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ABSTRACT

This thesis presents a study on development of solid rocket propellant that was carried
out at Universiti Malaysia Pahang. Rocket propellant has been identified as a
component that played an important role in the development of rockets. The ejected
material in rocket propulsion is due to material called propellant. Without propellant, a
rocket cannot be launched. A solid rocket is a class of rocket in which the fuel, oxidizer
and binder are mixed together and cast into a solid material. Objective of this thesis is to
produce potassium nitrate sucrose based solid rocket propellant. Materials used to
produce this propellant are potassium nitrate powder and sucrose powder. Potassium
nitrate is an oxidizer in the propellant material and sucrose as a fuel in the propellant.
This propellant is produce using the method of formation. This method was easy to
operate and cost effective. Burning rate test was carried out at 1 atm and 7 atm pressure
using a different oxidizer/fuel mass ratio. At 1 atm pressure, it was found that burning
rate for the ratio of 65/35 was 2.184 mm/sec. At 7 atm, it was found that burning rate
for the ratio 65/35 was 3.791 mm/sec. Propellant must be kept in a cool dry place like it
in the refrigerator to prevent it become melt. From the result of this research, the
burning rate test rig has been successfully designed, fabricated and tested. As a
conclusion, oxidizer / fuel ratio and combustion pressure influence burning rate test.



ABSTRAK

Tesis ini membentangkan kajian mengenai pembuatan propelan roket pepejal yang telah
dijalankan di Universiti Malaysia Pahang. Roket propelan telah dikenal pasti sebagai
komponen yang memainkan peranan penting dalam pembangunan roket. Bahan api
yang keluar dalam pendorongan roket adalah disebabkan oleh bahan yang dikenali
sebagai propelan. Tanpa dorongan, roket tidak boleh dilancarkan. Sebuah roket pepejal
adalah kelas roket di mana bahan api, pengoksida dan pengikat dicampurkan bersama
dan dibentuk menjadi bahan pepejal. Objektif tesis ini adalah untuk menghasilkan
kalium nitrat sukros berasaskan propelan roket pepejal. Bahan yang digunakan untuk
menghasilkan propelan ini adalah serbuk kalium nitrat dan serbuk sukros. Kalium nitrat
merupakan pengoksida dalam propelan dan sukros sebagai bahan api dalam propelan.
Propelan ini dihasilkan dengan menggunakan kaedah pembentukan. Kaedah ini adalah
kaedah yang mudah untuk dikendalikan dan kos pembuatan yang murah. Ujian kadar
pembakaran telah dijalankan pada tekanan 1 atm dan 7 atm dengan menggunakan bahan
pengoksida/bahan api yang berbeza jisim nisbah. Pada tekanan 1 atm, didapati bahawa
kadar pembakaran bagi nisbah 65/35 ialah 2.184 mm/sec. Pada tekanan 7 atm, didapati
kadar pembakaran bagi nisbah 65/35 ialah 3.791 mm/sec. Daripada keputusan ujian
yang telah dijalankan, kadar pembakaran telah dipengaruhi oleh nisbah
pengoksida/bahan api dan ruang tekanan. Dalam menjalankan ujian kadar pembakaran,
tempat yang paling sesuai ialah tempat yang tertutup dan mempunyai pengaliran udara
yang baik. Propelan juga mesti disimpan di tempat kering dan sejuk seperti di dalam
peti sejuk untuk mengelakkan menjadi cair dan terdedah kepada udara. Daripada hasil
kajian ini, rig ujian kadar pembakaran telah berjaya direkabentuk, difabrikasi dan diuji.
Kesimpulannya, pengoksida/bahan api dan pembakaran tekanan mempengaruhi kadar
pembakaran.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Rocket propellant has been identified as a component that played an important
role in the development of rockets. The ejected material in rocket propulsion is due to a
material called propellant. Without propellant, a rocket cannot be launched. A solid
rocket is a class of rocket in which the fuel, oxidizer and binder are mixed together and
cast into a solid material. A fuel propellant is often burned with an oxidizer propellant
to produce large volumes of very hot gas. These gases are expand and push through a

nozzle at extremely high speed and making thrust.

Under room temperature conditions, the propellant does not self-ignited except
they were exposed to an external source of heat. Once the burning starts, it will proceed
until all the propellant is burned and hot exhaust gases is produced which is used to

propel the rocket.

The principal advantage is that a solid propellant is relatively stable, therefore it
can be manufactured and stored for future use. Solid propellants have a high density and
can burn very fast. They are relatively insensitive to shock, vibration and acceleration.

No propellant pumps are required thus the rocket engines are less complicated.

Disadvantages of solid propellant are they cannot be throttled turned off or
restarted once they were ignited. The surface area of the burning propellant is critical in
determining the amount of thrust being generated. Cracks in the solid propellant

increase the exposed surface area thus the propellant burns faster than planned.



Many solid rocket propellant engines feature a hollow core that runs through the
propellant. Rockets that do not have the hollow core must be ignited at the lower end of
the propellants and will gradually burn from one end to the other. However, for certain
application the hollow core is used due to their higher surface area for burning. Some
propellant cores are star shaped to increase the burning surface even more.

1.2 Problem Statement

In this project, there are some problem statement including data related to solid
rocket propellant is too less in order to serve as a reference guide of funds. The other
hand data on the burning rate test rig potassium nitrate sucrose are also difficult to find.
So, in this project, there are a few expected works to do on potassium nitrate sucrose
based solid propellant. The test rig needs to be designed especially burning rate test rig.
The analysis includes specific impulse of the propellant and the burning rate of the

propellant.

1.3 Objective

To produce potassium nitrate sucrose based solid rocket propellant.

1.4 Scope of project

There are four scopes in this study:

0] Fixed parameter pressure at 1 atm and 7 atm.
(i) Stoichiometric ratio analysis.
(iii)  Construction potassium nitrate sucrose propellant

(iv)  Construction of strand burner.



1.5 Project Methodology

The research methodology in tfem of a flow chart is graphically shown in
Figure 1.1.
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A 4
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A 4
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End

Figure 1.1 Flow chart



1.6  Outline of Report

The reportin this study is divided into five chapters.Chapterl providesthe
general introduction on the study and it include the objective, scopes, project
methodologyandoutlinereportof the study.

Chapter2 presentditerature reviews on solid rocket propellants.The reviews
startwith the history and developmentf rocket technologyaroundthe world. Then,
discussionof the solid rocket propellantin detail. This chapteralso describedthe

ingredientandproperty of the rockgtropellantthatneedso be studied.

Chapter3 discussthe methodologyof this project. From this methodologythe
first thing discussess relatedto assumptiorfor idealrocketmotorthatwill facilitatethe
analysis related to rocket motor. After that, the fabrication processto make the
propellantand facilities setupbriefly explained Then, discussionon the analysisof
burning rate and property'sanalysisalso discussedn this chapter.The discussionbe

discussedncludea detaileddescriptionandimportanceormula.

Chapter4 discussthe methodsusedto producethe bestresultsin this studying
including constructionof burningratetestrig andexperimentaivork. This chapteralso
show result obtainedusing the chemical inventorysoftware (CHEM). All resultsand

analysisof the solid rocketpropellantwill be describedn this chapter.

Chapter 5 presentsconclusion and recommendationfrom this study. This
chapterdescribein detail the resultsobtainedby experimentthat was carried out and

concludetheresult. Then,futureresearchn this studywill bediscussed



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter will discuss related matters especially about solid rocket propellant.
After that, the analysis related to solid rocket propellant used will be discussed in this
chapteras well Then,discussion on basic ingredients that commonly used in composite
solid propellants was covered and also at the end of this chapter will be discussed about

the strand burner and propellant grain.

2.2 History of Solid Rocket Propellant

In the first centwy A.D, the Chinese reportedly had a simple form of gunpowder
made from saltpetre, sulphur and charcoal ffisstirce: J.D.Hunkey etldl In order to
create explosions during religious festivals, they filled bamboo tubes with a mixture and
tossed them into fires. Perhaps some of those tubes failed to explode and instead
skittered out of the fires, propelled by the gases and sparks produced by thg gumin
powder. The Chinese began experimenting with the gunpefiliéer tubes. At some

point, they attached bamboo tubes to arrows and launched them with bows. Soon they



discovered that these gunpowder tubes could launch themselves just by the power

produced from the escaping gas.

During the latter part of the 17th century, the scientific foundations for modern
rocketry were laid by the great English scientist Sir Isaac Newton (1642-1727) [Source:
Roger E.Lo]. Newton organized his understanding of physical motion into three
scientific laws. The laws explain how rockets work and why they are able to work in the
vacuum of outer space. Newton's laws soon began to have a practical impact on the
design of rockets. About 1720, a Dutch professor, Willem Gravesande, built model cars

propelled by jets of steam [Source: Roger E. Lo].

Goddard's earliest experiments were with solid-propellant rockets. In 1915, he
began to try various types of solid fuels and to measure the exhaust velocities of the
burning gases [Source: Robert Goddart]. While working on solid-propellant rockets,
Goddard became convinced that a rocket could be propelled better by liquid fuel. No
one had ever built a successful liquid-propellant rocket before. It was a much more
difficult task than building solid- propellant rockets. Fuel and oxygen tanks, turbines,
and combustion chambers would be needed. In spite of the difficulties, Goddard
achieved the first successful flight with a liquid- propellant rocket on March 16, 1926
[Source: Robert Goddart]. By today's standards, the flight was unimpressive, but like
the first powered airplane flight by the Wright brothers in 1903, Goddard's gasoline
rocket was the forerunner of a whole new era in rocket flight. Goddard's experiments in
liquid-propellant rockets continued for many years. His rockets became bigger and flew
higher. He developed a gyroscope system for flight control and a payload compartment
for scientific instruments. Parachute recovery systems were employed to return rockets
and instruments safely. Goddard, for his achievements, has been called the father of

modern rocketry.

2.3 Development of Solid Rocket Propellant

The development of solid rocket at UMP can be divided into two stages. The
first stage is the development of the solid propellant. At UMP, potassium nitrate was

used due to the ease of availability and fabrication. The second stage involves the



development of the solid propellant performance test rig. These include the burning test

rg.

2.4  Propellant Ingredients and Properties

In this project, there is one ty# propellant that must be produced using one
types of oxidizerthat is potassium nitrate. Thgropellant will contain ingredients of
fuel, oxidizer and binder. With a mixture of all three of thiesgedients, propellant will

produce according to the procedures specified.

2.4.1 Fuel

The first ingredient in solid propellant was fuel. Fueted in this project are
sucrose Sucrose, the technical name for table sugar, cane sugar, or white sugdeis
of one glucose molecule and one fruetosiolecule bound together. It comas
powdered and granulated forms, sugar is made from highly processed form of sugar
beet or sugar cane plant extracts. Sucrose, ordinary table sugar, is probably the single
mod abundant pure organic chemical in the world and the one most widely known to

nonchemists.

Sucrose is the organic compound commonly known as table sugar. A white,
odourless, crystalline powder with a sweet taste, it is best known for its nutritional role.
The molecules are a disaccharide composed of the monosaccharides glucose and

fructose with the molecular formula 4E£1,5011.

Sucrose used in this project can acts as a binder material and fuel. Sucrose used
was from a local product that is in another laanggiis sugar. This will be a firgrained
sugar before being used in making the propellant. Sucrose classified as carbonate
organic matter and very dangerous when mixed with potassium nitrate. Therefore, the
equipment used to prepare potassium nitrate saicdose should be separate to avoid

mixing of this materials.



2.4.2 Oxidizer

Second ingredient is oxidizers which supply oxidizing materials for combustion
process of a solid propellant. The main oxidizer used in this project is potassium nitrate.
These types of oxidizer will be discussed further and in detail and the functions of this
oxidizer in solid propellant is also to be discussed.

Potassium nitrate is a chemical compound with the formula KNOs. It is an ionic
salt of potassium ions K™ and nitrate ions NOs . It occurs as a mineral niter and is a
natural solid source of nitrogen. Potassium nitrate is a transparent, colourless-to-white
crystalline powder or crystals with a cooling, pungent, saline taste. It is soluble in water
and slightly soluble in alcohol and glycerine. Potassium nitrate is one of several
nitrogen that is containing compounds collectively referred to as saltpetre. Major uses of
potassium nitrate are in fertilizers, food additive, rocket propellants and fireworks; it is

one of the constituents of gunpowder [Source: Martin J.L.T].

Potassium nitrate is a powerful oxidizing agent which is used in pyrotechnics,
explosives, matches, fertilizers, metallurgy, analytical, chemistry and preparation of
medicines [Source: Boris Kit et.all]. In rocket technology it is used as an oxidizer in
solid propellant grains [Source: Boris Kit et.all]. Potassium nitrate is also known as
saltpetre. This material is the initial propellant that has been used for the rocket engine
propulsion system. Potassium nitrate is the fuel that is classified as low explosives
[Source: Martin J.L.T], where they bring their own materials for the oxidation of it was
burned but did not explode. Not as a substance which is classified as a high explosive
materials such as a strinitrotoloen, dynamit, tetryl and ammonium perchlorate are not as
fuel. However, most of these materials ignited using the flame or heat. If the material is

heated from the inside it will explode.

Fabrication of a propellant that contains a powerful oxidizer such as potassium
nitrate is very dangerous and could cause an explosion. Potassium nitrate should be
stored in a cool, enclosed in an airtight container at a safe distance from easily
oxidizable organic and other materials. Ammonium nitrate also presents problems of
toxicity. Ingestion may cause methemoglobinemia. As an oxidizer, potassium nitrate

does not give a very high specific impulse. However, it is very inexpensive and easily
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available and it produces complete, smokeless and nontoxic combustion [Source: Boris
Kit et.all]. Potassium nitrate has been used as a component of both smokeless powders

and rocket propellants [Source: Rizalman M].

2.5 Strand Burner (Crawford Bomb)

A strand burner or also known Crawford burner is a device used to test burning
rate of solid propellant. A strand burner consists of a small pressure vessel in which a
thin bar of propellant to be tested is mounted on a mounting strand. The bar is coated
with an external coating so that burning cross-sectional surface is restricted [Source:
Kubota]. The propellant is ignited at one end and burned to the other end. Wires are
embedded in the propellant at certain intervals of distance so that when the propellant
burning reaches the wires, electric signals are sent through the wire. These wires are
connected to a timer and the electrical signals are recorded at different time intervals so
that burning rate can be measured. Nevertheless, the strand burner experiment is easy to
perform, can be repeated and a qualities picture of the burning rate is obtained. The

temperature sensitivity of burning rate is usually calculated from strand burner test data.

Burning rate of the propellant is one of the important parameters for the of
rocket motors design. Function of pressure, initial temperature, and pressure exponent
of burning rate and temperature sensitivity of burning rate is deduced through the
propellant burning rate test. Figure 2.1 shows drawing of a strand burner pressurized to
the desired pressure.
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Figure 2.1 A chimneytype strand burnewith observation window

[Source: Kubota]

The pressure in the strand burner increases when a propellant strand is ignited
because of theaddition of the propellant burned gasd the increasing of the
temperature However, in order to maintain the pressure constant, the pressure valve
was strand burner and commonly it widlgulateautomatically to reduce the gas flow
rate. Thus, the presiin the burner is maintained at the desired pregSoerce:
Kubotq.



CHAPTER 3

METHODOLOGY

3.1 Introduction

This chaptediscuss the methodology of this project. In this methodology, the
first thing discusses is related to assumption for ideal rocket motor that will facilitate the
analysis related to rocket motor. Then, discussions on the analysis of burning rate and
combusion analysis. The discussion will be discussed will include a detailed
description and importance formulafter that,the fabrication to make the propellant

will show in this chapter and also including the facilities setup.

3.2  Assumption for Ideal Rocket Motor

For chemical rocket propulsion the measured actual performance is usually
between 1% and 6% below the calculated idea vidoerrce: Georgd®.Suttoh. An
ideal rocket unit is one for which the following assumptions are yahdrce: George
P.Suttorn:
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(i) The working substanaar propellant combustioils homogeneous.

(i) All working fluid are gaseous. Any condensed phases add a negligible amount
to total mass.

(i) Combustion products obeggect gas law

(iv) Flow is adiabaticNo heatransfer cross the nozzle wall

(v) There is no friction. All boundary layer effect is negligible

(vi) No shock waves in the nozzle

(vii) Propellant flow is steady and constant. The expansion of the working fluid is

uniform and steady without vibration
(viii) Gas velocity, pressure, temperature, and density are all uniform across any

section normal to the nozzle axis

(ix) All exhaust gases leaving the rocket have an axially directed velocity

3.3 Analysis of Burning Rate

Theburning rateis a measure of the linear combustion rate of a compound or
substance such as a candle or a solid propellant. Burn rate is measured in length over
time, such as "mm/second” or "inches/second". Burn rate is a property of combustible
substancera it quantifies the combustion rates. Burning rates can be measured and are
different for a given substance at different pressures. Burning rate typically increases

with pressure and temperature.

3.3.1 Propellant burning rate

The burning propellant sface that is perpendicular to it surface is measured by
calculating the rate of propellant to burn. Usually it is measureaiis of distance per

unit time as in equation (3.1)

With
(3.1)
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T = burning rate
L = propellant strip length

t, = burning time for the strip

3.3.2 Mass Flow Rate

Mass flow rate is defined as the ratio of mass flow through a given point on a
unit time. For rocket motor cases, the mass flow is the result of burning propellant.
Therefore this equation can be written as in equation (3.2).

m=p Ar (3.2)
Where,

r = burning rate
A = propellant burning surface area
pp = density of propellant

m = mass flow rate

3.4 Propellant Combustion Analysis

Analysis of combustion in rocket motor cases need to consider before and after
combustion. This is consistent with the First Law of Thermodynamics which says
energy cannot be created or destroyed or in other word energy is permanent except the
atomic reaction, it can only be changed from one form of energy to other form of
energy. When the rocket motors operate, the chemical energy stored in the propellant
converted to heat energy and after that to the kinetic energy. The gas is accelerated

through the nozzle and generates momentum in the rocket motor.



14

Combustion is a simple chemical exothermic reaction in which some basic
principles used in chemical analysis. The basic principle involved is the equation of
conservation of energy and mass conservation. Clams respond rapidly and dramatically
during isothermal process at a reference temperature. As a result of heat energy released
which changed the reference temperature to the final sintering temperature. This

reaction can be illustrated in the following equations as in equation (3.3).

T n
AH=Yn[CdT=>nah [ (33)
T 1

ref

Where,
A,.H= free energy
n;= moles of spesis
T, = final sintering temperature
Tye s = reference temperature
C,= specific heat

AH = product gas enthalpy

Here, the values of the enthalpy increase for each species. The principle of
conservation of mass says that the mass of each atomic state involved before the
reaction (combustion) occurs is equal to the mass of the same species after the reaction.
For example, by taking the chemical reaction of potassium nitrate sucrose solid
propellant, the principle of conservation of mass can be described as chemical notation

below as in equation (3.4).

aC,H,,0,, + bKNO, —— nCOZCO2 + N, CO + Nho H,O+
Ny, H, + Ny, N, + n|<2co3 K2C03 (3.4)
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Take the element carbon as the study species to see how the mass balance for this

occurs. The mass of this species (carbon) before and after combustion must be the same.

For carbon:  12a=1n., +1n., +1 oo

Foroxygen:  11a+3b=2n, +1n,, +1n, , +3n,

Or,

[Zaijnjl :{Zaijnj} (3.5)
i=1 propellant i=1

product

With
n= number of species
n;= mole of molecules in a balanced chemical reaction equation

a; ;= the number of atoms of element i in the molecular formula

In fact, there are several other compounds are also produced such as KOH, CH,
but it can be ignored because it has a small ratio [Source: Rizalman M]. For the
propellant that only containing carbon, oxygen, hydrogen and nitrogen (C,H,O and N) at
least 12 product that may be produced that is C, C0,, CO, H,, H,0, 0,, N,, NH;, CH,,
KOH, NH; and NO. If the propellant containing metal elements (metallic) such as
potassium (K), sodium (Na), aluminium (Al) or clorine (CI), this will produce
combustion products either gas or liquid such as potassium carbonate, aluminium oxide

or potassium chloride (KCI).



3.5

Number of moles of all products of combustion gas can be obtained using the
equations of conservations of mass in the system in which case, the mass of the atom
before and after the chemical reaction that occurs is a constant. The values obtained can
be compared by using a computer solution that is by using chemical inventory software

(CHEM) version 2.2. Data input and output for the use of this software is shown in

Figure 3.1 and Figure 3.2.

“%" CHEM Yersion 2.2 (Copyright CP Technologies)

File

Simulation Analysis of Thermochemical Properties.

lPolassium nitrate+ sukrose

— Ingredients and Conditions

~ Chem Output
- ID Num. ‘. Percent IPDTASSIUM NITRATE Iss
1D Number List | 234 ,BS_
ISUCHDSE (TABLE SUGAR) |35
— Motor Conditions ——
910 |35
Chamber ISUU' l I
Pressure
[psia) IEI ID l I
Exit 147
Pressure
[psia) IU |D‘ : :
— Number of Ingredients !g ||3_
|'2_ Density |0.05352 C.Star (it 2747.742
[0— ID— (Ib/in=*3] -Star (ft/sec)
Temp. (F) |2132
l129.4
Ganma |1.1453 Isp Frozen (sec)
View
Print Molecular [42.12 s 1305
| Cg’:gzte Weight | Isp Shifting [sec]l

i~ Calculation P M

g g

Figure 3.1: Input data
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PROPELLANT THERMOGHEMISTRY PROGRAM
CHEM - Version 2
COPYRIGHT 1999 - CP TEGHNOLOGIES
Potassium Case 1of 1
DH DENSCOMPOSITION

I
POTASSIUM NITRATE -1167 .07670 1N 20 1K
SUGROSE (TAELE SUGAR) -1550 .05740 22H 12C 110

INGREDIENT WEIGHTS (IN ORDER) AND TOTALWEIGHT  (LAST ITEM IN LIST)
65.0000 325.0000 4100.0000

PINGREDIENT VOLUME RATIOS

POTASSIUM NITRATE 58.156% SUGROSE (TAELE SUGAR) 41.844%

THE PROPELLENT DENSITY IS .06362 LE/GU-IN OR 1.2995 GM/GC

NUMBER OF GRAM ATOMS OF EAGH ELEMENT PRESENT IN INGREDIENTS

2.249426H 1.226965C .642377N 3.0532490
642877 K

GHAMEER RESULTS FOLLOW:

T(K) T(F) P(ATH) P(PSI) ENTHALPY ENTROPY GP/GV GAS RTNV MOLWT
1440. 2133. 34.01 500.00 -120.10 167.19 1.1463 2.374 14.325 4212

DAMPED AND UNDAMPED SPEED OF SOUND=1300.672 AND 2253.290 FT/SEC
62020 KHO*  .61852C02 60836 GO 56581 H20
S2120 N2 23767 H2 02171 KHO 00076 K

7AOE-O5 NH2  2.75E-05CGH4 1.69E-O5 KGN  2.35E-06 GNH

266E-06 KH  1.76E-06 GH20 1.07E-06H

EXHAUST RESULTS FOLLOW:

T(K) T(F) P(ATH) P(PSI) ENTHALPY ENTROPY GP/GV GAS RTNV MOLWT
961.1270. 1.00 14.70 -149.63 167.19 1.1508 2.350 .426 42.55

DAMPED AND UNDAMPED SPEED OF SOUND=1456.652 AND 1348.177 FT/SEC
J7977C02 64166 KHO*  .44571 GO 40522 H20
30506 H2 32141 N2 00145 GH4 00119 KHO
4.60E-05 NH2  2.145E-05 K 1.71E-06 KGN
PERFORMANGE: FROZEN ON FIRST LINE, SHIFTINGON  SEGOND LINE
IMPULSE ISEX T* P* G* ISP* OPTEX D-ISP A*M. EXT

129.4 1.151321339. 19.53 2735.4 575 245.7 47007 906.
120.5 1.13571352. 19.64 2754.9 105.5 594 2479 17120 961.

Figure 3.2: Output data
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3.5.1 The Specific Heat of Combustion Products

Based on the periodic table, moleculareight of all the atoms involved in the

potassium nitrate propellant combustion can be summarized in Table 3.1

Table 3.1: Mass of atoms of various types of atoms

(Source: Rizalman M)

Atom Carbon Hydrogen Potassium Nitrogen Oxygen
Symbol C H K N O
Atomic 12.001 1.009 39.098 14.007 15.999
mass (g)

The calculation respond to the molecular weight, Bppilant derived on the following

formula as in equatio(8.6).

(3.6)

The calculation for%g* ¢ 615 siS,
M =12(12.011) + 22(1.009) + 11(15.999)
= 342.319 g/mol

For the calculation of molecular weight of all the molecuddrased on theable 3.2.

Table 3.2 Molecular weight of various types of molecular

Atoms Molecularweight, g/mol
%e* s6lss 342.319
BT 20000
0,
) o
06 28.04

6% 4 138.204
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Stoichiometric of potassium nitrate-sucrose propellant show that 39 grams of
potassium nitrate will react with 21 grams sucrose to produce complete combustion. If
the propellant mass of 60 grams taken as a case study, the number of moles sucrose can

be calculated as follows as in equation as in equation (3.7).

mol, = m,
M (3.7)

S

Where,
molg = mole of species
mg = mass of species,g
M, = molecular weight species, g mol™?!

Thus,

_ 21g
" 342.319 g mol~1

Mol of sucrose

=0.061 mol

This means, if 60 grams of potassium nitrate-sucrose propellant with a 65:35
ratio responding, the number of moles of sucrose are involved in the reaction is 0.061
mol. Therefore, all the number of moles in the balanced reaction equation is multiplied
by 0.061 will give the number of moles of all species in these reactions. Thus, the

balanced reaction equation can be written as in equation (3.8).

0.061C,,H,,0,, +0.386KNO, — 0.225CO, +0.318CO +0.485H,0 +

0.189H, +0.193N,0.193K,CO, (3.8)
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Mass for each species products produce during the stoichiometric reaction fuel

and oxidizer can be calculated as shown in equéBi®)

(3.9

Where, Jx== mole species
| = mass species

| = molecular weight species

The mass of each specipsoducts produce during the stoichiometric reaction
has shown in Table 3.3.

Table 3.3 Mass of products produce

Products Mass,g
% 4 9.902
% 1 8.907
*51 8.738
*s 0.381
O¢ 5.407

%1 26.673
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Table 3.4: Molecular weight, mole and mass each species of reactants and products

Compound name Compound  Molecular Mole Mass ()

formula weight

(gmol™)

Sucrose Ci2H,,011() 342.319 0.061 21
Potassium nitrate KNO; (s) 101.102 0.386 39
Carbon dioxide CO, (9) 44.009 0.225 9.902
Carbon monoxide CO (9) 28.01 0.318 8.907
Water H,0 (9) 18.017 0.485 8.738
Hydrogen H, 2.018 0.189 0.381
Nitrogen N,(g) 28.014 0.193 5.407
Potassium carbonate K,CO5 (1) 138.204 0.193 26.673
Total mole of reactants 0.447
Total mole of products 1.603
Total mole of gaseous products 1.41
Total mole of liquid products 0193
Total mass of reactants 60
Total mass of products 60
Total mass of gaseous products 33.335
Total mass of liquid products 26.673

Table 3.5: Specific heat value of gas and liquid propellant combustion products at constant

pressure

(Source: Rizalman M)

Cs Cp,

Molecule K,CO0, co co, H, H,0 N,

Phase Liquid Gas Gas Gas Gas Gas

Temperature (K)
300 114.70 29.14 37221 28.849 3360 29.125
400 128.14 29.34 41325 29.181 3426  29.249
500 140.05 29.75 44627 29.260 35.23  29.580
600 150.67 3044 47321 29.327  36.33  30.110
700 160.48 31.17 49.564  29.441 37.50 30.754
800 170.04 31.90 51.434 29.624 38.72  31.433
900 179.52 3258 52999 29.881  39.99  32.090
1000 188.95 33.18 54308 30.205 4127  32.697
1100 198.32 33.71 55409 30.581 4254  33.241
1200 205.26 3418 56.342 30.992  43.77  33.723
1300 209.20 3457  57.137 31.423 44,95 34.147
1400 209.20 3492 57.802 31.861 46.05 34518
1500 209.20 35.22 58379 32298 47.09  34.843
1600 209.20 3548 38.886 32.725  48.05  35.128
1700 209.20 35,71 59317 32.139 4894  35.378
1800 209.20 3591 59701 33537 49.75  35.600
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Table 3.6: C,, and C, at the ideal temperature, 1755 K

(Source: Rizalman M)

Cs Cp
Molecule K,CO; co co, H, H,0 N,
Phase Liquid Gas Gas Gas Gas Gas
Temperature(K)
1700 209.2 35.71 59.317 32.139 48.94 35.378
1755 209.2  35.82 59.528 32.908 49.39 35.500
1800 209.2 35.91 59.701 33.537 49.75 35.600

A value for the gas products can be obtained by using the equation (3.10).

1
CP gas = Hznicpi (3-10)
1
1
Cpgas = ;[nCOCE” +1, Gy , Ty, CP‘.\,2 +nH30Cf-};ZU +”H2C13,2]

1 [0.318(35.82) +0.225(59.528) +0.193(35.5) +
1.41| 0.485(49.39)+0.189(32.908)

= 45.10 J/mol-K

Based on the chemical reaction equation is not all gas produced after the
reaction (combustion) occurs. One of the combustion products of potassium carbonate
in the form of a white liquid produced. Thus, the fraction of the liquid phase must be
obtained for the analysis of propellant performance. From Table 3.2 the mass fraction of

solids, liquids and gases can be obtained based on the percentage content of such



23

substances in products of combustion. Liquid mass product fraction represented by the
symbol of and the product gas mass fraction is (L Here, the fraction of the liquid

phase is given by equatigd.11)

(3.10

Where I & vg, = molecular weight of liquid phase
Ji v, = number of mole of liquid phase

| 5= total mass of the product

Therefore, liquid and magsactions are respectively 0.444 and 0.5B6tassium
nitratesucrose combustion consists not only gas but also liquid potassium carbonate.
Then, the specific heat of the gas and liquid mixture of combustion can be obtained
usingthe following equatioms in equation (3.12).

(3.12)

= 0.556(43.84) + 0.44209.2)

=117.5 J/motK

Where, %5 specific heat for i gas species
%= specific heat at constant pressure of the lighiase
%= specific heat at constant pressure of the gas phase

98= specific heat of the gas mixture and liquid products of combustion
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The specific heat ratio, k of the product gas the potassium nitrate-sucrose
propellant which operates at a pressure of 7 atm can be determined based on equation
(3.13). Propellant mass taken is 60 g.

C
k=—= (3.13)
C,
CP
C,-R,
Where, R, = universal gas constant

= 8.314 J/mol-K

Cy = specific heat at constant volume

K, =—t (3.14)

4384
 43.84-8.314

=1.234
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k = (3.15)
Co—R,
11725
117.25-8.314
=1.076
Where, k = ratio of specific heats of the gas mixture and liquid

kgqs = product gas specific heat ratio

In the case of potassium nitrate sucrose propellant combustion, there are only
two phases in the product which is gas and liquid phases. Therefore, the values of kg,
need to be corrected to get the specific heat ratio. All the necessary thermodynamic

equations using the ratio of specific heat, k is appropriate.
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3.5.2 Adiabatic Flame Temperature

Combustion of potassium nitratsucrose propellant is a chemical reaction in
which chemical energy stored in the propellant has been conwettdeldeat energy. At
the endthe adiabatic combustion temperature can be obtained from the law of
conservation of energy. Isobahteat of combustion of fuel is the same as the ideal fuel
combustion in oxygenTake a potassium nitragicrose propellant as a case study.
Calculation of adiabatic flame temperatuns based on potassium nitrageicrose
propellant with 65/3%0/F ratio. Equilibrium chemical reactiorfor the combuson of
the propellant are as follows as in equation (3.16).

(3.16

Thermochemical prperties of some chemicals that are involved in propellant
combustion are listed in Table 3.A&ll values in this table can also be abtained through
theoretical calculations and the method of calculation is shown in defdizbiman M.

[Source: Rizalman W

Table 3.7 Heatformation of potassium nitragicrose propellant and gas products

(Source: Rizalman M)

Species ¢st { kJ/mol)

%¢* 66155 -2222.1
-01, -494.63
% g -393.52
%1 -110.53
%6l -241.83

* 0

Os 0

- %5 -1150.18
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By using energy balance equation,

> ni(h; +Ah,); = > n,(h; +Ah), (3.17)

reaction results

Where, n; = mole species of reaction
n,= mole species of product
h,= enthalpy of species

Ah,= enthalpy change of species

The values of h¢, n; and n, included in the equation (3.17) will give the value as in
equation (3.18).

1(-2222.10+ 0) + 6.29(-494.63+0) = 3.67(-393.52+ Ahcy,) + 5.18(-110.53 + Ahgo) +

7.91(-241.83+ Ahy o)+ 3.09( 0 + Ahy,) + 3.14( 0+ Ahy,) + 3.14( -1150.18 + Ahy )

(3.18)

The above equations reduce to equation as in equation (3.19)

2212.9 =3.67Ahgo, + 5.18ARco + 7.9ARy, o + 3.09Ahy, + 3.144Ahy, + 3.14AHy co,

(3.19)

To obtain the adiabatic flame temperature, the value of the right must equal with
the value on the left side of the equation. Thus, by referring to Table 3.6 are computed
for both conditions at a temperature of 1700 K and 1800 K.
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Table 3.8: Value of enthalpy change with temperature propellant combustion

(Source: Rizalman M)

Temperature, | Ahgg, Ahco Ahy,o Ahy, Ahy, | Ahg,co,
T (kJ/mol) | (kJ/mol) | (kJ/mol) | (kI/mol) | (kJ/mol) | (kJ/mol)
(K)
1700 73.48 45.94 57.76 42.84 45.43 280.28
1800 79.43 49.43 62.69 46.17 48.98 301.20

So by inserting the values of Ah at a temperature of 1700 K,
3.67(73.48) + 5.18(45.94) + 7.91(57.76) + 3.10(42.84) + 3.14(45.43) + 3.14(280.28)

= 2120.05 kJ/mol

If the flame temperature 1800 K,
3.67(79.43) + 5.18(49.53) + 7.91(62.69) + 3.10(46.17) + 3.14(48.98) + 3.14(301.20)

= 2286.6 kd/mol

By making a linear interpolation,

| 2212.9-2120.05
AT 2286.6—2120.05

(1800-1700) +1700

=1755K

However, the actual maximum flame temperature ever recorded is only 1228 °C
(1501 K) [Source: Rizalman M]. This is caused by the losses that occurred during the
experiments conducted. For example the heat released to the surrounding during

propellant combustion.
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3.6  Solid Propellant Selection and Fabrication

For the fabrication processeveral steps must be doag grinding, weighing,
cooking andoour the propellant into the moldfter that, the propellant will through the

process of cooling and drying.

In the preparation of solid rocket propellatite materials used are potassium
nitrate power and sucrose paler.Firstly, potassium nitrate and susmpowder finely
ground using arelectricalPensonidorandblenderwith 250 Watt power. The powder
then filtered using a filter to get fine graindedgure 3.3 show thelended powder for

the propellant.

-01, Sucrose / [ \
(@) (b)

-01+ Sucrose -01; Sucrose

Figure 3.3: The blendeghowder

Figure 3.4shows potassium nitrate and sucrose powder being weighed. In this
study, an electronic scale branded SHIMADZU which has a resolution of 0.001 was
used. By usinghis electronic scal¢he weighing process will be more accurate and
precise In this study thre are five types of percentages oxidizer/fuel that would like to
be tested by potassium rite and sucrose naméd$/45, 60/40, 65/35, 70/30 and 75/25.
Weight required to produce propellant in this study is OBy the weight of

oxidizer/fuel weigheaccordng to the percentage specified.
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Figure 3.4 Powder isveighed

Figure 3.5shows the cooking proce$s produce propellanPotassium nitrate
andsucrose thatvas weighedvas placednto astainless steqlot andstirredfor several
minutes. Thenthe potis placed inlargestainless steglot filled with cooking oilthat
has been heated.h& mixture should bestirred constantlyto preventburning and
damage.Wooden spooto stir themixturewas usedo preventsparksthat couldoccur.
Mixture was stirreduntil it becomediquid and yellowish brown. Period of timeor
cookingdepends on theemperaturef cooking oil usedFor this study, the time spent
is 20 minutesfor the temperaturef s z f . In addition, themixture cannot becooked
directly with thefire because it will causthe flammablemixture. Thereforeoil is used

asmediumfor heating
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@ (b)

(c)

Figure 3.5 Propellantmixtureis cooked

Figure3.6 showsthe method usetb pourthe propellantinto aheatedmold. The
purpose oheating themold is to prevent theropellantsticks to themold and make it
difficult to remove. Pouring processis done carefully and quickly because the

propellantwill quickly hardenwhen exposetb air.

Figure 3.6: Propellantis pouredinto the mold
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Figure 3.7 shows the cooling process and wrapping propellant. Propellant will
be left for 3 minutes after removed from the mold. After that, the propellant will be
wrapped with the white tape as shown in Figure 3.7 (b). Purpose of propellant wrapped
with a white tape is to prevent the propellant surface is exposed to air. In addition, to
ensure that the propellant will burn evenly and do not spread to other surfaces.

(a) (b)

Figure 3.7: Cooling (a) and wrapping propellant (b)

In this study, there are few facilities to be provided to do the burning rate test
experiment. Among the facilities to be provided are strand burners, propellant holder,

propellant mold, strand burner stand and electronic timer.

Figure 3.8 shows a strand burner also known as the Crawford bomb used in this
study. Strand burner was specially ordered and was modified by installing a pressure
inlet valve, pressure gauge and outlet gases valve. All dimension associated strand
burner can refer to the Appendix A, Appendix B, Appendix C, Appendix D and
Appendix E.
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Outlet Valve <«

Strand Burner

L 7 > Pressure
Gauge

Inlet Valve <]

Figure 3.8: Strand burner

Figure 3.9 shows the propellant holder used to hold the propellant during
burning rate test. Propellant holder is made of mild steel.

Figure 3.9: Propellant Holder

Figure 3.10 shows the propellant mold used to form the propellant. The measure
of length, width and height of this mold is 27 cm x 5 cm x 3 m. In Figure 3.10 (c) shows
the center of a hollow mold measuring 27 cm x 1 cm x 1 cm. The hole in the mold is to

enter liquid propellant during pouring process.
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(a) Front view (b) Side view

/Space for propellant

(c) Topview

Figure 3.1Q Propellant mold

Figure 3.11 shows the strand burner stand used to set the strand burner on it.
Stand is made of mild steel. Dimension length, width and height of thisatandm x

7 cm x 35cm.

Figure 3.11:Strand burner stand
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Figure 3.12 shows an electronic timer that is due to be used in this study. This
timer is used to measure the time for propellant burns. By using this timer, the reading
time can be recorded accurately and can prevent a variety of parameters. Figure 3.13

and Figure 3.14 shows the electronic circuit diagram and timer operation.

Figure 3.12: Electronic timer

Figure 3.13: Electronic timer circuit diagram

Figure 3.13: Electronic circuit diagram
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Wire technique was used to measure the burning rate. An igniter and two fuse
wires were tied to the propellant and connected to the power supply and electronic timer
respectively. The propellant is mounted vertically and was ignited at the top end using
electrical current. Depending on the resistance of the igniter, it took about 1 to 2 sec to
ignite. The burning time was measured by using an electronic timer and burning rate
was determined from the period it took for both fuses separated at a distance of 50 mm

apart to cut off.

At initial condition, fuse 1 and 2 are closed, V;=V,=0, so there is no output
voltage Vo. The propellant strand ignited at end X. As the flames reaching A, it will
melt the fuse (switch 1) consequently give new voltage value V4, 12V. The same thing
happens with point B and gives new value V;, 12V. The burning rate of the propellants

was calculated using the following equation as in equation (3.20).

V2
Vi

Figure 3.14: Connection from the timer to the propellant
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NL (3.20)

‘I
-

Where,
. 5= Distance between point X and Y
6= Burning time between point A and B or time elapsed between volt@gedV °

N= Burning rate, mm/sec

3.7  Construction of Burning Rate Facilities

Before starting the burningate test, construction of facilities of burning rate
should be made first. Facilities to be provided are beingrithescin the chapter 3.

Figure 3.15hows the position of each facility before starting the burning rate test.

Battery . Strand
\ burner stand

Powersupply

\» Electronic

timer

Figure 3.15 Constructim of burning rate facilities
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3.8  Construction of Propellant

This is a construction of propellant where the propellant was placed fixed at the
middle of the strand holder. The igniter was set on the top of the propellant as in shown
in Figure 3.16.

/v Igniter

| —» Fusel
Propellant «—_|

— Fuse 2

Figure 3.16: Construction of propellant

3.9  Burning Rate Test

The process of burning rate test by measuring the time of the test can be seen on
Figure 3.17 (a) to (e). Figure 3.17 (b) shows the propellant starts ignite by using
igniter’s propellant. Igniters lit on batteries. Figure 3.17 (c) shows the fuse 1 was
severed and electronic timer will start begin counting. Figure 3.17 (d) shows when the

fuse 2 was severed and subsequently electronic timer will stop counting.

Methods to calculate burning rate is same when using a pressurized chamber.
Inlet valve and outlet valve will be opened out slightly so that gas can flow in and out
until it reaches the uniform pressure at 2 atm. After that, the burning rate test will begin
with ignite the propellant and time will be recorded by using the electronic timer. To

obtain the actual pressure of the pressurized chamber, the beginning pressure will be
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added beginning with the highest pressure in the pressurized chamber during burning
rate test and then the average reading recorded. This method was also used by Amir
Aziz [Source: Amir A].

@ (b) (©

(e) (d)

Figure 3.17: Preliminary Burning rate test

3.10 Stoichiometric Ratio

In this study, the chemical equation for potassium nitrate sucrose was solved to
find the stoichiometric ratio. Once the equation has been solved, the percentage of
oxidizer/fuel for a complete combustion is 65/35. This was shown in equation (3.21).
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(3.21)



CHAPTER 4

RESULT AND DISCUSSION

4.1 Introduction

This chapter discuss the method used to produce the best results in this studying
including construction of burning rate test rig and experimental work. This chapter also
shows result obtained using the software CHEM. All results and analysis of the solid

rocket propellant will be described specifically in this chapter.

4.2 Simulation Result

In this study, CHEM software was used to study the theory on the percentage of
potassium nitrate sucrose of interest. Appendix H, I, J and K show the result obtained

using this this software.



4.3

Result and Discussion

Table 4.1 Burning rate at latm

42

Composition (%) Time, t (s) Length Mass, Burning

L m Rate,mm/
wz{y Sucrose 1 2 3 Average (mm) @) sec
55 45 35.46 33.75 34.22 34.47 50 11 1.451
60 40 30.25 28.73 28.84 29.27 50 11 1.708
65 35 22.34 22.79 2353 22.89 50 11 2.184
70 30 28.73 30.46 30.87 30.02 50 11 1.666
75 25 33.52 35.74 35.67 34.97 50 11 1.429

Table 4.2 Burning rate at 7atm

Composition (%) Time, t (s) Length Mass, Burning

L m Rate,mm/
wz{y Sucrose 1 2 3 Average (mm) (9) sec
55 45 18.73 18.84 19.03 18.87 50 11 2.649
60 40 15.32 16.47 16.73 16.17 50 11 3.092
65 35 13.22 12.78 13.57 13.19 50 11 3.791
70 30 16.46 15.75 14.12 15.44 50 11 3.238
75 25 16.68 17.53 17.57 17.26 50 11 2.897
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Figure 4.1 Percentage of 0 1,% versusBurning Rate mm/sec

4.31 Effect of O/F to the Burning Rate

The burning rateéest at the ambient pressure have been conducted and from the
data collected in Table 4.1, a graphoxidizer/fuel mixture ratio versus burning rate
has ber plotted asshown in Figure 4.1Data collected in Table 4.2 was plotted as
shown in Figured.1 In determining the reproducibility of the result, three acceptable
readings were obtained and therge of those three reading vpdstted on the graph.
Table 4.1 and~igure 4.1shows that at atmospheric pressure, increasing the oxidizer
ratio will increase the burning rate at the propellant but when the oxidizer more than the
stoichiometric ratio thas 65%, the burning rate will decrease. This is dubedack of
fuel in the propellant when oxidizer is increas€be study made by Rizalman Mamat
[Source: Rizalman Mutilized potassium nitrate sucrose propellant and found that the
burning rate obviosly increased when potassium nitrate/sucrose mass fraction is

increased.
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Experimental result shows that the increasing O/F ratio will lead to increasing of
burning rate. The maximum burning rate at 1 atm is found to be 2.184 mm/sec for O/F
ratio of 65/35. However, when the ratio of oxidizer /fuel more than 65/35, the burning
rate will decrease. When the percentage of sucrose content exceeds the content of
potassium nitrate, the burning rate becomes very slow and this material is said to act as
a delay. This test has been proved by Rizalman Mamat [Source: Rizalman M]. The
study made by Frederic [Source: Frederic M.G et.all] found that propellant with low
concentration of oxidizer will burn unefficiently. However, ultra-high concentrations of
oxidizer are not allowable due to the limitation of processibility and safety hazard.
Through the burning rate test, the performance of propellant can be identified. Many
other parameters such as thrust, specific impulse and propellant pressure can be

obtained when the burning rate data of the propellant combustion is measured.

4.3.2 Effect of Pressure Chamber to the Burning Rate

The propellant composition is one of the several parameters that influence the
pressure exponent [Source: Rizalman M]. However, with the equipment available, the
burning rate test can only be performed at 1 atm and 7 atm pressure. The value of the
maximum combustion rate achieved for O/F ratio of 65/35 is 3.791 mm/sec for 7 atm.
The value obtained is much higher than the value obtained at ambient temperature. This
is because the propellant burning rate is affected by the pressure chamber and this test
has been proven by Rizalman Mamat [Source: Rizalman M]. Based on the result
obtained by the Amir Aziz [Source: Amir A], the rate of the increasing of burning rate

with the increase of O/F ratio is very small at low combustion pressure.

The Figure 4.1 shows that the similar trend still can be found when comparing
the graph lines of 1 atm and 7 atm which show the increasing and decreasing of burning
rate when varies oxidizer/fuel ratio and pressure chamber. When considering the effect
of combustion pressure, the burning rate increases with the increasing of combustion
pressure. The previous studies proved that, varying O/F mixture ratio while increasing
the chamber pressure will give a different burning rate [Source: Amir A and Rizalman

M]. For characterization of propellant burning rate behaviour, the strand testing can be
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conducted over a range of temperature and operating pressure since thg taienis

dependent upon thesactors.



CHAPTER 5

CONCLUSION AND RECOMMENDATION

51 Conclusion

From the result of this research, the burning rate test rig has been successfully
designed, fabricated and testBdirning rate test was tested at a pressure of 1 atm and 7

atmby using potassium nitrate sucrose propellant.

Reflecting on the objectives of this study, fivessat potassium nitrate sucrose
based solid propellant namely 55/45, 60/40, 65/35, 70/30 and 75/25 have been

successfully developed and tested for theining rate.

The result showshat the oxidizer/fuel ratio and combustion pressafluence
burning rate test.The analysis and experimentalesults showed that the best
oxidizer/fuel ratio in burning rate test at 1 atm and 7 atm is 65/35. The burning rate
obtained from this oxidizer/fuel ratio is 2.184 mm/sec for 1 atm and 3.791 mm/sec for 7

atm.
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Recommendation Based on the Result.

From this study, there are several suggestions that could be considered for the

next researcher to improve and advance the research further on potassium nitrate based

solid rocket propellant. It could be summarized as follow:

The strand burner should have sufficiently large volume relative to the
propellant strand in order to minimize the increment of combustion pressure
during testing. Thus, the measurement at an approximately constant pressure
could be achieved.

Decrease the oxidizer and fuel particle size. By reducing the particle size, the
burning rate can be increase.

In the course of burning rate test, the place is an enclosed and well ventilated
due to the hazardous of gases product.

Propellant must be kept in a cool dry place such as in a refrigerator to prevent it

from melting.
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APPENDIX G

Output datapotassium nitrate sucrose 55pusing CHEM software

Propellant density ¢ = 0.0662%2 v

Specific Impulse,+

121.1 sec

Characteristic of velocity,)fJ 2594.042 ft/sec

Specific heat ratio U

35.8

56



APPENDIX H

57

|Potassium Nitrate + Sucrose (60/40)

Ingredients and Conditions Chem Output
ID Num. W't Percent IPDTASSIUM NITRATE |sn
ID Number List |834 |BD
ISUCHDSE (TABLE SUGAR) |40
Motor Conditions
- |s1 0 |40 l |
e
(psia) |U |U [ |
e : : | |
(psia) | | ’
Number of Ingredients IU |[1 l |
|—2_ [lei?:i%] ID‘UB?BT C-Star (ft/sec] 2646.294

Temp‘ [F] 1706

1238
Gamma  |1-1646 Isp Frozen (sec)

. View
Print Complete ':‘3"3“"5“3 &,ﬂ;ﬂ‘:la' 375 Isp Shifting (sec) 127

Output

Calculation Progress Message Box

Output data potassium nitrate sucrose 60/40 by using CHEM software

Propellant density , p = 0.06761 Z’l—’;
Specific Impulse, I = 123.8 sec
Characteristic of velocity,c* = 2646.294 ft/sec

Specific heat ratio , y =375
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Output datapotassium nitrate sucrose 658pusing CHEM software

13

U

Propellant density ¢ = 0.068620—él
Specific Impulse,+ = 129.4 sec

2747.742 ft/sec

Characteristic of velocity?”

Specific heat ratio U =1.1463
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Output datapotassium nitrate sucrose 708§Qusing CHEM software

Propellant density ¢ = 0.06967%2 0
Specific Impulse,+ = 132.8 sec

Characteristic of velocityzfJ 2809.005 ft/sec

Specific heat ratio U =1.1325
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Output datapotassium nitrate sucrose 75pusing CHEM software

U

SR
arl On

Propellant density ¢ = 0.07075=

Specific Impulse,+ 130 sec

Characteristic of veloc:ity?fJ

2737.917 m/s

Specific heat ratio U 1.1204
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