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Student: Jyun-Jie Lin Advisor: Dr. Jong-Shinn Wu
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National Chiao Tung University

ABSTRACT

Hybrid-Rocket is composed by gaseous or liquid oxidizer and solid fuel. Unlike

with Solid and Liquid fuel, Hybrid-Rocket has these advantages: 1.Safety

2. Insensitivity to cracks and imperfections 3.Reliability 4.Energy management 5.Fuel

versatility 6.Design flexibility 7.Environmental friendliness 8.Low cost. Of course it

has disadvantages like: 1.Slow regression rate 2.1.ow,volumetric loading 3.Fuel

residuals 4.Mixture ratio shift'5:Mixing/combustion-inefficiencies.

And because of its safety, low cost and Design flexibility, hybrid rocket is suitable

for academic research.

In Dr. Wu’s APPL Lab, Hybrid-Rocket research is separated into two groups, the

experimental group and simulation group. And I'm in charge of the Hybrid-Rocket

combustion CFD simulation, based on the model of experimental group.

In the simulation, we used the simulation code “UNIC” made by Dr. Chen and his

colleagues in NSPO. As for our goal, mixing ratio and thrust of Hybrid-Rocket is

smaller, so they are the main factors to improve. We used C4H6 and N20 as fuel and

oxidizer to finish the basic model. Then, based on this model, we changed the
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simulation conditions area ratio of pintle injector, port size, pre-combustion chamber

size, inlet mass flow rate of oxidizer and inlet region geometry. Then we compared the

results with the basic model.

From the experimental results, we can see the pintle injector designed by Dr. Chen

is quite useful. It maintains a low Temperature region near the pintle injector and thus

the pintle injector can be reused for many times without any damage. It can also direct

the oxidizer flow well into pre-combustion and fuel port region.
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Nomenclature

Isp specific impulse, the impulse per unit of propellant, s
Ve exhaust velocity at nozzle exit, m/s
Finrust thrust of Hybrid-Rocket, N
O/F the mass flow rate ratio of oxidizer over fuel
F gross rocket engine thrust, N
171 mass flow rate of exhaust gas, kg/s
Ve exhaust gas velocity at nozzle exit, m/s
Pe exhaust gas pressure at nozzle exit, Pa
Po external ambient pressure, Pa (also known as free stream
pressure)
Ae cross-sectional area of nozzle exhaust exit, m?2
Veq equivalent (oréffective)-exhdaust gas velocity at nozzle exit, m/s
g0 Gravitatiohal acceleration at sea’level on Earth = 9.807 m/s?
T absolute temperature of inlet gas, K
R universal gas law constant = 8314.5 J/(kmol-K)
M the gas molecular-masss-kg/kmol'(also known as the molecular
weight)
k cp / ¢y = isentropie expansion factor
Cp specific heat of the gas at constant pressure
Cv specific heat of the gas at constant volume
P absolute pressure of inlet gas, Pa
Doriginal port diameter of the original model, m
Drest port diameter of the test model, m
Mtuel sublimation rate of fuel, kg/s
Moxidizer mass flow rate of the oxidizer, kg/s
Prres density of fuel “HTPB”, kg/m”"3
Uin inflow velocity of the oxidizer, m/s
Ain inflow area of the pintle injector, m"2
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CHAPTER 1 Introduction

1.1 Background and Motivation

1.1.1 Introduction to Hybrid-Rocket

A hybrid rocket is a rocket with a rocket engine which uses propellants in two
different states of matter - one solid and the other either gas or liquid. Hybrid rockets

are not a new concept but were conceived at least 75 years ago.

Hybrid rockets exhibit advantages over both-liquid rockets and solid rockets
especially in terms of simplicity, safety, and cost. Because it is nearly impossible for
the fuel and oxidizer to be mixed intimately (being different states of matter), hybrid
rockets tend to fail more benignly than liquids-or solids. Like liquid rockets and unlike
solid rockets they can be shutdown easily and are simply throttle-able. The theoretical
specific impulse(ls,) performance of hybrids is generally higher than solids and
roughly equivalent to hydrocarbon-based liquids. Iy,'s as high as 400s have been
measured in hybrid rockets using metalized fuels. Hybrid systems are slightly more
complex than solids, but the significant hazards of manufacturing, shipping and

handling solids more than offsets the system simplicity advantages.

Advantages - 1.Safety 2. Insensitivity to cracks and imperfections 3.Reliability



4. Energy management 5.Fuel versatility 6.Design flexibility 7.Environmental

friendliness 8.Low cost.

Disadvantages - 1.Slow regression rate 2.Low volumetric loading 3.Fuel residuals

4 Mixture ratio shift 5.Mixing/combustion inefficiencies.

1.1.2 Motivation

In recent year, the development of rockets has become one of the major concerns

for many countries. With different payload, the rockets can be used in many different

tasks like the satellite launch, air«<sounding, space probe, various types of experiment

and so on. As for Hybrid-Rocket; because of itS safety, low cost and Design flexibility,

it’s suitable for academic reseatch. And there-aremany factors must be considered

when making and testing the Hybrid-Rocket, like structure, material, exterior and

interior design and many details. One of the most important factors is the combustion

chamber design. This part would influence the carry capacity and stability when the

rocket is flying.

In addition to making actual model, simulation is a convenient way to get

approximative data before the rocket tests. With the development of computer

technology and simulation ability in fluid dynamic, it has become more convenient to

use simulation to avoid any unexpected error before tests.



The APPL Lab. of Dr. Wu in NCTU has a Hybrid-Rocket research corporation with
the NSPO. There are two groups in our Lab., the experimental group and simulation
group. And I’m in charge of CFD simulation of the Hybrid-Rocket combustion
chamber, based on the model made by experimental group.

At first, in the simulation, we used the UNIC made by Dr. Chen and his colleagues
in NSPO. We finished the basic model and changed the simulation conditions based
on this model like area ratio of pintle injector, port size, pre-combustion chamber size,
inlet mass flow rate of oxidizer and Inlet region geometry. Then we compared the

results with the basic model.

1.2 Literature Survey

There are three papers which about the Hybrid-Rocket combustion chamber
injector we are concerning. The first paper is “Role of Injection in Hybrid Rockets
Regression Rate Behavior®, the second paper is “Influence of a Conical Axial Injector
on Hybrid Rocket Performance” and the third paper is “Performance Comparison
Between Two Different Injector Configurations in a Hybrid Rocket”, authors of all
these three papers are Carmine Carmicino* and Annamaria Russo Sorge in University
of Naples “Federco I, 80125 Naples, Italy.

These three papers use the experimental rocket models in which the sizes are



similar with our experimental rocket model. The difference between them is the
injector geometry. They used axial and radial injector. Instead, we used the pintle
injector injector designed by Dr. Chen in NSPO. So, one of our simulations is to
compare the results of these three different injector geometries.

In the second paper, it mentioned the pre-combustion supplies a recirculation
region caused by oxidizer in an attempt to increase the overall regression rates. So we

changed the chamber sizes and compared the results with the basic model.

1.3 Specific Objectives of the Proposed Study

Based on previous reviews,.thé current objectivesrof this thesis are summarized as
follows :

1. Finishing the basic model simulation.

2. Changing the area ratio between main and side flow in the pintle injector and
comparing the results with the basic model.

3. Changing the combustion chamber size and comparing the results with the basic
model.

4. Changing the fuel port size and comparing the results with the basic model.

5. Changing the inlet mass flow rate and comparing the results with the basic

model.



6. Changing the injector geometry and comparing the results with the basic model.




CHAPTER 2 Numerical Method

In this thesis, we use the UNIC-UNS code, developed by Y.S. Chen et al, to
simulate a quasi-steady flow. It uses Navier-Stokes solver with finite volume method.
The governing equation, boundary condition, numerical methods, algorithm and so on

will be discussed below.

2.1 Governing Equations

The general form of mass conservation,. energy conservation, Navier-Stokes

equation and other transport equations-can-be-written in‘Cartesian tensor form:

o’ ox

J

Ipp) , 9 d-f  (9¢
——+—\pU @)= —< [+ 1
5 e (oU 0)= ==, : (1)
where My is an effective diffusion coefficient, S s denotes the source term, o is

the fluid density and ¢= (1, u, v, w, h, k, €) stands for the variables for the mass,

momentum, total energy and turbulence equation, respectively.

2.2 Spatial Discretization

The cell-centered scheme is employed here then the control volume surface can be
represented by the cell surfaces and the coding structure can be much simplified. The

transport equations can also be written in integral form as:
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ijp¢019+§13-ﬁarr=jSQdQ )
at Q T Q
where Q is the domain of interest, I" the surrounding surface, n the unit normal

in outward direction. The flux function F consists of the inviscid and the viscous
parts:
F=pVp—uve (3)
The finite volume formulation of flux integral can be evaluated by the summation

of the flux vectors over each face,

§F-iidl= Y F, AT, )

Jj=k(i)

where k(i) is a list of faces of .Cell'1, F;jrepresents convection and diffusion fluxes

through the interface between-celli and j, AL s the cell-face area.
The viscous flux for the face\ehbetween:-control/volumes P and E as shown in

Fig.2.1 can be approximated as:

(v¢-ﬁ>e~w+v¢,[ﬁ—ffﬂ ()

-7 7, —7]

That is based on the consideration that
b =0, = V9, (7, = 7,) (©6)
where V¢ is interpolated from the neighbor cells E and P.
The inviscid flux is evaluated through the values at the upwind cell and a linear

reconstruction procedure to achieve second order accuracy

g, =0, +¥ Vg, -(7-7) (7)



where the subscript u represents the upwind cell and ¥, is a flux limiter used to
prevent from local extrema introduced by the data reconstruction. The flux limiter

proposed by Barth [5] is employed in this work. Defining

.= max(¢u,¢j ), o = min( M,¢j), the scalar W, associated with the gradient at

cell u due to edge e is

min 1,%}%»3 —9>0
¥, =< min 1,";1:;—__ij¢3 —9<0 (8)
1

where ¢’ is computed without theTimiting conditioh. (i.e. ¥, =1)

2.3 Time Integration

A general implicit discretized time-marching scheme for the transport equations

can be written as:

p” n+l S n+l (IO¢P )n
+A => A + +S§ 9
(At P] P ; m¢m At [ ( )
where NB means the neighbor cells of cell P. The high order differencing terms and
cross diffusion terms are treated using known quantities and retained in the source

term and updated explicitly.

The A-form used for time-marching in this work can be written as:



(’Zt P]Aqip =3 A,A4, +SU, (10)

m=1

(S +ZA A — A0 j

6

SU, = (11)

where 6 is a time-marching control parameter which needs to specify. § = 1 and 6 =
0.5 are for implicit first-order Euler time-marching and second-order time-centered
time-marching schemes. The above derivation is good for non-reacting flows. For

general applications, a dual-time sub-iteration method is now used in UNIC-UNS for

time-accurate time-marching computations.

2.4 Pressure-Velocity-Density Coupling

In an extended SIMPLE [6] family pressuré-correction algorithm, the pressure
correction equation for all-speed flow is formulated using the perturbed equation of
state, momentum and continuity equations. The simplified formulation can be written

as:

i =-DVpiu™ =u"+usp™ =p"+p (12)
0 o _, oY v
§+V(up)+v(pu )=— = | =V(pii) (13)

where Du is the pressure-velocity coupling coefficient. Substituting Eq. (12) into Eq.

(13), the following all-speed pressure-correction equation is obtained,



’

L-%+V-(pDuvp’)=—(AA—€j -V (pi) (14)

For the cell-centered scheme, the flux integration is conducted along each face and
its contribution is sent to the two cells on either side of the interface. Once the
integration loop is performed along the face index, the discretization of the governing
equations is completed. First, the momentum equation (9) is solved implicitly at the
predictor step. Once the solution of pressure-correction equation (14) is obtained, the
velocity, pressure and density fields are updated using Eq. (12). The entire corrector
step is repeated 2 and 3 times so that the mass'conservation is enforced. The scalar
equations such as turbulence transport equations, species equations etc. are then
solved sequentially. Then, the solution-procedure marches to the next time level for
transient calculations or global “iteration for.steady-state calculations. Unlike for
incompressible flow, the pressure-correction equation, which contains both
convective and diffusive terms is essentially transport-like. All treatments for inviscid
and the viscous fluxes described above are applied to the corresponding parts in Eq.

(14).

2.5 Linear Matrix Solver

The discretized finite-volume equations can be represented by a set of linear
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algebra equations, which are non-symmetric matrix system with arbitrary sparsity

patterns. Due to the diagonal dominant for the matrixes of the transport equations,

they can converge even through the classical iterative methods. However, the

coefficient matrix for the pressure-correction equation may be ill conditioned and the

classical iterative methods may break down or converge slowly. Because satisfaction

of the continuity equation is of crucial importance to guarantee the overall

convergence, most of the computing time in fluid flow calculation is spent on solving

the pressure-correction equation by which the continuity-satisfying flow field is

enforced. Therefore the preconditioned, Bi-CGSTAB [7] and GMRES [8] matrix

solvers are used to efficiently solve, respectively, transports equation and

pressure-correction equation.

2.6 Parallelization

Compared with a structured grid approach, the unstructured grid algorithm is more

memory and CPU intensive because “links” between nodes, faces, cells, needs to be

established explicitly, and many efficient solution methods developed for structured

grids such as approximate factorization, line relaxation, SIS, etc. cannot be used for

unstructured methods.

As a result, numerical simulation of three-dimensional flow fields remains very
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expensive even with today’s high-speed computers. As it is becoming more and more

difficult to increase the speed and storage of conventional supercomputers, a parallel

architecture wherein many processors are put together to work on the same problem

seems to be the only alternative. In theory, the power of parallel computing is

unlimited. It is reasonable to claim that parallel computing can provide the ultimate

throughput for large-scale scientific and engineering applications. It has been

demonstrated that performance that rivals or even surpasses supercomputers can be

achieved on parallel computers.
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CHAPTER 3 Explanation of Terms

Before the main section of this thesis, here are some important terms to introduce,

that is, the Isp, thrust, O/F ratio and regression rate.

3.1 1Isp

Specific impulse (usually abbreviated I) is a way to describe the efficiency of
rocket and jet engines. It represents the impulse (change in momentum) per unit of
propellant. The higher the specific ifpulse;-theleSs propellant is needed to gain a
given amount of momentum. Ig/is ausefulvalueto)compare engines, much like
"miles per gallon" or "liters per kilofmeter” is.used. for/cars. A propulsion method with
a higher specific impulse is more propeliani-efficient.

Propellant is normally measured either in units of mass, or in units of weight at sea
level on the Earth. If mass is used, specific impulse is an impulse per unit mass, which
dimensional analysis shows to be a unit of speed, and so specific impulses are often

measured in meters per second, and are often termed effective exhaust velocity.

However, if propellant weight is used instead, an impulse divided by a force
(weight) turns out to be a unit of time, and so specific impulses are measured in

seconds. These two formulations are both widely used, and differ from each other by
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a factor of g, the dimensioned constant of gravitational acceleration at the surface of

the Earth.

Specific impulse Isp can be obtained from :

F m Veg Veg

IS?} B m‘?l’) B mgf) B g—ﬂ
where:
F = gross rocket engine thrust, N
I7L | = mass flow rate of exhaust gas, kg/s
V., | = exhaust gas velocity at nozzle exit, m/s
V., | = equivalent (or effective) exhaust gas velocity at nozzle exit, m/s
I, | = specific impulse, s
g, = Gravitational acceleration at sea level on Earth = 9.807 m/s?
— r R 2k k—=1)/&
V. — T | L= (P P) 6
where:
V. | = Exhaust velocity-atmnozzle exit, m/s
T = absolute temperature of inlet-gas; K
R = Universal gas law constant = 8314.5 J/(kmol-K)
M | = the gas molecular mass, kg’/kmol  (also known as the molecular weight)
k = ¢,/ ¢, =isentropic expansion factor
¢, | = specific heat of the gas at constant pressure
¢, = specific heat of the gas at constant volume
P, | = absolute pressure of exhaust gas at nozzle exit, Pa
P = absolute pressure of inlet gas, Pa
3.2 Thrust

It determines how much weight can be loaded on the hybrid-rocket.

Am
Fiprust = e ——
thrust = L At
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where

Am
“At is the propellant mass flow rate, which is the rate of decrease of the vehicle's

mass.

In this thesis, Dr. Chen used integral method to calculate the momentum change

between inlet and outlet section of nozzle and obtain the thrust.

3.3 O/F ratio

O/F ratio means the mass flow rate-ratio of oxidizerover fuel.
Standard O/F ratios : oxidizer and fuel can be completely reacted with each other
for évery, case.
Fuel lean : O/F ratio is larger than the standard O/F ratio.
Fuel rich : O/F ratio is bigger than the standard O/F ratio.

11N20+C4He=>11N2+4CO2+3H20 Standard O/F=11%44/54=8.96

3.4 Regression Rate

Regression rate means the sublimation rate of fuel and its unit is mm/s. From

Fig.3.1, it shows specific impulse versus mixture ratio for several oxidizers with
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HTPB.

As for hybrid-rocket, regression rate=1.0 is good enough.

3.5 Different Aft-Nozzle Flows

Essentially then, for rocket nozzles, the ambient pressure acting over the engine

largely cancels but effectively acts over the exit plane of the rocket engine in a

rearward direction, while the exhaust jet generates forward thrust.

Fig 3.2 shows different aft-nozzle ,flows. Nozzle flow can be under-expanded,

ambient or over-expanded. It depends-on the.geometry of nozzle. If under or

over-expanded then loss of efficiency occuts. Grossly over-expanded nozzles have

improved efficiency, but the exhaust jet.is unstable.

Under-expended nozzle - In-nozzle pressure is higher than outside pressure.

Ambient pressure nozzle : In-nozzle pressure is the same with outside pressure.

Over-expended nozzle : In-nozzle pressure is lower than outside pressure.
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3.6 Chemical Reaction

Chemical Reaction

TIN20+C4H6— 11N2+4CO2+3H20
Standard O/F=11*44/54=8.96

O2+H2—20H O+CO—CO2
H2+OH—H20+H CaHe+302 —=2H20+4CO+H2
20H—H20+0 N20—N2+0O

H2+O— H+OH N20+0O —N2+02
O2+H— O+0OH N20+0O —2NO
O+H—0OH CaHe+202 —=4CO+3H2
20—02 2N20—2N2+02
2H—H2 2N2+02—2N20
H+OH— H20 CaHe—4C+3H2
CO+OH— CO2+H 2C+02—2CO

CO+0O2 — CO2+0O C+OH— CO+H

The main chemical reaction is on the first line. And all the reactions would occur in

fuel lean or fuel rich situation.
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CHAPTER 4 Results and Discussion

4.1 Overview

In this thesis, I used the hybrid rocket model established by Dr. Chen and
transformed it into the size of our experimental model. First, we established a basic
model and analyzed the results. Then we changed some details based on this model
like pintle injector area ratio, port size, combustion chamber size, inlet oxidizer mass
flow rate and inlet geometry. Finally, we compared the results of the above cases with
the basic model and analyzed the results:

Note : All the resultant contours are-at the finalstime=step of simulation.

4.2 Basic Hybrid Rocket Model

Fig. 4.1 shows the basic model and Fig. 4.2 shows the special pintle injector design,
they are all designed by Dr. Chen. This pintle injector is used to efficiently direct the
inlet flow into the pre-combustion chamber. It can also maintain a low temperature
region around it to protect itself. Based on this model, I copied it and transformed it
into our test model size. The difference between original and test model is the

diameter : Doriginal=132mm and Drest=72mm.
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4.2.1 Mesh Contour
The contour and size of test model can be seen in Fig. 4.3, this is an axisymmetric
model. In Fig. 4.4, it shows four different parts of hybrid rocket.
Part 1 : Inlet part of oxidizer with pintle injector
The pintle injector is used to direct the oxidizer into the pre-combustion
chamber with an adjusted angle.
Part 2 © pre-combustion chamber
It’s used to increase the efficiency of oxidizer decomposition.
Part 3 : The gray region is,thefuel “HTPB” and white region is port.
Part 4 © post-combustion-chamber and nozzle
The purpose of this patt is to create-more space for the reaction between

oxidizer and fuel.

4.2.2 Boundary Conditions
This is a 2D axisymmetry model.
1. Time steps -
Fig 4.5 shows the time line.

a. 0~50000 : procedurel

b. 50000~70000 : procedure2
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c. 0~200 - First ignition
d. 3000~3200 : Second ignition

(Unit : 1E-63)

0~200 and 3000~3200 time-step are the ignition section in procedurel. In
simulation, we set a circular region with fixed energy near the front-end of fuel for
ignition.

Inlet pressure in procedurel is set for fixing pressure, but it’s not reasonable in real
rocket test. It must be quasi-steady, that is,the interiot.flow would oscillate. So the
pressure is set for fixing total'pressure in procedure2. The pressure in procedure? is

obtained from the final state ofsprocedurel.
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2.

Material fraction, Pand T :

N20 (%)|C4H6 (%)| N2 (%) | O2(%) T(K) P(atm)
Inlet 100 0 0 0 300 20
Outlet 0 0 77.78 22.22 300 20
Fuel 0 100 0 0 820 20
(fixed)
Wall 0 0 77.78 22.22 300 20
Symmetry 0 0 17.78 22.22 300 20

This is the initial boundary cendition, fraction of N2 and O2 on the boundaries

outlet, wall and symmetry changed as time goes by.

Here the temperature on fuel boundary is fixed equal to 820K because it’s the

sublimation temperature of C4H6. We must make sure that C4H6 continually

sublimates. Temperature of inlet, outlet and symmetry are not fixed.

3. Oxidizer mass flow rate :

Mifuel = regression rate*pures™® A

= (1.5*%107)*930*36.38%10 > =0.0575kg/s
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Moxidizer = Mfuel*0/F=0.0575%3.9=0.1979 kg/s
Uin = mn20/(pn2o™ Aiin)

pn20=35.74 (20atm)

Ain=103.82%10"° (m")

uin=0.1979/(35.74*103.82)=53.33 m/s

OJF ratio is obtained from Dr. Chen’s model.
pures is obtained from solid C4H6.

Regression rate=1.5%10 " (s)1is an ideal.number;

4.2.3 Results

Fig 4.6 shows Isp and Fx versus_ time of the basic model. Red line represents Isp and
black line represents Fx. Before time=0.04, it’s under developed. And after time=0.05,
the procedure? is set for fixing total pressure. We can see that Isp oscillate and is
maintained under quasi-steady condition.

Fig 4.7~4.9 show the temperature, oxygen and pressure contours of the basic model.
These results are at the final time-step state and in fact the waves inside them would
change with time. Temperature changed from 300K to 3300K, oxidizer mole fraction
changed from 0O to 0.34, and the pressure changed from 0 to 18 atm. Inside-pressure

maintains at about 18atm.
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From Fig 4.7, we can see that temperature is under unstable condition near the inlet

and becomes stable in the port. The temperature near pintle injector is below 500K,

it’s quite low, thus pintle injector would not hurt by the high temperature and can be

reused for many times.

Fig. 4.8 shows that in the pre-combustion chamber the oxidizer mole fraction is

near zero. Oxidizer injects into this region and be decomposed immediately then

reacts with the fuel. As a result, oxidizer is almost reacted with the fuel. As for the

post-combustion chamber, oxidizer can hardly flow into this region, if oxidizer flows

in, it must be reacted with oxidizer immediatelys So the oxidizer mole fraction is near

zero in this region. And the oxygen is not consumed efficiently near the axis.

From Fig. 4.9, the pressure inside.the combustion,chamber is uniform and

maintains at about 18 atm.

Fig. 4.10 is the streamline contour at the final step, it changes as time goes by. It

shows that, in the pre-combustion chamber, the oxidizer separates into two flows. And

it is efficiently directed into the pre-combustion chamber. As a result, the oxidizer can

almost be decomposed and then reacts with fuel, thus increases the regression rate.
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4.3 Results of Different Test Conditions in Combustion Chamber
Based on Basic Model and Comparison with Basic Model

This paper changes some details in the combustion chamber of hybrid rocket, that
is, the area ratio of pintle injector, port size, pre-chamber size, inlet oxidizer mass
flow rate and the inlet geometry, then compares the results with the basic model and

analyzes the results.

4.3.1 Different Inlet Area Ratios of Pintle injector

4.3.1.1 Mesh Contours

Mesh contours change can be seen from Fig4:11. The area ratio of basic model is
about 3:1 and we moved the side baffle-plate to make inside flow region larger. The

second and third area ratios are A:B=1:1 and A:B=1:3.

4.3.1.2 Boundary Conditions

The boundary conditions here are the same with the basic model. The inlet mass

flow rate is also fixed equal to 0.1979 kg/s.
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4.3.1.3 Results and Comparison

Fig. 4.12 shows that all the results of different area ratios maintain at quasi-steady
condition at the final time-step.

Fig 4.13~4.15 show the temperature, oxygen and pressure contours comparison
between different area ratios. Fig4.16 and 4.17 show the streamline. Pressures are
almost the same.

From Fig 4.17 we can observe that, with the increase of the inside flow area, the
aft-pintle injector flow angle become smaller and there’s more fraction of oxidizer is
directed into the port. Under this Situation, oxidizer ¢an not be decomposed
efficiently, thus the decompesed fuel becomes fewer and the regression rate
decreases. From Fig. 4.13, thissphenomenon also decreases the reaction efficiency
between oxidizer and fuel in the pre-combustion chamber, thus decreases the
temperature in it.

From table 4.2 we can observe this phenomenon. Regression rate and Fx of
A:B=1:1 and A:B=1:3 become lower. On the other hand, O/F ratio becomes higher

because of lower fuel sublimation rate.
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4.3.2 Different Pre-Combustion Chamber Sizes

4.3.2.1 Mesh Contours

Mesh contours change can be seen from Fig 4.18. The chamber size of the basic
model is 36mm. We increased the chamber size to 60mm and 90mm. Then we

analyzed the results.

4.3.2.2 Boundary Conditions

The boundary conditions here are the'same-with/the basic model. The inlet mass

flow rate is also set for 0.1979kg/s.

4.3.2.3 Results and Comparison

Fig4.19 shows that all the results of different chamber sizes maintain at
quasi-steady condition at the final time-step.

Fig. 4.20~4.22 show the temperature, oxygen and pressure contours between
different chamber sizes. From Fig. 4.20 and Fig. 4.21, we can see that the temperature
increases when the chamber size becomes longer. It’s because oxidizer is well
decomposed and reacts with fuel, thus the temperature in pre-combustion chamber

increases. And the right part in Fig. 4.20 shows that the fuel sublimation rate becomes
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higher.
From Fig. 4.23 and Fig. 4.24, the streamline contours show the oxidizer flowing
into port becomes smoother if the sizes of pre-combustion chamber are increased.
Averaged regression rate and Fx in table 4.3 both indicate that if we increased the
chamber sizes, they increase, too. But the increase from 60mm to 90mm is not that
obvious as increase from 36mm to 60mm. So the chamber size=60mm is useful

enough.

4.3.3 Different Fuel Port Sizes

4.3.3.1 Mesh Contours

Mesh contours change can be seen from Fig 4,25 The port size of the basic model
is 40mm. We had tested two more different port sizes, that is, 50mm and 60mm.
These tests can also be regarded as different situations changing with time in the
hybrid rocket tests. But the real port contours are not that smooth compared with

them.

4.3.3.2 Boundary Conditions

The boundary conditions here are the same with the basic model. The inlet mass

flow rate is set for 0.1979 kg/s.
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4.3.3.3 Results and Comparison

Fig4.26 shows that all the results of different port sizes maintain at quasi-steady
condition at the final time-step.

Fig. 4.27~4.29 show the temperature, oxygen and pressure contours of different
port sizes. Fig. 4.30 and 4.31 show the streamline contours. Temperature contour
indicates that when the port size becomes larger, because the oxidize inlet angle is
fixed, oxidizer can not be directed into pre-combustion chamber efficiently. Thus high
temperature region in pre-combustion chamber become smaller. This phenomenon
can be observed from Fig. 4.30.and Fig. 4.31. In Fig.4.27, the right part shows that
the fuel mass flow rates are almost the same. And because contact areas become larger,
oxygen consumption efficiencydn larger port sizes bécomes higher.

From Fig.4.29, the three pressures increases with the increase of port diameter. But
these three pressures are almost the same.

Finally, from table 4.4, it can be easily observed that with the increase of port size,
the averaged regression rate becomes lower. With almost the same fuel sublimation,
the port size becomes larger and surface area increases too. Under this situation, the
regression rate decreases. On the contrary, Fx increases because of efficient reaction

between oxidizer and fuel.
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4.3.4 Different Inlet Oxidizer Mass Flow Rates

4.3.4.1 Boundary Conditions

Here the inlet oxidizer mass flow rates are set for different numbers. The basic
model is set for 0.198 kg/s. Then we changed it by 0.1 kg/s, 0.3 kg/s and 0.4 kg/s.

Then we compared the results.

4.3.4.2 Results and Comparison

Fig. 4.32 shows that all the results of-different.inlet oxidizer mass flow rates
maintain at quasi-steady condition atthe final time-step:.

Fig. 4.33~4.35 show the temperaturé, oxidizer.and pressure contours. From
Fig. 4.33, it can be seen that with the increase-of inlet oxidizer mass flow rate, more
oxidizer flows into pre-combustion chamber, decomposes and reacts with fuel, thus
increases the temperature in pre-combustion chamber. This phenomenon can also be
observed from Fig. 4.34, there’s more oxygen in the pre-combustion chamber if we
increased the inlet oxidizer mass flow rate. In Fig. 4.35, because that more oxidizer
flows in, there’s more fuel sublimates and reaction efficiency becomes higher between
oxidizer and fuel, there’s more gas inside the combustion chamber. And the pressure
increases.

Fig. 4.36 and 4.37 show the streamline contours of these four different inlet
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oxidizer mass flow rates. It can be observed that the flows are almost the same.
Finally, from table 4.5, regression rates, O/F ratio and Fx both become higher when

the oxidizer mass flow rate increases. From these results, increasing the inlet oxidizer

mass flow rate seems to be a good way to increase Fx. But the pressure maybe higher

than pressure in the oxidizer chamber and would cause danger.

4.3.5 Redesigned Geometries of Injector

4.3.5.1 Mesh Contours

Mesh contours can be seen from Fig.4.38 and 4.39:Besides the basic aslope pintle
injector model, we established an axial model without pintle injector and a radial
model that changed the pintle injector geometry into vertical injector that directs the

oxidizer into the pre-combustion chamber.

4.3.5.2 Boundary Conditions

The boundary conditions here are the same with the basic model. The inlet mass

flow rate is also set for 0.1979 kg/s.
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4.3.5.3 Results and Comparison

Fig4.40 shows that all the results of different injector geometries maintain at
quasi-steady condition at the final time-step.

Fig. 4.41~4.43 show the temperature, oxygen and pressure contours. From
temperature contour, we can see the oxidizer in the axial model flows directly into the
port and the fuel sublimation rate becomes lower than the basic model. On the other
hand, the radial model shows better oxidizer decomposition efficiency in the
pre-combustion chamber and the fuel sublimation rate becomes higher than the basic
model. But the temperature around this-pintle injector’is about 1700K~1900K. It’s too
high and might have bad influence on the pintle injector:

From Fig. 4.42, oxygen fractionnear the outlet of axial model is still high and
there’s much oxygen is not consumed. Nevertheless, the radial model shows better
oxygen consumed efficiency than the basic model.

Fiig 4.43 shows that the axial injector pressure is lower than the basic pintle injector.
Nevertheless, radial injector pressure is higher than the basic model. This is because
of different reaction efficiency between oxidizer and fuel in the combustion chamber.
Radial injector has better oxidizer decomposition and reaction efficiency, thus more
gas can be produced and increases the pressure. Axial injector is on the contrary with

radial injector.
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Fig 4.44 and 4.45 show the streamline contours of these three geometries. In the

axial model, most of the oxidizer flows into the port. As for the radial model, oxidizer

flows vertically into the pre-combustion chamber. And there are some circulations

near the pintle injector that cause high temperature.

Table 4.6 shows that the regression rate, pressure and Fx of the axial model is lower

than the basic aslope model. And these data of the radial model is higher than the

basic aslope model.
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CHAPTER 5 Concluding Remarks and Recommendations for

Future Work

5.1 Results and Discussion

This thesis lists five groups of different tests.

1.

In the first test, we changed the area ratio of the pintle injector. From the results,

the area ratio A:B=1:3 has better flow direction. The results indicate that its

oxidizer inflow angle is more suitable for this model. In conclusion, moving the

side baffle-plate is a good way to test-a suitable angle which can direct the

oxidizer into the pre-combustion-chamber smoothly.

In the second test, we changed the chamber size. As a result, chamber size is

equal to 60mm is the best one;when considering its performance and size.

In the third test, we changed the port size. This can also be regarded as the

different combustion situations in different times. The results show that with the

increase of the port size, thrust increases because of larger contact space

between oxidizer and fuel. Nevertheless, in real test, the oxidizer mass flow rate

decreases as time goes by because of pressure drop in the oxidizer chamber,

thus influences the results. So the real thrust will not be that large as our

simulation. Nevertheless, simulation is still a good way to get the combustion

trends.
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4. In the fourth test, we changed the oxidizer mass flow rate. With the increase of

it, thrust, pressure and regression rate all increase. But it must be careful that if

the oxidizer mass flow is too high, pressure in the combustion chamber will be

higher than oxidizer chamber pressure and it would cause danger.

5. In the fifth test, we changed the inlet geometry. As our prediction, axial model

has lower regression rate and thrust. And there is more oxygen not used. As for

the radial model, it has better regression rate and thrust. Without its high

temperature near the pintle injector region, this pintle injector is the best among

them.

5.2 Recommendations for'’Future Work

So far we have only simulated the 2D experimental model. The full size 2D model

simulation is also needed in the future. The 3D simulation must depend on the design

of experimental group.

All the results are obtained from inlet boundary condition with pure gas state. But

in reality, it must combines gas and liquid state. And the liquid state oxidizer will

absorb heat in order to transform into gas state. Thus temperature in combustion

chamber will decrease. Constructing a real fluid model is a good way to solve this

problem. And simulation must include oxidizer camber to obtain more accurate data.
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When compared with the experimental group, it shows better results in the

numerical simulation. Because the oxidizer is not pure gas state in the real condition,

the highest temperature will not be 3300K, it must drops. The fuel geometry is one of

the concerned factors. Fuel port geometry in the numerical simulation is quite smooth.

In the real situation, fuel port geometry changes all the time. It will not be that smooth

as numerical simulation geometries. And finally, inflow oxidizer mass flow rate

changes with the oxidizer chamber pressure, thus it must decrease as time goes by. So

the inflow oxidizer mass flow rate must decreases with increase of port sizes. It’s

better to discuss with the experimental group.and use their data to run the numerical

simulation.
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Appendix

Tables

Table 4.1 Data of the basic model

Basic model
Isp (s) 240
Averaged regression rate
(mm/s) 50000~70000 1.60
timesteps

P (atm) 19.2

O/F 3.61

Fx (N) 591

Table 4.2 Data comparison between different area ratios

3:1 1:1 1:3
(basic model)
Isp (s) 240 240 240
Averaged
regression rate
(mm/s) 1.60 1.48 1.43
50000~70000
timesteps
P (atm) 19.2 19 18.8
O/F 3.61 3.96 4.13
Fx (N) 591 585 574
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Table 4.3 Data comparison between different chamber sizes

36mm 60mm 90mm

(basic model)

Isp (s) 240 240 241
Averaged
regression rate
(mm/s) 1.60 1.69 1.71
50000~70000
timesteps
P (atm) 19.2 19.4 19.6
O/F 3.61 3.46 342
Fx (N) 591 598 601

Table 4.4 Data comparison between different port sizes

40mm 50mm 60mm

(basic model)

Isp (s) 240 252 263
Averaged
regression rate
(mm/s) 1.60 1.38 1.19
50000~70000
timesteps
P (atm) 19.2 20.3 20.85
O/F 3.61 3.59 3.66
Fx (N) 591 623 639

Table 4.5 Data comparison between different inlet oxidizer mass flow rates

0.1 0.198 0.3 0.4
(basic model)
Isp (s) 234 240 241 243
Averaged
regression rate
(mm/s) 1.07 1.60 2.11 2.56
50000~70000
timesteps
P (atm) 10.3 19.2 30.0 38.0
O/F 2.82 3.61 4.26 4.64
Fx (N) 316 591 889 1170
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Table 4.6 Data comparison between different injector geometries

Aslope Axial Radial
(basic model)
Isp (s) 240 245 251
Averaged
regression rate
(mm/s) 1.60 1411 1.94
50000~70000
timesteps
P (atm) 19.2 18.1 21.1
O/F 3.61 5.21 291
Fx (N) 591 553 649
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Figures

Fig. 1.1 Unstructured control volume

41



340

——LOX
[ -#-N,0O
1 —4—N,0,
320 o-HO,
i -o— |RFNA
o 300+
o
2 =
E 280t
3
o B
=
260 |
240t
2200 2 : < 6 8 10 12
O/F Mass Mixture Ratio
Fig. 2.1 Vacuum Isp vs O ixture Ratio with HTPB

Ambient pressure nozle

Overexpanded nozle

_
N

Grossly overexpanded nozle

Fig. 2.2 Different aft-nozzle flow



50 515 35

50 79

ViiiiiZZz///’z2at

[—%
100(60 | — =3

D

Fig. 4.1 Basic hybrid rocket model made by Dr. Chen
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Fig. 4.2 Pintle injector of Dr. Chen’s basic model
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Fig. 4.3 Redesigned test model based on Dr. Chen’s model
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Fig. 4.4 Different parts in hybrid-rocket combustion chamber
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Fig. 4.5 Timestep line of the simulation
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Fig. 4.6 Isp and Fx versus time of the basic model
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Fig. 4.7 Temperature contour of the basic model
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Fig. 4.8 Oxygen contour of the basic model
(Unit : mole fraction)
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Fig. 4.9 Pressure contour of the basic model
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Fig. 4.10 Streamline of the basic model
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Fig. 4.11 Mesh contours change between different area ratios
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Fig. 4.12 Isp and Fx comparison between different area ratios

47



Mox=0.198 kgfs

3:1 Mugi=0.0548 ks
_ Max=0 198 kg/s
1:1 Whugi=0.050 kais

y=0 193 kals
13 Bl g

Mine=0.048 kafs

BT [ 7 [ [ [

300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500 2700 2900 3100 3300

Fig. 4.13 Temperature contours comparison between different area ratios
(Unit - K)
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Fig. 4.14 Oxygen contours comparison between different area ratios
(Unit : mole fraction)
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Fig. 4.15 Pressure contours comparison between different area ratios
(Unit - atm)
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Fig. 4.16 Streamline contours comparison between different area ratios
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Fig. 4.17 Detailed streamline contours comparison between different area ratios
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Fig. 4.19 Isp and Fx comparison between different chamber sizes
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Fig. 4.20 Temperature contours comparison between different chamber sizes
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Fig. 4.21 Oxygen contours comparison between different chamber sizes
(Unit : mole fraction)
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Fig. 4.22 Pressure contour en different chamber sizes
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Fig. 4.23 Streamline contours comparison between different chamber sizes
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Fig. 4.24 Detailed streamline contours comparison between different chamber sizes
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Fig. 4.26 Isp and Fx comparison between different port sizes
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Fig. 4.27 Temperature contours ison between different port sizes
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Fig. 4.28 Oxygen contours comparison between different port sizes
(Unit : mole fraction)
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Fig. 4.30 Streamline contours comparison between different port sizes
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Fig. 4.31 Detailed streamline contours comparison between different port sizes
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Fig. 4.32 Isp and Fx comth oxidizer mass flow rates
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Fig. 4.33 Temperature contours comparison between different inlet oxidizer
mass flow rates (Unit : K)
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Fig. 4.34 Oxygen contour
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Fig. 4.35 Pressure contours comparison between different inlet oxidizer
mass flow rates (Unit : atm)
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Fig. 4.36 Streamline contours comparison between different inlet oxidizer

mass flow rates
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Fig. 4.37 Detailed streamline contours comparison between different inlet oxidizer

mass flow rates
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Fig. 4.38 Basic pintle injector model geometres
(Unit : mm)
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Fig. 4.39 Mesh contour of axial and radial injector model geometries
(Unit : mm)
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Fig. 4.41 Temperature contours comparison between different injector geometries
(Unit : K)
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Fig. 4.42 Oxygen contours comp ween different injector geometries
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Fig. 4.43 Pressure contours comparison between different injector geometries
(Unit : atm)
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Fig. 4.45 Detailed streamline contours comparison between different injector

geometries
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