e r  of gas flow

dur ing  engine run to a smal l  degree a t t e c t  s the vii tue  of d ivergent  products .

however . f rom a p rac t i ca l  point  of v i ew it  is use fu l  to d e t e r m i n e  the ave rage

value of the  product <, r2 in the whole  t i m e  i n t e r v a l  of the engine run fro m

0 to t~~~•
6
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‘l’}ien .i& co i’ding t o t ran sforni  ation ( 1) we get

( RV t d r  ,

c’~ c’~ 
4 

- 

~ 
(8)

A 1’ (A .  
~~~~ p  r) Jt I I) ( t) d

Conduct ing  analogical divergences in suppor t of dependence (2 )

we obtain an expression for the product in the form of

-- - (9)
X = ~ A~,- F,,(k. ~,4 )+

g 9,~ 
~ c~ 

Ip(r ) th

Solving the  sy st em of equations (
~

) and (9) wi th regard to the un—

knowns 9~ 
and ~ j 7T ’the sought after values of the products can be

determi ned. Of course the value of parameters  k0, ta’ F~ ~~a ’ k) , Xa~

Fmin ,  g, f~
, for given conditions of investigations are known, however the

re maining quantities can be determined from the proper oscillograph records .

In several instances it is necessary to know not the products but the

individ ual coefficients. Then the method given above for determining coe t ti—

cie nts of gasod ynamic and heat losses in the form of corresponding products

is not suitable.

Keep ing in mind t he li m it ed ch ar acter of the method discussed a

p rocedure is presented below which makes it possible to establish each of

7
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the  div t ’ rgent q u a n t I t i e s  
~~l Y 2  m i d

• The t e s t s  con ducted  showed (Ii at t t ie pro duct  
~ l ‘ OCt t’t’ m1 ned t’o i’

a d e f i n i t e  p ress ure range is coiid i i i  ‘ned no a t n t  by t h e  shape of t h e  n ozz le .

On t h e  othe r  h an oi  the  v a Inc of th e  p rod net 
~ depends to a large ext  cio t  on

• - the  t ype  of charge and tht ’ no aunt ’t’ of i t s  ~-ouo bust  ion i t ’  the  engine chauibt ’  r .

I I  t ’at losses can be Ii no it ed by c onobus t i o to  ot ’ t lit ’ cha i~~~~~t ’ so Ic lv on he

s-~r t ’:~cc of its du ct  in a chamber  h av i n g  w a l l s  covei’ t ’ii w i t h  a l i n e r  of t h t ’r uoa l

insu la t ion . In t h i s  east’ the  va lue  ot ’ losses w i l l  be p i ’ a c t i c a l — — n c g l i g t b l t ’ , mind

it can he accepted that the cot ’ Ifi ci en I of h ea t  lo sses is clos e ho the t i t i t  t

1~~~~~l .

‘I ’hts wakes it possible to det e r m  lUt ’ the  va lue  of the eoet ’fit - i en t

( ‘r olu t ’xpl’e’ssion (9) and tht’u 
~/ ~ fro u-i express ion (8) .

In m any inst  atoc es ot ’ comb us t ion 01’ p t’opt’ II ant cli a rgt ’ s hav ing

~-a i’ious shapes and s izes  there  ex ist s  a need to d e f i n e  the v a l ue  of tht’ coet ’t t  —

cient of heat  losses in the t i m e  funct ion  of (lit ’ engine run.

Knowledge of hea t  losses and ht ’t i ce ot’ the chatiges in th e  coet’ficient

of losses ~ ( r  ) is necessary among o t her  th ings  when so lv ing  the  basic pro b-

lem of hal  l i s t  t t ’S of the i n t erna l  s rps .

B
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To dt ’t e em j i l t ’  the coefficient of heat  losses X a method cab be used

• based on use of the equation of gas flux and oscillograph records p (t)

obtained by using a m easur ing  device making  it possible to i n t e r rup t  com-

bustion of the charge in an a r b i t r a r y  m om en t .

The pattern for second output of gases can be written in the form

(10)
dr i xfo

Integrating (10) within limits of from T ~ O to I = T , af ter  confo rmal

t ransformations we obtain the dependence for evaluating the coeff i c ient  of

heat los ses occurr ing  in the chamber to the moment  of ext inguishing the

char ge -t

1_ t-’
i c2 ’’O ’fl~~fl t ,

x =~ ~~~~ ~Ip ( t ) t h l
h o W , - (11)

1,

where ff dT -- impulse of for ce of powder gases conforming

to t h e momen t when combustion is interrupted

5° - - diminished propellant force

92 - - val ue of the coefficient of losses of expendit ure

defined for  a given nozzle when -
~ ~ 1, i. e. ,

when heat losses are negligible

- - weight of burned charge to the t moment

defi ned as the diffe rence of the weights of the

beginning ~LO and remaining afte r b~~ng exting-

uished.
9
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Executing a series of interrup ted coin bustion s in the whole running

interval  of the eng ine (0 , i ) ,  we can determine the values of the coeffi-

cient of heat losses \ 
~ 
conforming to this moment. After executing the

diagram \ ~) and approximation of the obtained curve by conforming

analytical dependence we get the expression x ( ) relatively x (~‘ 
) conform-

ing to the given condi t ions  of the cha rge and eng ine construction.

This expression can be used in the ballistic design of srps of a simi-

lar type,

The average value of the coefficient of heat losses x 
~r 

for the en tire

runni ng period of the engine can be determined fo from the pattern:

c’’k o Fmin ~- 
- -

-) (
~ 

p ( t ) d r )  (12)
)f0w

Fl where /p  d T --  total impulse of gas pressure in the combustion

chain be r

On the basis of preliminary t ests conducted it can be pro ven that the

method used not only enables the determination of the values of individual

coefficients of gasod ynamic and hea t losses but also the esta blishment of

optim al shape and sizes of the nozzle. Moreover , the method makes it poss-

ible to investigate the effect on the heat losses of various parameters o~

charging when using chambers whose walls are in this or another manner

10
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shielded from the reaction of the f lame and also for chambers with walls

f ree  of thermal insulation.

Conduct ing the above investigations in s upp ort of the method dis-

cussed can contribute to the elabo ration of the most effective method of

decreasing heat losses for  conforming shapes of propellant charges when

using various mater ia ls  and thicknesses of the thermal insulatio n layer for

combustio n chambers of solid propellant rocke t engines.

Paper pu blished in Novembe r , 1974 ..-

RIBLIOGRA PH Y

(1) Weiss J . ,  Sochacki , J . :  Exper imental Determina tion of Gasody nam ic anil

Heat Losses in SR PS. Pate r at the III Conference of Institutes W E M U  WAT ,

1973.

(2) Shap iro , I. , Mazing, G., Prudnikov , N. : Theory of the Solid P ropellant

Rocket Engine. Moscow , 1966.

11



r ~~~~

— - - ~~~~

— - 

~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-

~~~~~~~~~~~~

DII3TR1UIYFION i~i tVr

I)I8TH1bIJ TION t) I HK CT TO RECIPI !~NT

OHQAN 1~.A’l’lON 
Ml( OF1t~Ib~ 

ORt ~AN 1 Z A T 1 O N  M 1CK0 Y I C H l ~

k’~1’~ DNA’l’C 1 K 0 5 3  A F / I N A K A  1

A 10 I’*4AAC K 01 7 A F / twxm.-w 1

83te~ t~tA/P.DS.”3C 
B K 4 04 A E D C  I

CoIe .i III3AM ’IIA A E40 8 A F W L  1

~“~N BALLIt3Tlo~ RKO LAB8 1 K410 ADTC

t ”oll i A IN MOBILITY nM ’ 1 lC41 3 KSD 2
LAB/ r I O FTD

c’~Ii PICATINNI AI~~KNAL I CCN

~~~~~~~~~ 
AVIATI ON ~~~ C(*tI) I Ui D 3
_______ 

N 1A / P H S  I

C’-~’)i FI~TC N ICI)

Cfll~) MI A HKttl’FONK 1
rOOOB N it it ’ 1
H ~O o h LI~1AI CE ( t ~3AREtJN ) 1
PO0~ KRrIA
PO~S ‘h A/CRt1/AflP/~

l) 1
NAVOHI’L ITA (50L) 1 -

N*IIA/KtU 1

i-’.t’n - I i o ( I  ) T — l 7 4 6 -~7 /

___________________ - - - ______-

~~ 

~~~~~• -~~~~~~~~~
- 1_


