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Narhan Harput
) - Graduate M.E.
o _ o Robert College
School of Engineering
Bebek , Istanbul

: Nov. I4 , 1962
Professor Necdet Eraslan r 1

Department of I.E,
Rebert College School of Engineering
Bebel , Istanbul ‘

Dear Sir ,

h Upon yeur recomuendatien , I wish
to take as my theisis subject ; " The Theoretical Analysis
ef'Selid Prepnllant Reckets' snd the design of an 80 1bs.
Thrust Recket

" The theisis w1ll consist of a theeretical
survey of the werking principle of the selid propellant

- reckets , the developuent of a design precedure , -the bui-

lding of an 80 1bs. thrust rocket and its static testing

on a test-stand. In this recket CORDITE type propellant or
anether readily castable prepellant will be used. The dif-
ferent burnlng types will be discussed, the basic nr1n01ple

of the grain design will be explalned

The functlen of the test stand w111 be ; the
\ determinatien ef the thrust , the specific impulse and the
" recording of the préssure variation in the recket. For this
purpose strain gages , the BRUSH recerder , and engine in-~
dicateor will be used. The drum eof the latter will be retat-

ed by a recerd playing electric moter. :
The stablllty of the rocket to be 1aunched

‘'will be checked both theoretically and experimentally.

Recpectfully Yours ’

%WM/ aman

Nurkan Harput
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ROCKETS IN GENERAL

B Momentum Principle

The thrust force of a rocket is the reaction experienced
by its structure due to the ejection of high velocity matter. '

The motion of a vehicle through a fluid medium relies on
the forces imparted to it by change of momentum. o

In rocket propulsion small gas masses are thrown back ’
or carried within the vehicle and ejected at very high velocities.
The force acting on the rocket can be determined by the momentum
principle of fluid mechanics.,

Thrust on Rocket=External Force= m,vz + (Pzép3) A2 (1)
=(W/g) v, + (py-p3) A,

The first”part of the equatién represents Momentum Thrnst',
and the second part represents Pressure Thrust.

Where ;
# = mass flow rate, | % = weight flow rate. _
Vo = exhaust velocity of gases. A2 = exhaust jet area.
Bz = exhaust pressure. = Pz = air pressure.

Proof of equation (1) : -
Resultant'of External Forces = Rate of change df Momentum
Z P = dn/dt (v,=vy) |

dm/dt=h==ve , and v;=0 , therefore Fthrust.= #v, end

Foressure = (pz-p3) Ao s

therefore;
Finrust * Fpressure = F=1v,+ (py-pg) Ay

Now , if the exhaust pressure is less than the surrounding
air pressure , the pressure thrust is negative. Since this condite
ion gives low thruét and is undesirable, the rocket exhaust nozzle
is so designed that the‘éxhaust pressure is equal to or slightly
higher than the air pressure.

When the air pressure is equal tg exhaust pressure, the
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pressure thrust is zero, end thrust is expressed as :
= (W/g) v, (2) |
, This oondition gives a maximnm thrust for a given propellant
and a chember pressure. o
The rocket nozzle design , which permits the expansion of the

propellant products to the pressure that is exactly equal to the
pressure of the surrounding air, is the rocket nozzle with QOpti=
- mum EXpansion Ratio. ,

4 Thrust’%arles with altitude ’ sxnce atmospherlc decreases wi-
th altitude. Therefore thrust increases at*higher altitudes.

Effective Exhaust Velocity = ¢ = F/(%/g) (3)
' =V, + (p2~p3) Azg/W
This equation is derived from equatlon (1) and when p2=p3
then the effective exhaust velocity is equal to the exhaust velo-
city of the propellant gases , v2

EFFICIENCIES

Cepem e

Combustion Efficiencx . o -
It is defined as ; the Ratio of the aetual and the ideal heat

of reactionper unit of propellant

Internal Efficiency : ,
It is defined as ; the Ratio of kinetic energy of the exhaust

jet and the chemical energy of the propellants.

I/2 (W/S) 02 32
int,. W QR J 2g4d QR
where ;
QR = Heat of reaction per unit of propellant at chamber condit-
ions. : ﬁ

Propulsive Efficiency :
It determines how much of the kinetic energy of the exhaust

“jet is useful for propulsion.
| Vehicle Energy

=
PTOPe +vyehicle Energy + Residusl Kinetic jet Energy

Student : _ Date: I Teacher:
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. Pv : ’ - :
B oo, = — ——— = 2 v/e (5)
PTOP.  p v 4 I/2 (W/g)(c-v)? I+ (v/c)2

where ;
= absolute vehicle velocity.
Por maximum propulsive efficiency , the forwaerd rocket veloc-
ity should be equal to exhaust veloclty.
Total. Efficlencx
It is defined as , the Ratio of vehicle energy to the che-
mical energy augmented by kinetic energy of the propellants.
Fv c v 2 v/e

(68 B ‘ — = ———
Total WQ J + I/2 %/g Vz gQ J +'v2/2 I/E i(v/cg
. R G S “in
DEFPINIT IONS

Specific Impulse : (' specific thrust )
It is , the thrust that can be obtained from an equival-

enx rocket whlch.has a propellant weight flow rate of unity.
B

, Iy = — (7)
: , , & g
where ; ‘ SR o , ;
‘IS = Specific impulse in pounds of thrust per pound per sec-~

ond of propellant flow.
7 =. Thrust in pounds.,
W = weight flow rate in pounds per second..
Impulse 3 (tTot_al Impulse )

1, = [ Fat=Towas (8)
where ° P S
It = Total Impulse in pounds per second.
-t = Duration in seconds. : \
‘For constant Thrust : Iy =F t =1 W (9)
where ;,
W = Total welght of effectlve propellant, in pounds.
Speclfie Progellant Consumption .
It is defined as ; the required propellant flow to prod-

uce one pound of thrust: in an equivalent rocket.
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wy = I/ = %/F , Pounds/pownds second (10) A

Specific fuel or Propellant eonsumption H
It is defined as ; pounds of fuel or propellant per unit

time per pound of thrust. : _ s

-

NOZZLE THEORY

_Ideal Rocket s ‘ | .
The following assumptions have been.made in addition to tke
préliminary assumption of ; one dimensional flow through ideail
rockets.,
I = The working substance ( propellant products) is homogene
eous in composition throughout the rocket chamber.
2 « Working substance obeys perfect gas laws.
3 = No frietion, =TT i
4 - No heat transfer across rocket wall, therefore flow is
adiabatic . Flow is assumed to be isentropic through the nozzle
which is politropic actually. B <
5 = Propellant flow is steady and constant. R
6 = All exhaust gases 1eaviné,rodket nozzle have an axially
- directed velocity. , :
7 « Gas velocity is uniform across any section normal to noe
zzle axis. |
8 - Chemical equilibrium is established within rocket chamber

and does not shift in the nozzle.

Isentropic Flow through nozzles : ( Ideal Nozzles )
- The derivation of the equations that are valid for this

kind of flow will not be shown here , since they are derived by
Proffesor N. Eraslan during his Gas Dynamics lectures ,already.

The subscripts I and 2 denote nozzle inlet and exit condie
tions.

. k-1
: 2gk " Ky 2
_ NozzlegEXhaust Velocity = Vy = k;I R I (1 n(pa/pl ))
- L o » bl - gy % retag
e o s@ éifw~w¢ ez S ! TIPS < v

by ST s 5 B
< o) 55 v..,h*_.w;,‘:,._‘:!.q

This equation also ‘holds for any WO DO

)

- B m{?m (II)

nozzle,
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If chamber cross section is large “compared to nozzle section
then V'%is negligible. Chzmber temperature T is equal to nozzle
‘inletétgmperature, and for an isentropic nozzle flow process, it

also is.equal to stagnation temperature. Then ; o
i

.1{%} . k“I
%?{ 2 gk v ‘ ‘ ZgER'TOE .
& RT (( I « (p, /) £ ) = ‘ (12)
2 [ xaex O 2’ %0 ‘
$ (kfi) M
where 2 k'I

©

E = I - (p2/pI (Ib)which is Ideal Cycle Efficiency of
 constant pressure engine cycle Operating between p2 and Py

When pI/p2 approaches infinity then v, becomes*max1mnm, i.e.

z% 2(maximmm) /L__g___ R T, (14)
» /.‘3
Very high gas velocities can be obtained in rocket nozzles.

There is appreciable temperature drop of combustion gases through
a rocket nozzle., Increase of kinetic energy of gases is derived
from a decrease in enthalpy which 1s roughly proportional to dec-

rease in temperatuf?{;f T i
Nozzle -Area ExpaﬂsmonsRemﬁneﬁsmdﬁﬁtggﬂeaagksa
é%‘ ) A2 Nozzle exit area
5 ¢ =g° = o (15)
t Throat area

2

Fé‘ any Isentropic flow process , such'as that occurs in Roc=
ket ﬁozzles » weight flow is given by the following equation ,
' which ‘is computed from equations of continuity , 1sentropic flow
relations and equation (I2) ; where equation (I2) is derived fr-
om conservation of Energy principle :

g A, : 2 | <3 I
Weiglit Flow = # = %= Loga((( T (y/Pry(pg/pp) £)) )))2
. (16)

bet@een any section x and the nozzle inlet section I,
‘ Maximum gas flow per unit area occurs at throat and a unique

gas ggessure corresponds to this maximum flow. v
Throat pressure for which isentropic weigh flow is maximum
is called critical pressure.. ‘

Student : | Date:
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¥ k/k-I ‘
P/ = ( 2/ksI ) (I7)

All rocket thrust chambers have sufficient combustion chamber
pressure to attain eritical pressure at throat.
At the critical.point :

: I/k-I |

Vi = Vg (k+I/2) - (I8) :

mt = Tp (2/keI) (19) ~
I/2. 2¢gk 1/2 o

v, = (k2 %) =(——R% ) (20?

k+1

In nozzles in which ceritical conditions prévaiI

%im- Throat velocity is local acoustie velocitg,

2 - M=I at the throat. : e ‘

Divergent portion of a nozzle permits a further decrease in
pressure and increase in velocity above acoustic velocity.
-Soni¢ or supersonic conditions can be attaihed , 1f critical
preésgrﬁgprevails at throat, i,e. if p2/pI =or bmaller than the
value given by equation (I7). , -

Ingrocket design we have supersonic nozzles*, where :

Vi = 8y , Va greater than v, ’,pZéPI greater than
;&. ; » k/ k"I
g . % (2/k+I)

Using these relationships and the continu1ty equation we can -
. £ind the following relation for a flow through critical section

of a supersonic nozzle : 7 a
+I/k=-I
- Ry Vg ﬁ(Z/k«;I)) ¥ (1)
W = = A, pr & o 21
R R ! ¢
oy ‘/g\k R T, . |
end jfrom Perfect gas law; 1 o :
2 ) = B k—I/k
b By xu e, o ELT sk [ ay/pp) )
— g "t 'x b Px/P1 :
f .
Ay - where x is downstream subseript. (2g)

when py = Py PRI/ hp/h, = & from eqiation (I5).

Student : . ’ | Date : | Teacher:
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Similarly , an expression for the ratio of the velocity at any
point downstream of the throat with pressure Py and the throat velo-
city may be written from equatlons (Iﬁ) and (20)

x =[-§{% (t I-(p/p, YED) -/k+IE (23)
AE TN \

Vhen exit pressure coincides with atmOSpheric;pressure ,(px=p2) ’
these equations apply for optimum expansion conditions..

. The thrust on the rocket unit structure is caused by :the action
of the pressure of the combustion gases against the rocket chamber,
injector and nozzle surfaces.

The axisl thrust F can be determined by summing up all the press-
ures acting on all area elements dA, whlch are projected into a pla=- '
ne normalﬁgé the nozzle. é&ls, _ : ﬁf :

Both external and 1nterna1 pressures should be oonsldered Inter-
nal pressure in the chamber 1s high and decreasesﬁéteadlly in the.
nozzle, while the externai pressure is equal to atmggpherlc pressure
and is constant" throughout The force obtained by this summation eq-

uals that obtained by momentum principle :
N _ , 2 -
po2” o (Pa P3) b2 (I),Eu

Y =

Thls equatlon can be expanded by modifying it and substltutlng Vo
Vi s and V, from equations (12) »_(I8) and. (20) and we obtain the

IDEAL THROST EQUATEON, KT L

L 2 & k=T p, k _p. L2
A, v v g 2 2 k& =S ))+P2!P§ -
: t "t8 i (k¥+I) ((I=(p+) - -
F="gv (Pz"P3)A2§ At pp/ k-1~ i pp Ep
; ; 25)
If Thrust cgefficien 1 det o A
s[ZE 2 é 7By 2
f (26)

| L TG Ay D
For Op?igum expansion , when p, = P laststerm of C, is zero.
P 2 e Py = By o ;,f‘ F

-
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v Ky
Underexpandlng Nozzle

It discharges the fluid at a pressure greater than the exter-
nal pressure , because exit area ig too small. Therefore expansion
is incomplete and continues outside.

Overexpanding Nozzle :° i

It is a nozzle in whlch the fluid is expanded to a lower pre-
gssure than the externsl pressure. It has a too large exit area.

In an overexpandlng nozzle s for high externael pressures , a
separation of jet takes place in the dlvergent gection of the nozzle
and oblique shock waves will accompany.P01nt of separatlon travels ,
upstream with increasing external pressure. Flow at nozzle exit is
supersonic, N . A }

Separation does not alter the direction of axial thrust, since
the flow separates uniformly over one cross section of the divergent
nozzle cone of conventlonal rocket deslgns. :

Loss of thrust due to over or under expansion can be determi-
ned from C“& Presgsure thrnst 1s positive fpg}underexpan81on and neg-
ative for: overexpan31on. _ . :

Effect of over or underexpansion is reduction of exhaust velo-
city and so loss of energy. In overexpansion, since the jet separates
from nozzle wall, and nozzle does not flow full, a large portion of
the nozzle is not utilized , so the nozzle is longer than necessary ,
which increases weight and size and decreases the flight performance.

The ten@gnc§W&ﬁ§roekexadéﬁﬁﬁﬁgigﬁglther an optimum expansion
ratio nozzle or slightly underexpanding nozzle.

The Characterigtic Exhaust Velocity ; is defined as :

P+ A, g g1 2kRT
. 14y s/ I

C
°° 0w C  k f2/1e1) TP D)/ CE-D) (28)

using equatloqg 3 (I) , (25) and (21I).

Real Nozzlds ) ¢
Shapes: Almost any symmetrlcal and well rounded nozzle shape
will have very low losses. ,
A.divergent cone half angle between I2 to I8 degrees is optimum
Since nozzles with discontinuities in wall contour cause shock waves,

Student : Date : Teacher:
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all nozzle sections are well rounded. Nozzle exit gection has sharp
edge because a rounded edge permits overexpansion and flow seperati-
on. v ' '
The Nozzle angle correction factor ; which is used to correct the
non-axial component of gas velocity is defihed as :

A =1/2 (I+Cosed) (29)

where ,

o< = Nozzle cone dlvergence half angle.
207

' The flow,ig a real nozzle d&ffers from%ihat of ideal nozzle beca-
uge of friction effests,heat transfer 1mperfect gases,non-axial flow
and non-uniformity of Wor%gng.§ubstance and flow distribution. The
degree of departure is indicated by the Emergy Conversion Efficiency
of a nozzle, which is the }atib of the Kinetic Energy per unit of
flow of the jet leaving the nozzle to the Kinetic Energy per unit of
flow of an ideal leaving an 1deal nozzle, that is supplied with same
working substance at same 1n1t1a1 state and velocity and expands to

the same exit pressure as real’nozzle. This relatlonship is expres-
sed as I '

»

5 (vy)E ) o (vz)a - (30)
L (v); R e e o)

where ,

e denotes the energy conversion efficiency , VI and Vo the velocities
“at the nozzle inlet and exit, and cpTI and cp¢2 the reaspective enth-
alpies for an ideal isentropic expansion.
The velocity correction factor ;3 is defined as the square root of
the energy conversion efficiency. It is also approximately equal to
~ the ratio of the actual specific impulse to the ideal specific impu-
_ 1se, : _
The discharge correction factor’; is defined as the ratio o £ the
mass flow rate in a real nozzle to that of an ideal nozzle which ex-

pands an 1deal working fluid from the same initigl conditions to the
same exit pressure, .

Fa="a/M=38C -

Fg Afp.g k (2/k+I) S
using equations (7) and (2I) .,
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' Usually actual flow rate is larger than the ideal flow rate , si-
»4nce'heat transfer to nozzle walls lowers temperature and increases
density andt flow rate, also specific heat ratio changes so as to in-
crease discharge correction factor in actual nozzles.
The actual thrust is lower than the ideal thrust and can be cal-
culated. by an empirical thrust correction factor :

“?F‘E_'i =% % pl hy=clpeWe  (32)
where , - | | ‘

ir= zv Ja =%/ Py B (33)

In actual rocket nozzles the gas velocity is lower near the walls
than in the middle and is a function of the nozzle shape , 1n3ectlon
method 1n.11qu1d propellants ’ ' s

ROCKET PROPELLANT - PERFORMANCE = CALCULATIONS

'Rockets utilize the heat liberated in the combustion of che-
mical propellants as a source of energy. 5

A high sPeclflc impulse means a saving in welght of prOpell-
ant carried and a reduction of the necessary tank size, or rocket .
body slze. . 4

. The 1deal speC1f10 impulse and the exhaust veloclty of a ro-
cket propellant system can be calculated for optlmum expan51on from.
equations (I2) and (7). ‘

The calculatlon of these equatlons require the evaluatlon of
flame.temperature TI , mean molecular weight of product gases M , and
specific heat ratio of hot gases k. ‘
| | Since the above mentioned equations are for ideal condltlons

- the values calculated will be 5-I2 % more than the actual values ,
since only a portion of correction done in previous page are due to .
combustion inefficiencies.

Quantity of energy available from a giveh rocket propellant
is determined by the chemical nature of the oxidizer and fuel molec-
ules as well.as by the chemical nature of the reaction gas produchs.

The method explalned below is for calculatlon of v.and I,
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for anﬁ?glven propellant. oomblnatlon at any given chamber pressure
and mixture ratio. i

Assumptions and Definitions

Chemical reaction is assumed to take place in an ideal rock-
et. The product gases are assumed to be in chemical equilibrium at
the chamber pressure and;no heat is transferred to the walls.There
is no friction , and the”gas mixture is assumed to be homogeneous
in compositlon. In an ideal rocket s the grain design of solid pro-
pellant has no effect on 'ideal chemical equllibrlum of combustion
gases,

Heat of Formation : 1t is the change of enthalpy which results
when a compound is formed at standard conditiong from its elements
isothermally and at constant ‘pressure.

Heat of Reaction : It7is the change in enthalpy which occurs wh-
en products are formed from reactants at standard condltlons,namely
at constant reference temperature and pressure|® .

Combustion reactions are exothermic. Heat of reaction in general
terms is : '

?"/ QR z(( n (QF>products)) -2((=n (QF reacﬁ%ts (34)

Mixture of Gases

In rocket combustion devices the working substance con31sts
of a mixture of several gases, which can analytically be treated as
a perfest gas. The speclflc ﬁeat , the molecular weight, and the sp-
ecific heat ratio of a mixture can be determined from gas analysis
and the properties of the individual gases, A propellaht product gas
mixture is usually definéd bi its chemical analysis which i B a Vo-
lumetric or molar analysis. ; :

Volumetric analgsis. exﬁresses the amount of a particular gas
as a percentage of the total gas mixture volume.
Molar analysis gives the fraction of moles of each gas for one

mole of mixture. A :
Molecular weight of a gas mixture = M = Z(Xm)  (35)
Gas constant®= R = R'/M (36) | ‘
"g%; Specific Heat per Mole =S(xc) G
‘ Specific Heat Ratio = k = C /C =C / e - 1.99 (38)
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Chemicak Egquilibrium

A chemical reaction is said to be in equilibrium when the re-
actants are being transformed into products at the same rate that the
products are belng reverted 1nto the reactants, This condition of eq-
wilibrium iy’ concerned w1th;revers1ble reactichs.

The equilibrium constant {for perfect gasés depends only on te-
mperature and is defined as' : i
pAapB%;pCG

(39) when concentration it

K = =
P p Z P Yy expressed in pressure units,
Kn - when concentratlons expre-
X ZZ X.Yy ssed in volume or molar %.

VARSI

2
i <

a,b,c, are number of moies of substances A, B C, and pA,pB,
partlal pressures, and XA’XB’ are mole fractions.

where ,

The equilibrium of gocket combustion gases ‘is very sensitive
to temperature. When the overall temperature is raised, the chemical
reaction will tend to shlftfln such a menner as to absorb heat. If
the temperature is very. suddenly decreased ,the reaction velocities
are so low that very llttlefchange in concentration and composition
occurs. 1 ' o
The effect of pressure onn equilibrium depends on molar propor¥
tions. In most rocket reactionsncombustion temperaturelslightly incr-
eases with increased chamber préssure.

Dissocietion f
pﬁlgh combustion temperature in rocketgasslsts the dissoci.
ation of some of reaction products by permlttlng them to break up in
to smaller molecules and monatomic constituents. This dissociation
takes place if combustion temperature exceeds 4800 degree F.
Effegts of dissociation for rocket propulsion units 3
I - Disgociation consumes energy and therefore decreagses the amoun
of anergy available for conversion into kinetic energy, linmiting max:
imum attsinable exhaust velocity and flame temperature.
2 - Dissociation usuaily increases average specific volume of com=-
bustion gases and lowers average molecular‘weight of products. This
slightly raises exhaust velocity.
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3 - VWhen gas stream temperature is lowered resssociation occurs. In
an isentropic gas expansion nozzle temperature drops towards nozzle

exit,here equilibrium composition changes and additional heat is li-
'berated at exit.

4 - Boundary layer near the wall is cooler than main body of gases
because of conduction through the wall. This may cause reassociation
and additional heat release in the boundary layer.So presence of dis-
sociated reaction products can increase heat transfer to the wall.

In general dissociation limits Specific Impulse.

Determlnatlon of Combustlon temperature and Compositlon of
Regction Products :

Rocket performsnce calculations may be solved by the principle
of conservation of energy , provided chemical equilibrium is establi-
shed at constant pressure within the combustion chamber and aseumptf
ions for ideal rockets are valid. 4 '

Calculation of combustion temperature and the product gas comp-
osition are based on equating heat of reactlon of propellant combina-
tion and rise 1n,enthalpy of product gases.

T
C_ dar
((QR“))T =Z((npfm p 4T ) =Ah (41)
' o

where ,

(Q)p
O

1

Heat of reaction of propellant combustion at reference

temperature T ' '

, Cp dT = enthalpy change necessary to heat one mole of each product
gas from reference temp. To to flame temperature T.

n, ‘= number of moles of each product gas.
Cp = average molar specific heat at constant pres. between T, T
Ah = Total enthalpy gain of reaction products. |

The above equation solved for T will give combugtion temperature.
Combustion Efficiency
The ratio of the actual change in enthalpy per unit propellant |
mixture to the calculated change in enthalpy necessary to transform -
the propellants from the initial conditions to the products at the"
calculated chamber temperature. In solid propellants combustion eff-
iciency is & function of grain design and degree of mlxing between
several solid constltuente and increases with 1ncreased combustlon

- temperature. .
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' _Chemical Reaction in Nozzle
- In 1deal nozzles expansion is assumed to be isentropic and

chemical composition of gases do not change. In a real rocket nozzle
equilibrium will shift since temperature and pressure droptcontinuou-
sly in expansion. For most propellants burning and recombination in
the nozzle will permit further release of chemical energy into heat
and will cause a higher exit témperature.At nozzle exit also aversage
molecular weight of most products will increase. This will decrease
exhaust velocity but the effect of heat release is greater so exhaust
velocity will 1ncrease also rocket performance increases.

Another argument is that chemical reaction is frozen at nozzle
,entrance because individual gas particles travel at supersonic speeds
through nozzle in such a short time that it may not be possible to i
maintain instantaneous chemical equillbrlum as the 'pressure decreases. §
Calculatlon of I on this basis is referred %o as Specific Impulse at
Vfrozen equillhrlum. ' o

Sp601flc Impulse values calculated to amount for the reactlon :
'occurlng in the nozzle are referred to as shifting equilibrium values,| !
‘because equlllbrlum shifts as gases pass from high temperature and
pressure to low pressure and temperature regions. .

- Actual nozzle exit condition lies in -between changlng equlllb-
rium and frozen reaction conditions.
Results of Thermochemical Computations : ~
7 A high exhgust velocity can be obtained by lowering the molec-
ular weight of combustion products or by increasing the chemical ene-
rgy per umit of propellant weight, which in turn increases combustion
temperature. _ : '

The dissociation of combustion gases into monatomic constitue-
nte and radicals lowers the combustion temperature because energy is
consumed which otherwise would be}available for raising the temperat-
ure of the gases. ’ :

Optimum rocket performance is obtalned at optimum mixture ratio
Wthh occurs usually at a value which is richer in fuel than the stoi-
chiometric mlxture ratio, at which all the\fuel.is,theoretlcally,comp
pletely oxidized, and flame temperature is a maximum.
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Molecular weight tends to decrease as fuel concentrationfis-increai
ased over stoichiometriec value.Changes in chamber pressure‘changes exi
ect value of optimum mixture ratio.In solid propellant rockets optimué
mixture ratio determines the proportions oxidizer and fuel to be used
during propellant preparation. , |

- Propellant mixtures with low combustion temperature bdbut relatively;
high exhaust velocities are desirable since design of rocket units is
thereby simplified. ’ : ' , - o

Increased chamber pressure increases chamber temperature and I . é

Heat Transfer '

‘Some of the signlficant appllcations of heat transfer theory in the %
fleld of rocketry : :

I = Heat transfer from the hot reaction gases to the walls of the h
combustion device, such as solid prOpellant combustion ohambers and
nozzles. ‘

In almost all solid prOpellant ‘pockets uncooled chambers are used.1
In an uncooled unit the operatlng time is short and heat transfer is
transient phenomenon. In this chambers, reduction of heat transfer to
the wall by means of 1nsulation and clever design permits a 1owering ‘
of chamber weights.

2 - Selection of propellants with favourable heat transfer charact-

eristics.
' Mechenism ofvheat tzansmission to solid propellant grains is not
well understood. . | |

'3 w» Jet flame heating
The heat transfer from jet flames ,or from hot exhaust streams to

the surrounding equipment presents design problems.This inoludes radi-
ation and convection effects of the jet on equipment of rocket test )
stands. o '

4 - Heat transfer to flying vegicles at high speed.

Aerodynamic heating of vehicles can result ina substantial rise
in the skin temperature. This requires the rocket hardware to Operate
at elevated temperature conditions, and it often‘causes the‘heating
of propellants partieularly in flying vehicles whicn use integral snir
wall designs of so0lid propellent chembers.
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Ordinary heat transfer equations cannot be used %o determine heat

transfer rates in rockets since rocket conditions differ from ordinary
heat transfer problems. The differences are

I ~ The energy release per unit volume is very large.

2 - Heat transfer rates are very large,

5 « Combustion temperatures in rockets ( 4000 to 6000 F% ) is higher
than in standard furnaces.

4 - The surface velocities of the gases along the chamber wall are
very high, increasing heat transferred by convection. -

5> = Some properties of hot propellant gases are not very well known,

6 «The boundaryﬁl ayer effects are difficglt to evaluate analytically.

T = The equations developed for gas fidm eoeff101ents assume an equ-
ilibrium veloeity profile, whlch implies also a length of several dia=~
meters of chamber ahead of the.section,to which the heat transfer com-
putations are applied. Such an equilibrium condition oanhot\normally
be established in a rocket c%mbustion device where length to diameter
ratio is small and where turhulenoe tends to diminish insulating effe-
ct of the boundary layer.

8 = Grain design in solid propéllant rockets has a profound influen-
ce on the gas film. By a cha%ge in grain design it is. possible to che
ange heat flux and wall temperature. In eolid propellant rockets heat
transfer to the wail is affected by chamber liner design , grain conu
figuration. '

9 = Pressure effects which become significant above 4500 F° are usu-

ally neglected in rocket heat transfer calculations,

Rocket Thrust Chamber Heat Transfer

Heat transfer rate varies within the rocket and is usually hie
ghest at, and immediately upstream of the nozzle throat, with local
wall temperatures having highest values in the region, Rocket~tgrust
chembers with local heat transfer rates of 0.I to I0 Btu/sec.in®, have
been successful. The largest part'of heat is transferred by convection
a small part by radiation.

Amount of heat transfer increases as exposed wall surface of
combustion chember increases. For constant chamber pressure , surface

Student : Date : Teacher:
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area of combustion chamber generally increases with thrust.
- Variation in chamber pressure seriously effect heat transfer. Incre-
ase of heat transfer with chamber pressure imposes design limits on %
the maximum pragtical chamber pressure,

Heat Transfer Failures '

The wall temperature on the gas side exceeds the value at which
the material is readily melted or oxidized. The locak loss of material
and local heating weakens the wall so remaining material is inadequate
to take the imposed load. This failure is characterised by melting ,
erosion or severe oxidation on the gas side surface of the wall. It oc
curs primarily in uncooled chambers and uncooled nozzles. j

Uncooled Combustion Devices' ( Most Solld Propellant Rockets )

Uncooled walls act essentially as heat sponges and absorb heat fr-<
om the hot gases. Heat is transferred from the hot gases to the wall ,<
and during operation a changing temperature gradient exists across the
wall. During the combustion process the gas side of the wall is always
hotter than the outside wall surface. At the completion of rocket's
operation the wall temperatures tend to equdlize., _

Heat transferred across the hot surface of the wall must be less
than the heat absbrbing capacity of the wall material below the criti-
cal temperaturé; If heat transfer to atmosphere is neglected :

QAt = =« k A (AT/AL)At = W ¢ AT (42)
where , : . |
AT = average wall temperature xncrement ’ Fo., W=Weight of wall,lbs{
Q = Heat,Btu/sec. transferred across area &, sq.in.
dT/dL = Temperature gradient of heat flow near hot wall surface.
¢ = Specific heat of wall material.

At = Time increment , secs.
. Above e@uation indicates the following trends:
i - Short operating duration ( t ) shoukd favor uncooled chamber
design, since it minimizes amount of heat to be absorbed by the wall,
2 « Low conductlvity is desirable by using an 1nsulating layer on
the hot gas side, such as ceramic linings and ceramic nozzle inserta

‘used in solid propellant rockets.
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3 - High value of ¢ of the wall promotes high heat absorbing capaeit
‘4 ~ High conductivity of wall material reduce temperature gradients
within the wall so thermal stresses and tend to increase heat absorbi-

ng capacity of the wall material.,
5 = High value of meximum permissible stress at the highest possible

elevated temperatures will permit a large increase in wall temperature
without weakening of the wall.

Heat transfer to Flying Vehicles

At hlgh'flight speeds the boundary layergcaround the vehicle is :
heated aero ynamlcally to relatively high tempegéyures. This behaviour g
of the boundary layer governs the heatlng of vehlcle s skin, aerodyn-
amic draj , structural requlrement and heating and possible boil-off
of propellants. A laminar boundary 1ayer transfers less heat than a
turbulent one.- ; ; : . : :

Rockets carried externally by high speed aircraft can be subject
to intense skin heatlng . In some of these applications solid propell-
ant rockets are subjected ts excessive temperatures on the integral .
skin wall, sq that their physical properties deﬁggiorate or danger of"
involuntary ignition exists. :

Jet TFlames

The jet from a rocket will heat its surroundings by means of

I - Conduction and convection %o objects directly in the jet.
2 « Radiation to surrounding environment.
jet vanes , test stand flame deflectors , other equipment fall
into I) and test stand equipment, etc. fall into 2). '
The flame shape or region of hot gases is a function of nozzle
geometry,degree of underexpansion,the atmospheric pressure, chemical

composition and vehicle velocity. Approximate formula is
1 = [F/ (43  where ; 1 = length of visible flame , Tt.

f = empirical factor with a value of I0
for the given dimensions.
P = Thrust , 1bs. '

s atmospheric pressure, the jet ‘has

If gas pressure at exit equal
or when nozzle exit}pressure is

a oylindrical boundary. At altitude,
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arger than atmospheric pressure , the jet has a tendency to spread
ut.

In conical nozzles shock waves are visible in the exhaust jet. In
ertain solid propellants , the exhaust jet is incandescently 1uminous
T cloudy, and this’ phenomenan obscures the shock wave pattern. The

hock waves are a series of’ expansion and compre581on waves starting
t exit of nozzle.

SRS - R

SOLID PROPELLANT ’RQCKET FUNDAMENTALS

I~ Principle;Componenis of Solid Propellant Rockets :

Principle compon?nts are : propellant , hardware such as
hamber , nozzle or mounting paés , and igniter. |

(i) Propellant - Solid:propellants have a plastic like appearance
nd burn on their exposed surfaées to form hot exhaust gases which pr-
duce a reaction force., A phy51éal mass of the propellant is the grain
ome rockets have more than one grain in the same chamber.

A solid propellant is.elther composed of heterogenous mixture of
everal chemicals or a homogenous charge of special chemicals., When
ropellant charge is ignited,a well designed grain burns smoothly Wi
hout surges or detonation. The:combustion consumes the grain in a di-
ection normal to burning surface.

Shape,size,exposed burnlng surface,and geometrical form of “the
rain influence burning charaeteristlcs of rocket and determing the
perating pressure, thrust and duration.

(ii) Hardware- Solid propellant is confined in a combustion chg—
ber and reaction gases are exhausted through an exhaust nozzle.

Hardware of solid propellant rockets also include ; provisions
'or assembly or disassembly of the unit, mounting pads, burst diaphre
ga or other safety provisions to prevent overpressurization‘of the
hamber and means for holding propellant grain in place.These hardware
omponents are usually uncooled and have to withstand severe heating,

- (iii) Igniter - Combustion of propellant grain starts by means of
n igniter which is started by electric current or percussion action,

tudent : Date : Teacher:
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2 « Grain Configuration :

Thrust is equal to the product of exhaust velocity andl
mass flow rate., With a large flow rate , large thrust is achieved.Thﬁ
is obtained by a large burning surface or fast burning rate or both.§

A low thrust of longer duration can be obtained if exposed burnii
area is small. Therefore varlation of thrust is obtained by varying i
geometric. forggand therefore exPosed surface of%?ropellant charge.

Exposed burnxng surface is also limited by imhibitors, which are
inert or slow burning chemlcals. They are applied to grain surfaces ,
where burning is to be prevented Inhibitors are either applied by ba
nding sheets of inhibitor ,by. wrapping by a tape,or by dipping the gé

When inhibitor is applled to -inner surface of chamber ,it acts'ﬁ‘
reduce heat transfer to the wall; and is referred to as a liner, |
 _since inhibitor restricts buining , solid propellant units with
inhibitors are called restrlcted burning rockets, and ones without im
hibitors unrestricted burning rookets.

Geometrical arrangement of grain charges depend on desired variat
ion of burning area during bperation,characteristlcs of propellant az
duration. In most conflguraﬁlon}burning ares varies with time.

If burning area and thé}efofe gas evolution rate , chamber presst
re, and thrust increase with burning time, then rocket is said to hai
progressive burning characteristies.If they decrease with time, then
rocket is said to have regressiyve burning characteristics,

A grain which maintains approximately constant burning area and
constant thrust has neutral bdurning characteristics. -

Meny gralns\have perforations , that is , holes in the propellan
charge to 1nerease the burning surface. In perférated grains, propel.
ant burns on all exposed and wnrestricted surfaces. The gases create
in the forward end have to flow past a portion of the propellant gra
to the nozzle,and if their velocities are high they may cause erosio:
over the burning propellant surfaces which they have passed.

Meny grain configuration, especially unrestricted types have larg
void space which is necessary for the escape of combustion products
nozzle exit, and for mounting prov181ons and to provide for thermal

expansion. This void spaoce if small, space factor is large Which*“

Student : Date : Teacher:



, [Neggte
Reshicfeti bummg phit

»,/C{;ums}gﬁr Cclevitd

INAANNANRMNW
AAARARNARNNNRY

= [

£ NO{SS{?; .

/Cg‘iamfpfr

===

)
1

Unrestrcled b_““*i*f uwif, mlg-,&f,f(af?cw chepe
&

~ . P R N I T
Wrmh«";‘r{‘{ &.mmag umi‘,?wér bpie @r-'ff;fxw cﬁu«fj»: .

b | /({i;zw.i‘»?r v‘/fnﬁ.\;%?gf'ar
R R

R
SRR /2

Red ond fube chegt -
Typrest cold propeblant groe conpprs o




ROBERT COLLEGE | Course: Class : Page :

School of Engineering
. ~2T~

DEPARTMENT
OF
MECHANICAL ENGINEERING *

Lab.
Design
Thesis

- for compact and 1ighter design. In computation of space factor , inhi
‘bitors » liners, etec. are not included in the volume of propellanx
3.=Combustion of Solid Propellants

In'most solid propellant rockets,no arrangement is made for t
control of the combustion process during the burning of the propellan
If there are no mechanical devices installed in the unit , dontrol of
the burning is only possible by the use of a suitable grain with inhi
bitor coatings ‘before the unit is used, '

During the burning the solid propellant regulates itself. Fun
damental property involved in this selfwcontrol burning is the rate o
burning which is the rate at which a burning surface receeds in a,dir{
‘ection normal to itself , inches/second., Most ordinary propellants haé
ve 0.03 to 2.5 in./sec. burning rate at 2000 1bs./sq.in. chamber pree
ssure. For some restrlcted units an approximate formula is : |

r#ape | (44)
where , ‘
r = burning rate,in./sec.' pé = chamber pressure ,lbs/sq.in.
a = comstant , 0.05-0,002 for restricted propellants,
n = constant , 0.4-0.85 for restricted propellants.

Actually burning rates are determined in static firing tests
of rocket units. Burning rates actually depend on : the gas pressure
on the propellant,p;jemperature of the propellant chargerbefore ignit
ion,T_j;velocity of gas flow past the charge surface,V;time since the
start of burning,t the position in the chatge xj;the direction in whic
the normal to the burning surface point,w,

r = r(p, p,V,t,x,w) | (45)

Variation in burning rate with time after start of combustion
is due to gradual heating of the propellant and motor tube by radiant
heat transfer from the hot propellant gas. It is a more important eff
ect for hot propellants than for cool propellants,The propellant grai
must be slightly transparent to radiation to permit intermal heating.

Both variation with position and direction are due to inhomo-~
geneities and anisotropies introduced into structure of propellant du

ring its menufacture.
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It will simplify the general theory if if only the variables of
chamber pressure, propellant temperature and gas flow velocity are de-
pendent, The effect of temperature is seperable from pressure and vel-
ocity. dependenee. s
= f.l (Tp) f2 ‘(p\,V)‘ : ’\(46). -

- Temperature dependence is'expressed’as,:
- A R
5 T ;
1 ¢ P ) e (47)
‘ _ , 1 b
Where ;s A and T are emplrlcal constants. o
Pressure and velooity dependence is seperable in some cases but

not in others : S _ o ,

£, (pc,V) n a',(p/IOOO)n“(I+qu) .or & (p/IOOO)n'f3 (v) (48)
where; : | o : E
| g = denslty of propellant gas flow1ng past the grain.

a' and k = Empirical constants.v ,
f (V) has 'a peculiar dependence s

(V) =I . o if V less than L/
I o+ k (va ) if. V, less than V : (49)

~where 3 ke v Vo are empiricel‘ebnstante , and V = threshold velocit

 Frequently an expression without threshold velocity is used :
£ (N =T+kV (50

Er031ve eonstant k (I+kqV) ranges from 0.05 t0 0.7 sq.in. sec, /1b. ;
Final burning rate expressions are then as follows 3

. a'. ‘ . . . . i
p = ——— ( p/I000 )* (I + kqV ) (5I)
- B ‘
T,= %) |
For negligible velocity this reduce to :
‘r =a ( p/I000 )" with a = a'/ T =2, (52)

where j;p = psia.
' = OQI“'IQO in/sec. n =‘0.'2 ad 008
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: fstabilifx of- the Burning Surface

Combustion Geometry : It is important that the regular beha-?

viour of the burning surface should be stable so that burning surface
area does hot change in an unpredictable manner.If a disturbance is

represented by an irregularity'of‘the surface simple geometrical conse |

iderations ,assuming burning in a normal direction, indicate that the
sufface will smooth ous and conitinue 4%s regular recession as long as
the desired surface is flat. & constant area for the burning surface
is the important requirement since a small change in the burning sur-
face area will produce a large'change in chamber pressure.

Charge Deformation Problems : Propellant oharge is subject
to pressure and to axial and radial acceleration forces.These forces
produce deformation of the charge. - : ) ‘

, In case of tubulat and internal burning propellants where
flows through &ucts ~along the grain, there is a serious situation.
General pressure level does not lead to a deformation of the charge,
but the chamber pressure. at forward end of rocket is larger than that
at the exhaust nozzle end of the. eharge. The unbalance of pressure le-
ad to longitudinal compressive stress, bulging the charge into the gas
duct area. Acceleration forces also add onto this compressive stress.
The bulging leads to a restriction which increases the pressure drop.
At hlgh propellant temperature burning rate- is higher, propellant is
softer, and normal duct area is reduced by thermal expansion of the
propellant. The hlgher pressure produce large accelerations. All these
effects result in increased pressure drop and bulging,whlch may cause .
failure of rocket. ' ,
Let us consider only preesure drop due to the necessary gas flow
velocity. If cross sectional area of_propellant is normally Apn,effect
of pressure drop,increaeevit to Ap,where

Ay =a, (I 24/B 67) | (53)

O =pp -~y | v_ (54)
Pp= Front pressure. | |
Py Rear pressure. ;ﬂ = Poisson's ratio. - B=Elastic Modulus

If 5 A= Internal cross sectional area of combustion chamber tube
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Then duct area ; Ad;: A - Ap o Agy = LI Apn (55)
Assume = - |
P hg =248y,

If propellant were perfectly rigid , pressure drop would be le
88 , . since no bulge would obstruct duct area.
Combining equations (53) end (55) :

bt by =hg - Ay (T424/ B 0)

Ay = Az ( I+ 24/ B 0)

By = Bgp = Ay W/ E O

Ag = Agn / Bgn =24/ B @

o = B/2p ( Bg/hgn = 1)
| ,O’-- E/2p ( 1/ g/ Ay ~I) | |
O/Gh= /2 B/G, (T Bgypy = T) (56)

,There is a critical elastic modulu8 and if the actual modulus o:
propellant is less than that, the rocket will blow up. Note that red~-
uction in actual modulus with temperature is more important effect th:
an 1ncrease of critical elastic modulus withy temperature. '

Steadx State Dynamics of Radial = Burning Grains :
In internal burning and radial burning grains erosive burning

if it is mass flow dependent , can introduce erosive'instability into
combustion process. : | '

: If the buraning rate remains the same at every point on the =
rface , a hollow cylindrical charge , restricted from burning on the
ends , maintains a constant burning surface throughout the burning pe:
riod.So it is assumed that burning surface, Sb , i8 constant. But, as
the solid propellant burns away the duct area Ad , for parallel gas
flow increases. In usual design , velocity of gas flow at exhaust noz
zle is very much larger than the velocity of recession of the burning
surface. During the time necessary for combustion of I % of solid pro
pellant , gas evolution corresponds to about twice the duct volume wi
thin motor, so assumption of steady dtate will be a satisfactory appe

roximation.
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Properties of combustion gas are assumed the same across any given
eross section. Propellant gas is assumed ideal. Skin drag and frictio-
al forces of internal gas flow on propellant grain are neglected.

- Between front of combustion chamber and exhaust nozzle end of the
charge, thepressure of gas stream decreases and veloeity of gas flow.
increases. Between exhaust nozzle end of the charge and throat of noz-
zle no further combustion mass is added to flow. In this portion there
is a sudden expansion of gas at entrance which lead to loss of stagna-
tion pressure which is neglected. v

Mess flow through an exhaust nozzle is :
h o= Po ,A-t /E (57)
where ; .
pot=.stagnat10n pressure related to veloclty and pressure at
the end of the charge.
Rate of maschombustlon is

it

Mass flow out:of>exhaust ndszle equals'rafe of mass combustion.
Equating equatinns (57) and (58) and wrlting in terms of Kasb/At (59)

K = P, / a, r 5 o (60)

Introdu01ng parameterS': : . ‘
© " +
= /0, (61)  Po=F/rp (62) =0 (63)

where ; Tp » Pp = burning rate and gas pressure at- the front of the
grain , we get : :

K = py/a, T ¢* = pg/ %p ° gt rp 8. =vp/ q, " Ty # (64
where; : : :
K = Ratio. of burning surface to throat area,

¢ and ¢+ may be determined in terms of ratio of gas duct ar-
ea to- exhaust nozzle throat area , Ad/At , and the front chamber pres-

sure.,
Internal Gas Flow
Analytival technique used is to find variation in conditions alo-
o front conditions,in terms of local Mach Numﬁe
! Student : . Date : Ln;ez-(;\h(?\rﬂNNERS\TES\ KUTUPHANES
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Mach number,at the nozzle end of the grain is determined by the ra-
tio of exhaust nozzle throat area to gas duct area.

Conservation of mass , momentum , and energy at any section x , to-
gether with equation of state are :

Ay a(qV)/dx = Q, T a8, /dx =g, T ¢  (64)

, QI: = Sb ‘ (65)
PF - P '—'qu (66)
2 .
I/2 V¢ = ey (T,-T) | (67)
pP=aqRT , (68)
where ; ‘ : \
q,V,p,T = gas dénsity, velocity , pressure,temperature at any sec-
tion x. o ' , o
r = Burning rate at x. ds,/dx = constant.
Ad = gas duct area, R = ﬁ/m
0 = perimeter of burning surface,

To ( = TFI) = adiabatic constant pressure flame temperature for cém-
' ~ bustion of solid propellant. '

Local Mach Number = M === M® = V2/22 = V2/k R T (69)
where ; S . : , 4
a = local velocity of sound. k = ratio of specific heats.

Mass Flow Density is dimensionless and equal to :

g=aV/ ey ) (70)

where ; | |
ap = Sonic velocity at fronx section. -
Ap = gas density at front section. 7

-Solving for lcealvconditions.in terms of front conditions and loc-

8l Mach Number we get : ( prowfs will not be given since proved alrea-

dy in gas Dynamics by Professor N. Eraslan ),
 p/pp=1/1+kM o (71)
/T = /T, = I/ 1+ k-1/2 e (72)
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Ve = 2 \
¥ F (73)
V/a, = M
. : ol
I - ( 2 \I/2
g& = = I kqu
Ik 2 | + = M ) (75)

2 ((I o 2(k+I)g ))I/2 - ( I-ekg?
66 (keI) = 2 k2 g7 )

(76)

Local stagnation pressure is Py 3 ,
P,/P = (ﬂ:F/fi.‘)k/""’I (17

 po/pp = ( I+kl w2 YT s 1. ku®  (78)

Internal sonic flow s
- Physically , supersonic flow is not attained adjacent to a
burning surface where mass is being added.
Differentiatlng eqnation (75) :

M , (I+kM (I+k-I[2 2 4 (79)
M . I-Mz ‘ : g 1

We see that ; if M is less than I Mach number increases with g,
and(if M is greater than I Mech number decreases as mass flow increaée
The flow cannot become supersonic. Variation of duct area , due
to0 variation in burning rate', may_cause the sonic position to jump

from place to place along the grain, Uniform flow is established if
A4 is larger than A, and if pressure level rises so that actual mass
flow can increase with increasing pressure. '

If M=I , we have equatioh (64) for sonic flow , which will ubeb-
le one to solve for steady state front chember pressure..

P e e s bE A em G M GBS GE SR W G G G SN e W N mm wn e e M W
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Receﬁt Developments in Gombustion of Solid Propellant Rocket Engines

Research wes made on the following areas 3
I - Influence of comp051tlon on ballisyic performance.
2 - Erosive burning characterlstics of propellants. (polyurethane
propellants) ’ ,
3 = Combustion 1nstabilityrEMenomena.

‘ I - In early stages of propelfant development , a simple propellant
\baeed}on ammonium perchlorate and an improved polyurethane binder was
investigated. To get good phySieal properties 20 to 22.5 % by weight
%blnder was used.,Inorease in energy was achieved by using aluminium
§alloy additives and high energy plastlcizer. In initial work , only an
%tlcaklng agent and catalyst.were added to promote curing. But this pr-
jopellant was unstably burned. Then by addition of alluminium alloy 5 %
%by welgnt , combustion was stablllzed ~With this asereference propels
jlant, present aim is to pro&uce g
‘ (a) Propellant with low burning rates.

(b) Propellants with high burning rates.

(c) High energy propellants. ‘

% ]
Ig

(a) Low burning rate propellants : ko
| Its production is attempted by including in the composition
ﬁseveral parts by weight of ‘an endothermic coolant. Since the propell~
?ant binder was cured by chemical means , additives are selected very
ioarefully. Alkali metal halides were considered chemically inert. It .
jwas investigated that the effect was quantitatively related to latent
ﬁheat of volatization per unit weight and Lithium Fluoride was the most
ieffective additive. It was found that for up to 2 % , the depression-
iln burning rate.was proportional to concentration of lithium fluoride.
: Next approach to develoPe slow burning rate propellants was
ithe use_of formulations using large proportions of metal addltlves R
ie.g. Aluﬁinlum content. For rocket engine development it is decided ‘o
% concentrate on a slow burning propellant with a rate of 0.I8 in./sec.
" (b) Propellants with high burning rates :

First approach is to use hotter propellants , and this is

| Student: _ ‘ Date : " l Teacher:
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achieved by reducing binder ratio, to fuel, This proce&ure increases
performance and burning rate. ~up to a levek, 1{
Othegyapproaches 3 - :
i) Addition of potassium perchlorate - obgections are : high va~
lue of pressure is assoéiated ‘
2) Addition of heterogeneous gas phase catalyst - objections are
Loss of performance. o
3) Control of crystal;deflpgration.by oxidant additives.

Copper chromite and finalfy divided silica accelerate burning rate
of propellant without ohanging éther parameters, and this is used for
item 2). .

‘Control of rate of crystal deflegration is investigated by agglomer-

ation of additives with ammonium perchlorate, and this is used for it- |

'.‘

em 3). |
(c) ngh Energy Propellants :

:‘)

4 For developing mpre energetic propellénts the path of.

“&
sacrificéof polymeric binder fpr alluminium is not €6llowed. Rather, A

the binder phase is retained at a high level and an explosive plasti-
cizer is added to 1mprove overdll stoichiometry of propellant.

!
2 = BErosive Burning of Propellants :

Canadian Armament Researeh and Development Establishment
has determined erosive burhing;by inserting conductivity probes in te-
st grains and comparing tne station burning rates_at various'times du-
ring burning. '

Taking medium energy propellant as reference, it is seen that,,‘

negative eroston is quite’ apparent in the hotter and slightly faster

burning propellants and appears to be less severe in cooler,slow burn-

ing compos1tions. :
Also, there appears to be little major change ;n erosion chara-

oteristicstﬁg the weight fraction of the solids inuéombustion products

increase from 0 to 30 %.
Another point is that , erosive burning effect is still quite

noticable at high values of port to throat area ratio.
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3-Unstable Combustion k?

Instability arises because the rocket engine contalns an acos ;
ustical cavity whose walls are reacting surfaces which for certain ge-
ometrical configurations are capable of amplifying small pressure dis-5
turbances, These pressure disturbances lead to undesirable and dangerﬂ‘
ous overﬂpressures y Severe mechanlcal vibration , excessive heat tra-i
ngfer , grain rupture and abnormal thrust-time curves., . |

Two Main 1nstability&. ; |
I - The transverse mcde where the gas flow sloshes across the
section of the cavity. : 'é
w 2 = The longltudlnal mode where macrosonic disturbance trave-i
1s backWards and foxwards along the 1cng1tudtna1 axks of the cavity at‘
about local sonic velocity. |
A combinatlon of these tWO leads to a highly undesirab;e increas %
in burning rate of pr0pellant3n, and under appropriate conditions ,
amplification of the. 1nitia1 disturbance occurs up taﬁa 1limiting val'uei
fixed by system losses. f y i i
One source of damping is: the poor reflection characteristics of
the ends, in particular , the: nozzle end naturally hag higher losses.
Other sources of damping arise from normal irreversible fluid dynamic g
,viscous}effects and mechan1ca1 exitation of the rubbery propellant grE
ain, , -
The type of 1nstability'is determined by both the engine design
and the type of propellant. Certaln slow burning propellants, in suit-
able grain geometries, been found on occasion to be sensitive to unfo-
rced initiation of longitudinal mode of unstable combustion. This inse
tability cab be overcomed by a pulsing technique developed at CARDE.
This thechnique consists of firing a small gunpowder charge which
initiates a pressure dlsturbance at the head end of the rocket engine.
The pulse propogating up and down the cavity may be either amplified
or regéced, depending on the system losses and ene g? input. High fre-
quency recording equipment show the change in wave form of the pulse.,
It is found that when engine apperars unstable, the pulses quickly bu-
il@ up to a 1imiting amplitude and increase the mean engine working
e to increased burning rate. After initiation the naturally
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Qccuringiinstability is identical with artifically—induced one., It is
guessed that naturally occuring phenomena may be caused byvrelatively
small burning defects which occur in large grains,

By the use of this technique the aim is to conduct e fundamental
investigation on two distinct lines., First, to gain an understanding
of the effect of engine operating parameters, such as pressure and ca
vity shape on instability process associated with-a given propellant.
The step is to compare the behaviour of different propellants in eng-
ines of fixed geometry. e '

'~ For exemple : Propellant B ; burned stably in several engine des-
igns. Propellant C ; used when slower,burning propellant nedded. It
is more erosive , but contrary to the fact that more erodible propele
lants are more stable , it is unstable.

: Propellant Data -

Parameters ' ' ’ ' Progellants
R S B. C
Oxidizer, % by weight . 75 | 70 | 70
Polyurethane fuel,% by weight 25 o 25 25
Aluminium , % by weight ~ e e s 5
Lithium Fluoride, added parts - - - f 1.8
Fleme temperature, °K o100 2340 2220
Mean molecular weight* o - 21.54 ' 22,16 22.14
rate at I000 psi
Rocket burnlng P 0.2 - 0.24 0.I5
in./sec. ,v -
Gharacterlstic velocity,o ft/sec. 4650 o 3820 - 4560
000 psi -
Spe01flc Impulse at I P oT6 05T 510
1bf-sec/lbm |
Propellanx density, lb/in . - 0.0580 .0.,0584 0.0585

Aim of CARDE H

Selecting stable propellants, seeking out a phenomenologi-

cal understanding of the problem. '
By multiple pulsing techniques the effects of grain geomeﬁry »

and initial chamber pressure on stabllity has been lnyestigated for
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propellants A,B,C. .
. C® is the most unstable and B is the most stable . For A and C
stable operation occurs only in low pressur regions.

. The stability limit dividing the stable and unstable: regions'
is a function of the instantaneous grain geometry.

- With slow burning propellants the lower stability limit occurs
at too low a pressure for use in booster rockets operating at about
I000 psi. But for high performance space rockets operating at low pre-
gsures, the very slow burning lithium fluoride based propellants may
not be unattractive,

o ‘The promising slow- burning propellants are highly aluminized
ones which are highly ercsive to the rocket hardware. '

Combustion Stability acceptance of Rocket Engines s
This new technique ( pulse technique) means that the resp-
onse of the propulston systems to a disturbance capable of trigerring
combustion 1nstability in the finite wave axial mode can be vcrlfied
in the first prototype firings.‘ o V
Transverse instability is not a problem in aluminized prope1~
lants but axial instability might pose some difficulties.

, This testing technique gives firm guarantee that an engine wi—
ll not transition from stable to unstable operation tn the axial mode
over the required temperature range. After a few firin tests design co
nfiguration is qualified. ‘

Finally let us make a definition of instability : Instability
is assesed as the ratio of the unstable burning pressure increase over

the stable operating pressure.

Weight of. Propellant Burned
Propellant flow rate is given by the following expression :

o aw ‘ '
wo=__ u - : :
N T = _Ab, qQ, T (80)

where ; | - | | | |
Ay = .. burning area. » = Burning rate. q, = propellant'density.

h i effﬁotive ropellant is defined as :
Total weight o] prop s th'Ab L. (81)

S 1
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It is difficult to obtain instantaneous propellant flow rate, W
er effective exhaust velocity experimentally. But total impulse and
total propellant weight consumed during test can be measured. Propel-
lant weight is determined by weighing rocket before and after a test,
Effective propellant weight is less than total propellant weight bec~
suse some grain design permit small portions of propellant’to remain
unburned during combustion.

Total Impulse :
Total 1mpulse can be accurately determined in testing

by integnétlng area under & mhrustatime curve, Forath1s reason averas-
ge specific impulse is usually calculated from total measured impulse
and effective propellant weight , 7

Total Impulse is deflned ag : the integration of thrust over

A

I, '~=Jo F at = F ¢, , (82)

operating duration ’ tb s %

where ; F = average thrﬁst during burning duration , tb.

Effective Burning tlme :
It does not 1ncludevthe thrust build up and thrust decay
period. Bnrlng these periods total impulse is neglected when calcula-

ting average performance values.

Other Performance Parameters :

Thrust , Exhaust velocity and Specific»impulse are defined in
the first pages of the report so they will not be repeated here.
We have the following performance parameters :

Total Impulse - It‘ (83)
Loaded wetght ratio Wg '
: _ i)
Thmst = ( 8 4 )
Weight ' Wg

When weight of 1nhibitors , hardware, etc, become small in ree

lation to propellant weight ; It/W — It/w I so higher values

of I,/W_ give better design of roeket.
Sfud?"ﬁ e I Date :
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Volume Impulse
grain ;

[ 1]

Total impulse per unit volume of propellant

I,=I,/ 7, (85)
Pinally we have the basic relation of parameters affecting pere
formance which is derived from principle of conservation of matter.
Propellant mass burned per unit time equals increase in gas mass
per unit time in combustion chambér plus mass flowing through exhaust
nozzle per unit time. -

Ap T Py = d/dt (qp Vo) + &4 b, (( gk / R T, (2/k+I)k—I ))1/2
(86)
This eqnation is useful in numerical sclutions of trensient con
dition. The change of gas mass may be neglected and from there & Tee
lation for the ratioc of burning area to throat area is obtained and
chamber pressure may be expressed as a function of this ratio.

Performance Limitations :

Characteristics of individual propellants limit; thrust ,

burning, duration and shape of rocket. ' '
Temperature Sensitivity :

Initial temperature of grain affect the performance., On a
hot day a solid propellant rocket operates at a higher chamber pressu
‘re and thrust then on a cool day. Initial temperature of grain has a
decided effect on burning rate, but total impulse is unaffected.

Methods of accurately controlling thrust of a given prope«
llant grain with varying ambient grain temperature are 3

I -~ Variation of burning surface ar the length and shape of prop

ellant grain. -
2 - Replacement of the nozzle with one having corrected throat

area and expansion ratio.
Temperature changﬂs affect the equilibrium pressure and burning

rate. \
Temperature gensitivity is defined as the % change of thrust pe
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- unit temperature change.
- Temperature sensitivity coefficient of equilibrium pressure at
particular value of K (Area ratios) is defined as :

If =(d1lnp / d® )p = I/pc (dp / dt)K (87)

Temperature sensitivity coeﬁficient af npartibnlam pressure P »
of burning rete is defined as :

=(51nr/d@4)p;1/r(a&/5m )p  (s8)

Temperature Limits :

- In geographical locations where nights are cold and days
are very warm , solid propellant charges are subject to temperature
effects., During cold, propellant charges become brittle and subject to
cracking and also rapid change of temperature cause cracking, whichmaw

.u.
T

increases burning area ’ therefore mass flow rate and chamber presshy
which cause overloading of chamber walls and result in chamber faiE?ggi
o Overheating of propellant charge prior to firing cause propell ég
nts to become weak, so they are unable to withstand high chamber pr
sure or acceleration of vehicle. This failure is again due to increas-
ed burning area . Therefore propellants have temperature limits which

may be widened by use of additives sometimes.

Pressure Limits :
Below a certain pressure the combustion becomes unstable, so

operating chamber pressure must be always above Lower Pressure Limit
(well above atmospheric pressure) The lower combustion pressure may
prov1de a safety since proPellants will not ignite inadvertantly or
even explosion of chamber takes place , they will ne#® sustain combuse

tion at the ambient :pressure.
Because many grains have regressive burning characteristics,

during thrust decay period , there is always a propellant,resi&ue whi-
ch cease to burn when chamber pressure falls below the lower pressure
limit, which is ineffective in giving impulse to rocket.

Pregsure is determined by throat area. When throat area exce-
eds a certain value, combustion pressure will approach lower limit and
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burning will tend to_become unstable. This throat area is called the
critical throat area , the actual throat area must be always smaller.
The»chamber pressure should be safely above the lower combustion
pressure. ‘ ‘
Above upper pressure limit, the burning rate increases. rapidly
and ata certain point burning becomes abnormal, detonation occurs whi-
ch usually shutters the chamber.(above 6000 1bs/sq.in.)

Deterioration :
- Many propellants deterlorate with storage. Some propell~
ants experience a low order chemical reaction during storage, which
change properties of grein.,This,is inhibited by adding certain cheme

igals. Other propellants absorb moisture which softens and weakens the|

charge.

Handllng Precautions : ' : o :
It is necessary to handle solid propellant rockets caref-
ully and avoid impact or shock loads on rocket during storage: and hae

ndling to prevent undesirable cracks , Which cause uncontrolled incre-

ases of effective burning rate.

Slze and Duration Limltatlons H ,
‘ Duration is limited because of practicle problems of co-
nstructing very large and heavy chambers , and because of excessive

heating of hardware parts in prolonged operation.

~ For any propellant charge size there is an upper limit of maxi-|
mum thrust by disproportionately large nozzles in relation to port ar-j

ea and propellant volume.

Advantages and Disadvantages of Solid Propellants comparcd
with Liquid Propellants : ' ' '

I - Simpler in construction and design.

2 = Usually the lighter unit for low total impulse application

3 ~ Few servicing problems

4 - Believed to be more reliable .

5 - Sometimes difficult to handle .

Student: Date: Teacher:




n—

ROBERT COLLEGE Course: ' Class : Page:

School of Engineering

DEPARTMENT
OF
MECHANICAL ENGINEERING

Lab);
-Design
Thesis

SOLID PROPELLANTS : I - Classification :

« Any one solid prOpellant 1noludes usually two or more of
~the following : ‘ *

I - Oxidizer ( nitrates orrperCthrates )
‘2 = Fuel ( Organic resins or plastics )
3 « Chemical compound combining fuel and oxidizer qualities.

4 - Additives ( to control fabrication'proceés,burning rate,etc. )

. 5 -~ Inhibitors ( bounded,taped or dip-dried onto propellant ) to
restrict burnlng surface,

Two types of Propellants : \

I ~ Composite propellant - A fuel and an oxidizer , neither
of which burn satisfactorily without the other. It consists of cryst-
alline , finally ground oxidizers dispersed in a matrix of a fuel co-
mpound. ' ' : | | \

2 <« Double base propellanxs - Contains unstable chemical com~-

pounds, such as- nitrocellulose, which are capable of combustion in the{

absence of all other material. There name is given so because many .
are based largely on a colloid of nitroglycerin and nitrocellulose.
Most propellants contain from 4 to 8 chemicals., In addition

additives are used te centrel physical and chemieal properties of pr=

-opellant. Purposes of additives are :
I) To accelerate or deccelerate burning rate ( catalyst )
| 2) To increase chemical stability or avoid deterioration dur-
ing storage.
3) To control processing propertles during fabrioation. 7
4) To control radiation absorption properties of burning pro-

pellant. .
5) To increas physical strength and deorease_elastic deforma-

tion. ‘ | |
6) To minimize temperature sensitivity.

2 = Desired Propert*es :

a) Ahigh release of chemical energx , promotes a high per

formance and therefore a high value of combustion temperature and
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specific impulse.

b) A low molecular weight of combustion pro&ucts is desirable
to inorease specific 1mpulse. o

c) Solid propellant should be stable for a long period and sh-
ould not deterhorate physically or chemically during storage.

| d) High density of solid propellant permits the use of a small
chamber volume and therefore small chamber weight.

e) Solid propellant should be unaffected by atmospheric condi-
tions, e.g. should not be hygroscopic."

f) Propellant ghould not be subjeei to accidental ignition ,
fhat is , auto-ignition temperature shoul Be high , lower. combustion
limit should be higher than atmospheric pressure, and it should be in-
sensitive to impact, o o

g) Propellant should have high physical strength:prOQerties )
e.g. tensile y compressive ’ shear strength -should be high,

" h) Small coefficient of thermel expansion will minimize relat-
1ve motion within chamber and thermal stresses within stored grain.

i) Propellant compositlon should be chemically inert during
storage and operation and not require special materials for chamber. cr

nozzle construction.

3) Propellant should have d desirable febrication properties ,
€.8. fluidity during casting R easy control of chemical processes.

k) Propellant's performance properties and fabrication technic
shouldBe inseﬁsitivc to impurities or small processing vsriations to
simplify its production ; inspection , and reduce cost. ’

1) Low temperature sensitivity.

m) Exhaust gas should be smokless to avoid their depOS1tion on
operational location and to avoid detection in military use.

n) Propellant should lend itself to bonding to metal parts ,
to application of inhibitors, to production technigues, and should be
amenable to the use of a simple :.gniter.w

o) Exhaust should be non~luminous and non-toxic.

'p) Method of propellant preparation should be simple.

~q) Solid propellant conductivity and Specific heat should be

such as to control heat transfer te grain.
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r) Propellant grain should be opaque to radiation, to prevent
ignition at locations other than burning surface.
‘ - 8) Propellant should resist erosion.

'3 = Basic Chemicals ;
Oxidizers:
a) The Perchlorates $ : e :
(i) Sodium perchlorate Na Cl O4 52 % available oxygen.
(ii) Potassium perchlorate K Cl O4 46 % available oxygen.
(iii) Magnesium perchlorate Mg (C1 O ) 34 % available oxygen.,
(iv) Anmonium perchlorate N H, C1 O4 25.2 % available oxygen.

All produce HClL and chlorine compounds upon reasction with
fuels, Their exhaust is toxic and corros1ve. H C1 forms a dangerous
fog. All form a dense smoky exhaust with exception of N H4 Cl1 04. Amm-:
onium and Potassium perchlorate are only slightly soluble in water 80
can be used for propellants exposed to moisture.

Perchlorates are produced by electrm1331s of chlorides. The-
ir ox1diz1ng potential is high so they are found in propellants of hie
gh specific impulse. They are available in white crystal form and cry=-
stal 51ze influences fabrication and burning rate, g

b) Inorganic Nitrates :

(1) Potassium Nitrate K N 05 39.5 % eveilable oxygen.
(ii) Sodium Nitrate Na N 05 : 47 % available oxygen. |
(iii) Ammonium Nitrate NH, N0z 20 % available oxygen.'

First two have undestrable. smoke in exhaust due to solid ma=-
terial formed in combustion products. Ammonium nitrate is smokless ,
has non»toxic exhaust gas , but oxidizing potenyial is low, so it is
used for 1ow performance, and low burning rate. Ammonium nitrate is
produced from nitric acid and ammonia. They are cheap.
- ¢) Organic Nitrates :
(1) Nitroglycerin Cs Hg (0N 0, )g
(ii) Diethyleneglycol dinitrate , DEGN ( C H2 - C HZ- ON 02)2 0
(iii) Nitrocellulose Cg Hg Oy (0 N0, )_3
A11 are unstable and capable of oxidizing their organic mae

terial.
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' Nitroglycerin is elightly soluble in water , it causes violent deto- |
nation on slight shock., It is less sensitive in solid form. Gelatiniz-
ation of_nitroglycerinvwith nitrooelluloep results in a stable matere |
ial which is the basis of double base propellants. With double base
propellants additives are used to control physical properties , stabe
ility during storage , etc. Increase in nitrocellulose increases phys-
ical strength. Inerease in nltroglycerine increases performance and |
burning rate.

- d) Aromatlo Nltro Compounds s

(1) Ammonium Picrate Cg Hy (N0, )5 oN H,

(ii) Trinitrotoluene G H; Cg Hy ( N 0, )y § INT.
(iii) Dinitrotoluene c H3 06 3 (N 0, )2 ;. DNT.

4 = Fuels : : |
: Fuels are selected for their ability to be oxldized for |
adding desirable phy81ca1 properties to mlxtures, and desireble fabri- i
cation characteristics. In fabrication many fuels are mixed with crys- :
talline oxidizer, while fuel is in liquid state and at elevated tempe~ |
ratures, After that due to temperature drop it undergoes a physical or
chemical ohange and hardens the grain.
2) Asphalt-0il type fuels 3 _ .
Asphalt is heated , liguified and mixed with oxidizers,
and then mixture is cast into rocket chambers and allowed to cool to
o semi-solid state, Because it tends to crack, special oils are mixed
with it to improve its characterlstios at low temperatures. Their max-

imum operating temperature is limited because oil softens it , and be-

comes unable to withstand high operating temperatures.

b) Plastic Fuels 3
Various components of plastic are mimed, the oxidizer is

added, and‘the mixture is cast beforse plastic sets. (Thermosetting «~

plastlcs)
c) Rubber type Fuels :
‘Several synthetic rubber are used for propellant bases.

Elastic properties pernit simplerdesign provisions for thermal expane
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sion and contraction of propellant during storage, and better transf-
er of pressure loads.

5 ~ Manufacture of some Solid Propellants%

A) el~0xidlzer type Propellants ( Composite Propellants )
Processing Steps : ? v : ) ,
a) Grinding of Ox1d1zer Crystals : 1

Particle size of orystalg effect burning rate, processing prop-
erties, and physical propertié% of propellant. Decrease of particle
size results in increase of bu}ning rate. A grinder is used for grin-
ding of crystals to proper sizes under controlled atmosphere conditi-
ons , and it is a mechanical ﬁrooess difficult to control.

. b) Propellant Mixing :

Proper proportions of cnystalline oxidizer ’ fuel and additives
are thoroughly mixed in a suitable equipment. Some fuels require ele-
vated temperatures to attain-eufficient fluidity to permit miking.-
Other fuels undergo a chemical change and felease heat to form the
grain. With this last t¥pe the grains must be cast, or extruded.

¢) Casting of graln : ’

Many propellants whioh have a crystalline oxidizing agent are
cast into proper grain shape. Either cast directly into combustion
chamber, or into special molds. To form required port area a metal coe
re is inserted into the mold. To prevent air bubble formation in grain
during casting, & vaguum is sometimes applied.

‘ d) Curing : ‘

After casting, propellant is cured. With some fuels, this invo-—
lves a slow and controlled cooling process, with others a chenical ree
on 1n%propellant The higher temperature,the faster the cooling.

e) Final Processing @
Withdrawal of metal core, cutting of excess propellant in the
ealing of the chamber is included in final processing. If
the grain is removed from it, cut to proper size, in.

acti

risérs and s

a mold is used ,
hibitors applied and jnserted into the chamber.

Pressure molding is used for very visoous mixtures.
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'B) Double Base type: Propellants ( Colloid of Nitrocellulose
"and Nitroglycerine ) :

They are prepared by a ‘solvent or solventless extrusion
process, or sometimes by casting process. '
" ' In solvent process, a volitile solvent is mixed with the
ingradients to improve mixing, casting and extrusion qualities. Resu~-
lting grains are dried to remove solvent., However, solvent may cause
cracks by evaporation. This process is desirable for thin sectioned
propellant grain configuration.

: In solventless process blending and mixing is accomplis-
ed by running the propellant through heated differential rollers. The
meterial is extruded through a suitable die'at>very‘high pressures.t
‘Extruded grain is heated to relieve internal stresses. Extrusion pro-
cess perm&ts exaed eontrol of grain size. ' '

‘ In easting process ’ nitroglycerine llquid with additiv-
es is cast into an evacuated mold which is preloaded with small pell-
ets of nitrocellulose., Then mold is heated and nitrocellulose forms
a homogeneous solid with the liquid mixture. This process permits ma-
nufacture of very large grains.

C) Pressed Powder Charges : o ,

Several propellants are made by pressing or forming mix-
tures of loose, smell particles into grain shape,( Black Powder )

Black Powder manufacture requires mixing ingrediehts in
proper proportions and forming them, sometimes under-pressure, into
desired grain shape. A binder such as oil is added. ' :

Mixture of Ammonium Nitrate and Guanadine Nitrate with
appropriate catalysts for decomposition are used for small rockets.

Loose powder compressed under high pressure -( 7000 1bs/ sq.in. ) ine
4o suitable molds, forms a charge which is hard and rock-like in app-

earance. -
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DESIGN OF SOLID PROPELLANT ROCKETS

- I - Chember Pressure Selection :
‘Considerations affecting choice of chamber pressure are @

a) The pressure must be above the lower combustion pressure 1limit to
insure steady smooth burning a% all initial grain temperatures.

b) Sometimes high chamber pressures is desired, which increases spes
cific impulse and also for a given thrust it permits the-ﬁse of a sma-
ller throat. .

¢c) In gegeral overall welght 1nereases with chamber pressure, which
justifies heavier supports, more difficult handling, higher heat tran-
sfer to metal parts and. increased costs, Therefore it is best to chose
minimum possible ehamber pressure., e

d) Desmred burning rate also affects selectlon of chamber pressure ,
since burnlng Pabe is an exponential function of chamber pressure.

‘There is no general rule for the selection of optimum chember pre-
ssure, the choice must be made on the merits of the specific applicae
tion, ' ' '

2 ~ Grain Selection @
Some of the factors affecting the selection of the geom—j
etry of solid propellant charge are : - S :

‘a) Many appllcatlons present a fundamental geometrical 1imitation ,
e.g. maximum missile dismeter, maximum overall length.

b) In high performance applications it is 1mportant to obtain hlgh
loading density in chamber and minimize void space and port area, and |
jneffective propellant remaining after operation.

¢) Grain geometry influence heating of the walls and to some extent,
of the nozzle, B,g. bonding of internally burning grain o chamber we-
11, reduce heat transfer and permit the use of a thinner wall. 7

d) Proper grain design prevents or controls erosive burning.Erosion
1s the result of 1ncreased and erratic burning rate at grain areas
where high local gas velocitles cause wearing of exposed surfaees° |

e) De51red thrust program determines desired burning area program.
Burning surface relation with time can be altered to give progressive
regressive or neutral burning. e.g. simple rod grain in regressive ,
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internally burning tube grain in progressive,

By partial inhibiting of exposed surfaces by varying grain design
by tapering the ends, etc, various thrust programs can be achieved,
£) Physical strength characteristics of a given propellant limits
grain geometry. ‘

% = Burning Rate and Erosion :

Burning rate progresses in a direction normal to exposed
burning surface and at a rate which is a function of combustion presg-
ure , ambient grain temperature and propellant properties,

Approx1ma¢e formulas are ?

o g 4%
v r=a pc 7 (89) %

1‘

r

g+ b pc - (90)
where H ‘ :

r = burning rate. P = Chamber presgsure. .
a,b = eonstants for a given ﬁnitial grain temperature.

These formulas are insuffieient for design purposes, and gra~
phical presentation of propellaht data must be used.

Burnlng&is a functionsof chemical coggosition, method of pro-
pellant preparation, initial grain temperature, burning time, gas vels
ocity adjacent to grain, radiation pattern and geometrical shape of
gratn. Burning process is very complex and involves interaeting reace
tions in‘solid,liquid, gaseous phases at high pressures and temperate

ures,
There is a very high temperature gradient between solid prope

ellant and hot gases at burning surface,
Burning rate is determined empirically and presented in plots.

Brosive Burning ; indicates the burning rate of a solid propé
ellant affected by the flow of high velocity gases parallel to burning
surface., Erosion usually occurs inside the flow channe} near the nozz-

le and where gas velocity is high.
Erosion is characterizi#d by an increase in burning rate, and

expressed by an erosion coefficient ; e,
e = r/ro (91)
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'r = burning rate with erosion.

r, = burning rate without erosion.(without gas flow parallel
- to surface)

e=I4+K %/w o (92)
where ; ' I
| EroSion'burning'constant
Weight flow rate through channel lbs/sec.
wh = Weight flow rate which produces M=I in constant area cha-
nnel,

By permitting erosion under controlled condltions it is possible
to decrease channel volume and increase relative amount of propellant
in chamber. Er081on is most pronounced at beginn;ng and decreases as
flow channel becomes larger. ' '

S.-N
non

4 - Forces acting on . Grain :
A « Dynamic Loads : « ,

_ Reasons of dynamic forces acting on propellant grain are :
’; a) Grain is pushed towards the nozzle due to_gas pressure difference
‘between aft and . forward end of those\grains where hot gases flow in
channels parallel to chamber axis. . ‘ '

b) Axial acceleratlons of vehicle push grain toward the nozzle.
c) Priction of gas flowing through port channels cause a. force towa

ards the nozsle. .
d) Forces are created also by impact of gases against protru51ons or

cross perforations.
e) Side acceleration caused %y maneuvres put unusual loads on grain.
£) Shock loads or sudden pressurization of chamber by igniter gases,
The grain and grain supports must withstand these forces if
design is to be successful, -
Support of grain is accompllshed by different methods
a) Grain is inherently strong enough to withstand imposed loads and
forces are resisted by the converging section of nozzle or closure are

ound nozzle, :
b) Grain is reinforced by bonding structural members into or onto

rain, «
Student ; . . _Date: Teacher:




ROBERT COLLEGE | Course: Class Page:
School of Engineering :
Y-

DEPARTMENT
OF -
MECHANICAL ENGINEERING

Lab.
~ Design
Thesis

¢) Grain is mechanically supported by special fixtures at one or
more stations in rocket, :

In a) and ¢) grain is supported near the nozzle, So the forces ac-
ting on it usually load it in compression as a column,., So the column
strength is the most significant physical property.

In b) strength of grain and support depends on shear trangfer, to
keep it fromﬂ?ailing mechanically. é{

Allowabie shear and compression forces vary Wfth propellant formue
lation, rate of loading, manufacturing method and ambient temperature

I

of grain. . ; ‘ |
B ~ Static Loads &’ j |

Materials used 1n SOlld propellant preparation change
in linear dimension and volume with changes in temperature. Thus uneve
en changes in ambient temperature during storage or shipment induce
stresses in grain, e.g. Simple mechanically ‘supported and unrestrained
grains may change their length then stresses introduced by restraini-
ng the grain 1nside the chamber while temperature changes must be kept
low to prevent cracking and deformation. Rubber-like propellant forme
ulations may absorb this stress internally. But, double=base propella-
nts do not permit case bonding and must be supported in a flexible ma-
nner in the chamber, In these,oases of design , propellant is allowed
to expand and contract. Sometimes a large spring is used to keep prop-
ellant properly positionéd wi%h respect to nozzle., In addition to the-
rmal expansion stresses, grain must withstand, to normal handling sho~
cks and loads imposed on a typical rocket,

*5%7 Pressure and Velocity Distribution along length of
Rockets with‘Burning Surfaces Parallrl to Roc et Axis
An analysis is made on the following assumptions :

a) The pressure is constant at eny one eress-seetion,

b) The perfect gas laws apply.
.~ ¢) There is no friction loss.

‘d) The thermodynamic processes are adiabatic,

e) The port area, Ap , is oonstant throughout the length of the

grain at any instant. There is no erosive burning.
£) Gas is generated on the exposed surfaces of the port areas only,
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| Pressure is a maximum at the forward end of the rocket. chamber and
diminishes along length of the grain, Mass is added at all burning su-
rfaces and this mass is accelerated to a velocity corresponding to the
available flow area, ‘ |

Force due to pressure difference between any two cross section
acting on the area, AP equals to the time rate of change of fIOW’momér
entum, ‘ '

(p,=p) Ay =hv (93)
where o : ,
P, = static or stagnation pressure at O section.
p = static pressure at any section.
= gas velocity. ‘ h = mass flow rate, ‘ Ap = port area.
As port area increases with burning time, pressure drop bee
comes less pronouneed. It will be negllglble if flow velocity is smhall|
After pass1ng the grain section , the gases enter the plenum
chamber before the nozzle, where they have a velocity decrease, static
pressure'lncrease and a loss in total pressﬁre;
Relations for gas expansion depend on geometry of grain and .
can be approximated by analysis.
Conclusions for grain design with bmrnlng occuring on exposed
port areas are @

i « Combustion pressure is not uniform along length of chamber,
Therefore burning rate also varies, and is fastest near front end.

2 « Because of pressure losses in channels , effective chamber
pressure is lower than front end stagnation pressure. Losses of flow
should be known for exact computation.

3 « Pressure and ‘burning rate at any section vary with burning
time as port area increases., _

4 - If pressure losses in plenum chamber are small compared to
loss in available energy incurred in accelerating gasses in flow cha=
nnels, then specific impulse ratio and total pressure ratio across
grain may be given by the follow1ng equations

2 | .
(p,/Pp)gy, = I + kU1 (94)

rofo)sap, = 14K [ (Toxne )T (o9
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(C(T+xu2)p/p, ))&k
(CIy/ (T4 M = _ I+ k-1/j2 M7 SN
I« (py/p, ) E-l/E
where ; - (96)

I = Specific impulse for optimum expansion.

(I, )id. = Specific impulee of equivalent rocket which has no internal

Tegsure losses. ! %
e < ¢
¢ |

6 = Grain Volume ahdéWeight Relations :
Volume occupied by propellant is :

V, =W/ = Fofe/qe=V /w (97)
where ; , : . o |
Vo = chember volume. %1: = faverage thrust.
w = space factor depending on geometrical grain arrangement.
tb = effective burning duration of propellant
¢ = effective exhaust veiocity.

Space factor w, is edfined as 3

V ;
b + Void S ace + Linex Volume = Vc / vb (98)

Vy

n&,g;; 4

For restricted burning units 3 w =.I1.03 to I.25.
For unrestricted dburning units ; w = I.2 to 6.

Length of a restricted’end-burning propellant charge is def-

ined as ¢

& .
B, =T (99) P

Gross sectional area Ab of a restricted charge is found from
volume, weight and density relation as follows s

Iy Ay & = Wy (100)

T = Hardware Design for Solid Propellant Rockets :

, Chamber :
It contains all the grain and must withstand pressure,statrti-

ng surges and often severe heating. Exact pressure to which chember is
subjected is difficult to determine. :
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Typical set of_pressure design factors :

Nominal steady state operating pressure «-——-— 100 %. |
Pressure at maximum specified grain operating temperatufe 120;
Design surge pressure —ww—ee——cmcccommenccecoeanesas 150 %,
Hydrostatic proof Pressure —m—=mmmmm—m—mm—m———— ————— 165 %.
Design yield Pressure w--—wem—mmmmeme—cccoc— e ——————— - 185 %.
Design burst pressure ~=—=--—————-———————— SO - 205 %.

Temperature of the wall , which carries pressure load de-
termines physical properties of stress~carrying membérs,.therefore la-
rgely design and weight of chamber. Since load carrying ability of wa-
11l diminishes as it becomes hot, heating of chamber wall must be limi-
ted by 1nsulat10ns which will reduce required wall thickness.

' High strength heat treated steels are used for light weight
units. Fast heating of inner wall surface produces a temperature grad-
ient, therefore thermal stresses across the wall.

Chamber design must also provide for attachment of nozzle R
support points for mounting, safety plugs, handling hooks , and provi-
gsions for loading the grain, : :

' Nozzles : ;

v Nozzles are uncooled for solid propellant units. Nozzle sect-

ions are subigcted to severe oondltlons because oﬁ*relatlvely high he-
ot transfer rates and meohan;cal erosion effects’ of hot, high velocity

gases. '

Tor short periods metal nozzles with protective coatings are
used, Extra metal is used to*act as a heat sink, For larger periods ,
ceramic nozzles or graphite nozzle inserts are used. Erosion of nozzle
throat should be negligibly small to control variation in performance
over burning time. Multiple nozzlesare used in solid propellant rock-
ets sometimes. Accurate alignment of nozzle axis with center of graVa
ity of rocket is important, to minimize flight errors. To prevent en-
try of moisture jnto chamber and to aid ignition , a closure across

the nozzle is provided.
Igniters & s
Pyrotechnic type of igniters are used for solid propellant roe
forward end , so that ignition

ckets. Sometimes they are put at the
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gases will sweep past the complete propellant charge before reaching
the nozzle. Often they are held in propellant charge before and ele01
ric wires are connected through nozzle,

Pyrothecnic igniter contains electrlcally heated wire surros
unded by a small amount of primer which is senmsitive to temperature ,
and ignite readily and burn when heated. Main igniter charge is adjac
ent to primer,it produces a hot flame which ignites rocket grain. Ign
iter cases are sealed usually to prevent abrorption of moisture,and
there is a closure which blows out during ignition.\

Igniter pressure is the most important design consideration.
If it is too high , then nozzle closure will blow out or the shock wi
11 fracture the grain, If it is too low then ignition of rocket's cha
rge will not take place., A good ignition theory is not accepted'and g
empirical approach is generally valid, : A :

An exemple of 1gniter is a steel body containing an ignition
pellet and a flashcap ( electrical wire immersed in black powder ).
The pellet may consist of ammonium perchlorate or phenal-formaldehyde
plastic~potassium perchlorate. The pellet should have a length/diamet
er ratio of less than 3. Typical units are : I5 grams per pellet,with
I.5 in. burning surface,in order to ignite I8 in. of main propellant
burning surface. . '

To achieve smooth combustion,the propellant graln nixture m
@t be homogeneous,ignition should be widely distributed at the same
moment. , |
Another example of electric jgnition is the following : a Us
bend ina resistance wire is formed and each end is connected to a lo
piece of lead wire; then one free lead is connected directly to one
terminal of I2~volt battery The other lead is comnected to one pole ¢
a gwitch which has its other pole connected to the other terminal of
the battery. The U-bend of the resistance wire is coated with candy
propellant and is introduced through the nozzle of rocket into motor
and placed against the propellant grain. When the swithh is closed,r
gigtance wire heats up and ignites the propellant cast around it. As
this propellant 1ead burns,it ignites the propellant grain.2- switche

ar-potassium nitrate
are used for safety. This igniter is used for sug P e e lant.
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Accessories :
Safety Diaphragm : v , :

It permits the gases'to‘escape'when the chamber pressure-becomes
excessively high, It must be insulated from the chamber so that pred-
etermined bursting pressure will not change with heating by hot gases

Deflector Cap :

It is located at the downstream of the diaphragm. It directs the
gases in several directions to give a very small thrust when gases pa
ss through ruptured diaphragm.

Bursting Diaphragm with an eleotrically operated pyrothech
nic blow—off charge : *

It is used to stop operation of solid propellant rocket, Either ex:
tra nozzle area Xx opened by diaphragm may lower chamber pressure to
prevent eentinuous active high thrust combustion, or it may be locate
so as to nnllify thrust produced by exhaust nozzle .

: Handling Hooks , Flanges , Brackets , Moisture Seals ’
Protective Dust Caps , Inspection Ports are the other accesories,
 Flanges are used for loading and replacing purposes of propellants..

Brackets are for upright storage and for monnting rockets in vehicl

eS. .
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EXPERIMENTS ’ RESULTS AND DESIGN _ CALCULATIONS

Static firing test were done on a test stand designed by me ,
nd in a I.25 in.diameter 14 in. long test rocket, ™
Two types of propellants were used in these tests. The prope-
llant mixtures were prepared 1n,the laboratory by me with the help of
rocket club members, : |
The two type of propellants used were the following :
I - Zinc and Sulph%r Propellant. ,
2 =~ Sugar and Potagsium Nitrate Propellant.
Methods of Preparatlon {
I -~ Zinc and Sulphur Propellant :

Finely powdered and dry four parts by Weight of xﬁiﬂﬁnx and one
part by weight of eulphur are’ mixed thoroughly, moisture being kept o~
1t during mixing. Several proportions of zinc and sulphur were tried
and the best burning characteristics were observed during the use of
the above mentioned proportlons.

If the materials are'lumpy or the particles vary greatly in size,
or if they are unlformly too0: large, grind each part in a morsaw and
sift before mixing. Do not grind any two chemicals together, They may
explode. Never work near a flame and never try to burn a bit of prope
ellant just to see how it burné. When zinc and sulphur are thoroughly
nrixed , the propellant can be tamped gently and carefully into the ro=
cket motor.

2 - Suger afd Po%assmum Nitrate :

A mixture con31st1ng of two parts sugar and three parts potassium
nitrate by weight is taken. One trick is to melt the sugar slowly in a
water bath or in a double b01ler. The use of caramel candy works well.
ry and melt it by heating in a water bath "in a double boi-
ler up to 350 oF. Use a good and thorovghly tested thermometer for the
measurement of temperature. After heating the candy to 350 Op,potassi-
um nitrate is slowly gtirred into the molten candy. If the potassium
nitrate is lugpy or coarse, grind and sift it separately before using.
Since Potassium Nitrate sbsorbs moisture from air, it should be stored

Heep candy d
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in a dry place and not handled in the open on humid days. Stirring of
potassium nitrate into molten éandy is done in small portions at a ti-
me. If temperature rises above 350 °F,Aremove it from water or oil ba-
th, continue to stir until mixture cools down well below 350 °F, and
then continue heating and adding remaining portions of PotassiumiNitr,i
ate. VWhen all is added, the hot melted substance is poured into the |
.motor. Upon cooling it solidifies and forms a nice grain. This propela
lant approximately burns at 0.8 in./sec. rate, and at 700 lbs/sq.in.
pressure. ‘

Observations : The preliminary static firing tests were perfoe
rmed to see how the propellants burn and it was observed that s the
Zinc and Sulphur mixture burned with a fast burning rate, and gave a
quite high thrust but it had non—homogeheous«bﬁrning characteristics.
The Sugar and Potassium Nitrate mixturé burned with a slower burning
rate , developed a smaller thrust but it had homogeneous burning cha-
racteristics. : | .

Then it was decided to use Sugar and Potassium nitrate mixtu-
re in the final tests with some modifications such as the addition of
Alumininium Powder and the use of plastic material instead of sugar.
- The meat Stond = ,

e shand which supporbs the rocket unit is degzgncé 80
that it permz%s a slight notion in the divection of the thrust. The

magnitude of the thrust is then measuved by o thrust-sensing elemend,
such as by means of a strain gage seb up on the eluminium piece as
shown on the veprvesenbetive Ciguve and the pictures, end the calibre=
tion io done on a strain bridge which is very sensitive.

TThe most imporient point in the design of the test sland
is to minimize thrust ervors, such as ervors due to friction. ﬁric%ioaz.
10y be reduced by the use of well lubfvcaﬁed Jjournal beaxrings or baul
regrings. '

Ve use two.stxain geges. Since the deformation is also scn8e
ibive to tomperature , We use g campansating goge vhich is noi glued
so the plunminiun piece and is anly'seﬁsiﬁive to temperature. The oth=
v gage vhick is glued to the aluminium piece is the active goge which
6 sensitive to SiTain. ‘

L]
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- A wire is attached to one side of the test stend , which passes
over a pulley and has a weight pan attached to its other end. This '
arrangement is for the purpose of draewing strain vs. thrust curve

for the test stand. By putting different weights in the pan we can

megsure the strain for each weight and draw a curve and then when we
fiirethe rocket and measure the strain, with that strain we can get the
corresponding thrust from the curve.
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Rocket Thrust = Force on Aluminium Piece x II / 23,
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Worklng Principle of Strain Gage H

. The resistance of a wﬁre is given by the following equa-
tion :

R=gql/A
where ;
R :

Resistance , q : constant , 1 : length of wire
A : cross sectional area of the wire, ' n

Then if a force F is applied on the wire the length of the
wire increases to 1' and the crosssection decreases to A'. Since
the increase in 1 is_not equal to the decrease in A , the resistance
R changes. This change in R is detected by the strain gage and the
strain bridge. Since the resistance also changes with temperature we.
use one actlve gage and one compensating gage . The active gage is
sensitive to both the strain an@ temperature while the compensating
gage is only sensitive to temperature.
The dlagram of the aluminium bar with the strain gages on

it is as follows : 3 mm,
> =
f Z
35 mm. | ) = = éé(}
Jﬁ Active Gage &

(Glued) » Compensating Gage
(Not Glued)
a
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The wires (b) and (c) are soldered and connected to one of

the 11 chanels of the strain bridge. Also the wires (a) and (d) are

connected to the same channel. Then we gave the following wiring di-
agram

2 <& b
a
\d

- - c

The instrument set up is.as follows

Strain
Gage -

" Strain - —

A . B . N City
Bridge Variae |7 —0

‘ Current
PTransformer

N

‘\ a J\

The instruments have the following specifications :
Strain Bridge : (Manufactured according to specifications set up

by Cambridge University )

Strain Bridge Name Plate

Tecquipment
Research ' limited
~ and ‘ - Nottingham :
Development ‘Unit No: I87261

Engingers

MADE IN ENGLAND

Variac : 220 volts voltage is supplied to it through a transfor-
mer . The function of variac is to supply voltage in the range 0~220/V
Ppansformer : It is used to step up the voltage of II0 volts to
220 volts and feed it to the varlac. Its speciflcations are a8 follows

AROS MILA NO

Autotransformer

No:561 VIOO00
Volt 1I0/220 Hz 50

Nod 40/90
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Calibration :

o The calibration and determination of different values
of strain for different values of thrust , and then drawing of graphs
of measured straiﬁ versus calculated strain and megsured strain vers=
us thrust are done as follows :

I - Calculation of Strain :

Strain = Stress / E

E=1I0x IO,6 psi.

| Stress = Force/Area = Weight/Crossectional area of AL.
Ares = 35 x 3 / (25.4)% = 0.163 sq.in.
Weight = W x 2.2 1lbs.

6

STRAIN = 2.2 x W / 0.163 x 107 = 1.35 x W x 10™° Micro in./in.

The Strein Bridge measures I.35 x W,

By putting the different weight values in the above equatlon
we get the calculated experiment values of the strain . At the same
time we measure values of strain recorded by the instrument.

Then we have the following table of results :

W, Kg. Straln | Strain

exper. measured.
3 4,05 4
6 8.1 14
8 , : I10.8 24
II ‘ 4.8 40
I6 » 21.6 65

‘Now we can draw two curves., one , as calculated sirain versus
megsured strain, and the other II/23 x Weight = Thrust versus measu=-
‘red strain . From the second curve we can determine thrust directly
after firing with the megsured strain vélue. From the first curve we
can obtain the calculated sbrein value with the measured strain value,
and then from the following equation we can get the thrust :

‘Student : I Date : l Teacher
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Thrust = Strain / I.35 x II / 23

P After this.calibratioh we had s firing test . The propelle
usged was Potassium Nltrate ‘Sugar mixture formed into a radial bu
ning grain , and had Zinec, Sulfur mlxture*throughout the hole to ac
elerate the burning rate, and to be able to develope a larger thru
But unfortunately this propellant mixture did not give any thrust.
it was decided to make another test with a narrower nozzle and ble
powder as propellant.

_ The photographs taken during this final firing test are at
ached to the next page. In the first picture we can see the white
dense smoké-rising from the jet. In the second picture the bright
flame of the exhaust jet can be clearly visualized.

Degign Procedure s

racteristics of the propellant used in’ order to be able to design
rocket. The propellant which we are going to use when lsunching t
Aluminium rocket is not determined yet Therefore assuming that we
are going to use propellant ?X“ s We design the rocket as follows

I - Pirst we weigh our test rocket empty and then we fil.
the propellant in and weigh again , the difference in weights giv
the welght of proyellant used. Thes will be used in the determina
of burning rate.

2 - Then we fire the rocket and measure the gstrain from +.
strain bridge and from the curve we determine the thrust. At the
time we measure the time from the gtart of burning to the end, th
gives the burnlng time,

3 - Flow rate is obtained by dividing the weight of prope
nt with the burning time , we get VYY" 1lbs./sec.

4 - The burning rate is the velocity at which a solid pro
llant is consumed during operation. It is measured in a direction
rmal to the propellant surface.

Student: Date : _ Teacher:




Static Firing Test of Potassium Nitrate , Sugar
propellant , of a radial burning charge containing Zinc ,
Suibfur mixture throughout the hole,

A white dense smoke is rising from the jet.,
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Static Firing Test of Potassium Nitrate , Sugar
Propellant , of a radial burning charge containing Zinc ,
. Sulfur mixture throughout the hole.
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Knowing the length of burning surface and the burning time
can determine the burning rate by dividing the Bkrehd with the se
in in./sec. -

We can determine the burning rate for a desired chamber pr
re , for I000 psi. for example , from the formula :

- n
r=a2ap,
where a and n are empiricel constahts and given.

5 « Knowing the flow rate and the thrust we can determine
exhaust velocity from the equation :

. c= T/Q
where ¢ is the effectlve exit veloclty. :
~ The de91gn is done according to optlmum condltlons therefo
the pressure thrust term is neglected in the thrust equation,
6 - Knowing the exit velocity , we can determine the Speci
impulse from the following equatidon : ’ '

=stg

7 - We can measure the density of our propellant mixture b
dividing the weight with the volume occupied.

8 - The combustion'chamber temperature can be calculated I
the isentropic flow equations , knowing the chgmber pressure.
9 = The thrust coefficient is taken from the graphs assumi

1 a value for k and for optimum expension and pressure ratio of 1 2

, After determination of these values we come to the design <
our rocket. The desired grain shape is a radial burning charge.‘
' I - The total impulse is obtained from the following equat
| ‘ It =T X‘tb = Is X Wu ‘
'Khowing;the thrust desired and the burning time desired we can ge
- the total impulse. Then by dividing the total impulse with the St

fic impulse we get the effectlve propellant welght ’ Wu.

2 = The reqmlred burning surfaée for producing the desiref
rust is found,as follows

T=QxIg=qpxipxrxlIg
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Then 3
Ay =T/ qy T X I

Knowing the density of the propellant , the burning rate and the
Specific Impulse , we can calculate the required burnlng surface for
the desired thrust from the above equation.

3 = The web thickness will be :
b=2x1rx tb

which can be calculated readily from the known burning rate and the
desired burning time.

4 - The maximum diameter of the grain is determined by a gi-
ven maximum outside diameter , by the thickness of the chamber wall,
end by allowance for an annular passage space or port area sufficien-
tly large to avoid erosion. The wall thickness of the cyllndrlcal she
ell is determined by the conventional relation :

P, ¥ radius
w stress
Using a safety factor of about 200 % with the‘deeired‘chamber pre=
essure , and the maximum tensile stress of Aluminium, the wall thic-
ness can be found from the above equation for a given diameter.
| " 5 - The port area is determined from the following relationss:

t

and V=RxT/p

Q.= qy X Ab X IB
then j _ ' ;
: Ap =VxQ/c=QxRxT/px § = QX T X Abx,R xT
' pxXe¢C

Knowing the propellant density , burning rate , burning ares ,
chamber temperature and pressure and exit velocity , then the port
area is determined from the above equation.

6 - Then thos port area is subtracted from total crossectioal
area and the total crossectional area of propellant is found. Then
the length of propellant charge is found from the following relatlon.‘

Lb V/ A= (W / qb) / A

Since we know , effective propellant weight , densiby and area
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of propellant , we can determine length of propellant from the above
equation, o

7 - The nozzle throat area can be found from the following
equation : '

' Ay = T/ CF p 4 pc

‘ - Since we know the thrust coefflclent and chamber pressure , we
can determine the nozzle throat area for desired thrust. _

From this nozzle throat area , the nozzle throat diameter is calew
culated, and from the isentropic flow relations and the continuity
equation we can get the nozzle exit area, and nozzle exit diameter.

The nozzle convergence and divergence half angles will be 30° ’
and I5 respectively. Accordlng to these angles and the radius of no=
zzle , the nozzle length is ‘determined readily.

FLIGH? - OF  ROCKETS

T = Thrust of rocket.
Fx = Resultant of external forces

A‘fx}and T are in the same direction.

Then s T + Fx =m x dv/dt (1)

Qxc¢c and Q= - dm/d+

n

- gince 3§ T

then ;3 F_=mx dv/dt + ¢ x dm/dt (2)
Case I : Fx = 0, Therefore we have from equation (2)'dm = - 4y
m )
Integrating between limits mo and m , and o and v , respectlvely
we get ¢ ; -v/c:
' m = mb X e (3)

where m = total mass at a moment,  and

Do = Bempty f Boay load ¥ Cpropellant

When the rocket reaches the burnout altitude , it will move with
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no acceleration, with an initial veloclty. At burnout altitude so

~ the equatlon becomes :
vb/c
e =1+ mbprop./ Bempty * Ppay. (4)

Since 3 ¢ = Is X g, We see that increasing IS increases payload.

Case 2 : Only attractive gravity force is present and no aerody-
namic drag,therefore

-mx g=mxdv/ dt + ¢ x dm / dt (5)
Following exactly the same procedure as in first case , we get 3

-(gt+v / ¢)

m=m x e‘ (6)

Now we éalCulate the velocity at burnout altitude assuming no
aerodynamic drag , no gravity and constant thrust. .

®=mxdv/dt = (m, - Qt ) x dv/dt (1) 1
Integ;ating this equation between the limits O and v, » and 0
and t, , and replacing mo/mempty = R(mass ratio) , and T/Q= ¢ = IS g
we get the following equation for velocity at burmout altitude :

v, =I,xgx1lnR (8)

This represents the characteristics of a rocket and is called ;
Rocket Index.

" Finally we can calculate the burnout altitude assumlng

; grav1tat10nal force present. Therefore the equation becomes :

T-mx g, =mx dv/dt (9)

From here we get ;
dv/dat = d°n/at® =T / (m - Qt) - g

Integrating this equation between the limits O and hb , and O and
%, » respectively , and integrating twice, and denoting :
Q x’tb' Initial mass of propellant
—— O

o = Take off mass of rocket

The burnout altdtude is given with the following equation :
by =cxty (((I+ (I-e/s) 1n (I-8) ) )) = I/2 g 2 (I0
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