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ABRSTRACT

This thesis examines the theoretical serformance of 3
solid erorellant rocket motor which was develored for launching
small asmateur research rockets. The theoretical results are pre~
sented in the form of two limiting cases concerning the behaviour
of the two-phasse exhaust flow. Actual testing of the motor is
rerformed utilizing & srecisliv designed test rid in order to
comaare the results. As wellr optimization of the motor‘s rer—
formance is investidgated,

The theoreticzl rerformance is found to be in socod agree-
ment with the test results: rroviding 3 basis for future desidn
of larder endgines.

No sidnificant imerrovement inm oversll motor rerformance

88 8 result of modifications is foreseem.
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CHAFTER 1! INTRODUCTION

This thesis has three rrimare obdectives! 1o theoretic-
ally snaluze the oreration of a small selid srorellant rocket
motoré secondlyer to conduct actual testing with which to comrare
the theoretical resultd and thirdler to modife the prorellant and
motor design for optimization of motor rerformance.

Secondarw oblectives are that knouwledde of the actual
impulse (thrust-time traits) of the motor can be instrumental
in the determination of such rarsmeters as accelerationy velocitu
and altitude of the rocket during actual flights. Finallwgr the
research results denerated by this study would be of value to

agthers interested in the field of amateur rocketrw.

1.1 ROCKET MOTOGR

The rocket motor under exdamination in this research
study is one of 8 number of roacket motors develored (lardgelw
throudgh exrerimentation) during twelve wears of personal amateur
rocketry . This motor has been used auite extensivelw for rocket
flightsy carable of erorellingd a 2 kader 9 cm. diameter rocket to
an altitude of 500 metress with a hidh dedree of reliabilitae (95
rercent sueccess rate orr 8 dats base of over 50 firinsgs).,

1.2 FROFELLANT

The rrorellant utilized in the rocket motor is one
that is emrlowed exclusivelw bw amateur rocket enthusizsts. It

is rnot a high rerformance rrorellant and is not used in rrof-



esasionslly designed rockets. Therefores there was no known data
available on the serforma2ncece characteristics of this rrorellant.
This necessitated & theoretical analwsis courled with exreriment-—
gtion on combustion rroduct analusisr combustion temperature
measuremenrntsy burn rate measurement znd the effects of varwing

the oxidizer-fuel (0/F) ratio.

1.3 EXPERIMENTATION

| Testing of the actuzl motor was conducted on a sreciallu
desidned static testing stand. The static testing stand rer-
mitted the motor thrust to be recorded continuouslu throushout
the firinds accomrlished bw converting the thrust to an electrie
analogue sidnal which was amrlified, digitized bw an A/I converter,
then stored in 8 comeuter for Frocessing.,

Ortimization of the rrosellant involved testing the

effects uron its rerformance by varwving 0/F ratios. The motor
ortimization consisted of modification to the nozzle designy in

order to attemert to increase the nozzle efficiencu.



Figure 1.1+ Rocket launch ecquirred with small sclid motor.



CHAFTER 2% THEORY

2.1 Solid Frorellsnt Roclket

A turical solid s#rorellant motor (Pigure 2.1) is of simele

constructionr contzining no movable rarts., The mador comronents

_SHEAR PIN
_CASING
HEAD —_NOZZLE
A e
RilL AN g
|:T|x—/ —_——

1] N 5 /21;;;=:===2:=b

) \ A - SECTION A-A .
_ ELECTRICAL IGNITER .

L .. GASKETS PROPELLANT GRAIN L

Figure 2.1, A twrical solid rrorellant motor

include the combustion chambers which contains the srorellant
grain of sarticular geometry which in turn determines the surface
burnind area. Combustion of the drain denerates high temrerature
dasesy which are edected throusgh an exhaust nozzler designed to
accelerate the dases to as high a velority 3s rossible. The
throat is the roint in the nozzle of least diameters and the head
being the front of the motor. CLombustion is initisted bw rassing
an electrical current throudgh an idgniter which contains & charde
. 0f black rowder,

The theoretical analusis of the rocket motor necessitates

certain simerlificationsy that isr the assumstion of zn ideazl



rockets The usefulness of this concert is indicated by the fact

that measured rerformance can be exrected to be within 1 to 10

rer cent of calculsted ideal values [23.
An ideal rocket sssumes the following!

(1} The rrorellant combustion is comrlete and nonvariant to that

assumed bw the combustion eauation.

(2) The working substance obews the rerfect das iaw,

(3) There is no friction,

(4) The combustion angd flow in the motor and nozzle is adiabatic.

{5) Sieady-state conditions (unless stated otherwise),.

(4) Exransion of the working fluid occurs in g2 uniform mannper
without shotk or digcontinuities.

(7) Nozzle flow is one dimensionsal,.

(8) The #as velocitwr pressurer 2nd densitw is uniform across
anwy cross section normal to the nozzle amis.

(?) Chemical eauilibrium is established in the combustion chamber

and does not shift in the nozzle.

any additional assumetions will be stated as necessanrd.

3
2

Frorsllant

2:.2.1 Comrosition

The impqrtant considerations for amateur rocket srorellants
sre the aveilabilitw of the constituentsr costr safetw of hand-
ling castabilityr consistencw of rerformancer and asdecuate rerfor-

mance, The erorellsnt that is investidgsted here easily meets ar



exceeds these recuirements,

The rrorellant consists of sucrose (sugar) fuel with rotss~
sium nitrate ss the oxidizer} The Q/F ratio is chosen on the basis
of which ratio dives the greatest averall rerfrmance for a given
rrorellant srain_desiﬂn. fFor most srarellants including this oney
it is on the fuel rich side of stoeichiometric. More sccuratelur
varging the 0/F ratio sffects both the characteristic exhasust
velocitus CVr (essentisllu relstes to the enersw available)r the
burpnrates rr and the euantituy of non-gaseous exhsust eproducts,

These aspects are treated in closer detail elsewhere,

2e2.2 Combustion

The assumed combustion eausation is based on the reaction of
rotassium nitrate (KNGS) with oxudgen (02J L3y and uron the decom—
ceition of sucrose (012H22011) uron heating [41. The assumed

combustion eaustion isi

8 Cyp Hyp0yy + B KN03~—> e CO +d ¢, + e HO + f K2003 + g Ny
hC+1i0,

where K2003 rerresents potassium carbonater where the coefficients

8 throush i are derendant uron the 0/F ratio with cosh or i often

being zero.

This eauation assumes that secondary exhaust rroducts (such
=11 NOszov ete.) are formed in nesligible auantities. As wellr the
effects of dissociation are sssumed neglidible. This second sssum-
rtion is denersllw valid for combustion temperatures below 1700 K.

rarticularly at higher rressures [5], It should be noted that



there are two non-dgaseous products formed: chaa arnid cathnr from
which no exransion work can be derived.

Knowleddge of the combustion ecuation allows the calculation
of the asdiabatiec flame temrerature (AFT)y the maximum sosgible

combpustion temrerature. The AFT is determined from an enthalsw

balancesl
z n [ h® + Ah ] = z n [ h® + Ah ] (2.2)
— ¥ i ~ e ¥ e

where R and P refer to the reactants and productss resprectivelyrs
ni ariel n, are the individual reactant snd eproduct molal numbers
respectiveluvaﬁ: y the enthalery of formation per mnlavai r the

standard enthalery 8t the srecified tempreraturey rer moler and

wherei
Ah = C dT + Ah
T, > tr

and ah = enthaley of trangition/mole

tr

T = reference temreraturer turically 300 K

i

T = AFT

K

C = srecific heat at constant erressure/mole

drraendix A containg 8 gamele calcouwlation for the cage of
0/F = &5/35.,
Figure (2.2) shows 2 comrarison of theoretical to actuzl

flame temreratures [71.



5000

F.
2000 T

-1000 T

Tt b

-
]

1300 2020 3000

t oK

Figure 2,2, The relationshir between calculated and actual
temrerature.,

The AFT varies with the 0/F ratior rparticularluy strongly
in the range claose to stoichiometricr where the AFT is maximumy
as shown in fidure (2.3).

The tweo points of sharr slore chande are at stoichiometric
mixture (resk) where the 0/F ratio is 73.3/26.7 and the combus-—

tion eguation is

C12H22011 + 2.4 KNOS -—> 2.2 002 + 4.8 N2 + 4.8 KZCD + 11 H20

3
(2.3

and the roint where rartial oxidation of C to CO is comrleteds
with 2n 0/F ratio of 63.9/36.1 » with the combustion eeuation?

C12H22011 + 6 KNDS -— % C0 4+ 11 HZD + 3 chﬂa + 3 N2 2.4
+
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Figure 2.3. Adizbatic Fiame Temrerature as a function of O0/F ratio.

The /F ratio that is mormally emeloved for this motor is

&5/35, This "gives the following combustion eauationd

l%zkbzﬂﬂ + 46.28 KNDauu} 8.29 CO + 0.96 CUZ

3.14 K2003 + 3.14 N2 (2.3

+ 11 H20 +

Tte rerformsnce analusis of the rocket amgtor is based uron
this combustion ratior unless stated otherwise.
Arngther parazmeter that is used extensivelw in ideal rerfor-~

mance snalwsis is the sverasie molecular weight of the dHaseous
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exhaust sroduectsy M’. This is calculated from the combustian
eauation and from the individual molecular weishts of the

eroducts
R, N P R T T (2.6)

where ir J and k are the individuz2l constituentsy n is the mole
numbers and where t refers to the total number of moles.

The ratio of srecific heatsy k vy is another imrortant
auantity in the analusis of comrressible fluid flowr which is the

ture of flow encountered in rocket nozzlesr where k is defined by
b, = e (2.7)

where » for am ideal dasy k is 3 function of temrerature onlw.
The value of k can he determined from knowledde of the

srecific heatss CP r of the individusl exhaust dgasesy where

ko= —————— (2.8)

where R’ is the universal #as constsentr snd

I"Ii I"I.L I'Ik
CP B hadenkond Cpi + e CPJ + - Cpk + e (2.9)
Ny N "y

Howevers complicstions arise in the flow through a surersaonic
nozzle where the temprerature of the sacses dror arrrecizblv (as
will be shown later)s since C, can be a strondg function of teme-
erature, It is rPossible to snaluse such 3 Tlow utilizing 8 vari~

able isentroric comrFonent [Bly howeverr 3 sufficiently accurate
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result can be obtained bw calculating zn averadge value of k for
flow thraough the nozzle (see arrendix B). Tesfing nas found that
for & 15° conical nozzle with a small area ratioc (6 to 8)s the
varistion in k does not have & rronounced effect 91, This is
similiar to the nozzle ture used for the motor under consideration.

The remaining combustion rarameter to be determined is the
burnrates r (a8lse called the surface redgression rate). This is
rnormally determined emriricallwy and is a8 function af the rrorel-
ant comrosition and certain conditions within the combustion
chamber. These conditions include prorellant initial temrerstures
chamber rressurer and the velocits of the daseous combustion
eroducts over the surface of the solid (erosive burning)., It is
necessary to combine & theoretical model todgether with emrirical
data in order to earticularize the burnrate for a dgiven srorellant.
The usual model is to seproximate the burnrate as a function of
Fressure!

n
r = a Fy (2.10)

where a and n are emrirically determined constantss and F, is the
cambustion chamber rressure. The rressure exronent nr sssociated
with the slare af the Pressure-burnrate{curve is almost inderendant
of the erorellant temrerasture. The coefficient a is a fumction of
the initial srorellant temperzturer but not of rressure. From
ecuation (2.10) it can be seen that the burnrate is very sen~
sitive to the exronent n. Hidh values of n dive & rarid chande of
burnrate with pressure. This imrlies that even a small change in

chamber rressure produces substantial chandges in the cusntitge of



12

hot dHases produced. As n apsroaches unitus burnrate and chamber
Fressure become verw sensitive to one another and disastrous rises
in chamber eressure can occur in 8 few nmilliseconds. Whernr the value
of n is low and becomes closer to zeror burning can become unstable
and maw even extinguish itself. Most eroducton prorpellants have a
Fressure exponent randing from ¢,3 to 0.6 [10].

A correction is denerally made for erosive burning where
the increzsed burning can be accounted for bw ar empirical

correction of the form?

r=r, (L 4+ k) (2.11)
where k is an emrirical constant and u is the d€as velocituy,.

Howevers for this rerort this form of correction will not be
arrlied. Insteadr the burnrate is calculated with the erosive

term taken directly into account.
2.2.3 Frorellant Grain

The drain is ererared by castind the molten srorellant into
the desired share: Severzl common confidgurations sre shown in
figure (2.4), The main eriterion for choosind the deometry is to
achieve the desired thrust- time charascteristics. Thrust is a
function of the instantanecus burning aresz which itself is de-
rendart uron the initial drain confiduration, The most common
designs are those which schieve rrodgressiver redressiver or

neytral thrust- time curvesy as shown in figure (2.5).
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Figure 2,4, Several common grain confidgurations.
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Figure 2.5+ Internal burning g€rain desidgns with their thrust-time
characteristics.
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The drain confidguraton of the motor beind considered is an
internal- external burning tubes unrestricted at the ends. The
theoretical thrust— time characteristic is slightly to moderstelw
redressiver derending uron the length/dizmeter ratio.

The initisl burning arear éb is dgiven by!

= )
Ay = n-[L (D, + I,) + 0.5 (b, ~ D} >] (2,12)

where LL is the dgrain lensths Do and Di are the grain outside and

inside diameterss resrectivelwy.

A& gslightle modified version of this dSrain is also used in

the motor (figure 2.6}y Wwhere Ab igs dHiven buw!

L 1
A= w¥ L, (D + D) 4 ~—= [3 Dy - -=- (I + n°>]
b 4 2
11 2 2 2
PR— [-——(Do + D> + Do - 2D, ]g (2.13)
a4 L

These two expressions can be modified bw wutilizing ecuation

(2.11) to obtain the instantaneous burning areas ﬂett)t

L]

n 2
ALlt) = x[(L" atPy, ) Dy 4D Ok 0.3 ( Dy ~ 1 ) ] (2.14)

andg

(o} L. 1
A (LY = mdll, - ath)(D + 05 + — [3ﬂ - ———{0 4+ B )]
) . o . o
b i 4 2 i

i 1 2 2 2
+ - [ ~~=¢D_ + B+ Db - 2D ] (2.1%)
4 4 i ° i
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where t resresents the time from initizl burning, It is imrortant
to recoagnize that these exerressions represent ideal burning
which assumes that simultaneous idnition of a2ll surfaces occurs
at the beginning of the burn, As well the effects of increased
burning surfaces due to flaws in the grain such as bubble holes
and other flawsr a3s well as the effects of erosive burning are
rnedlacted,

These expressions are wseful in calceulating the chamber
rressure amd therefore thrusty 34 will be shown subsecuentlu,

Frorellant densitws p, and #rain densityy o, are two
additional erorerties that will rrove wuseful., ldeallw these two
are identical but a3s 3 result of voids in the drain its density
is somewhat lower,

The idesl rrorellant densitw is 2 function of the O/F
ratior since the densitwy of the two constituents are different

(p = 2,11 d/cm. L1115 P 1.58 g/em. L1231 ). The ideal

KNO,
rorellant densitw can be exrressed asi

At T isssgiem® (2.16)

PP Pe Pt
whare f° andc f;_ﬁéfE%“ld‘tﬁE“ﬁéﬁS'fractian of the oxidizer and

SUCROSE "

fuelr respectively, For the &65/35 0/F ratio the sctual rrorellant

density has been found to be sbout § rercent lower than idezl.

Lo
15.7 ¢ T —
1
--------------------- |
L43 3.36
——————————————————— . S L

Fidure 2.6, Modified Grain for the motor.
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CHAPTER 33 HNOZZLE THEORY

The analusis of a rocket nozzle flow involves the studws of
steaduyr one-dimensional comeressible flow of an ideal dHas. The
actual flow differs somewhat from this simerlified model sarticu-
larlwe in redard to the rresence of golid or licuid rarticles in
thie Plow stream. The necessary modifications will be dealt with
in the next charter,

The amnaldysis of comepressible flow involves four emustions of
rarticular interest! continuitzi momentum? enerdgw’ and the
eruation of state. These eauations are arrlied to desidgn a nozzle
with the obdective of zccelerating the combustion dgases (and
rarticles) to as high an exit velocity as eogsible « This is
schieved by designing the necessarwe nozzle srofile with the
condition that isentroric flow is to be aimed for . This
necessitates minimizing frictional effectss flow disturbances»
snd conditions which can lead to shock losses. As wellrs heat

losses would have Lo be minimized,

3.1 Nozzle Flow

In describing the state of a fluid at anw roint in 2 flow
field it is convenient to emrlow the stagnation stste s8s a
reference state (the state charscterized bw 2 condition of zero
velocity ), Locsl isentroriec stadgnation prorerties are those
rrorerties that would be attsined at anw roint in 3 flow field
if the fluid at that roint were decelerated from locel conditions

to zero velocity following 8 frictonless asdisbaticr that iss
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isentroric rrocess.
The enerddy eauation for an sdiabatic flow betweern roints
w and v in which the decrease in enthalrwy is ecual to the increase

in kinetic enerdy is diven asi

M~-h = ~~ (v =v )= L, (T ~T ) {(3:1)

where hy vy and T are the enthalryy velocityr and temreraturer
resrectivel u.,
The staanation tempersture T° is defined from the enerdy

eauation as?

2

Tg= T+ v (3.2)

2 CP

For an isentroric flow rrocessy the following relations for

stegnation conditions hold?

k=1
T P\ & k=1
fr]
. - = -2 (3.3
p

The local 2caoustic velocity of an ideal gas is defined asi

= YRKRRT (3.4)

where R is the gas constant. The Mach number ie defined as the

ratio of flow velocity to the locsl acoustic velocitu!l

v
M om e (3.5)
£
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Froam eauations (F.2)r (3.4)y and (3.%5) the total tesmperature

Mach pumber relationshis can be writtent

-

k1 2
== = 1 4 = M (3.6)
2

]

It cen be shown from the first and second laws of thermo-
durniamics [131 that for an ideal d€as underdgoing an isentroric

erocess assuming constant srecific heatsy thatt
-—p = constant (3.7

From this result and from the ecustion of stater F = oRTy
the stagnation pressured densite —~ Mach number relationshie

can be edrressed ast

P i k-1 27 k=1
B, A 14 —== M (3.8)
F | 2
‘ 1
) B k-1 29k
- 14 == M ] (3.9)
P 2

The use of eauastions (3.6)r (3.8)s and (3.9) a3llow each
rrorerty {(T+Fy 7)) to be determined in a3 flow field if the Mach
pumber and the stazsnation rprorerties are known: From the enerdw
eauation for an adiabatic flow (3,1) the stagnation enthaley is

defined?

h

It

h+ - (3.10)
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Phusicalluy the stadgnation enthalsw is the enthaleu that
would be rezched if the fluid were decelerated adiabaticallws to
zero velocity, We note that the stasgnation enthalry is constant
throughout zn adisbatic flow field. Since the above staanation
rrarerties (Fyr o, and T,) are relsted to the stagnation enthalew
by the srecific heats and by the eauation of gtates it is
arrarent that each of these stagnation rrorerties is constant
throughout the adiabatic flowfield.

For steadwyr one-dimensionzl flowr the continuity ecuation
can be written

¥ X X
pAv = constant = P A v (3.11)
where A is the passsge aresy v is the velocity of the flowr and
g atarred (k) variable indicates critical conditionss or where
M is unitu,.
From eauations (3.4)r (3,6)r (3.9) and (3.11)» it is

X
posgsible to exrress the area ratior AZAry in terms of the Mach

number - - k41
2({k=1)
k-1 2
1 4 == M
A 1 2
— $ e [ s ot o e (3.127
a* M k-1
1 4w
2

Figure (3.1) clearlwy shows that a converding-diverding
rassage with 2 section of minimum ares is resuired to accelerate

a flow from subsonic to surersonic sreed. The ecritical esoint
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where M becomes unitw is seen to exist at the throat (roint of
minimum area) of the nozzle.

The variation of the rrorerties during flow throush the
nozzle is illustrated in figure (3.2, From eauation (3.1 }»
the nozzle exit velaocitur v » can be found bui

2
Vo = \/E(h - h )y +v {3:.13)

o e H

30 ] T T

20 -

15 -

05— —

0 05 10 15 20 25 3.0

Figure 3.1. Variation of A/A with Mach number in isentroric
flow for k = 1.4,

where h a2nd v are the enthazley and velocity at any roint

M e
within the nozzle. This relation aeprlies to both idesl and
nonideal rocket units. Thisg ecquation can be rewritten with the

agid of epauastions (2.8) and (3.3) ,(B.H

k=1
2k RT Fy\ &
v = ] e e ol wf-" (3.14)
e k=1 M’ F,
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Fig. 3.2 + Variation of densitwy Py rressure Fr and
temrerature Te through the roacket nozzle.

for flow bhetween the chambery where stadgnation conditions are

assumed to existy and the nozzle exit.

From this eaquation it is seen that the maximum exit velocitw
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geeurs at ean infinite =ressure ratio ﬁ,/Pep or when exhausting
into 2 vacuum.

The ratio between the throst and anwy downstreazm area at
which rressure Py rrevails can be exsressed a8s 8 function of the

rressure ratio and k 3s followsr using eauations (3.32r (3.9)r(3.6),34P

ang (3.14) (noting that a2t the throat M is unituy )

X
A Y
—— --’,§--—-—§ (3.153)
A gV :
Ea
1 R k=1
k-1 k 'y
TR | F ko o+ 1 F
S [T _..-..E. ______ 1 — __x_
2 Fo ko~ 1 Fo
(3.+15b)

This eauation is important in that it 2llows the exit areas
Ry, to e determined such that the exit rressure is eaual to the
ambient rressure F, (turically 1 atm.). This is known as the
design condition where it will later be shown that for such
conditions maximum thrust is aschieved. For this designy Ay’ A is

known 3% the ortimum exsransion ratio.

3.2 Rocket Performance Farameters

This section desls with the various rerformance sarameters
that are used to determine and comrare the rerformance of solid
srorellant rocket motors. As wellr modificaticns to the simwli-
fied model are considered to correct for real or actual rerfor-

mance, As well the effects of two rhase flow are considered.
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X.2+1 Thrust
The thrust Fr» of 3 rocket motor can be shown to be given

by [1412

anPdAn-r'nv + (F-F)A (3.18)
e =] & =]

where the Tirst exrression rerresents the intedral of the sressure
forces actingd on the chamber and nozzle rrodected on 8 rlane normal
to the nozzle auxis (fidure 3.3)s m is the mass flowrate of the
exhaust products and v is the exit velocitw., The second term of
the second exrression is caslled the pressure thrust and is eaual

to zero for & nozzle with an ortimum exeansion ratio.

From continuitds ecuation (3.16) can be rewritten?
F= p v A v + (P - P )A (3.17)

and modified using (3,14)y (3.9)y and (3.4) to wield!

2 k+1 k=1
k-1 k
* 2k, 2 P,
F o= AR, [-=- |- 1 - + (P - FPA
k ~1 \k +1 -\ R, e & e

(3.18)
where the eauation assumes k is constant throughout the exransion
Frocesss This eauation shows thast thrust is rrorortionzl to!

*
i} throat arear A
1i) chamber rresssurers Po
iii) eressure ratioc across the nozzler ﬁ:/%
iv) srecific heat ratior Lk
v) rressure thrust
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Atmosphere @
fok3
§ L
f——— _ Chamber _-l-- _——— A9} _ r_
—t-—— PL 1 i ' -5

Fig. 3.3 + Pressure balance on chamber and noz=le wallss
internsl Z#as pressure is highest inside chamber
and detresses steadily in norxzler while external
atmosrheric erressure is uniform.

3.2+2 Thrust Coefficient
The thrust coefficient C‘! ig defined 8s the thrust divided

e the chamber rsressure and throat areal!

Cp = ——mmx (3,19)

The thrust coefficient determines the amrlification of the
thrust due to the #sas exransion in the nozzle a3s comesred to that
would be exerted if the chamber srressure acted over the throat

area onlv. From eauation (3.18)1:

2 k+1 k-1
2k 2 k-1 P k (P - F ) A
o a e
Cf m fm 1 ~|~-w e e -3
ko~ 1 k + 1 F; FB A

(3.20)
For any fixed rpressure ratio Fg /Fp the maximum C. can be

found by taking the derivitive dc* = 0, Thereforer the

i kb b ek e e e b
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maXimam C[ will oceur when P = P » or when the nozzle is designed
e 3
far artinum exransion (desidgn condition).
Faustion (3.19) is useful for comraring the measured C‘ ’

to the theoretical value a3s determined from eauation (3.20).

I.2:.3 Charseteristic Exhaust Velocitw
The characteristic exhaust velocitwr LVy is defined as

CcV = ¢ /C’ where ¢ is the effective exhaust veloecitwu?

F Ae
C o= omm— Y + ( F - P )'T" (3.21)
m e e a8 m

The CV can be exrressed as a3 function of the gas rrorerties
in the combustion chamber using eauations (3.21)y (3.19)y (3.1 ):(36”

and (3.11)3

o (3,22)

CV is usually used as 3 figure of merit of a8 rrorellant
combinstion and combustion chamber designr and is essentizlly
inderendant of nozzle characteristics. This makes CV useful as
a comearison for different srorellants.

It is interesting to note that CV~ TB r recalling that

M’
R =R’/ M . A high value of CV is desirables however a high value
of To might not be. High combusticn temreratures may cause ex-

cossive heating of the rarts of the rocket motor that are ewrosed

directlw to hot gases. Nozrle erosion can be severe with conven-
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tional materials sarticularlie when burn durations exceed several
seconds. For this reason it msw be more desirable to increase
LV bw reducing M’ rather than incressing 7, . This can often be
accomrlished by using a rrorellant that is on the fuel rich side
of stoichiometric.

The CV can zlso be considered an expression of the imretus
(n R T) of the rrorellant. This is useful for determining a
#rorellant CV in the laboratorw by means of a closed bomb

(constant valume) measurement 151,

3.2,4 Imrulse

The imrulse (or totzl imrulsedsrls is the intedral of the

thrust over the orersting durstions ti

4
I = ./F dt (3.23)
[1]

or the arez under the thrust—- time curve (figdgure 3.4).

A

THRUST

o=

CTIME Ty

Figure 3.4. Area under thrust-time curve rerresents the
total imrulse of the motor.
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The orerating duration is srrroxigately eaual to the burn
times t o+ for motors with longer burn times (t > several seconds)
For sho?t burntimes such as those associated with small motﬁrs
the duration of thrust would be considered the burntime rlus the
time duration for the residusl gases to exhaust from the combus-
tion chember after burnout, The total imeulse would then be siven
bw LC1461¢

2 ¥*
I = ;:I C¢g Fo A 7 (3.24)

where 1 is a time constant Hiven by

A*Po

1
f_po s CV

where n is the burnrate exronént and V. 15 wne chamber volume.
The specific imrulse is one of tge most imrortant rerfar-

mance rarameters used in rocket research. It is defined as the

thrust that can be obtained from an eauivalent rocket which has

a8 rrorellant weight flow of unitw., It is given bu?

F (g
R (3.25)
g8 W s

With solid rocket motors it is difficult to measure the
weight flowrates so the sverade srecific imrpulse is usuallu

emrlovwed » where f = I/ t.
BF

The ideal serecific imrulse can be calculated for a diven

rrorellant and motor combination from eauations (3.25) and (3.14)2
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k-1
2k R o\ «
S T [1 - (3.26)
s g (k ~ 1) M’ F

For comearison purroses P, is ususlls taken as 1000 rsia
and P, as 14,7 psiasr by convention. A simelified semi-emrirical
methed for determining sepecific imrulse was develored by Free
and Sawver L[171 with a claimed accuraew of 3 to § rarcent.

Recalling thet CV ig a2leo a measure of the =rorellant
enerdwr the actusl srecific imerulse can be determined bw utili-
zing the ballistic bomb method as rreviousls mentionedr where
I is relsted to CV buwl

ay

I @ omm—— (3.27)

howeverr reauirind the use of the ideal Cf unless the actudl value
i krowrn.
3,.2.5 Chamber FPressure

The combustion chamber of 2 solid erorellant rocket is
egssentially a high Pressure tang containing the entire solid mass
of rrorellant, Combustion rroceeds from the surface of the Hrain
where the rate of das deneration is eaual to the rate of consume-
tion of solid materialy in the ideal case where onlwy d3se0us pro-
dicts result (no solids or liguids)!

ng = PPAbT‘ (3.28)

where m is the dgas generation rater Rb is the arez of the burning
d
surfacer and r is the surface regression rate (burnrate). The rate

at which gas is stored within the combustion chamber is diven bui
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dm o
e @ e ( Py V) (3.29)
dt dt

where p, is the instantasneous sgas density and vy is the instantaneous
chamber volume. The use of these two emuations as well as the
exrression for the rate at which dgas flows through the nozzle and
the exrression for burnrater leads to the following exrression

for chamber pressure [1873

1
A alp-p) 1-n
Po = |-—2 mmmm—- A S (3,30

A [k 2 k41
| _u_( _____ ) k—ll
. RT\k + 1

For constant ﬁo arid therefore constant thrust it is clear

that the burnindg ares must remain constants such as with a neutral
burning drain. The instantanepus chamber epressure can be dgiven by
the same exrressiony in which ﬁb is the instantaneous burning
area. The variation of ALy with time derends uron the burning rate
and the initial deometrw or the rFrorellant: drain.,

For short burn time motors such 35 the one under consid-
eration (less than one second burntime) the duration under which
steadu-state conditions existr where ecuation (3.30) arrliess
accounts for rerhars one- third to one- half of the total thrust
time, Prior to ignitiony the combustion chamber is filled with
cool air of ambient rressure. The start-ur reriod where the
Fressure builds ur to the steadu-state value is a3 comelex
rroblem that hes been studied bw Von Karman and Malinz L[191,

Thew have develored an exeression for the srressure as a function
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of time during start-upy siven byl

-t
P=pPg (1-a"") (3,31)

where F is the instantaneocus sressure at time t and where -+  is
rraviousls defined.,

Immedistels sfter burrout the combustion chamber remains
filled with hidgh rressure dgas. The exrression for chamber sressure

is diven as a8 function of time bw L2011

F = P 1 4 = o (3.32)

3:+2+6 CQorrections for Two Fhase Flow

The grevious analysis of nozzle flow and rerformence rara—
meters considered the ideal case where the working fluid is a pure
das. This analusis is fine for the case where there is no solid
or liguid rarticles in the exhaust (such as for lieuid rrorellants)
bt must be modified for the case where such rarticles are rresent.
The rresence of rarticles is detrimentzl to the overall rocket
rerformsncer with the extent derendant uron seversl factors.

One of these factors is motor size. It has been found bw
Gilbertr Allrorty and Dunloer [21]1 that for larde motors ( I>:I.04
#ounds thrust) the overall srecific imrulse losses are lows but
for small motors (%102 rounds thrust) the losses can be sidgni-
ficant:. The motor under conside}ation is of this magnitude thrust

makind corrections for two rhase flow necessary.
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The losses in rperformaznce are due to two factors!

1) velocitae lads where the rarticles are not accelerated
throudgh the nozzle to the same velocity as the dasess and

ii) thermal lazdgr where the rarticles are not in thermal
ecuilibrium with the surrounding dgases.

It has been found that the latiter has a2 small effect, usually
allowing the assumrtion that the sarticles are in thermal
gauilibeium L2221,

The starting rpoint in the consideration of the effects of
solid (liauid) matter formation is with the ecusation relsting to
the das deneration rate (eaquation 3.28). This eauation becomes!

&g = (1 -X)p,A, (3,33)
where X is the mass fraction of solid (licuid) in the exhaust.
As & conseauencery this would change the eauation for steaduy-state

chamber sressure tol
T - B S (3.34)

° A" [k 2\ k+1
e e k-1
RT,\ k + 1 n

whare the chamber sressure is reduced bw 3 factor of (1 - X ).

The exrression for srecific imrulse would chandge to account

for the difference bhetweenrn rarticle and gas velocitw!

w._m..:.'......... (3.35)
SF -] 2: mi

where i denotes 3 sarticular constituent:s If 211 the rarticles
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are assumerd to have the same velocity this can be exrressed asi

SR S— T, - (3.36)

To accuratelw describe the effects of rarticles on a
rocket’s rerformance recuires knowledse of hest transfer rrorer-
ties and drag srocesses of the rarticles in order to exrress Ve
and T, in terms of the overall flow rrorerties. It is rossible

howevers to derive the limiting casges to determine the least and

most detrimental effects.
In the first modelr the rsarticles are assumed to be very

smallsy where Ts s 1hand Vg = V ¢ This would dive the followind

exrression for exhaust velocity (see srrendix ¢ for derivation)t

vg = [2 T [Cx+ (1 = X) mmmmmmmmm T P (3.37)
(k - 1)M Py
b |
X C, M’ k
where m = |———————— + -
(1 - X» R ko~ 1

where L, is the averade sperific heat of the solid (liguid) matter.
Note that this eauatiorn reduces to the familiar form (3.14) when
X = 0 (no rarticles).

The expression for thrust would be modified to this form

(see arrendix D for derivation)!
Ll
=1
3 1 2 kM 2 k. R’ P; m
F o= AP == e [ e X € 4 (1=X)mmmmme—— 1 ~{--=
i 1t ~ X R/ k. + 1 5 (k~1) M’ F;
+F ~-P ) A (3.38)
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Note adain that the eeuation reduces to the familiar form (3.18)
whernn X = 0.
The exrression for the thrust coefficient is derived in the

same mannery wielding the exrression:

e |
k-1

1 2 [M' X €4 kil - X)][ (F; )...]
C & e 2 k]emm—] | mm————— I T - [
f 1~ X k o+ 1 R k-1 Fo
(3.39)

It is interesting to note that the thrust coefficient in-
creases with the rresence of rarticles comeared to the das onlw
value. This eacuation imrlies 3 75 rercent increase in the thrust
coefficient for a8 twyrical rrorellant where X = 0.45.

The second limiting case models the rarticles such that the
rarticle velocity and temrerature remain essentiallw constant.
This imprlies 2 combination of relativelw larde rhusical sizes
slow hest transferr and low drad, With such 2 models the expres—
sions for the rerformance rarameters remain identical to the
original (das onlw) exrressionsrs i.e. the sgas flow is not affected
bw the rresence of rarticles. Howevers the srecific imrulse is

reduced. From eauation (3.34) where m v << m v ¢
g 9 o =

i
I = owmmw (] = X ) oy (3.40)
55 -1 =
Thereforer the srecific impulszse is reduced bw a factor of 1-X,
Regsearch conducted into two shase flow also indicates that

the rozzle ture has 28 besring on the effect of rarticles in the

exhaust stream [22]:, As well »it has been found that =article
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gize (and distribution) is inderendznt of motor sizes and is
therefore larselw a srorerty of the rarticular rrorellant [241.
Another detrimental effect of lisuid rarticles is the tendency
for the materisl to build ur on the nozzle surfacesr reducing the
effective nozzle area. Additionasl losses a2re introduced bw the
resulting rough surface which imcreases skin friction L2511,

For t+he motor being consideredy the losses due to rarticle
sresence will be accounted for in the enerdw conversion factors

discussed below.

3.2.7 Corrections for Real Nozzles

The preceding analwsis considers ideal rocketss which of
course dd not exist. The ideal case rerresents the maximum rer-
formance that can be attainedy with the actual rerformance beind
reduced by & number of factors, These factors are accounted for
in real nozzles by using various correction factors.

Conical nozzles require z factaor to correct for the non-
axial comronent of the exit das veloecity as & result of the
diverdgence andgley defined 8s 2¢ (where a is the half angle).
Thigs factor A » is diven bul

1
A=~ (1 + cos a ) {(3.41)
2

As welly the flow in 2n actual nrozzle differs from ideal

because of frictional effectsy heat transferr inrerfect dasesy

nornaxial flows nonuniformity of the working fluid and flow

distributionr and the effects of particles. The desree of de-
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parture is indicated by the energy corversion efficiencw of the
rozzle. This is defined as the ratioc of the kimetic enerdw rer
unit of flow of the Jet leaving the nozzler to the kinetic enersu
rer unit flow of 2 hurothetical ideal .Jet leaving an idesl nozzle
that is suprlied with the same working fluid at the same initial
state and velocitw and exrands to the same exit pressure as the

resl nozzle., This is exrressed asi

e = --28 (3,42)

where the subscrirts i and 8 refer to the ideal and actusl states
and e denotes the enerdgw conversion efficiencws,

The velocite correction factors{,s is defined as the sauare
root of e, For most production motorss the value lies between 0.83
and 0.98. This factor is also arrroximatels the rstio of the
actual te ideal srecific imrulse.

The discharde correction fsctor {d y is defined as the ratio
of the mass flow rate in & real nozzle to that of an idezl r®zzle
that exrands sn identical working fluid from the same initisal
canditions to the same exit pressure!

i m_oc
(o 2w S (3,43

The value of the discharge factor is often larder than
unitus because the actuasl flow can be larder than theoretical
for the following reasons!

i) the moleculsr weidht of the dases increases slishtly
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when flowing through a3 nozzler therebw chandindg their densitd,

ii? some heat is transferred to the nozzle wazllsr lowering
the #as temreraturer increasing its densitw,

iii) the srecific heat and other das rrorerties chandge in
an actuzl nozzle in such a waw a8s to slidhtlw inecrease the value
of the dischardge coefficient.

iv) incomelete combustion increases the densitw of the
exhaust gz888.

These correction factors result in 8 thrust lower than for

the idezl case!

-
]

t ¢ MF (3.44)
v d i

X
fv fd)\C F‘o A (3.45)

ﬂ a

-
]
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CHAFTER 4! EXPERIMENTAL TECHNIGUE
4.1 Motor

The moter under consideration is illustrated in the fidure
below (fidure 4.1)y with 2 comrlete description given in srrendix

{ E ),

i 25¢m -
— e
2 i)
——————————————————— S 1
i: _______________________ | ’:h:: : 38cm,
e . thig 1
M e POLTa N
T / BI -
/ / / /z |
|
/ // f
nozzle grain //' head ;
head gaskets (5) safety bolt

Figure 4,1. Actual motor used in testing,

The sténdard nozzle has & conical rrofile with 3 12 degree
diverdence half andle. It was fabricated from mild steel bar stock
turned and bored to the desired dimensions on & standard lathe.
The nozzle contour is rounded st the throat to avoid share dis~
continuities which could lead to shock losses. As welly the entire
rnozzle inside surface is polished to reduce friction losses.

The nozzle is retained to the combustion chamber bw six high

strendgth allen screws.
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The head of the motor is readily removable to sllow for
pasy loading of the drain. Constructed as well from mild steels
the head is retained bw 8 single safetw bolt (3/16 X 1 1/2 in.§
grade 8) desisned to shear if the chamber rressure should attain
an unsafe level (1¥ MPa.). The combustion gHases are sealed from
escaring around the head bw five asbestoes-fibre comrosite dHas-
kets. The nozzle is sesled adsinst the combustion chamber by
utilizing a3 tool which rolls & circular die under high rressure
sround the rerimeter of the chamber outside wall against the
nozzle section forward of the retention groove, This effectively

cezls the chamber wall adainst the nozzle to reduce gas leakade.

4,2 Cubic Mozzle Frofile

Althoudh the exact nozzle rrofile is not critiecsl for
dood rerformance as the flow occurs in @ redion of favaurable
sressure gradients ortimum rerformance is achieved bw desisning
the nozzle by the method of characteristics. A& thoroush dis-—
cussion of this technicgue is presented in references [26] and
[271. This method is leng#thy and comrlex and will not be consid-~
ered here., Howevers zn arproximation to this desisgn is that of &
cubic erofile where the nozzle contour follows the curve of a
cubic eauation C281,

A nozzle was constructed with the sid of 2 comruter numer-
ically controlled lathe, The criterion for desidgn was based on the
same throaty entrance and exit areas as the conical nozzle. The

converdent section was based on a3 maximum half andle of 30 dedgrees.
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and 3 maximum diverdent angle of 20 desgrees., Figure (4.2)
shows the dimensions of the nozzle where the eguations of the
contours sretl

2 3
1.748 ~ 0,762 x + 0.226 x cm. (Region I) (4,1)

R

2 3

R 0.4561 + 0.201 % -~ 0.037 x cm. {Region II) {(4.2)

H

where R is the inside radius,

Figure 4.2, LCubic nozzle profile.
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This nozzle was constructed of cold rolled mild steel
bar stocks and was highly rolished on the flow surfaces. The
diverﬂenﬁe exit angdle was machined to zero dedreesy to eliminate
radial flow lasses (non-truncated).

It should be noted that while the critical dimensions
of the cubic nozzle are coincident with the conical nozzley the

overall lensgth is about 17 rercent shorter.
4.3 Prorellant Preraration

As stated rreviouslyr the standard prorellant com-
bimation is &45% oxidizer (KNUS) and 35% fuel (sucrose). The
Frrorellant (grain) freraration techniaue for any O/F ratio is

identicsly however,

In order to ensure comrliete mixing and intimate contact
between the oxidirzer snd fuel crwstalsy each constituent must
be dground to a8 smell rarticle size. Commercial oxidizer cryustals

are ground according to the following standard ranges?

-6
Coarse 400 to 4008 ( 1u= 10 m)
Medium 50 to 200 &
Fine 5 to 15 &

Ultrafine submicron to S5 u
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The commercizlle obtained sotassium nitrate oxidizer has
an averade particle size of 250 #, The oxidizer is subseauentlw
dround down to an averade rarticle size of 100 #4 The sucrose is
obtsined in rowder form with tuerical rarticle size of approxi-
matela 104 .

It has been found that the rarticle size of the onidizer
has an imrortznt influence on both the burning rate and more
imrortantly on the impulse delivered., Thereforey careful asttemrt

was made in the exrerimentation to obtain consistencwy in oxidizer
rarticle size.

After accurately weighing the desired auantities of both
constituentss thew are placed in an electric rotating drum mixer
where mixing occurs for twentw hours,

The grain casting procedure involves heating the mixture
in a8 container maintszined a3t z temserature of 1920 to 200 dedrees
celcius by immersion in an electricallu heated oil bath., The
sucroser (ma.#, 182 degrees C.) combines with the non-melting NNOa
(m.es 441 C.)r to form 3 slurre. Decomposition of the sucrose

initiates s3s well at this temrerature being both a function of
of temrerature znd time., Therefores the temrerature has to be
maintained within this ransger ard for the minimum time duration
necessary for the entire mixture to melt.
This decomsosition (caramelization)s if kert in checkr has been
found to have no detrimental effect on the srorellant rerformance.
Investigstion of the effects of low dedree carsmelization of

sucrose indicates that there is no significant mass chandgey which
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is ideortant since the occurance of such would zlter the effective
0/F ratio. As welly it has been found that less than 1 rercent
moisture is absorbed by the finely divided sudars which is adain
an imrortant consideration for any moisture initislly present
would be given up upon heating,

Once the slurry has become sufficientlw fluids it is
cast into the desired share. This share (hollow culindrical?
is achieved by rouring the slurrwy into a lubricated cwlindrical
moulds of slightlwy smaller diameter than the combustion chamber.
A lubricated bore rod is inserted down the central axis. After
allowing to cool and harden for arevoximatele fortu-five minutess
the frain is removedr trimmed to sizer» weighed and measured. The
grain is then stored in 8 sealed container. This is to rrevent ex-
rosure to the oren air for the rFrorellant in its finzl form is

very husroscoric.

4,4 Varging 0/F Ratio

A number of dgraing were prerared to determine the effect
of varwing 0/F ratios uron the motors impulse. As wellr several
small cwlinders (1.5 2 10 cm) of varging 0/F ratios were prepsarved

for burnrate testins.

4,3 Burnrate testing

In order to cuantify burnrates under conditions of one
atmosrhere and at room temrerzturer several sameles of different

0/F ratiocs were rFrrepared. The samprles were cast into culinders
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as indicated earlier. These culinders were mounted usright bw
agdhering one end to a8 base., A srecified length was marked offy
turically 7 cm. The tor end was then idnited bw a flat surfaced
toaly heated erior in a2 flame, As the samrle burned downy the
elarsed time was measured between mariks, This twre of burnrate
testind dives results for conditions of constant temrerature
rrorellant and non-erosive burning,.

More comrlete burnrate testing would involve determining
the derendance of burnrate on pressure, In order to conduct such
testing » it would be necessarw to construct s suitsble vessel
that would allow hurninﬂ to occur at constant eressure. Such an
investigation has not wet been conductedy however. Research of
this twre has indicated that the burnrate measured bwy this tech-
niegue is not in comrlete agreement with the actusl burnrate
that occurs in the actual motorr being about 7 rercent hisgher

£291. No exrlanation could be found for this discrerancd.

4,46 Motor Static Testing

Static testing of the motor (figure 4.3) to obtain the
thrust-time characterics is conducted on & srecislly built test
rig {(figure 4.4). A remotely located Heath H-8 microcomputer is
used for data aeccuisitionr with the messured signal sent to it
via 2 30 metre shielded cable. The aeuisition sustem is rotent-
islly carable of handling ur to four channels of dats inrut (e.d.
thrusty chember rressurer temreraturer and wall stress), For this

series of testsy only thrust messurements were attemrtedr however.
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IFisure 4,3, Static firing of the rocket motor mounted
in test rid.

4,4,1 Test Rid Construction

The frame of the rig is constructed of heavy steel I-beam
to eliminate undesired deflections under high thrust. Althoush
the maximum thrusts endured buw the motor under consideration
waere 1.1 kN (250 lbs.)s the rig can handle much larger values of
thrust.

The motor is mounted verticallar nozzle urwardsy in a2
holder desisned to allow for the small vertical motion encountered

by the motor during firing,



45

1, DNeflection bar 7
2., Lower stos 8.
3+ Uprer stor 2
4, 8Strain transducer 10.
%. Motor mount 11,

é. Rocket motor

Electrical idniter
Deflection bar tensioner
Frame

Hudrzulic damrer

Damper zddust valve

Figure 4.4, Rocket motor static testing ris,
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The frame surprorts & double cantilever deflectien bar
sssembley, It is adgsinst this bar thast the motor scts during firing
resulting in the bar deflecting. The thrust is therefore trans-
duced into a lineal deflection. In order to obtain high resolution
of the thrust transductiornr it is desirable to have 3 relativelw
larde defection of the bar, This maximum deflection is determined
bw the transducer unitr having been determined to be 0.4635 cm.
(174 in.). By knowing the maximum exrected thrust of motor it is
rossible to choose the bar-cantilever asssemblw to achieve this
(for any motor),

The deflection 9 for & double cantilever assembluy is diven

by [301:
e (4.3)

wihtere F is the force (thrust)s E is the Youns’s modulus of the
bar materialy I is the moment of inertis of the bary arnd L is the
bar length, For a rectazngulsr bar of thickness d and wicth bs this

can be rewritten ast

¥ = (4.4)

The deflection is therefoare Frrorortionasl to L/D cubed
agand inverselw serorortionsl to the width., Thereforer the choice
of the bar dives dreat flexibility in achieving the maximum

deflectiony w .
max

A lower stor is rlaced directly below the centre of the
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bar to erevent damage to the transducer unit in case of over-
thrustingy or a8 blowout of the motor head (see figure 4.5),

The thrust induced disrlacement of the transducer bar
results in an equal disrlacement of the end of the transducer
uriitr located directlw urnder the motor mount. This transducer
unit usges 3 strain gaude briddge fastened to its fixed end. This
strain daude bridge forms the fundamental component of the dats

acuisition sustemy illustrated in fidure (4.46), The amplifier

MOTOR

BAR
CEFLECTION ’ . TENSIONER

UPPER
m&\\\ STOP T
F \& i
E ‘—f‘Ym“
a-g £ A
/
i
. T ]
/ \
LOWER . EHD SUPPORT (2}
1 BEA STOR (alJSTABLE }

Figure 4.5, Deflection bar assembluy of static test rid.

7557; COMPUTER Pg[NTER
8817 DECWRITER
o _ HEATH H8 LA-36
STRAIN 7
GAUGE |
BRIDGE AZERO . TERMINAL
DJUS HEATH H19

Figure 4.,6. Data aceuisition sustem used to measure
motor thrust-time characterics.
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circuit is rerroduced in Arrendix ( F ), The A/D converter is an
B-~bity four channel unit carable of sampling 581 Poiqts rPer second
(samrles every 1,72 millisecqnds). These points are stored in the
comruter memory for rost-processing,

fue to the serind-mass nature of the deflection bar assemblyur
it was fTound necessard to srovide adeguate damring to reduce
oscillations of the deflection bar. A varizble huwdraulic damrer
was designed and built to 3llow a2 larde desree of fTlexibilitw of

damring, The damper is detailed in figure (4,7): The oreration of

-
CONNECT.
ROD = 0 RING (2)
HEAD b
\%17} %}”—“HEAD BOLT (4)
PISTON

‘0 RING

). FLUID

L i
JET- {%r‘%“w CHANNELS
/

\.

; \ MOUNT,
) \ HOLE (4)
8LEED NEEDLE
SCREW VALVE

Fidure 4.7, Hudraulic damrer used with test ris,

the device is straightforward. A connecting rod with 2 riston at

one end is attached to the deflection bar. The reversed vertical
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motion of the rod alternately forces fluid from and back into the
fluid chamber throush 2 smsll Jet. The effective areas of the .et
is controlled bw an addjustable needle valver the addustment of
which governs the dedree of damring. This allows for 3 wide range
of dameing from essentially nil {(needle turred out) to complete
damring (needle turned in).,

The damring fluid is standard hwedreulic fluid, and the

swstem is bDled after filling to remove all traces of sir.

4,4.2 Calibration

Calibration of the static test ridg is rerformed with the
2id of an extention arm with a series of weights hung at its end.
The arm effectivelw smerlifies the force which is asplied at the
deflection bar by 3 factor determined bw the arm lendgth (as is

illustrated in figure 4,8).

::____,. S TS 4,‘
[
W

Figure 4,8, Extension arm setur for calibration of the
test rig,
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The force arrlied 3t the deflection bar Fy is given bu!?
F o= —m -0 4 i (4,5)

where W is the total weight hung at the bar endsr W, is the arm
weidht., B8ince W, ¢ Lyr Ly are constant for a giver arms this
can be written ast

F=CW+C, (4,6)
where C, =1,/ L, and C, = C W, /2 .
Calibration is carried out by handging & series of weidhts and
recarding the outeut voltase. The calibration data is erresented
in the form of voltadge Vs as a3 function of forcer having fitted

the roints throudgh 3 second order curve (through the oridin)

to wield a calioration curve of the following forms

2

F = Cuu + Cav (4,7)

where Ca and C4 are constants.
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CHAPTER &¢ RESULTS {(Theoretical and Actual)

Ss14+1 Nozzlie Testing

The thrust—-time curves for the cenical and cubic nozzle
are presented in fisgure (5.1) a2nd (5.2)y resrectivelw. The time
reriod between successive roints is 8.6 milliseconds (i.e. everw
Sth roint is srinted). For comearison rurrosesy both results are
rresented on 8 single curve illustrated in fidure (5.3) (notel
different time based.

A summare of the rerformance for both of these noxzles

is presented in Table 5.1.

Conical Cubic
Total imrulse (N-3) 284 281
Srecific impulse ( 5 ) 130.5 127.3
Marx. thrust { N 1155 1075
Thrust duration { 8 ) 0.38 0.40
Frorellant mass (kg ) 0.225 0.224

Table 5.1 Comparison of conicsl and cubic nozzle motor
tasts.,

Both tests were conducted under similiar environmental
conditionss a2lthoush on sessrate dates.

It should be noted that neither nozzle suffered anw
erosion or other detrimentzl effects after firing. This has
been found to be the case even after multirle firinds. ( > 10)

making the motors indefinitelw reusable.
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CONICAL
CuBIC -

THRUST

TIME

Figure 5.3. Comrparison pf the conical and cubic nozzle
motor thrust—time curves,

S:¢1.2 Motor Testing of Varuing O0/F Ratio Grains.,

The results of this series of tests are rresented in
Table .2+ 0nly the values for the sverasde srecific imeulse are
rresented hecayse it is felt that this would provide the most

useful base for comersrison. It should be noted that & non-

standard conical nozzle was used for this series af testssy result-

ing in lower overszll values of srecific imerulse as comrared to
the standard conical nozzle as described earlier. Thereforer the

results should be used for comrarison surposes only.

The imrulse for the 75725 Q/F ratio was rot measurshble due
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to Foor burning resulting from the high oxidizer rercentase. A

larde auantits of licuid matter {(rotassium carbonate) was eJdected

from the nozzler and burmning continued for sbout half a minute.

O0/F Ratio Isp ( 5
50750 49,9
55745 23.4
60740 100
65/35 106
70730 104
75725 —

Table 5.2 Comrparison of varwing 0/F ratio motor tests.

The 50/50 O0/F ratio grain slso resulted in roor firindg.
Lardge volumes of carbon were eJjected with much remaining in the
combustion chamber after firing in the form of & sinsle Forous
Mm355.

Each of these test firinds were recorded on 8mm colour
movie film for rost firing examirnation of the test. The results
shawed that the exhaust flame varied in size and colodr with
differing O/F ratios. For the more fuel rich ratioss the flame
was amaller and more orande in colour. For the more oxidizer
rich ratioss the flame incressed in size with & more rurrle
coloured huey a result of the rotassium compound in the exhaust.
As welly it was found that the nozzle throat became hotter with
increasing oxidizer rercentsdger with the excertion of the 75725

0/F ratio. The throat colour ranged from 3 dull red (30/50 O/F
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ratio) to & bright wellow (70/30 0/F ratio). This result is
cornsistent with the theoretical srediction for combustion temr-—

arature as a function of /F ratio as discussed earlier.

A comrarison of the rrorellant srorerties T, r M7y CV

and X fFfor verwing O/F ratios as eredicted by theerwy is shown in

figure (5.4,

Tol7C)
L2008

800

F1600

Ty
M| CV
() 1400
kli]
200
5t M §
900y
Cv g

20F aoo} -
700} _““HEH‘HEHHHN\\\

F600F

s00t /x’//

0.6

T0.4

T0.2

] | L L L i i

306 44 a8 Bz 56 60 64 68 72 76 80
PERCENT OXIDIZER

Fidure S5.4. Comparison of theoretical rrorertiest
(1) Combustion temreratures T
(2) Averade molecular weisiht of exhaust
dasesr M’
(3) Characteristic velocitys CV
(4} Particle mass fractionr X.
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5.1.3 Burnrate Testing

The results of burnrate testing for various 0O/F ratios
are eregsented in figure (G5.5)+ The conditions of testing were
atmosrheric eressure and room temrerature., The burnrate results
for the 75725 0/F ratio are not shown due to the erratic burming
encountered,

As mentioned earliery burnrate testing has not wet been
conducted for conditions of eleviated spressures to determine the

burnrate-rressure relationshirs. Howeverrs it is rossible to est~

o5

2
by

BURN RATE {1 ATH.) (CM./SEC)

X CXINIER

Fidure 5.9, Comparison of ztmosepheric burnrate testing
for varwing Q/F ratios.

imazte the pressure derendence in order to determine an arproximate
value for hoth the coefficiente 3 and n  (from eaquation 2.10)»

using the results of the motor testing, This method involves



58

estimating the time recuired for the drain web (wall thickness)
to burn throush under mator orerating conditions. The validitu
of this method lies in the assumption that essentislls sll the
syrface redression occurs at high erressure. This pressurer taken
as F,r occurs during the stesdu—state oreration of the motor:
zllowing an estimation of this time reriod from the thrust-time

curve (see fidure H.8).

e
-
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_ : >
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Figure 5.6. Estima2tion of web burnthrough time
from actual thrust-time curve.

Sipce burning rrogresses Prom both the inside and agut-
side surfaces of the grazins the web exprension rate is effectivelw
doubled, The burnrate at =2 rressure of ﬁ’can then be exrressed

as!

o i F
r EE e e i i e e = - P (501)
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where Ro and Ri are the grain outside and inside radii.
Combining this eauation with the results of the atmos-

rheric burnrate testingd
n
ry = 3 ﬂ”m (95.2)

P= puim

and the steadu-state rressure ecuation (J3.34)y resultis in s set
of three simultaneous nonlinear ecuaticors in a8y iy and P .

At a rressure of one atmosrheres the burnrate is taken as
r o= 0.335 em/s (65735 0/F ratiol, Utilizing the thrust-time
curve as shown in fidure (5.1)s the burnrate at Fy, can be arrrox-
imasted at 2.22 em/s. Eeustion (3.34) is arrlied with the

following values shown below!
3

= 1,83 dg/cm
2

-

A, = 280 om
2
0.46829 cm

o
-
[

D
#

~
L

= 1,283

—
]

1620 K

The wvalue for Ab stated above is 10 rpercent dresater than
the value csleulated bw eaustion (2.132. This is an estimation
of the actual surfsce srea with surface flsws teken into account.

Solutions of eauations (5.,1)s (35.2) and (3.34) with the sbove

values #gives the following results far ar n and Py 1

g = 0,85
n = 0.407
P, = 10.5 MPa. (1530 rsia)

When the coefficients above are inserted into the ex-
rression for burnrate (eauation 2.10)y where Fo is exrressed in

MPa.r the resultind r is expressed in cm/s.
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5.1.4 Performance Parameters

The theoreticasl rerformance parameters of the motor based
uron the two rarticle flow modelsr as well ss the actual resultis
are eresented in Teble S.2+ These results are based wron the

motor eauirred with the standard conical nozzle and the &65/3% Q/F

ratio erorellant.

pTHEUF!ETlCAL THEORETICAL ACTUAL
PARAME TER ARTICLE MODEL | PARTICLE MODEL
_ TemTy Vo= Vg | Tomconst. Vg VALUE
THRUST (MAX) N, 14697 1153 1155
THRUST TIME, SEC, _ — 0378
Vo , MyS. 1490 1821 JE—
T ,Oc 14086 14086 1347
R, MPa 10.55 10.55 —_—
Gy 2.36 2.00
1, N-s, 408 226 288
lgp, sec. 152 103 ta1*
A 0989 0.989 ' -
&y 0998 0.998
fe 0823
e —_— R — 0.401
*average

Taple %5.2. Comearison of theoretical rerformance
rarameters to actual rerformance rarzmeters,
The enaerdy conversion efficiency is based uron the actusl
rerformance of thé motor as compared to the maximum rerformance
rossibler wWwhich would be attained for the first particle flow

mocal .
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CHAFTER 6% DISCUSSION OF RESULTS
4,1 Nozzle Testing |

Contrare to expectationssy the rerformance of the cubic
nozrle was somewhat lesser to that of the conical nozzler deliv-
erind 8 srecific imrulse 2.5 rercent lower, This result howevers
is tentative for only 2 single firing of the cubic nozzle was
rerformed due to time limitations. Clearlys howevers no signifi-
cant increase in nozzle efficiency is implied. This suddests
that the conical nozzle is certzinlwy 8 satisfactory desisn. Con-
sidering the far dreater simelicitu of fabrications the conical
design would have to be considered the surerior choice for the
amateur rocket enthusiast.

If further testing reinforces the rresent findings, the
lesser rerformance of the cubic nozzle could be & result of its
dreater maximum diversgence angle (20 dedrees v.s. 12) and/or its
shorter lendgth (17% shorter). The latter of these would be con-
sistent with the eparticle flow theors where a decrease in rerfor-
mance would be a direct result of rarticle 1lag. In & shorter
nozzle the rarticles would have less time to accelerate to the
das velocity before exiting the nozzle. This would sudsfest that
for 2 small motor with 2 high mass fraction of earticlesr the
nozzle should have a small diverdence sndle in order to increase
the length. The existing diversence andgle should rossible be re-
duced to 10 or 8 dedrees. As wells the effects of reducing the
convergence sngle in order to increase the averall length of the

nozzle should be investidgated. Possible the best aesproach to the
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design of a8 nozzle for such conditions would be to share the con-
tour in a manner such thast the maximum flow acceleraztion is re—

duceds to minimize rarticle lad,

4+2 Motor Testing of Varwing 0/F Ratio Grains

Maximum rerformance for the hollow cwlindrical dgrain is
achieved with s moderatelw fuel rich O/F ratio, Testing indicates
that the srecific impulse is highest in the ransge of &5 to 70
rercent oxidizers tarering off with 2 lower oxidizer rercentader
and being drastically lowered at hidgh oxidizer ratios. The sen-
sitivitw at high oxidizer ratios is shown by the results that a
maximum imruse is achieved at 70 rercent oxidizerr but bw incr~
easing the ratio by 5 rpercent results in an immeasurzble imPulse,

The hisghly fuel rich ratiocs (0/F < 55/4%)a3ls0 resulted in
dreatly reduced rerformancer desrite theoretical eredictions that
the srecific impulse would remain essentially constant over the
entire range from 40 to 70 rercent oxidizer., This could be sttri-
buted to the observation that s larde fraction of the solid matter
(mostly carbon) remasined in the combustion chamber in the form of
8 solid Porous mass. This is srecisels the conditions of the
second rarticle flow model where v =~ constenty resulting in
8 srecific impulse reduced bw a factzr of ( 1-X 3,

At verw high 0/F ratios (O/F > 70/30)» the reduction in
rerformance could a3s well be exrlained by this rarticle flow model.
Examination of the exhaust blast srea revezled that the rotassium

carbonzte particles edected from the rnozzle were actuslly in the
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form of sizeable drorlets, This would ereste the conditions of
v ~ constanty where the relativelu larde rarticle size would not
a?lau acceleration of the rarticles to a high velocitw. The for~
mation of the drorlets could be exrlained thuslu! during combus—
tion 3 voluminous ausntite of potassium carbonate is formedr being
in the licuid state. As flow occurs through the nozzle multisle
erollisions occur between the liguid sarticlesgy resulting in co-
hesion and effective drowing in rarticle size until either the
maximum stable size is achievedy or exit occurs from the nozzle.
The rractical randges thereforer for O/F ratio selection
arrears to be an oxidizer rercentade of between 55 and 70 rercent.
Courling this result with the realization that sctual combustion
tenrerstures appear to rarzllel theoreticaly would indicate that
since lower combustion temreratures might be more desirables the
iower D/F ratios might be more suitable., If howeverrs the combus-
tion temreratures encouniered at the urrer end of the O/F ratio
rase no rractical eroblem: the randge for best rerformance could
be reduced to the 65 to 70 rercent oxidizer range. Since no
ergsion or other eroblems have been encountered due to these tem-
reraturesy this would zrrear to be the ortimal randge. One final
factor to be considered is the castabilitw of the #rain. Since
& more sucrose rich rrorellasnt is essier to castr the best over~
8ll ratio would then arrear to be the existind 45/35 0/F ratio.
It should be noted that since testing occurred in sters of 5
rorcentage rointsy that the oertimum ratio is therefore within

2 certain #lus-minus rande aof this value.
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6.3 PRurnrate Testing

The results of testing indicate that burnrate is euite
sensitive to the O/F ratior with the maximum occurring at the
65735 0/F ratio. For small rocket motorsr 3 dreater rate of bur-
fiing is desirable to develor the high chamber rressures that such
motors can resdilw orerate at. With lower burnratesr it would be
necessary to increase the grain surface (burning) a2resz to comren-
sate for the reduced rate of burning in order to maintain the das
dgenerstion rate. A decrease in throat sres would as well he 3
solution to develoring the desired esressurer howevery & correg-
ronding thrust loss would result,

Increased dgrain surface area can be achieved by modifwing
the sHeometrw of the central bores by moulding a star or other
share a8s discussed in section 2.2.3. This result can also be
achieved by increasing the length/diameter ratio of the grain,
Howevery both methods comrlicate the drain castind rracedure and
increase the likelihood of dgrain casting flaws, Thereforer rracti-
cél considerations maske the hisher burnrate that can be achieved
with the 65/35 0/F ratio 2 desirsble tratt.

The method of estimating the burnrate-rressure relation-
shir asprears to be satisfactorw for & first arrroximstion, Hawevers
it is difficult to gaude the accurscwy at this roint, Knowledde of
the actual chamber pressure would certsinlz incresse the precision
of this technicue. Due to the nonlinearity of the ecuationss the
value for the chamber rressurer howevers could be subdect to ape-

reciable error.
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4.4 Performance Farameters

From tshle 5.2 v it can be seen that there is an arrreci-
able difference in ideal thrust for the two rarticle flow models.
In the second case where the eparticles are sssumed to have no arp-
recisble velocityr the thrust is 32 percent lower tham the first
case where all the rarticles are assumed to have & velocity eausl
to that of the gas flow, As a result of thig rather sidnificant
varisncer the choice of model will imrortantlys affect the exrected
rerformance of a given motor desidgn, Neither model would be ex-
rected to accuratele rerresent the actual flow conditions since
these are the two limiting cases. The actual rarticle flow cond-
itions would reauire 3 consolidaton of the two modelsy where the
expected rerformance would lie somewhere betuween these two bounds,.
As welly the actual flow would be difficult to model since the
real earticle size would certainly be distributedr where the smal-
ler rarticles might follow closelw the das flow velocity whereas
the larsger particles might have 3 sidgnificant velocitwy lasg.

The actual thrust eroduced bw the motor would therefore
be exrected to lie somewhere bhetween these two idesl valuess which
it ir fact does. The actusl maximum thrust value (1155 N.) almost
coincides with the ideal value for the second rarticle flow model
(1153 N.)r suddgesting that the actual flow would be accuratelw
described bw this model. Howeverr such 8 conclusion would be highly
tentativer is not incorrecty since the calculated thrust values
for these tuo models are almost directls rrorortional to chamber

sressure. The chamber sressure used for these two calculations
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(10.585 MFa.) is based on the value arrived at through the rressure-
burnrate calculastions described in the rrevious section whichr as
mentionedr could be subdect to srrreciable error, Anw such error
would be almost directlw reflected in the idesl thrust comeu-
tations. This factor renders the thrust rarameter 3 poor basis of
comrarison of the actusl to theoretical flow conditions. & far
better comearison would be made utilizing the srecific impulser
which is insensitive to chamber Fressure variations.,

The value of the actusl averade srecific impulse (131 s.)
is in fact close to the midroint of the values eredicted by the
two rarticle flow models (152! first models 103! second model).
This.implies that 3 consolidation of the two models would closely
Fredict the behavicur of the asctuzal flow.

The enerdy efficiency e» and the velocity coefficient f;r
are emrlodved to relate the actusl thrust to the ideal thrust that
would be achievedr as explained in section 3.2.7. The values ob-
tained arrear to be on the low sider asdain rpossiblw as 38 result
of error in the chamber rressure assumed,

The actual value for the thrust coefficient € ¢ would
2lso likelw lie between the two values as shown. Thiz result
demonstrates that the thrust can be more thaen doubled with a
rrorerls designed nozzler with the imeortance of the diversent
section arrarent.

The rnozzle exit veloecits v ris shown to be signmificantly

a

higher for the sscond rarticle flow modelr where this resresents

the das only value. The exit velocitw for the first model where
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the rarticles are sssumed to have the same velocitw as the das
flow is reguced 35 @ result of asccelerating the rarticles.
The actual combustion temrerature (1347 C,) was found
to be in close asgdreement with the theoretical value (1406 C.? beind
4 rpercent lower. The slightlvy lower combustion temperature would
be a result of incomrlete combustion asnd nonadisbatic conditions.
The final rarameters to be considered sre the discharde
coefficient gh and the diverdence correction M. It can be seen

that onlye minor thrust laosses are 8 result of these two factors.
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CHAFTER 737 CONCLUSIDNS

Theoretical analusis of 3 small solid prorellant rocket
motor was conductedy with the serformance results presented in
the form of two limiting models. The asctual findings were e~
rected to lie within this randgers and exrerimentzl measurements
found this to be the case. This result demonstrated the imror-
tance of considering the effects of two-rhase flow for small
solid rrorellznt rocket motors,

Theoretical analusis suddested that the srarellant rer-
formance should remain essentiallie constant over 8 fairlu wide
randge of oxidizer/fuel rstioss howeverr other factors such as burn-
rate and castability reduced the accertable randge. The best over-
agll ratio was found to be the rresently emslowed ratio of 65/35.

Significant imrrovement of the motor’s rerformance does
not arrear likelw to be achieved bw variation of the nozzle de-
sign. The conical nozzle emerdHed as & highlw satisfactory design
when the simrlicity of fabrication is considered. Marginal in-
crease in nozzle efficieny might be obtained by reducing the con~
verdence and/or diverdence andles,

A thrust-time curve of the rocket motor‘s rerformance was
obtainedr rroviding a basis uron which to determine the exrected

aceelerationy veleecityr 2nd altitude of the rocket in sctuazl flight.
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RECOMMENDATIONS

The following recommendations are suddested to provide s
more comrlete understanding of the rocket motor’s and srorellant’s
rerformancer angd to erovide & sound bhasis for the design of
larder rocket motors?

i, Corduct testing in order to determine the actual cham-
ber rressure guring firingy rossibly utilizing & rressure trans-
ducer sustem to obtain 3 rressure-time curve. As welly 2 method
of determining burnrate as 8 function of chsmber eressure should
be investidated utilizind this data.

2, Other methods of determining the epressure-~burnrate rel-
ationshir should be consideredr such as construction of a2 constant
sressure vessel to studye the rste of burning at slevated rressures.

3+ Investidation into modifwing the’conical noszle desidn
in order to reduce marticle acceleration might be sttemrted,

4, Further studging of two-prhsse flow in an attemrt to con-
solidate the rarticie flow models would certasinly eprove useful.

As well, it is suddested that a comruter erogram be de-
velored to solve the equations of motion involved with 2 rocket
vehicle in flighty utilizing the obtained thrust-time data in con-
Junction with vehicle drag dats (either exrerimentallw obtsined or

theoretically modeled?.
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NOMENCLATURE

burnrate coefficient
acoustic velogity
area

burning ares

analodue / digital

adiabatic flame temrerature

critical throat ares
effective exhaust velocitu
Celsius

Coefficient of thrust

Srapific heat at constant eressure

Srecific heat of solid (lieuid?

Srecific heat at constant volume

characteristic velocity

grain inside (bore) dizmeter

drain outside diameter

enerdy conversion efficiency

mass fraction

thrust

70



o acceleration of dravity
(X} enthalry

h® enthalrz of formation

I total imeulse

I specific imrulse

-4
3 ratio of ssecific heats
K Kelvin

L dgrain lensth

mass flowrate

-

m dazs mass flowrate
o

m rarticle (so0lid) mass flouwrate
-3

M., melting roint

M Mach number

M’ molecular weisht

n purnrate exronent

N Newtor

U/F oxidizer/fuel

F pressure

F ambient rressure

Pa nozzle exit pressure

a

- stagnation rFressure
(=}

T turnrate

[ molar das constant



universal sas canstant
time

burntime

temperature

stagnation temrerature

velocity

rozzle exit velocitw

g8 velocitws

rarticle (solid) velocitw

chamber volume

rarticle (solid) mass frasction
divergence andle

dischardge coefficient

velocitwy coefficient

diverdgence correttion factor

density

da2g densitw

rorellant densitw

gstagnation density

micromatre
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AFFENDIX A

Calculation of the Adiabatic Flame Temperature sssuming

the combustion eauation shown below!

C

12 I"|22 011 ¥

6.28 KNDa - B.29 CO + 0.76 CO

2

+ 11 H20

+ 3.14 N2C03 + 3.14 N2

with the agssumrtions of no worky no chandes in K.E. or P.E.»
and adisbatic conditionsy the first law reduces to!
‘H = H
R P
Zr‘u [F\°+A?-1] = Zn [ﬁ‘-i—AFI]
= i f i = e T o
where ithe enthalries of formation are given helow?
Constituent State F; (kd/kmol) Reference
€1p HopDqy solid -2,222 ,100 C311
KNCI3 solid - AP3 205 L3231
co das - 110 529 £332
co, gas - 393,522 C331]
Hy0 d4as - 241,837 331
K,CO4 lieuid ~-1,144,835 L3217
Ny das 0 ——-

eroguctsy

tables (excert for K cna

The values for Ah are zero for the reactants.

2

for K2503 is obtained from the exerressiont

) such as from reference [33].

Far the

the values for Ah are available from standard ernthalew

The value



Ty
Ah = E 87T + h
T ] tr

I
where T = 0,0948 T + 94.25 kJ/kmol-K L3221,
ol

and Ah = 27,533 kJd/kmol L3273,
tr

This lesds tos for K2C83:

2

Al = [(0.0474 T 4 24,25 T) =~ 32,296] + 27,633 bkJ/kmol
Insertion of above values and the exrression for enthaley
for the rotassium carbonate gives the following exrressiont
_ _ _ 2
8,29 (Ah Y + 0.564 (Ah y + 11 (AR Y + 3.14 (0.0474 T
co 602 HZD

F 94,25 T) + 3,14 (AR ) - 2,099,714 = O
N
2

A solution for T (AFT) is cobtained throush a trial and
error method by inserting values for enthalries at the trial

temrerature.

Solution of the ecquation is obtained at T = 1681 K.



AFFENDIX B

Determination of the zverasge value for the ratioc of
srecific heats ky for the 45735 O0/F ratio for Plow through the nozzle.

The assumrtion ig made where! P = 10.5% MPa,
o

F = 0,101 MFa.

e
T = 14629 K.
o
Use of the exepressions
r, n n
C = —beg 4+ -dog 4 kg 4.,
] n, P My ol n, "1
and the expression for £ as s function of tearerazture given
1=
telow 31,
0§75 005 ""0075
co: C = 469,145 ~ 0,70446 8 - 200,77 8 + 174,76 8
p
0.5 2
C023 C = 3,736 + 30.529 8 - 4,1034 8 + 0.024198 @
P
0.+25 0.5
H203 C = 143.085 - 183.54 @ + 82,731 B8 - 3.6989 B
P
“1 .3 - -3
N2 I € = 392.060 - 512:.79 B8 + 1072.7 B - 820.4 8
14
T
where 8 = ~~—- » valid in the rande of 300 ~ 3500 K
100
CP
k. can be exFrressed g5 hk = ——m——— r where R’ is the universal
C.~ R’
P

gas constant.

The abhove exerression for [ becomes!
P
i
C = == (8,29 [ + 0.544 C + 11 C + 3.14 C )

" 23 F%o F%oz ﬁio ﬁl

2 2
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The use of the isentrosic relation!
k-1

F k
e o F%

allows the temperature of the das flow at nozrle exit to be deter—

mined, The srecific heat is calculated at T amd T and sn averade
« Q e
value determined!?

avd. C = ( C + C ) /2
F FT FT
o e

wheress the aversde value for k can be found from the exrression

relating C to k. Howevery sirce it is the averase value of k
P
that is to be used in the isentroric exrression to obtain 8 true

value for T ¢ succesive iterstion is reauired to obtain the de—
a

sired averadge value for k for flow throush the nozzle!

To L avds, Cp avd, k
14620 = 41.97 1..247
1620 646 38,05 1,280
1420 588 3776 1.282
1420 SH3 37.74 1.283
1620 wBd ) e e

The value of T has reached 2 constant valuey so the
e

value for averase k for flow through the nozzle is:

k = 1.283



APPENINIX C

ferivation of the exsression for v for tus-rhase flow

for the case where T = T zand v = v . ¢
5 H 8 ]

Consider & frozen flow model where rarticles are formed
within the combustion chamber with ro subseauent growth or form—
sation, Under such conditionss ; and ; are constant throughout
the nozzle. Arrluing the genera? momenzum relation to am incre-

mentzal control volume sgives the result!

+ - L] +*
“-& dF =m (v 4+ dv )+ mv +dv ) -mv -~ mv (1)
=3 s % g 4 o 8 & d o
where A is the cross sectionzal asres at 8 diven rpoint. From
continuitwi +
m= p AV and m = p AWV (2)
1 s g o -] g

Combining these two eauations we obtaint

-gP = p v dv + p v dv (3
8 &5 B g 9 H

The energy eauation for steadwy isentroric flow relates
tihe rarticle and Haseouws enthalries and kinetic enerdies accor-

ding to?

*
(C dT + v dv ) 4+ m (€ dT 4+ v dv }y = 0 {4
5 ] -1 % s =] P - - -3

Using the mass fraction of rarticles Xr this egquation can

e re-written asi

X 0 dT 4+ {1-X) C dY + X v dv + (1~-X) v dv = § {3)
8 % P & 6 g o



From eauation (3) we obtaini

dp e, dF X
V) dv "o [raysep—— - - —— ) dv = e TR TRLT BB MEmSUnane v dv (6)
g o pg q & 8 pg 1-X g d

Substitution of this exeression into (J) sives!

X X dF
———— 0 dT + O T b L L L S VIREC VAR B« 1Y) e (7
1~X s & F g 1-% - ] = Py

The solution of this equation reuires knowledse of the

teat transfer and drag rrocesses in order to exeress T and v
-1 -1

in terms of the overazll flow eprorerties. Howevery if the heat

transfer is considered to be verw fast (T = T J)r and rarticle
5 of
drag verw high (v == v s then 2 limiting solution can be obtained.
-2 -1

The eauption would then reduce tol
X ]
{wwm= T 4+ C)»d7T = ~—— (8)
1-X s P fy

gssuming the ideal dgas relationy F = P/RTy this becomes?
=3

[x (1=x3] € + C dT dF
uuuuuuuuuuuuuuuuuu —— = (9
R T P

Intedration from stadnation conditions to exit conditions

dives?

Hi

Te Pe) m R
e o s where m = ~mweme——————————
To Po [x ¢<1-x3] & + ¢
-3 P

For these. conditionsy eauation (3) becomes!?



C-3

[x C + (1=X) € ] dT 4+ vdv = 0
5 p

which maw be integrated to give v in terms of T a3nd T v and where

e =] e
C =k R 7 (k~1) ¢

F
k R Fy \M
v = 2T | XC 4 (4-X) —m—mmmme R
e o % (k=1) M P

where X C M’ i -1
m = | me———— + e




AFFENDIX D

Derivation for the ederession for thrust Fr for two shase

flow where T =T a3nd v = v

—~

] p: 8 g

+

The exepression for gas mass Tlow rate throush 2 nozzle is

dgiven be the exepression £C34]%

k+1

A P 2 k-1
A o _ N
g R T k+1

For the case where all rarticles are accelerated throush
the nozzle (none remesining in combustion chamber)y the exrression

for total mass flowrste my is given bl

¥ * +
m=m + m

-] 4
*
M X
since m—pm—— = === y this would give
m 1-X
b4
+ - * X * 1
m = m + m —-—— = e
- g 1-X g 1-X

Ecuation (1) can be used to exrress the totzl mass flowrate

irn terms of the sas uheral
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SQirce F = m v + (P - F )ﬁ; using the sreviousle derived

e e a3
exrression for v r{arrendix C)r we can writel
e
k41

X I 2k M/ 2 \e=1 (i-X)h R’ F; h

F=f P weegf ——ewe. e XC + m——eee——— 1 = e
o 1-X R’ k+1 3 Ck—1) M’ Feo
X C M k. -1

where m = | e e

(i-XIR’ k-1
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AFPENDIX E

Rocket Motor Design and Serecifications

et tn e . L1 e
.  :1 ) - WL2 171 ._¢
o) !
Do
& !
Y
=T =3
i
L . i
b ||
L3 Le
. = 24.4 cm. L= 0.3 o¢m. oL = J3.795 cm.
1 3 0
L = 18.6 CMm+ L = 0,65 cm. I] = 3,495 Che
2 4 i
Chamber wall thicknesss t = 1.3 mm
Chamber wall materizl - mild steel tubing» ¢ = 400 MP3.
u

Safetwy Rolt - 3716 in. % } 1/72 in.¥ grade 6
tensile strengthy s = 200 MPa. (rated)
u
shear strengths 5 = 448 MFa. (tested)
g

Nominal chamber rressure reauired to sever safetw bolis P

Db 2
P = 2 6 et e e - 17 MFPa.
B

where Db is bplt diameter.

Nominal chamber pressure recired to burst casery P77

where 5 is chamber tensile strensgth.
¥}
Nominal chamber orerating sressure = 10.55 MFPa.



Conical Nozzle Desidgn

:q-_ D |

—
A B C
| v
i
|
l /‘—UN\ Y
f 7 ==
i ”__f H““]HE
< G e
Bimensions inm cm. 1§
A 3.+50 E 0.08 I 0.,3%
B 0.932 Fo2.,2 .
a 12
£ 2.48 G 1.2
g 30°
D &.8 H ©.70
Exransion Ratio!l 8.27 ¢ 1

Material!l mild steel

Inside flow surface! rolished
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APPENDIX F

STRAIN GAUGE BRIDGE -~ AMPLIFIER CIRCUIY
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