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Abstract

In the current study, an analytical model to estarthe fuel surface regression rate of hybrid
rocket engines with head-end swirling flow oxidiagjection is established. The model is based
on a convective heat feedback approach and, inunotipn with the corresponding boundary
layer (or zone) concept which accounts for trardjn, effective hydraulic diameters, and wall
friction. The effective tangential (swirl) velocitgf the gas provides a positive augmentation
effect to the fuel regression rate, above thattdube axial mass flux component of the core gas
flow. From the literature, a variety of propellacdmbinations, engine sizes, and flow swirl
numbers are evaluated for engines having circudarfpel grains, with sample results provided
in this report for comparative purposes. The pitediduel regression rates for the most part
compare quite well with the corresponding experitakedata. Additionally, the validity of the
underlying assumption of a slowly decaying effeetaxial and tangential velocity of the gas as
one moves downstream along the central fuel portoissome degree verified using a
computational approach, based on a simplified endfiow model. As a final element of the
overall study, the fuel regression rate model ial@ated for parameter sensitivity. The settings
for some propellant and gas properties are founchdwee a significant influence on the

guantitative predictive results.



Acknowledgements

This thesis report on swirl effects in hybrid rotkengines originates in part from the
fundamental theory and knowledge established in Ryerson University study of fuel
regression rates in a non-swirling axial flow HRErlier work which was carried out by my
supervisor, Professor David Greatrix. Great adwand suggestions for the present follow-on
research study have been given by Prof. Greatrputihout my Master’s program at Ryerson
University. Therefore, | would like to thank my supisor, who supported me along the journey
of completing this effort and inspired me as a ratedel for conducting rocket research.

| would also like to thank all friends and co-workevho gave ideas and suggestions regarding
this research topic, as well as helping me in figdnecessary information and document from
various sources. Specially, | would like to giveaaknowledgement to Shivanand Patil, my co-
worker and a senior research student, who guidedhowegh the initial phase of the research,

especially in understanding fundamental theoriestha usage of CFD software.

Lastly and most importantly, | would like to thanky parents who provided me with great
suggestions and wisdoms regarding the researchy, salidgether with financial supports during

the period of my study.

All the success and accomplishment from this refeatudy would not have been available
without the people mentioned above; thus, | woikd to sincerely thank everyone again for

their parts of the contribution and their kindness.



Table of Contents

Y 0L £ = T TR ii
ACKNOWIEAGEMENIS ....ccoiiiiiiiiiee e \Y
Table Of CONENTS ... v
LISt Of TADIES ... Vi
LISt Of FIQUIES ..o Vil
NOMENCIALUIE ...ttt e e e e e e e st e e e e e aess b be b e e e e e e e e e e s e anbbnnereeeeeas IX
1 INErOTUCTION .. e 1
2 Model Background and Previous DeVelOPMENTt .. ....euruermnrissesseaes s snssnenenenes 4
3 Current Model DeVEIOPMENT ... ..ttt naanaeeeeeseeseeseesessensnes 8
3.1 Convective Heat Feedback TNEOIY ... eeeeeeeeeaieeeeeee e 8
3.2 Correction for TranNSPIFALION. ........... e eeeeeeeeeeeeeeieeaeeteeae e et te e aaaare e eaaaaaens 10

3.3 Calculation of Heat Transfer Coefficients &mttion Factors .........coeevevveviveieeviinnn. 14

3.4 SWIMTING FIOW ...ttt e e sen b s nensnennne 17
3.5 Related FIOW INTOrMELION .........uiiiit e 22
3.6 Summary of Model Calculation ProCedUre ...............uuuuiumiine e 22
/Y ToTo [T Y o] o] [Tor= 4[] 1< TSRS 24
5 Experimental VerifiCatioN...........couiiieeeeie e 29
6 Computational Fluid Dynamic Analysis of a Sinfiplil Engine Flow Model..............c.......... 35
LR o Y = 1S 38
6.2 Full Model SIMUIALION .....eeiiiiiiiei e 53
6.3 CFD Simulation Study, Discussion and SUMMALY. ...... ..o enees 68
7 Influence of INPUL PArameters ...ttt ettt beeeeeeeeeeeeeeeeeeeeeeeeeeeees 69
8 Conclusion and ReCOMMENALIONS .........ccueaiariiiiiiiiiiiiei i eeeeee e e e e e e e e eeaeeees 77
List of Appendices
Appendix A: Sample Results from Quasi-Steady ANALYS.........ccooeeeeiiiiiiiii s 79
Appendix B: Mini-Program for Input Parameter Study................eueeeeeveiiiiiiiiiiiiiiiieeeeeeeeeen. 81
(=T (=] =] oo S PP PP PP PPPPPPPPPPN 85



List of Tables

Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:
Table 9:

Engine Characteristics of Experimental iit/Rocket Engines..........ccccccvvvvvvvnene. 30

Propellant Gas and Initial Properties....... oo 37
Case 1 - INlet CONAITIONS .......oiimmeiiiie it e s 42
Case 2 - INlet CONAITIONS ........oimceiiiie et 47
Case 3 - INlet CONAILIONS .........ucmmmeee et e e e e e e e e eeaaae s 52
Case 4 - INlet CONAITIONS .......coimmmeiiiie et 56
Case 5 - INlet CONAILIONS ........uucmmmmeee et eee e e e ee e e e e e e eeaaaa s 61
Case 6 - INlet CONAILIONS .........ucmmmmeee e e e e e ee e e e e e e eeeaaan s 67
Percentage Increase of Regression Rafadly Parameter (at G = 500 kg/éym..... 70

Vi



List of Figures

Figure 1: Conventional Hybrid Rocket Engine withadeEnd Oxidizer Injection
Figure 2: Predictive Model Results and Correspagéirperimental Data, for Fuel Regression
Rate as Function of Axial Mass Flux, using Same BIGOX Propellant at Different Engine

Port Diameter?
Figure 3: Predictive Model Results and Correspagéirperimental Data, for Fuel Regression

Rate as Function of Axial Mass Flux, for Differifgopellants and Engine SiZ8s................... 7
Figure 4: Cross-Section of Port at Head-end andBa&idy of the Fuel Grain ..................... 16.
Figure 5: Hydraulic Tangential Diameter APProxXin®aiti..............cooveeeeeeeiiieneieiiieeeieeee e 17
Figure 6: Swirling Flow Inside of a Solid Fuel Qral.............c.ooviiiiiiiiiiiiiiiiiiieiieeeeee e 19
Figure 7: Swirl Number Comparison between Plug Fima Forced-Vortex Flow ...................
Figure 8: Model Calculation SUMMAIY...........uuuuuueuuiiiiiiiiiiiiiiiiiieiee s msnmessseesessesnnees 23
Figure 9: Predictive Model Results and Correspogéfirperimental Datafor Fuel Regression

Rate as Function of Mass Flux and Swirl Number Same Paraffin/GOx Propellant
Figure 10: Predictive Model Results and Correspagdixperimental Datafor Fuel Regression
Rate as Function of Mass Flux and Swirl NumberSame HDPE/BD Propellant
Figure 11: Predictive Model Results and Correspogéixperimental Datifor Fuel Regression

Rate as Function of Mass Flux and Swirl NumberSame HTPB/GOx Propellant.................

Figure 12: CFD Model for Hybrid Rocket Engine (Dinseons in Meters) ... 36.

Figure 13: Case 1 - Streamline, Pressure, and Aéaldcity Profiles for Engine. .................. 40

Figure 14: Case 1 - Detailed Axial Velocity Profile.............coovvviiiiiiiiiiiiiiiieieees e eeeeeeeee 41
Figure 15: Case 1 - Average Axial VeloCity Profile.............cuueviiiiiiiiiiiiiiiiiiiiiiieneeeeseeeeeeeee 41
Figure 16: Case 1 - Detailed Pressure Profiles........... ... 42
Figure 17: Case 2 - Streamlines, Pressure, Axilddity, and Tangential Velocity .............. 44

Figure 18: Case 2 - Detailed Axial Velocity Prafile............coooiiiiiiiiiiiiiiiiiiiiieie e e 45
Figure 19: Case 2 - Average Axial Velocity Profile.............ouuuiiiiiiiiiiiiiiiiiieeeeeee e 45
Figure 20: Case 2 - Detailed Tangential VeloCHgflRES ..........ccooeveieiiiiiii e 46
Figure 21: Case 2 - Average Tangential VeloCItYfiRIO.............oooviiiiiiiiiiiiiiiiiiieeee e 46
Figure 22: Case 2 - Detailed Pressure Profiles........... ... 47
Figure 23: Case 3 - Streamlines, Pressure, Axilddity, and Tangential Velocity .............. 49

Figure 24: Case 3 - Detailed Axial Velocity Profile.............couuvviiiiiiiiiiiiiiiieieess e eeeeeeeee 50
Figure 25: Case 3 - Average AXial VEIOCITY .. cuueeerurrrriruiiuiiiiiiiiiiiiiiiiinismsnnsesenesesenennnes 50
Figure 26: Case 3 - Detailed Tangential VeloCHgflRES ..........ccooeveieiiiii e 51
Figure 27: Case 3 - Average Tangential VelOCItY .cce . .evuiiiiiiiiiiiiiiiiiiieiieiieiie e 51
Figure 28: Case 3 - Detailed Pressure Profiles........... ... 52
Figure 29: Case 4 - Streamlines, Pressure, and Xglacity ... 54
Figure 30: Case 4 - Detailed Axial Velocity Prafile............cooovviiiiiiiiiiiiiiiiiiieis e e 55
Figure 31: Case 4 - Average AXial VEIOCITY .. cuueeervrurruruuimiiiiiiiiiiiiiiiiiiniesmsnnsesssssesenenenes 55
Figure 32: Case 4 - Detailed Pressure ProfileS..............uuuuiiiiiiiiiiiiieeneeecveniecnenenns 56
Figure 33: Case 5 - Streamlines, Pressure, Axilddity, and Tangential Velocity .............. 58

Vii



Figure 34: Case 5 - Detailed Axial Velocity Profile..............ouuvvviiiiiiiiiiiiiiiiieees e ceeeeeeee 59
Figure 35: Case 5 - Average AXial VEIOCITY .. cuueeervrrrrrrurimiiiiiiiiiiiiiiiiiiismsnnsssenesesenennnes 59
Figure 36: Case 5 - Detailed Tangential VeloCHgflRES ..o 60
Figure 37: Case 5 - Average Tangential VelOCItY cue....veuuvviiiiiriiiiiiiiiiiiiiiiiiieiiieneeeeseeeeeeeees 60
Figure 38: Case 5 - Detailed Pressure ProfileS.............uuuuuiiiiiiiiiiiesaneeeeeeveeeneneens 61
Figure 39: Case 5 - Peak Tangential VeloCity............coooiiieee 62
Figure 40: Case 6 - Streamlines, Pressure, Axilddity, and Tangential Velocity .............. 64
Figure 41: Case 6 - Detailed Axial Velocity Prafile............cooovviiiiiiiiiiiiiiiiiiieis e e 65
Figure 42: Case 6 - Average AXial VEIOCITY .. ceueeeuerriiiiiiiiiiiiiiiiiiiii e eeeeeeeeneees 65
Figure 43: Case 6 - Detailed Tangential VeloCHgflRES ..........ccooeveveiiiii e 66
Figure 44: Case 6 - Average Tangential VelOCItY cee....uevevreiriiiiiiiiiiiiiiiiiiiiiieiiieneeeeseeeeeeeee 66
Figure 45: Case 6 - Detailed Pressure ProfileS.............uuuuuiiiiiiiiiiiieeneeeeveveeenenenes 67
Figure 46: Effect of Variation afy ..........cccoiiiiiiiiiiiii e 71
Figure 47: Effect of Variation aTs...........ooooiiiiiiiii e 71
Figure 48: Effect of Variation OFf ..........uuuiiiiioiiiiiiis et e e e s 72
Figure 49: Effect of Variation OF ..o 72
Figure 50: Effect of Variation OF; ...........uuiiiiiiiiiiiiiis e e e e e s 73
Figure 51: Effect of Variation M................uuuuiiiiiiiiecie e 73
Figure 52: Effect of Variation Qfc ... 74
Figure 53: Effect of Variation Qf ............cooiviiiiiiiiiiiiiiiiieeeeteeee e 74
Figure 54: Effect of Variation Qf................uuuiiiiiiiicie e 75
Figure 55: Effect of Variation Gl ... 75
Figure 56: Effect of Variation @y ............cooiiiiiiiiiiiiii e e 76
Figure 57: Head-End Pressure Prediction by QSHY8 &Wirl Flow §=2,at3s <4< 105s).
Based on BO/HTPB Propellanf............o.ce oo, 79
Figure 58: Thrust Prediction by QSHYB of a Swirbwl (S= 2, at 3 s ¢ < 10 s). Based on
NOIHTPB Propellantf..........c.ovoeeieoe oottt 80
Figure 59: Stoichiometric Length Prediction by Q3B¥f a Swirl Flow §= 2, at 3s ¢ <10 s).
Based on BO/HTPB Propellant.............cooeiioeieeeeeeeee et 80
Figure 60: User Interface for Input-Parameter StAcygram ............cccceeeeeeeieiieiie e ececeeens 81

viii



Nomenclature

A = local core flow cross-sectional ared, m
A, = nozzle exit plane cross-sectional ared, m
A, = port cross-sectional area? m
A = fuel burning surface area’m
A = nozzle throat cross-sectional ared, m
A, = effective cross-sectional area of the tangefital, m*
a = coefficient of mass-flux-dependent burning ratés-(kg/s m)"
C, = particle or droplet specific heat, J/kg-K
C, = gas specific heat, J/kg-K
C, = fuel specific heat (solid phase), J/kg-K
c = characteristic exhaust velocity, m/s
D = drag force acting on a particle, N
d = hydraulic diameter, m
E = total gas specific energy, J/kg
e, = surface ablation rate, m/s
f = Darcy-Weisbach friction factor
G = mass flux, kg/s
G, = oxidizer mass flux, kg/frs
h = effective convective heat transfer coefficiam?-K
AH, = quasi-steady net surface heat of reaction, J/kg
k = gas thermal conductivity, W/m-K
L = length of the fuel grain, m
st = stoichiometric length, m
M, = gas molecular mass, amu
Ma, = Mach number at the nozzle exit
Ma, = Mach number of the local flow inside the fuedigrport
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Mach number at the nozzle throat
non-dimensional parameter of the vertical heaylgr a flat plate
mean mass of particle or a droplet, kg

fuel mass flow rate, kg/s

oxidizer mass flow rate, kg/s
total mass flow rate from fuel and oxidizer, g/

effective cross-sectional area of the tangefital, m* number of injection vanes

peripheral distance of cross-sectional fuel,paort

gas Prandtl number

local static pressure, Pa

chamber pressure, Pa

nozzle exit pressure, Pa

pressure far away from center of fuel port, Pa

rate of heat transfer, W; rate of heat trantfex particle, W
specific gas constant, J/kg-K

overall radius of an inwards injector, m
radius of inwards injection vanes, m

Reynolds number

local radial distance from center of fuel pont,also, oxidizer/fuel mixture ratio

fuel regression rate, m/s
injector port radius, m; also, base burning, ratés
stoichiometric mixture ratio

swirl number

geometrical swirl number

local flow temperature, K

decomposition gas temperature resulting froratai, K

flame temperature (gas phase), K
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fuel initial temperature (solid phase), K

—
I

1]

fuel burning surface temperature, K

g
1

local central core gas temperature, K
= effective (bulk) axial velocity, m/s

= local axial velocity, m/s

effective tangential velocity, m/s

= local tangential velocity, m/s

= vertical velocity over a flat plate, m/s; norngals velocity of flame, m/s

X s < < < C
I

= longitudinal distance along the fuel grain pant,

= vertical height over a flat plate, m

= particle mass loading fraction

o

= non-dimensional parameter for temperature ratio

= film thickness from film theory, m

effective separation distance from swirl injegtort’s exit to fuel surface, m
= fuel surface roughness height, m

= gas ratio of specific heats

= gas absolute viscosity, kg/m-s

T T Y M D w Q<
1

= gas density, kg/m
fuel density (solid phase), kg/m

LIS
(!

non-dimensional parameter

= swirl angle of oxidizer injector, deg

Subscripts and Superscripts

p = subscript for particulate parameters

X = subscript for axial direction

(7] = subscript for tangential direction

* = superscript indicating zero-transpiration case
comp = subscript for compressible flow regime
incomp = subscript for incompressible flow regime

Xi



1 Introduction

Hybrid rocket engines (HREsS) have several perfogeacharacteristics that are potentially
favorable to a variety of rocket operations. Thaydrmore nominal advantages than solid and
liquid rocket engines in some flight applicatiomsying in part to the difference between the
propellant phases, where the oxidizer is keptliquad/ gaseous phase and fuel is kept in a solid
phase, allowing them to be safely separated antfalled easily. A schematic diagram of a
conventional HRE is shown in Fig. 1. Hybrid rocletgines’ positive features, such as the
aforementioned enhanced safety when they are logiegated, also include an ability to control
thrust, and a nominal capability for shutting doawrd restarting, while in flight. Moreover, they
are commonly quite simple to be manufactured are tgpically less expensive, relatively
speaking. Nevertheless, there are some design reenserrounding hybrid rocket engines. For
example, everything else being equal, thrust pexvibly conventional HREs is commonly lower
compared to other types of chemical rocket engi@#ker concerns for hybrid rocket engines
include: slow fuel regression rates, low volumeloiading, unburnt fuel residuals, shifting of the
mixture ratio, and mixing/combustion efficiencfe$he improvement of HREs is of interest for
a number of institutions and commercial firms amtime world, where the goal is to minimize

the problems caused by the issues listed above.

As one of the major problems related to HREs, diosV surface regression rates are being dealt
with using various design techniques. One shoutd timat larger engines (i.e., with larger port
diameters) have even slower fuel regression rabepptentially further exacerbate this issue.
Certain fuels, such as paraffin wax, have a considg higher regression rate relative to
conventional fuels like polyethylene (plastic) gralybutadiene (rubber). However, paraffin wax
has drawbacks, such as its inherent structurahesdt relative to the more rigid plastics and

rubbers.

If one is restricted to using a conventional feelcommon technique for increasing the overall
propellant mass flow is to increase the burnind ftueface area (hence compensating for the

lower fuel regression rate). One can replace a@atnal cylindrical fuel grain (with a single

1



central port) with a more complicated geometry thas$ a greater internal surface area. In this
regard, some of the common designs include stdr-peeigon-wheel-port, multi-port, and
helical-port fuel grain configurations. Howeverabén mind that a single-port cylindrical grain
configuration is the most desirable choice for detg of reasons. If one is striving to retain a
cylindrical-grain configuration and still use a eentional fuel, a promising technique for
regression rate augmentation is to effectivelyease the velocity of the gas flow over the fuel
surface. The implementation of this technique caddne by utilizing a swirl flow, which would

positively augment the baseline axial-flow burnmgchanism.

Valve\ h‘l/Ijector | No/zzle
: \/
4 T

Oxidizer

Figure 1: Conventional Hybrid Rocket Engine with Head-End Oxidizer Injection

The implementation of oxidizer injection with a sMilow has been studied experimentally and
theoretically by a number of institutions and compa. These studies illustrated that one could
obtain substantial increases of fuel regressicgsray increasing the swirl strength of the central
gas flow. One notable example in this regard weqeeements conducted by ORBITES
where the test engine was using a forward- andhgttion, reversing-vortex-flow approach.
The experimentally measured fuel regression rate @l@served to increase by as much as 8
times compared to the standard non-swirling flowfiguration? Similarly, albeit with different
swirl injection configurations, other experimensdlidies of HREs have also clearly shown a

positive augmentation of the fuel regression raie ww swirl>®

A swirl flow provides an advantage over a standaxéal flow since it adds an additional

tangential velocity component to the gas, allowtimg) flow to achieve a higher absolute velocity



for the same mass flow rate of the oxidizer. Givlea nature of diffusion flame behavior in
HREs, the mass-flux-dependent fuel regressionwdteéncrease accordingly. In some cases, as
with head-end oxidizer injection, a swirl flow alkelps improve the flame-holding stability due
to the recirculation zone caused by a swirling ftms.°

There is an ongoing effort at Ryerson Universitystody various means for better HRE
performance prediction, in conjunction with effotts investigate various ways for improving
HRE performance. Swirling oxidizer injection fromet engine’s head end certainly provides a
straightforward means for enhancing conventionaEHserformance, potentially allowing for
the use of a single-port cylindrical grain designlarger engines. To date, models for prediction
of swirl augmentation of fuel burning rate have rbgeite limited in their utility and accuracy.
The objective of the present study is to developredictive model for predicting the fuel
regression rate with some accuracy and more gengild, for a conventional head-end
injection engine that may be using swirl. Otheuessrelated to swirl flow in HREs will also be
looked at in this thesis.

For the content arrangement, the research backdran previous development of the baseline
predictive model (non-swirling axial flow) are pesdéed in Chapter 2, followed by the

development of the present model (swirling flow)dhapter 3, which is the main contribution of
this research. Chapter 4 shows applications ofntbeel in the internal ballistic analysis for

HREs. For a verification of the model, comparisohgxperimental and predictive results are
presented in Chapter 5. Additionally, a CFD stufly simplified engine is carried out to better
understand some characteristics of a swirl flow,eaplained in Chapter 6. Lastly, input

parameters of the model are further investigatedtteir sensitivity effects on the calculated

values of regression rate, as provided in Chapter 7



2 Model Background and Previous Development

A distinctive characteristic of a conventional hybrocket engine is the fuel grain’s surface
regression rate being predominantly a functiorhefeffective mass fluxG = ou, , for axial gas

flow) moving above the fuel surface. Knowing thedeof regression rate is important for

finding the mass flow rate of fuelh, being removed from the fuel grain, which in turn
establishes the effective mixture ratio, /m; in combining with the oxidizer flowr,

originating from the head-end injector(s). The comid mass flow between fuel and oxidizer
becomes the total gaseous mass flow which contsiyancreases as more fuel is being added,
predominantly via combustion, along the length leé fuel grain as one moves downstream.

Conventionally, the combustion-based regressiangaat a local point on the fuel grain can be

evaluated based on the total axial mass ftixof the central gas flow, using the empirical
factors, a and n, obtained from various experimental test firinghe general empirical

equation for regression rate in hybrid rocket eagiis shown in Eq. 2"1
r, =aG" (2.2)

Note that the value of coefficierst changes inversely with respect to the size of tie grain

port diameter & gets lower add, increases), and exponentranges between 0.4 to 0.85 in a

typical engin€. Since the total mass flow also relies on the amofiriuel being removed (in
transforming from a solid to a gas, via combusti@®veral iterations may be required for a
proper evaluation of fuel regression rates. An apipnation of regression rates can also be done
by assuming that the effective mass flux is re&yivconstant; therefore, the original relationship
between regression rate and total local mass fmxbe approximated using the incoming mass

flow rate of the oxidizer, as shown in Eq. 2.2

r, =aGg (2.2)

Conducting an engine firing test generally takesetand can be expensive. Therefore, this is not

a desirable option early on in the design procespecially during a preliminary design stage



where variations of the rocket engine’s performaneed to be investigated. A mathematical
model that can predict engine performance (idealthiout empirical factors, such as used for
Egs. 2.1 and 2.2) to a certain degree of accuracylasirable. To date, a number of
comprehensive predictive models for fuel surfacgression rate have been propos&d.

A common issue with these models is the lack ofensiality when being applied subsequently
to other engines, engines that differ to some defjiem the reference engine used for the given

model’s original development.

The model to be presented in this study is consduasing convective heat feedback theory, a
common approach used by past HRE researchers, thigerhear relationship between axial mass
flux G of the central gas flonand the resulting observed burning rate of the $uelace. This
approach has been used successfully in previouss&ydJniversity (RU) investigations of
solid-propellant rocket motor erosive burning, asllvas more recent investigations of non-
swirling axial-flow-dependent combustion in HREsn RU effort produced an effective
predictive model of fuel regression rate for HREspeying conventional non-swirling axial-
flow head-end oxidizer injection. The RU model wamstructed based on a one-dimensional
scheme, where the effects of transpiration (maasster from the fuel surface, a.k.a.,
“blowing”), port diameter and wall friction weredarporated. The model’'s principal equation
for regression rate, when no other regressionmatehanism is present (e.g., radiation, pressure,

normal acceleration), is shown befSw

(2.3)

m C T, -T
rb — h)( gn 1+_p ( f S)
loscp Cs (Ts _Ti _AHS/CS)

Note that h; is a non-transpiration effective heat transferfficient calculated from the

effective axial velocity (and corresponding axiasa flux) of the core gas. Further explanation
and theoretical derivation of the model (thereareimber of supporting equations in addition to
Eq. 2.3), which acts as a framework for the newlswodel content that is to be included, are
provided in Chapter 3 of this thesis.



To verify the accuracy of the model used in thegiodating RU study, predictive results of

regression rates were compared with experimengalltee obtained from various experimental
studies reported in the literature. Each of theseixpents done at other institutions used a hybrid
rocket engine with a cylindrical fuel grain, andmmoally non-swirling oxidizer injector(s)

located at the head end of the engine. The ovsesllp configurations were similar to the
diagram shown in Fig. 1. The RU model’s results parad quite well to the experimental

results for various oxidizer and fuel combinatioas, shown in Figs. 2 and 3. Although each
engine in this evaluation differed in size and thew respects, the model could still predict the
results quite accurately for non-swirling axial ifotherefore, the motor scale effect, which
dictates a reduction in the fuel regression ratethas port diameter becomes larger, was

accounted for by this predictive model.

— HTPB/GOX 2" model
7)) 4 _——— HTPB/GOX 11" model
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Figure 2: Predictive Model Results and Correspondig Experimental Data, for Fuel Regression Rate as
Function of Axial Mass Flux, using Same HTPB/GOX Popellant at Different Engine Port
Diameters™
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3 Current Model Development

The present regression rate mdYed principal contribution of this thesis, is artemsion of the
axial-flow regression rate model which was devetbipethe previous RU study, to now allow
for swirling flow as evolving from a head-end oxdr injector. This one-dimensional model is
constructed based on convective heat feedbackyfiewith the incorporation of the effects of
transpiration, hydraulic diameters and wall friatiofThe model includes the contribution of a
swirl flow, where a positive augmentation due te gwirling gas flow is applied to the fuel
regression rate. An eligible hybrid rocket engioe dsing this model is one having a solid fuel
grain that is cylindrical in shape, and the oxidizeing injected in a swirl pattern from the head
end of the engine. Model explanations and corredipgrtheoretical derivations for the updated
regression rate model will be provided in this ¢eapThe overview of the calculation process
from start to end, as a further aid to the readegrovided in Section 3.6.

3.1 Convective Heat Feedback Theory

Convective heat feedback theory, through energgemation principles, allows one to utilize

the relationship between the energy entering thaibg fuel surface from the gas phase (the
convective heat transfer component) and the heatggnleaving (solid-phase heat energy
removal via mass transfer). The convective heastea is driven by the difference between the

effective core flow flame temperatuiie and the burning fuel surface temperatiife The heat

energy of solid fuel mass evolving (ultimately agas) from the burning surface is governed by

the change of the solid fuel temperature startmognfits initial temperaturel, to its current
temperature at the burning surfate To better account for all the heat transfer eff¢lsat one
might encounter in practice, the net surface héaeaction AH_can also be incorporated into

the model, if it is appreciable. This quantity ishaat transfer contribution due to either an
endothermic process nominally at the fuel burnimdase, when the net surface heat of reaction
is negative (absorbing heat), or an exothermic ggecwhen the net surface heat of reaction is
positive (releasing heat). From past studies fasgsteady burning in HRES, the surface heat of
reaction has had little effect on the overall heansfer for the type of fuels being considered,;

therefore, it is commonly neglectedHs= 0) in the calculations being dotfe'? Additionally,
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convective heat transfer for the general type oppliant being used in this study is the main
mechanism for the overall heat transfer procesdevdther heat transfer mechanisms, such as
radiation, are assumed to have a much less signtficontribution; therefore, these secondary
mechanisms are excluded for the initial analysiscdses when other heat transfer mechanisms
may in practice become more significant, an addgi@omponent contributing to regression rate

may be included, as explained later in this section

For the convective heat feedback theory, the gawgraquations for both of the heat transfer

inputs, from the gas phase and solid phase, axershelow:
Q= he A(T; =T,) (3.1)
Q:mf[cs(Ts _Ti)_AHs] (32)

The effective convective heat transfer coefficibgt accounts for both axial and tangential gas

flow components, where heat transfer due to thgetainal flow is considered to augment the
baseline heat transfer resulted from the axial flake effective convective heat transfer

coefficient can then be expressed as:
hy =h,+h, (3.3)

An instantaneous regression rate of the solid graln due to the effective convective heat
transfer can be related to the above mechanisnfaelianass flow rate. The local fuel mass flow

rate can be expressed by:

m;

3.4
pSAS ( )

f, =

where A, is the local reference burning surface area.



Combining Egs. 3.1 to 3.4, the regression rate fitendue to the effectiveonvective heat

transfer can be formulated as shown below:

_(h +h )T -TY)
e, -T)-aH,]

(3.5)

The regression rate expression shown above isatefased on the assumption that the only
mechanism contributing in a significant manner égression rate is convective heat transfer.
Commonly, for conventional HREsS, this is the ca$evertheless, if other regression rate driving
mechanisms do exist to some degree, such as dcleatober pressure, radiation, and normal

acceleration (thea, influence can be as a result of spinning the enginout its longitudinal

axis), one can allow for a more general modelingraach. The effect of these mechanisms can

be accounted for by applying the base regressite ra which needs to be calculated

separately, and then incorporated into the follgaimore general equation:

(hx + hG )(Tf - Ts)

b e ~T )= H ]

(3.6)

3.2 Correction for Transpiration

During the combustion process, fuel on the surfemesforms from its original solid phase and
subsequently evolves into the central core flovaagms. As a result of this mass transfer, the
solid fuel surface will of course regress with tinidhe mass transfer process can be modeled as
fuel mass, ultimately as a gas, being “blown” ridiato the core flow. This is called blowing

or transpiration. Transpiration reduces frictiorpesienced by the core flow near the surface
(wall) of the solid fuel grain, thereby causingeauction in the heat transfer value relative to the
non-transpired case. The correction equationd®transpiration effect can be derived based on
a two-dimensional flow over a flat plate experiengcblowing or suction at its surface. In this
regard, theoretical as well as experimental ingasitns were carried out by Mickley et*al.

The theoretical modeling approach used by Mickéegammonly referred to as film theory.
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Film theory describes in an approximate mannerfiin characteristics within an idealized
boundary zone along the wall where the transpmatakes place. The boundary zone, in this
case, is considered to be a very thin film withbaaeptual thicknesa (not to be confused with
the actual flow entrance boundary thickn@ssvhich is discussed in the later section), nonynal
representative of the region of transition betw#enradial flow and the core flow. Since the
region is considered relatively thin, the flow mhsithe region can be assumed to be laminar,
allowing for further simplification of the flow pfibe, which is potentially useful for subsequent

theoretical derivations.

Heat transfer is a key mechanism of interest is tleigression rate study, and the effect of
transpiration on the heat transfer process need tmcluded. With this in mind, the energy
equation can be looked at in more detail at thiscjure. One can note that diffusion and
absorption are neglected in the film theory appndaging discussed het&The energy equation

can be framed for the transpiration flow, throulgé tilm zone, wherey represents the direction

perpendicular to the wall and represents the vertical gas velocity:

dT d(, dT
—pWC, =—| k— 3.7
or alternatively,
dT? dT
0=k -(oWC, )— 3.8

The second-order ordinary differential equationvpies a general solution for the temperature

with respect to the vertical distance from the \galiface as shown below:

psWCP

T(y) = e[ X ]y + Constant (3.9)

The derivation can be further simplified, basedtlo® assumption that heat transfer is constant

within the region of the film due to its relativedynall thickness:
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- k(d—Tj =h,(T,-T,) (3.10)
dy

In following Mickley’s approach (and notation), ngia non-dimensional parametgr to track

the change of the temperature, the heat trandtefareship can be rewritten&s

h
9B _ N (3.11)
dy Kk
where
T,—-T
= 0<pf<1 3.12
P B (3.12)

The heat transfer relationship from Eg. 3.9 can sbbstituted into the non-dimensional

temperature parametg®. By introducing another non-dimensional paraméiefilm thickness

m, an equation fop3 can be further manipulat€d

_ (e(pswcp/k)y)0 —glPmCel0y  glewCelly _q  gfm _q
b= (SR N AT R N T R (3.13)
and
rm
a5 _ dre_) , (%j =— (at wall) (3.14)
dr e -1 dm), -
where
m=Y . 0o<ms1 (3.15)
A
C
M= [%jA (3.16)

The Mickley parameteil” represents mass transfer resulting from transpirafApplying the

limit of T in going towards a zero value, a non-transpiratiase can be considered. Further
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using this parameter, the temperature ratio andets/atives with respect to the height ratio at

the wall location can be evaluated for the nondpanation case:

I

rm _ m _ m
m = im 11:'!”3((6 1)) =tim ™" = (3.17)
- -ve - - r -0 e
e -1
Iim(%J =lim rr :IimL,:l (3.18)
r-o. dm 0 r-oe -1 rao(er _1)

The relationship between the heat transfer coeffisi and the derivative of the temperature ratio
can then be constructed for the non-transpiratmse cwhere the non-transpiration parameters
are indicated by the "*” superscript and the par@rseassociated with the wall condition are

indicated by the “0” subscript:

(%j* =A (%J =A h;ﬁ =1 (319)
dm/, dy J, k

Using the relationship constructed from above, mhass transfer parameter along the wall

location may be re-defined as:

r= (_psk\ng J% (3.20)

At this point, effective heat transfer coefficiemtthe transpiration case and the non-transpiration
case at the wall location can be compared usingeat®ationships.

(S0 ()
FHCIIEES Sy TS
hy A

The transpiration study further suggests that tiiekbess ratio between the transpiration and the
non-transpiration case can be considered as’ohéditionally, the mass transfer in the vertical
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direction is assumed to be governed by mass caats@ny such that the regression rajeand
fuel density p, can be incorporated into the correction equat@ntlie calculation of the heat

transfer coefficient, as folloWs

- psrbcp
rC

expg e | g
heff

Combining the result obtained from film theory aswhvective heat feedback theory, the final

heff

(3.22)

formula for regression rate based on Eq. 3.5 carohstructed:

“+hy C -T
=) g (T -1 (3.23)
pLC, C, (T,-T, -AH,/C,)

Further calculations for the non-transpiration heanbsfer coefficientsh, and h, for both the

axial and tangential flow components are preseintéoe next section.

3.3 Calculation of Heat Transfer Coefficients andrFriction Factors

Heat transfer coefficients in the non-transpirat&tate can be determined using Reynolds’
analogy, a theoretical correlation which can bdiaggowards the flow analysis of a duct (or in
this case, port) having a laminar or, in the HREecaurbulent boundary layer. The well-known
correlation relates the heat flux and the shear embam flux for a particular mass flow of fluid

moving above and within the boundary layer. Thelamacan be expressed in terms of

- I : 0
coefficient of friction for untranspired floft , Stanton numbest, and Prandtl numbén :

Cy
— = st(Pr)*? (3.24)

Substituting with the parameters that makeStpand Pr, one can obtain:
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S L (VAT (3.25)
2 (C,ou. | K |

By replacinngDWith the untranspired Darcy-Weisbach friction facto , and further arranging
the above equation in terms of the heat transfefficeent, one can obtain:

~ k2/3Cpl/3G f *

h' 3.26
/12/3 8 ( )

where

f* =4xC/ (3.27)

The heat transfer coefficient can now be expressézrms of the non-transpiration case for both

the axial and tangential flows as shown below:

/ 1/3 * / 1/3 *
woKTC G fp L _KTC, Gy
X 2/3 38 ! e 2/3 8

U U

(3.28)

Based on a fully developed turbulent boundary laiewithin the applicable Reynolds number

range, Colebrook’s equation can be applied in aimestimate the friction factors:

251 eld ) 251 eld
fD -2 - _2|0 + X , fD 1/2 =_20 + 4 329
(1) Gio Re, (f)Y? 37 } (o) (‘]’“’{R(edﬂ(f;)“2 37 } (3.29)

The hydraulic diameter for the axial directiol) is equal to the diameter of the cylindrical fuel
grain port, while the effective hydraulic diameter the tangential directiod, is defined based
on the effective cross-sectional area of the tamgeflow A, with respect to the perimeter
around the effective cross-sectional a@a™ This area is defined based on a finite plane

perpendicular to the direction of the effectivegantial velocity. It can be expressed in terms of

the radial gap between the injector exit and themeiter of the fuel grain, or the assumed

15



entrance boundary layer thickneds together with the axial length of the fuel graiort L, as

illustrated in Fig. 4. The definition ad, andd, can be expressed as folldws

_4A, _ 420xL)
P, (40+2L)

d =d , d, (3.30)

In most cases, the length of the fuel grain is mlacger than the gap between the injector and
the port diameter. This condition allows the effezthydraulic tangential diameter to be
simplified and expressed in terms of the magnitoflehe boundary thickness (separation

distance)d alone. The final simplification of hydraulic tang&l diameter is shown below:

_A20xL ) AROXL..) _ s
° @s+2L..)  (2L..) (3.31)

dinj

Figure 4: Cross-Section of Port at Head-end and MiBody of the Fuel Grain

To further confirm the accuracy of the simplificatj the effective hydraulic tangential diameter
is plotted with respect to the radial gap at vasigatios of /L, as shown in Fig. 5.
The simplified calculation remains relatively acatar for the ratio presented in the diagram.
In general, a setup of an experimental hybrid roekgine has a small ratio @¥/ L , especially
in the case of outward-oriented swirl injectorsiposed at the swirl angle¢/ as shown in Fig. 4.
Therefore, the simplification of the estimation feffective hydraulic tangential diameter is

considered reasonable for the type of engines lstindjed.
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Figure 5: Hydraulic Tangential Diameter Approximation

The next parameter to be considered from Eq. 32Relynolds number. Reynolds number of

axial and tangential flowsRke, ,and Re, ,, can be calculated along with the mass flux tei@ys,

and G,, based on the known effective axial and tangenghicity, U andV :

G,d Ud
XTX — ,0 X Red,e - Gade - deH

Re,, = :
H H H

(3.32)

Depending on the core flow's Mach numbkta,, one can further make corrections for the

compressibility effect by applying the followingrecection equation for friction factor.

fcomp = fincomp

/u+PW%Z§5Ma3] (3.33)

3.4 Swirling Flow

In order to improve regression rate, a swirl flawimplemented in a hybrid rocket engine in
order to increase the local velocity of the flowtlwrespect to axial mass flux passing over the
solid fuel grain. The strength of a swirl flow ismmonly expressed using the swirl numl&r

which, from early swirling combustor studies, i thratio between the axial flux of angular
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momentum and the axial flux of axial momentum nplying with the radius (radial position

from engine chamber centreling,) of the injector. This can be theoretically exgezbas’

r()
J. r’v,u, dr
0

S= (3.34)

w2 + (PP i

P~ P.
P
For the purpose of constructing a one-dimensidoal fnodel for the present study, a plug flow
is assumed. In other words, the flow being consdédras uniform (effective mean) velocity
profiles in both axial and tangential directiond)ere U represents the effective axial velocity
and V represents the effective tangential velocity inomstant cylindrical port as shown in
Fig. 6. The effective velocity can replace the loedocity in the swirl number expression using

the conditions below:
u, =U ’ vV, =V (3.35)

Realizing that there is no pressure variation acm@sross-sectional port area (in the radial
direction) since both the axial and tangential eiies are set to constant values, one can

simplify the expression of swirl number as:

j r 2/Udr
s=-0

rOJ'rU 2dr

? (3.36)

Integrating both the top and bottom terms in EG63a more simplified relationship between

swirl number, effective axial velocity, and effegtitangential velocity can be derived:

_2v

s=22
3U (3.37)
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Figure 6: Swirling Flow Inside of a Solid Fuel Gran

Swirl number thus in most cases depends on the bativeen the effective axial and tangential
velocity. Moreover, the type of flow governs howidwumber changes with respect to the
velocity ratioV /U . The approach used to evaluate swirl numbersisnstindy, for the assumed

flow profile, may provide a swirl number that isosk to those of other flow variations. For
instance, a forced-vortex flow representation, Wwties a linear tangential velocity profile being

maximum atr, and a uniform axial velocity profile, has the dwiumber quite close to the

model’s flow assumption whe¥ /U is less than 1, as shown in Fig. 7. One can exihett

other similar flow profiles would also have similsawirl numbers, such that a close estimate of
swirl numbers may be obtained using the currentv fassumption. Later in Chapter 4, the
experimental result shows that the current flonuagstion provides a satisfactory prediction for

both low and high swirl numbers.

3.0

254

— Plug Flow
——— Forced-Vortex Flow

2.0 4

151

Swirl Number

1.0 A

0.5 4

Figure 7: Swirl Number Comparison between Plug Flowand Forced-Vortex Flow
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The swirl number used for the forced-vortex flowalissed above, where the velocity ratio is

evaluated based on the maximum tangential veldsityefined as follow$:

\Y/

max

S= % (3.38)
1_ max
=)
Although one might assume that a swirl flow woukhbve close to a forced vortex, the flow
profile observed from the brief CFD study discustsdr in this study suggests that the flow
may not necessarily behave exactly as a forceéxahie to various factors. That being said, an
averaging approach based on the plug flow assumpsoconsidered to be a reasonable
approximation as a reference starting point fotieating experimental data from various sources

where the quoted swirl number is commonly basedaanestimate of Eq. 3.34 at the

measurement location for the given experimentaddir

An alternative equation for swirl number, for adgd-vane outward-oriented swirl injector, has
also been used in the past. The main parametedsfoisdetermining the swirl number are the

vane (injector port) diametet,, fuel grain port diameted, and the angle of the oxidizer flow

injection ¢ (a.k.a., swirl angle, as per Fig. 4), which carekeressed as follows

_2/1-(d,/d)’
S= 3{1_(dh/d)2}tan¢/ (3.39)

With a very small diameter ratio, assuming theoratj/d is close to zero in value, the above

equation can be simplified further:
2
S= gtan(// (3.40)

The resulting equation is essentially equivaleriEd¢o 3.37, and will produce a comparable value
for S.
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Currently, the modelling and experimental testifigwirl flow in hybrid rocket engines is being
studied experimentally by a number of researchtutgins. However, some of the experimental
setups are based on injectors with inward-orientddizer injection, where the flow is radially
injected from the peripheral wall via vanes that t@ngent to the wall surfate®!’ The swirl
intensity for this type of injection can be repreeel by the so-called geometrical swirl number

S, as shown below:

s -(R-RR

g an, (3.41)

where R, is the overall injector radius R, is the vane radius, and is the number of vanes.

Due to the difference of the injector configuraspthis type of swirl flow (and corresponding
swirl number formula) is currently presumed not lie suitable for the model prediction
technique developed in the present study. Sevegrkssion rate estimation models have been
proposed by various institutions for this type wirsinjector arrangemerif:*’

So far, the discussion has been focused on theitadgrof tangential velocity and axial velocity
with respect to a swirl number. Realistically, axtangential, and radial velocity profiles may
vary depending on the strength of the swirl flownadl as the fuel grain geometry. For example
when an axial flow is injected, the flow expandsfitb the entire cross-section of the port,
causing an initial increase of radial velocity. Hower, the radial velocity in this case is assumed
to diminish quickly, so that this effect can beaged. When a swirl flow is injected, the core
flow has much more complicated axial, tangentiat sadial velocity profiles. One of the most
notable effects of a swirl flow is the inverse m@® variation along the flow centerline. In the
case of a swirl number between 0 to 0.6, the pressriation is considered relatively weak and
will have a small influence on the axial velocitpfile. However, when a swirl number is higher
than about 0.6, the pressure variation becomengsenough to potentially drive the flow back
upstream in the vicinity of the head-end injectgtation, causing a negative axial velocity, and
producing a so-called recirculation zone in theg@ymbustion chamber region near the engine’s
head end®
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Although the velocity profiles close to the cerdéflow can vary significantly, especially in the
case of a strong swirl flow, only the effectivea@ty components located further away from the
centerline of the flow is necessary for determinnegression rate via the present approach.
Further discussions regarding the flow profiles afféctive velocities are provided in Section
3.6.

3.5 Related Flow Information

The properties of the combustion gas produced brithyrocket engines are presumed in this
study to follow the ideal gas relationship. Dengifythe gas can be related to chamber pressure

and flame temperature as follows:

pc static
=— 3.42
P=a7 (3.42)

f ,static

In the above equation, specific gas constBntis obtained from the universal gas constant

divided by the average molecular mass of the prapegasM . :

_ 8314J /kmollK)
M

gas

R

(3.43)

Additionally, the average absolute viscosity of fmpellant gas can be calculated from an
experimental correlation, where the main parametsgshe flame temperature and the average
molecular mass as shown befw

L 087x10°%(M ) (T, )%® (3.44)

gas

3.6 Summary of Model Calculation Procedure

A one-dimensional model is created in this thesispredicting local fuel surface regression
rates in swirling-flow hybrid rocket engines. A smary of the calculation procedure for using

this model is provided in this section (see Fig.@he should note that the prediction requires
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the geometry of the engine, and the propellant gntags in both solid and gas phases. The

expected principal output of the model is regressaie r, with respect to axial mass flus .

Axial mass flux can be a range of values (e.gmffbto 1000 kg/s-A). For a given or estimated
fuel grain port diameter value, the effective axialocity at given fuel grain axial location can
be determined. The angle of oxidizer injectionhat head end is used to determine swirl number,
which in turn is used for calculating the effecttemgential velocity. At this point, the axial flow
and the tangential flow components may be consideseparately. The first parameter to
calculate is Reynolds number, which is necessarytie Colebrook equation that provides
friction factor. Depending on the local flow Macbhmber, friction factor may need to be further
corrected for the compressibility effect. Next, ti@n-transpiration heat transfer coefficient is to
be calculated. In the case that no other regressienmechanism is present save for the flow-
dependent mechanism under discussion, one canlatalcbe overall regression rate using Eq.
3.23. However, if a base regression rate is presiemtoverall regression rate must be calculated
iteratively, since the correction equation for heansfer coefficient is a function of the total
regression rate. The regression rate being caémiledan be either a mean value or a local value
depending on the applications and its usage asstied in Chapter 4.

4 ) )
INPUT Rex £ he

Engine's Geometry:

- qut diameter, d U OUTPUT
- Injector angle, ¥ —_
-Injecting distance, & S Iy

Propellant (gas) properties

Variable axial mass- flux, Gy G . .
v R :9 fe he

Figure 8: Model Calculation Summary
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4 Model Applications

The present model is capable of estimating locall Surface regression rates where the geometry
and gas mass flux at the specified fuel grain looatre known. The can be integrated within an
overall internal ballistic simulation computer pram to obtain the engine’s performance over
the course of a simulated engine firing, as is darthe RU computer program QSHYB for the
quasi-steady internal ballistic performance prédicof various HRES??° Shorter approximate
analyses can also be done, in order to get quinka&®s of performance that may not be overly

accurate, but still useful as a guideline.

In order to give the reader an introduction to ¢hements one would encounter in an internal
ballistics calculation procedure, the first exampl®E internal ballistics analysis approach

presented here is a rough estimation of the roekgine’s performance based on the assumption
that the flow velocity inside the engine is relativlow (i.e., having a low flow Mach number)

along the length of the fuel grain port, and thamher pressure is relatively constant, i.e., not
dropping too rapidly in moving downstream from tiiegine head end. In the usual case for
chemical rocket engines, the flow is choked at ékbaust nozzle throat, such that chamber

pressure can be calculated using the following &ofa

— I(‘nlotck
P, =—— (4.1)
A

where

y+ 1/2

x RTf (y'i'ljy—l
4

> (4.2)

Characteristic exhaust velocity is a function of the properties of the propellanmbustion
gas. Since the gas properties in the engine chaarbegenerally considered as being relatively
constant, the main parameters allowing for the imargf chamber pressure is the total mass flow

rate m,, and nozzle throat ared, . The total mass flow is contributed to by the nfé&ss rate of
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the oxidizer, which is under a controlled injecticate, and mass flow rate of fuel, which is
controlled by the burning mechanism (or, if beydimel nominal stoichiometric length, controlled
by non-combustive ablation). Normally, the burnmgchanism in an HRE is a function of mass
flux, which changes as the diameter of the fueingmort regresses in time. Being able to
properly account for the regression rate behawoa very significant step in determining the

engine’s performance.

The total mass flow rate can be approximated fsingle cylindrical fuel grain, assuming that

the inner diameter of the fuel grain remains re&yi constant, and combustion is effective

throughout the length of the fuel grain (i.e.< L )":

My = MM + ¢ =y + og (7, L)y (4.3)
Thus,
y 1/2

The average regression rate in the above equatonbe replaced by the regression rate

expression outlined in Eqg. 3.5 when no base remgmesater, is present, or Eq. 3.6, for the most

general case wherng is incorporated into the model, as shown here:

142
_| RT: (y_ﬂjy—l m, | ps(nde)(r L (h+h )T, -T)) j
¢ y 2 At At ° IOS[CS(TS _Ti)_AHS]
(4.5)
Next, thrust can be ascertained by the followingagipr:
F=C:Ap, (4.6)

25



which is the rocket thrust equation in terms ofttieist coefficienCe. Via substitutions, one
can show that

r#t y=1y |2

27 ( 2 p. )"
F=| 2| = 1-| = - 4.7
y—l(y+1j (pj AP, +(P. ~ P.)A 4.7)
where
-y
p.= pJ 145wz (4.8)

and the nozzle exit’s flow Mach number can be deiteed from:

r+l

gz l':/l/lz;lt{2+(y—l)Maf}2(y—1) 4.9)

2+(y-1)Ma?

where flow Mach number at the throat location isado 1 due to the choked condition, and the
area ratio between the nozzle throat and the nezales known. The above analysis is useful to
get a quick estimation for the performance of arigybocket engine. It also demonstrates an
overall calculation procedure, as well as how tegression rate estimation model is being

applied to an internal ballistic analysis.

A numerical analysis is another approach used atuate engine performance, where the results
obtained are potentially more accurate. One-dinoer@$iquasi-steady-state equations described
by GreatriX allow for time-independent solutions for a flowsitle of a hybrid rocket engine.
Two sets of the mass, momentum and energy conssrnequations are presented for the core
flow and the fuel particles which are being transfé into and then traveling down the core
flow. The solutions for the core flow (where thesganmponent is produced by the combustion
of the solid fuel reacting with the oxidizer abatve fuel surface) moving from the head-end

location to the nozzle are presented befow.
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d(pu) _ 1dA 4r, [ 4r,
=--0 1-a o 4.10
e R LT P (4.10)
d(pu’ + p) 1dA _, [4r, Po
Ll P D 4.11
dx A dx d, T P m, (4-11)

d(,ouE+up) _1dA

S e[ e

: (4.12)
+-a,)p, (CT +V;J aua, -2 (u,0+)

p

The solutions for mass, momentum and energy ofgadicles entering into the core flow are as
shown below.

dppu,) _ _1dA ar, [ 4r,
-—== - =2 4.13
Tax A TIes g d, (d J° (413)
d(p,u;) ) 1dA _ , (4r, Py
- =0 - =2 - S 4.14
Tax Aaxe d, Patle = Loy m, (4.14)
d(p,u,E;) _ 1dA 4r,
PP R == " (pu E )| =2 |p,E
dx A dx PeteEe) 7| g " PoEe
(4.15)

4r, w? .
+a 0 — q (C T + ZJ ppupax+%(upD+Q)
p

The model for regression rate estimation can béexpfor ther, terms in Eq. 4.10 to 4.15 in the

same manner as done earlier for Eq. 4.5. When ditiGrthl base regression rate compongnt

is to be accounted for the regression rate cammalebermined directly (explicitly); therefore, as
an additional step, an iterative calculation pracednust be implemented for estimating overall

regression rateé, in those cases.
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Further considerations are required for an everemaccurate analysis. One important issue that
may be encountered in a hybrid rocket engine ismthe stoichiometric length is substantially
shorter than the actual length of the fuel g(la;n< L). Since the aft part of the fuel grain does
not react in the combustion process in this scen#e regression rate mechanism over the aft
part of the grain is assumed to be mainly drivennbyn-combustive ablation. The length of

reactive fuel grain can be calculated by first obtay the ideal mass flow rate of fuel based on
the effective stoichiometric mixture ratiQ, of the propellant for the known mass flow of the
oxidizer. The stoichiometric length can then berappnated from the internal port diameter and
cross-sectional port area of the fuel grain, ardnibminal regression rate along the axial length,

as shown below:

G
= O—Ab (416)
rsrpsrbmx

st

The regression of the aft grain section that unakessghon-combustive ablation can be calculated

using ablation ratee,. It is estimated as was done for regression ratesented earlier, i.e.,

using convective heat feedback theory, with thelties) equation as shown belGw

b G (LT

(4.17)
loscp Cs (Tds _Ti _AHS/CS)

€.

S

Once the regression rate profile along the axiadtle of the fuel grain is obtained, thrust can be

calculated in the same manner as previously disdugdumerical analysis based on the quasi-

steady-state internal ballistic equations descréteolve has been conducted for various engines
as part of this and other RU studies. Some relesamiple numerical resulfsare presented in

Appendix A, for the benefit of the reader.
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5 Experimental Verification

The regression rate model developed for this staatybe verified by comparing the accuracy of
the predicted results to actual experimental datafifel regression rates. Test data, obtained
from the firing of lab-scale experimental hybriccket engines (using head-end swirl injectors)
at various research institutions around the wodald presented in various technical papers
available in the literatur®>® Eight engine configurations are considered for panson here,

where the engines are named from A to H as listéfiable 1, along with the respective engine

and gas properties. The propellant combinationd ursthe experimental cases include:

1. Paraffin/GOx - paraffin wax (type FT-0070) aslfigaseous oxygen as oxidizer
2. HDPE/N;O - high density polyethylene as fuel; nitrousdexas oxidizer
3. HTPB/GOx - hydroxyl terminated polybutadiene aslf gaseous oxygen as oxidizer

The focus for each configuration is the variousrsmimbers being used for the respective test
firings, whereS is dictated by the angles of injection of the deed injectors. The values fd8

range from O for an axial flow with a tangentigjeiction angley of 0°, to a value of 1.15 for a

strong swirl flow withy of 60°.

Some differences between the predictive model'sregice framework, and the actual
experiments and how they are conducted, shouldtesinThe predictive model is based on a set
of inputs where the engine geometry as well asgdme properties, which are assumed to be
constant, or relatively constant, at the specification and time of interest. However, hybrid
rocket engines do have their performance change rasult of the regressing fuel profile, the

changing O/F ratio (a.k.a., mixture ratiowhich in turn affects stoichiometric length,), and

the corresponding flow field. Therefore, a closatech between the predictive model and the
experimental cases can commonly be better obtantesh the engine firing time is short, or

when the data is being collected and evaluated negpect to a relatively short period of time. In
the case of some experimental measurement tectmitjoe same by analogy applies to the
spatial length of the location of interest, i.de tshorter the length, the better for comparing

better to the predictive model.
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Based on the above discussion, some discreparreids be expected, at least in part due to the

difference between the ideal behavior that is théedying premise the predictive model, versus

the practical factors of the way the experimentthds being measured and evaluated. Other

factors, e.g., those related to the given experiatespparatus itself, can also lead to wider

differences between theory and experiment.

Table 1: Engine Characteristics of Experimental Hylid Rocket Engines

Engine: A B C D E F G H

w (deg) 0 30 45 0 30 60 0 55

s 0 0.385 0667 O 0385 1156 O 0.952
d (cm) 2 2 2 5.1 5.1 5.1 2.2 2.2
d, (cm) 1 1 1 3.6 3.6 3.6 2 2

p. (kgim’) g2 920 920 920 920 920 920 920
C, (UkgK) 2100 2100 2100 920 920 2100 2100 2100
T, (K) 3500 3500 3500 2600 2600 2600 3650 3650
T, (K) 400 400 400 950 950 950 950 950
T (K) 293 293 293 293 293 293 293 293
C, Uka-K) 2000 2000 2000 1920 1920 1920 1920 1920
R (J/kg-K) 385 385 385 320 320 320 320 320
p (NS 25x10° 25x10° 2.5x10° 8.0x10° 8.0x10° 8.0x10° 8.0x10° 8.0x1C°
Kk (W/m-K) 02 0.2 0.2 0.2 0.2 0.2 0.2 0.2
£ (um) 10 10 10 5 5 5 5 5
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Engine A-C

The data obtained from the first three enginesBAnd C, are based on the same experimental
apparatus using paraffin wax and GOx (gaseous oyyagethe propellaritThe starting fuel port
diameter for these experiments is 2 cm. From tfextor and fuel port dimensions the effective
tangential hydraulic diameter is calculated to bsuad 1 cm. Three tangential injectors were
used including 8 3, and 48 injection angles for engine A, B, and C respetyiv@hese
correspond to swirl numbers of 0, 0.385, and 0.8&/ previously described, the injector used
for engine A leads to an axial flow, while enginggBnerates a weak swirl flow, and engine C
generates a stronger swirl flow. Fig. 9 shows tbenmarison between the regression rates
predicted by the model versus the regression i@ abtained from the test firing of engine A,
B, and C. As illustrated in the graph, the predictalues compare quite well to the experimental
results. One can observe a slightly over-predicesllt for case A, and a slightly under-
predicted result for case C. The baseline run urselis case is the non-swirl configuration of
engine A.
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Figure 9: Predictive Model Results and Correspondig Experimental Data; for Fuel Regression Rate as
Function of Mass Flux and Swirl Number, for Same Peaffin/GOx Propellant
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Engine D-F

The recorded data of regression rates for engirte, Bnd F are obtained based on a set of
differing experimental setups for one hybrid rockegine> The propellant combination used for
these engine setups is HDPE an®NThe initial port diameter or the fuel grain inmgameter

is 5.1 cm, while the effective hydraulic tangentameter is calculated to be 3.6 cm. Similarly
to the previous case, different swirl injector isgjs were used between the three engine
configurations. These includé,BC, and 60°, where the corresponding swirl numbegDar
0.385, and 1.156, respectively. For case D, the ifboconsidered to be an axial (non-swirl) flow.
Based on the stated swirl numbers, the flow charestics in engine E and F are a weak swirl
flow and a strong swirl respectively.

Only a single experimental data point is availdbleeach of the experimental engine setups (the
origin, zero, might qualify as a second data poititerefore, the similarity quality of the
regression rate trend lines is not able to be ds=a at length. Nevertheless, the data shown for
both axial and tangential cases seem to be vesg¢inthe predictive model curves. This further
lends support to the validity of the current cadtidn model.
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Figure 10: Predictive Model Results and Correspondig Experimental Data? for Fuel Regression Rate as
Function of Mass Flux and Swirl Number, for Same HIPE/N,O Propellant
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Engine G and H

The recorded data for regression rates for enginéigurations G and H are also obtained from
the differing experimental setups of the same hiylwtket enginé.The propellant combination
used for both of the engine setups is HTPB and Gixially, the port diameter is 2.2 cm, while
the effective tangential hydraulic diameter is a2 cm. Each of the engines was tested using
different injectors, where engine setup G usesxal #ow injector at 0° and engine H uses a
swirl injector at 58. These injector angles correspond to swirl numbéfsand 0.952,

respectively. The injector in case G provides dalgron-swirl) flow, while the injector in case

H provides a strong swirl flow.

The comparisons of the experimental data with thedipted results show more noticeable

discrepancies relative to the previous engines. é¥aw the predicted results still follow the

general trend of the experimental data.

Burning Rate, mm/s

Figure 11: Predictive Model Results and Correspondig Experimental Data’ for Fuel Regression Rate as
Function of Mass Flux and Swirl Number, for Same HPB/GOx Propellant
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Further Discussion

In general, the results of the various comparisames for the most part, quite satisfactory. The
predictive model follows the trend of the experita¢ndata with some varying degrees of
accuracy. The magnitude of some discrepancies mgwate in part due to some measurement
techniques and apparatus issues discussed edrliee deginning of the chapter. Differences

between the incoming oxidizer mass flB, and the actual axial mass flux, at the point of

measurement may also be an issue contributingne spparent discrepancies, if the regression

rate experimental data is framed, as is commonhedm terms ofG,,.

Additionally, the discrepancies observed in eacthefengine configurations are expected to be
due to combined factors, where the sources of ideapancies may be difficult to clarify unless
each of the engine cases are being examined clakelyg with additional research effort, which
could be a part of future work in this area. Toegan example, an engine undergoing a long
firing time would result in a certain profile ofgeession rates depending on the continuously-
changing mixture ratios and mass flux (due to hlo¢heffects of fuel mass addition and changes
of the fuel grain geometry). This could either bpasitive or a negative effect to the regression
rate measured in an experiment versus the predidiiorthermore, an engine with a long fuel
grain might also experience the region with nondgostive ablation beyond the stoichiometric
length which would lower the average result of esgion rate. Rather than try to identify each
of the effects in order to describe quantitativedg discrepancies between the experimental
results (generated at other research institutiang)the corresponding prediction, this research
mainly focuses on the general observed trendsngrisom the framework of presumed mean

effective flows (as described in Chapter 3).
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6 Computational Fluid Dynamic Analysis of a Simpliied Engine Flow Model

A complementary CFD mini-study on swirling flows HREs was undertaken as part of this
thesis effort. A number of numerical simulation sunere to be conducted to potentially help
better understand the flow patterns and behavedénthe fuel grain port of a simplified engine
flow model, in the presence (and absence) of samd transpiration. The implementation of this
type of numerical analysis requires the capabsliné a CFD software package that can model
three-dimensional swirl flows, flows which are quitomplex in nature. For this purpose,
ANSYS Fluent was selected for this mini-study. Major charastérs of a swirling-flow hybrid
rocket engine that were to be investigated includeday of swirl intensity moving downstream
from the engine head end (an issue raised by soRte ddsearchers, with respect to estimating
local S values), and the effect of the various flow feasuiacluding transpiration, on the axial
and tangential velocity components in a more cohmgmsive model representation, as one

moves downstream.

The three-dimensional simplified physical modeladfiybrid rocket engine was created using a
cylindrical duct with an exhaust nozzle at one emdere the contracting and expanding sections
of the nozzle were made of cone walls. Some ofptingsical effects that one associates with
HREs, such as the time-dependent regression ofuitlegrain surface, cannot (readily) be
incorporated into the simulation, and hence wereinduded in the present effort. Another
physical effect that could not readily be includedhe combustion process at and above the
solid fuel surface, given the limitations of thdte@re package available. Mass transpiration of
gas from the bounding inner port surface could loeletied in a straightforward non-reactive
cold-flow* (albeit, rudimentary) fashion. The present flowd®lohas two mass-flow inlets,
including the oxidizer inlet at the head-end, amel fuel (transpiration) inlet along the specified
peripheral area moving downstream from the headwhdre the dimensions follow the diagram
as shown in Fig. 12. The inspiration for the cholsew model geometry (although the geometry
has been modified) was a small hybrid rocket engiméch had been used in a swirl-flow
regression rate study at Arizona State UniverSitjdditionally, a second simplified engine

" ANSYS Fluent: A commercial simulation environmemandated for comprehensive Computational Fluid
Dynamics (CFD) analyses
* Cold-Flow: A non-combustive flow commonly usedeixperimentation of a rocket engine instead offtasgs
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model was constructed for testing the baselinebehaf the simulated flow. This is discussed

further in Section 6.1.

Fuel Grain Surface

Head End Inlet

Figure 12: CFD Model for Hybrid Rocket Engine (Dimensions in Meters)

In the full axisymmetric engine model shown in FI@, wall sections before and after the fuel
grain are attached, such that the transition zahes to the inlet injection and the nozzle
contraction would take place within these walledioas. The monitored fuel port region is
located along the axial length between 0.02 m @9 On, which is also the region where the
transpiration mass flow tied to the regressiorheffuel grain is being radially implemented. As
a simpler cold-flow representation of the problehg primary flow coming from the head-end
injector inlet and the transpiration flow comingrn the fuel grain surface are assumed to be a
propellant gas with properties as shown in Tablkl@ally, the head-end inlet should be similar
to the injector shown in Fig. 4 in order to havsvarl flow entering with a boundary thickness
o, which would be much closer to the real flow pimfHowever, this flow injection approach is
expected to further complicate the flow profilenbe, the effects that need to be investigated
would become less obvious. As a result, the simegliinlet is used, where the constant injected
axial and tangential profiles occupy the entiressreectional area at the inlet, which is now less

realistic for the HRE application.
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Table 2: Propellant Gas and Initial Properties

Gas Properties Initial Values
P static

P (kg/n) [R—Tfj

T, 3000

C, (I/kg-K) 1920

y 1.2

kK (Wim-K) 0.2

U (kg/ m-s) 8x10°

M (kg/kmol) 25.98

Some other important features related to the meetelp in the software are listed below:

» Type of simulation: steady state, viscous, comjibésssdeal gas
* Number of nodes: 75,712

* Node condensation: centerline and boundary layergyaghe walls
» Calculation model: convective heat transfer &nd turbulent

* Mode : density-based computation

» Baseline reference pressure: 101300 Pa

Note that the numbers of nodes being used forlthedre relatively small (essentially, to obtain
“reasonable” computational turn-around times), @me level of error would be expected. One
can note that thd- & turbulence model is used largely due to its dermatexd past reliability

for conventional flow modelling. Other methods, Is&s one based on a Reynolds stress model,
could potentially provide a higher accuracy; howesgelbstantial additional computational time
is needed as a trade-off, such that they wouldosaguitable for the current mini-study. Since
the goal of this mini-study is simply to observe theneral trend of the flow behavior, less
emphasis is put on the effort to obtain or valida accuracy of the results. Additionally, as a
notable example, a more elaborate CFD study ofidisg¢rflow HRE has been conducted at the

University of Padua, for readers that are intetestamore realistic flow representatioffs.
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6.1 Pre-Analysis

Prior to running the full engine model simulatiams, more simplified cases were evaluated in
order to understand the baseline mechanisms of 8aws, e.g., without any interference from
transpiration. A second three-dimensional model s@isup based on the full model shown
earlier, with some modifications. The fuel sectioner surface is set as being a solid (hon-
transpired) wall in this case, where the axial tengf the section before the nozzle is reduced
from 0.011 m to 0.09 m, since no transition zon¢hat entrance is expected. This also helps
towards reducing some of the computational times fitass flow rate at the head-end injector
inlet is set to 0.12716 kg/s, which is equal totthtal mass flow rate used later in the full model.
The static chamber pressure is preliminarily settealue at 3.793 MPa (550.13 psi) at the
beginning of the simulation run, this value beirige thominal quasi-equilibrium chamber
pressure expected under steady state operatios.pféssure also reflects on the design of the
model geometry, particularly the area ratio atdbetracting section of the choked nozzle. The
incoming head-end inlet mass flow is:

. pc static pc static
m=| —— UA, =| —— |Ma_,/)RT; A 6.1
( RTF j P ( RTF j P re ( )

For a known port ared , the area ratio of the contracting nozzle canuzéuated, since Mach

number at the throat locatidd, is equal to 1:

y+l

A _Ma,| 2+ (y-1nMa? |2 6.2)
A, Ma |2+ (y-1)Ma '

p

In this pre-analysis study, three cases of turlitflews are to be evaluated (by altering the inlet
condition): an axial (non-swirl) flow, a weak switbw, and a strong swirl flow, as discussed in

the sections below for Case 1, 2, and 3 respeytivel
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Case 1: Axial Flow Without Transpiration

The first case to be considered is an axial (nomBsthow without transpiration. It is used as a
reference case to understand the baseline belaioe flow inside of the fuel grain port, while
the flow characteristics are restricted by a chefk@d nozzle. The monitored area for this
simulation starts from the inlet at 0 m to the &loaation right before the nozzle at 0.09 m. This
includes the transition region of the flow beforgezing the nozzle (i.e., at around 0.08 to 0.09
m), which is to be neglected for this analysis. Eheulation results displayed in Fig. 13 show
the streamline profile, the pressure contour pepfiind the axial velocity contour profile.

Additional detailed results of the pressure andeigy profiles are provided in Figs. 14 to 16.

Although both pressure and velocity are relativeaynstant throughout the fuel grain port, small
changes can be observed. One might presume thetithiayer near the wall, where the velocity
profile changes more significantly, is represemtatof the lower portion of the turbulent

boundary layer zone (nearer to the surface) andaimenar sublayer very close to the fuel
surface, with the shear flow that results from wadtion. Since the mass (of the gas flow) is
moving slower nearer to the wall, the mass furtheay from the wall, at a relatively constant
gas density, must be faster in order to deliversihecified overall mass flow rate downstream.
This effect then to some degree causes the presswkghtly drop as shown in Fig. 16, in

addition to the pressure drop one associates wstlous flow losses in channels.

As a quick check, the pressure calculated by atytaces approach based on the nozzle throat
geometry shown in Eqgs. 6.1 to 6.2, or the aforemoratl preliminary design pressure at 3.793
MPa, is compared to the pressure profile givenHgy doftware. This comparison approach is
taken since pressure is not fixed by the definetses’ boundary conditions, whereas other
parameters, such as the mass flow rate and assbgjat properties, are fixed. The simulation
results provide that the pressure within the fueirgport ranges between 3.759 MPa near the
nozzle to 3.761 MPa near the head-end inlet, whighreasonably close to the design value.
Therefore, the resulting simulated flow displayed this case shows some consistency with

original calculations. For other cases, Case 2, tthé accuracy is expected to drop due to the
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complexity of the flow; however, it is presumedtttfae simulation models should still be able to

represent the general behavior of the flow.

Also, some possible evidence of computational eriorthe flow solution at the inlet location
may be observed near the location of the wall,hasva in Fig. 14. However, these errors are
assumed to have a small effect on the overall ctatipnal results as relates to qualitative

trends. Other cases under study here appear talese small errors present as well.
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Figure 13: Case 1 - Streamline, Pressure, and Axi&elocity Profiles for Engine
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Figure 14: Case 1 - Detailed Axial Velocity Profile
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Figure 15: Case 1 - Average Axial Velocity Profile
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Figure 16: Case 1 - Detailed Pressure Profiles

Table 3: Case 1 - Inlet Conditions

Head-End Inlet Conditions

Mass flow rate (kg/s) 0.12716
Average Pressure (Pa) 3,761,275
Axial Velocity (m/s) 101.50

Tangential Velocity (m/s) 0

42

0.010



Case 2: Weak Swirl Flow Without Transpiration

The second case for the simulations is a weak #awl in the engine, where the swirl number is
equal to 0.385. Equivalently, this swirl flow cae lgenerated by an outward-oriented swirl
injector with the swirl angle at 30The head-end inlet stipulated flow profile isttikansistent
with a plug flow representation, whereby one hagoum velocity profiles in both axial and
tangential directions at the head-end inlet. Agaime should note that the inlet flow profile in
this simulation is different from the flow profiessumed by the regression rate model shown in
Fig. 4, where the inlet mass is injected from thidg-vanes, producing a tangential velocity
profile that enters the fuel grain port with a bdary thicknessd at both the exterior and
interior zones of the maximum tangential velochtigvertheless, the constant tangential velocity
profile (with the same swirl intensity) used inghdase minimizes the complexity of the flow
since any changes in the tangential velocity cardéected easily. Also, since the internal
ballistic performance of swirl flows in HRE is oft@ssociated with the swirl intensity, with less
emphasis on the specific type of injectors, usirgasic type of injection, providing a constant
tangential velocity, was considered a good refexremrcangement for this short simulation study.
For the current case, the simulation results asplayed in Fig. 17 showing the streamline
profile, pressure contour profile, axial velocitgntour profile, and tangential velocity contour
profile. Additional detailed results of the pressand velocity profiles are provided in Figs. 18
to 22.

From the results, pressure is higher near the amd lower towards the center due to the
centrifugal acceleration caused by the swirl fldmarthermore, centrifugal force distributes a
higher mass flow rate around the outer region, sbhaha higher axial velocity can be observed.
The effect of wall friction and shear flow can lees, where both axial and tangential velocity
are extremely low near the wall, and they both @ase moving closer to the central flow.
Overall, the average tangential velocity, whichmgasured from the entire cross-sectional
surface perpendicular to the axial flow at varidasations, decreases as the flow travels
downstream along the fuel grain port. This dissgpabf the average tangential velocity may be
attributed in part to losses one associates wgbowis flow (results obtained later in this section,

for inviscid flow, showed decay as well, but at@minally lower level, perhaps lending some
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support to this presumption). Additionally, it isiportant to note that the center of the flow
rotation should be a singular point; however, thigot properly presented, as shown in Fig. 20,

due to the rather coarse mesh of the computatimuaes. Similar results are also observed in the
later cases.
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Figure 17: Case 2 - Streamlines, Pressure, Axial \éeity, and Tangential Velocity
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Figure 18: Case 2 - Detailed Axial Velocity Profile
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Figure 19: Case 2 - Average Axial Velocity Profile
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Figure 20: Case 2 - Detailed Tangential Velocity Prfiles
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Figure 21: Case 2 - Average Tangential Velocity Pfibe
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Figure 22: Case 2 - Detailed Pressure Profiles

Table 4: Case 2 - Inlet Conditions

Head-End Inlet Conditions

Mass flow rate (kg/s) 0.12716
Average Pressure (Pa) 3,787,563
Axial Velocity (m/s) 100.78

Tangential Velocity (m/s)  58.20
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Case 3: Strong Swirl Flow Without Transpiration

Another simulation for better understanding thedwadr of swirl flows in HREs is undertaken,
with flow from the head-end inlet now having a swiamber of 0.667, which is a strong swirl
flow, as defined previously. This swirl number @sponds to a head-end injector with a swirl
angle of 45°. The simulation results displayed ig. R3 show the streamline profile, pressure
contour profile, axial velocity contour profile, ditangential velocity contour profile. Additional

detailed results of the pressure and velocity fefare provided in Figs. 24 to 28.

Similar effects on pressure, axial velocity, andgential velocity can be observed, as seen
earlier for the weak swirl case. However, the dffeaf the swirl flow on pressure and velocity
profiles are more pronounced in this case. As showhRig. 28, there is a larger difference
between the pressure around the wall and the ceftdre flow. Since the swirl intensity is
considerably strong in this case, the pressurereifice near the head-end inlet becomes high
enough to move the flow axially backwards, as shé&gn 23 (c), where axial velocity becomes
negative. This so-called recirculation zone, whagpears in the head-end region, helps confirm
that the simulation model properly accounts for fdxetors affecting the flow behavior, at least
with some accuracy. Some other effects, such asagaewall profile caused by wall friction and

the apparent decay of the averaged tangential tgloan still be observed in this study.

As a side note, ideally the axial velocity profilasFig. 24 should have the same areas under the
curves for the region far away from the nozzle,,eagx = 0.03 and x = 0.06, in order to sustain
the conservation of mass, since there is no s@amfichange of density in this region. However,
possible errors could occur since the presenteal idameasured based on a single line drawn

across the flow cross-sectional area.

All the baseline swirl effects (no transpiratioregent) have been looked at in Cases 2 and 3. It is
hoped that the information obtained will providertfier help towards understanding more

complex situations involving swirl, e.g., when tsgiration is being incorporated.
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Figure 28: Case 3 - Detailed Pressure Profiles

Table 5: Case 3 - Inlet Conditions

Head-End Inlet Conditions

Mass flow rate (kg/s) 0.12716
Average Pressure (Pa) 3,829,746
Axial Velocity (m/s) 99.65
Tangential Velocity (m/s)  99.65
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6.2 Full Model Simulation

In the case of the full engine model (with tranapon) being simulated, the mass flow rate of
the gas entering at the head-end inlet is 0.099L$ kvhile the mass flow rate entering radially
from the fuel grain surface is 0.03 kg/s. Thesegriksv rates are approximated based on the
actual experimental data presented in the liteeafior a comparable engiféThree schemes of
the full model simulation are evaluated, by varythg conditions of the flow as discussed in
Case 4, 5, and 6. This includes an axial (non-pwisicous flow, a swirling viscous flow wit®

= 0.385, and an inviscid swirl flow witls = 0.385. The choice of modeling inviscid flow (and

comparing to the viscous flow case) within the aegwill be elaborated upon below.

Case 4: Axial Flow With Transpiration

The first case considered for a full simulation hwitanspiration is an axial (hon-swirling)

viscous flow. With transpiration, the core flow exignces the influence of a constant mass flow
rate moving radially into the central core flowmdpthe length solid fuel surface. The volumetric
area being monitored is the section designateth@fuel grain surface, which is along the axial
length of the engine model between 0.02 to 0.08Bath the head-end inlet and the fuel grain
surface inject a propellant gas with the properaigdisted in Table 1. The results displayed in
Fig. 29 show the streamline profile, pressure canfwofile, and axial velocity contour profile.

Additional detailed results of the pressure andeigy profiles are provided in Figs. 30 to 32.

Unlike the previous cases, the core flow is sligiptished towards the center as it travels along
the axial length, due to the radially-oriented imiog propellant gas flow. The pressure profile
shows a decrease as the additional mass is addédrigpiration to the central flow as one
moves downstream along the fuel grain. With thissniaflux, the axial flow correspondingly
accelerates as it is moving downstream. Additignatianspiration lowers the friction
experienced by the core flow at the bounding porfase, hence the pressure drop (and
corresponding additional acceleration of the flaue to viscous flow losses should decrease

somewhat?
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Figure 32: Case 4 - Detailed Pressure Profiles

Table 6: Case 4 - Inlet Conditions

Head-End Inlet Conditions

Mass flow rate (kg/s) 0.09716
Average Pressure (Pa) 3,778,765
Axial Velocity (m/s) 77.23

Tangential Velocity (m/s) 0
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Case 5: Swirl Flow With Transpiration

A critical part of the numerical study is a full oe simulation of swirl flow with transpiration.
This simulation is set up by using a swirling vigsdlow with S = 0.385, which is injected at
the head-end inlet. The simulation results displaye Fig. 33 show the streamline profile,
pressure contour profile, and axial velocity comtpuofile. Additional detailed results of the

pressure and velocity profiles are provided in Fggsto 39.

Similarly as the previous case, the core flow ishmd slightly inward by the radial transpiration
mass entering from the fuel grain surface. Togeth#r reducing wall friction, the core flow

accelerates, both in the axial and tangential toes. Having the effects of swirl and

transpiration combined, the new pressure and asbicity profiles can be observed. While
tangential velocity of a significant portion of tltere flow accelerates in the first half of the
engine, presumably due to transpiration, the tati@erelocity of that flow decays over the latter
half of the engine, as may be viewed in Fig. 33 {the average tangential velocity consistently

decreases from the engine head end, as one mowestdeam along the length of the fuel grain.

Looking at Fig. 36, the tangential velocity has lpgalues at various locations within the core
flow. Taking the average of all the peak tangent&bcity values along the axial location shown
in Fig. 39, the value is found to be 47.43 m/s.sTWalue is relatively close to the tangential

velocity measured at the head-end inlet, whichighty lower at 44.48 m/s.
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Figure 38: Case 5 - Detailed Pressure Profiles

Table 7: Case 5 - Inlet Conditions

Head-End Inlet Conditions

Mass flow rate (kg/s) 0.09716
Average Pressure (Pa) 3,788,402
Axial Velocity (m/s) 77.03
Tangential Velocity (m/s) 44.48

Average Peak Tangential Velocity (m/s) 47.43
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Case 6: Swirl Flow With Transpiration Under an bord Flow

The last case considered in the numerical analysis-study is an ideal swirl flow with
transpiration under an inviscid flow condition, wlie¢he main goal of this simulation is to
identify the behavior of a swirl flow without theechy caused by friction and viscosity. The
setup of this simulation is based on a head-eratiign flow with a swirl number of 0.385. The
results displayed in Fig. 40 show the streamlirgfile; pressure contour profile, axial velocity
contour profile, and tangential velocity contouofde. Additional detailed results of the pressure
and velocity profiles are provided in Figs. 41 & 4

Based on the results shown, radial variations e$gure and axial velocity due to the presumed
centrifugal acceleration effect are present, asebgnl. The core flow axially and tangentially
accelerates due to the radial transpiration maasishadded along the fuel grain port, while the

corresponding pressure decreases. Average tangemliacity within the core flow does
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decrease moving downstream, but does not decag gsitapidly as seen for the viscous flow
cases examined earlier. Therefore, this simuladimh the previous simulations for viscous flow
suggest that average tangential velocity decay mgowdownstream may more likely be
somewhat or considerably stronger in the viscodsutant flow case. In the more realistic case,
the level of decay would likely also depend in partthe magnitude of the injection separation
distanced, i.e., the proximity of the principal tangentidw to the bounding fuel surface, a

factor which was not examined in this CFD mini-stud

To clarify an additional simulation modelling détahe center of the flow shown in Fig. 43
needs to reach the zero point; however, the mesiecdample nodes used for the flow solution

might not be dense enough to capture the very cehthe flow.
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Figure 45: Case 6 - Detailed Pressure Profiles

Table 8: Case 6 - Inlet Conditions

Head-End Inlet Conditions

Mass flow rate (kg/s) 0.09716
Average Pressure (Pa) 3,765,611
Axial Velocity (m/s) 77.48
Tangential Velocity (m/s)  44.74
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6.3 CFD Simulation Study, Discussion and Summary

Two characteristics associated with the operatibswarling-flow hybrid rocket engines, the
decay of average tangential (swirl) velocity as oreves downstream from the engine head end,
and the transpiration effect on axial and tangénegéocity, have been investigated in this CFD
mini-study. In this regard, one can note that thmeechanisms of swirl decay have been
suggested by Wilkinson et &.These include the expansion of gas due to thes@simg
temperature moving downstream in a reactive gagament, wall friction and viscous loss,
and fuel mass addition (transpiration). Since ti®Gimulations done in the present mini-study
were for a non-reactive ideal-gas flow, the effettiincreasing temperature” on swirl decay
would not have been possible to ascertain, givenahsence of the increasing temperature

phenomenon itself.

The results of the simulations show that wall fantand flow viscosity can impact the flow, and
possibly is a contributor to average tangentiabo®y decay, which in turn would potentially act
to decrease the swirl intensity as one moves doeanrst Other factors, like the magnitude of
injection separation distana®, were not examined in the mini-study, so it wob&lunwise to
generalize too much in regards to how much swidagieone might encounter. One would
presume that the geometry of a given experimempiédutus would have a significant influence
in this regard as well.

Transpiration is observed to have at least onetipeseffect on the flow, to complement the
other main benefits of solid-fuel combustion; tharec flow experiences less friction at the
bounding fuel surface. Thus, one could readily arthat Wilkinson’s third “contributor” to
swirl decay, transpiration, can in fact be a miiigg factor, acting to reduce the influence of
wall friction, and possibly flow viscosity as welthis comment is referring to the correction for
the transpiration effect in the model derivatiorisd the observed increasing and decreasing
profile of the tangential velocity as a result i&rtspiration helps explain the possible sources of
discrepancies due to the length of the fuel gmig.,, a short fuel grain possibly contains a faster

tangential flow, while a long fuel grain containslawer tangential flow by average.
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7 Influence of Input Parameters

To better understand the results produced by therégression rate modéland to check the
influence of relevant parameters on the resultisiijmate of regression rate, variations on the
value of input parameters are investigated in $kition. The results are illustrated in terms of
fuel regression rate versus the total axial mass, fivhere the variations of the results due to
changing values of the selected parameters by %/{H3 a preliminary starting point used in the
analysis) are also plotted in comparison, as shiowsgs. 46 to 56. The sample rocket engine’s
geometry and the propellant properties are setdbasen engine with similar testing conditions
as that used in Chapter 6, where the list of ilfgarameters, their initial values, as well as the
variation results, are shown in Table 9. Additityyaimore cases for the input parameter study
may be carried out using the computer program pgeglin Appendix B. The program allows for
a quick generation of the model results, allowing to observe the change of the regression rate
results due to combined parameters, or for comgatifierent types of propellant, especially if
one needs to investigate the effect of changing swimbers.

In changing their respective values, many of thpuinparameters are shown to produce
proportionally comparable changes in the fuel regimn rate value, regardless of swirl number
value, except for those input parameters used @ Glolebrook friction factor equations,

including i, &, d,, andd,. The relatively constant percentage change imptiasthe change

in regression rate becomes more significant in labsderms as the swirl number becomes
larger. It is clear that some input parameters magee of an influence than the others. From the

result, T, T,, k, p,, and u, which are the relevant propellant propertiesathithe solid and

gas phase, seem to vary the results of regresatenat a much greater rate than geometrical
factors such as the hydraulic diameters and fughsg roughness. Given this background, the
average or estimated values that represent theellmopproperties should be carefully selected.
Furthermore, the aforementioned parameters sigindymportance of the heat transfer processes
and the contribution of the flow viscosity (througeynolds analogy) to the characteristics of

regression rate.
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As a final note to conclude this section, the teenflthe parameters being investigated in the

present study shows conformity with the trends tified for the regression rate model proposed

by another institutioR? Examples of the effects investigated in their gtintlude the scale

effect, which reduces regression rate as the chabdmmes larger, and the increasing initial

propellant temperature, which gives a positiveafte the regression rate.

Table 9: Percentage Increase of Regression Rate Bach Parameter (at G = 500 kg/s-f)

Swirl Number S=0 S=0.385 S=0.667
Variation Initial Value -10% +10% -10% +10% -10% +10%
C, (J/kg-K) 1695 453%  -4.08%  4.53% 4.08%  453%  -4.08%
C, (Jkg-k) 2100 6.11%  -5.37%  6.11% 537%  6.11%  -5.37%
T, (K =00 8.83%  7.95%  -8.83%  7.95% 8.83%  7.95%
T, (K) 950 11.69%  -10.05% 11.69%  -10.05%  11.69%  -10.05%
T (K 284 237%  2.5% 2.37%  2.5% 2.37%  2.5%
k (W/m-K) 0.2 -10% 10% -10% 10% -10% 10%
p. (kg/m) 920 11.11%  -9.09%  11.11%  -9.09%  11.11%  -9.09%
u (Ns/nf)  8x10-5 9.45% -7.80%  9.32% -7.70% 9.44% -7.79%
£ (um) 5 -0.64%  0.63%  -057%  0.56% -0.65%  0.64%
d, (cm) 3.175 2.24% -1.96%  1.35% 1.18%  1.09%  -0.96%
d, (cm) 2.54 0 0 0.94% -0.82%  1.17%  -1.03%
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8 Conclusion and Recommendations

A functional fuel regression rate estimation mokdela swirling-flow hybrid rocket engine has
been developed using the convective heat feedbppkoach. The effective convective heat
transfer coefficients, based on the axial and tatige(swirl) flow components, play a key role
in the calculation procedure. The influence of effee hydraulic diameters, transpiration, and

fuel surface roughness are included in the analysis

Experimental firing data for eight engine configivas were compared with the results
generated by the predictive model for regressioe. rehe data involved three combinations of
propellant: paraffin/GOx, HDPE/N20O, and HTPB/GOxdaengines of differing sizes. The

predicted results comply with the qualitative amncititative trends of the experimental data, for
the most part. With respect to discrepancies, somestit is, at least in part, a factor of the given

experimental apparatus used, or the measuremémigee used by the experimenters.

For gaining additional understanding of swirl flomshybrid rocket engines, a CFD simulation
model was used to assess the relevant charaderidtthe engine flow, including the decay of
swirl intensity, and the effect of transpiration arial and tangential velocity as one moves
downstream. For example, the result of a swirl fEamulation run with transpiration showed an
overall decay of average tangential velocity in mgvrom the head end to the nozzle end of the

engine.

In the last part of the study, the sensitivity o testimate of fuel regression rate with respect to
values used for several relevant input parametsd in the model was tested. The solid and gas
properties associated with the propellant are shtiowrave more of an influence on the predicted

value of fuel regression rate than the parametszd tor defining the grain geometry.
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Future research for swirling-flow hybrid rocket @mes at Ryerson University may include the
conducting of test firings to further validate angrove upon the preliminary work outlined in
this thesis. Design parameters that were not loak&utoo much detail in this thesis, such as the
length of the fuel grain, may be worth further istigation, as relates to influencing swirl
behavior. Lastly, a more elaborate CFD study maywagranted, with a more definitive
representation of the swirl injection input, totketunderstand the actual flow field inside of a

hybrid rocket engine that is utilizing swirl to angnt the fuel regression rate.

78



Appendix A: Sample Results from Quasi-Steady Analys

In a parallel RU study entitled “Alternative Thrudbdulation Techniques for Solid and Hybrid
Rockets,*® the internal ballistic performance of a proposegtiritl rocket engine, which uses
swirling-flow head-end injection and a cylindridakl grain, was evaluated in comparison with
the baseline axial flow injection method. Sampleqrenance results of the engine predicted by
the quasi-steady internal ballistic approach usedhe RU computer program QSHYB are
provided in Figs. 57 to 59, including the head-gmdssure, thrust and stoichiometric length
computed with respect to time. The type of propeliased for the engine is,8/HTPB. The
fuel grain is located within the propulsive sectioihthe rocket (this section is approximately
1.55 m in length). The mid-firing diameter of thesf port used in the analysis is 8 cm, while the
corresponding tangential hydraulic diameter at firidg is 10 cm. In the case of the swirl flow
being applied, the swirl intensity being investeghinvolves an oxidizer injection with a swirl
number of 2, which is activated during the peri6@ s <t < 10 s of the firing time. The oxidizer
mass flow rate of the baseline flow is 0.385 kg/hjle the oxidizer mass flow rate is further

augmented to 0.485 kg/s in the swirl flow case.
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Figure 57: Head-End Pressure Prediction by QSHYB o& Swirl Flow (S=2,at3s ¢ <10 s).
Based on NO/HTPB Propellant®®
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Figure 58: Thrust Prediction by QSHYB of a Swirl Flow (S=2,at3s <t <10s).
Based on NO/HTPB Propellant™®
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Figure 59: Stoichiometric Length Prediction by QSHYB of a Swirl Flow (S=2,at3s <t <10 s).
Based on NO/HTPB Propellant®®
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Appendix B: Mini-Program for Input Parameter Study

HeRGODLEE -

Regression Rate Estimation for Swirling-Flow (Small) Hybrid Rocket Engines
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Figure 60: User Interface for Input-Parameter StudyProgram
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MATLAB Code (Main Calculation Algorithm):

% SwirlGUI

% %%%%% %% % %% % %% %% % % %% % %% %% %0 % %% % %0 % % Yo YW W W YW W Ve Yo YW VeV YoY% % %0 %0 %6 %0 %0 % %0 %
% Programmed by: Potchara Wongyai (MASc Student) 09/07/2014
% Reference Code: hybrb.f by Dr. David Greatrix (fo rtran)

% Ryerson University, Toronto, ON, Canada

%%%% %% % %% % %% %% % % %% %% % % %% % % % % %% % %% % %%80898%0484808282680008089888280890%6% %% % %%
S=0;

CP=2000;

TF= 3500;

TS=400;

CS=2100;

TI=293;

DHS=0;

AK=0.2;

RS= 920;

P= 3.5e6;

RO= 0;

R= 385;

AMW=8315/R;

VI= 2.5e-5;

APR=VI*CP/AK;

X= 0.01;

D= 0.02;
DTAN=0.01;
E= 1le-5;

RHO=P/(R*TF);
DGM=5;
GMA=0;
GMAX=1000;
ICNT=1;

% Storing Parameters %%6%% %% % %% % %% % %% % %% % %% % % %%%%%%% %6 %6 %% %% %% %% %% %% % %%
RBE_Store=[];

GMA_Store=[];

U_Store=[];

while GMA<GMAX+1

% 50 %%%%%%%%%%% %% %% %% % %% %% % %% %% % %% %0
RED=GMA*D/VI,

U=GMA/RHO;

UTAN=1.5*S*U;

GTAN=RHO*UTAN;

RED1=RHO*UTAN*DTAN/VI;

%%%%%%% %%

if U<0.1,
RB=0;
% 300 %%%%%% %% %% %% %% %% %% %% % %% % %% % %% % %% %% %% %% %% %% %% %% %% % %%
RBE=RB-RO;
RBE_Store=[RBE_Store RBE];
% 301 %%%%%% %% %% %% %% %% %% %% % %% % %% %6 %6 %6 %6 % %% % %% %% %% %% %% %% %% % %%
ICNT=ICNT+1,;
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GMA_Store=[GMA_Store GMA];
U_Store=[U_Store U];
GMA=GMA+DGM;

else
REX=GMA*X/VI;
CFX=(1.89-1.62*1og10(E/X))"(-2.5)-1.76*(1.89-1. 62*10g10(E/X))\(-3.5);
CFXL=0.647/sqrt(REX);
if CFXL>CFX, CFX=CFXL; end;
AHSX=AK/X*REX*APR"(1/3)*CFX/2;
F=0.04;
if E<0.0002, F=0.01; end;
% 150 %%0%%%%%%0% %% %% %% %% %%0%0 %% %% %% % %% % %% %% %% % %% %%0% %% %%0%0% % %%
FN=F;

FFN=1/sqrt(FN)+2*l0g10(2.51/(RED*sqrt(FN))+E/(D *3.7));
DFN=-0.5*FN/(-1.5)-0.8686/(2.51/(RED*sqrt(FN))+ E/(D*3.7))*1.255*FNA(-
1.5)/RED;

F=FN-FFN/DFN;

while abs((FN-F)/F)>1e-5,

FN=F;

FFN=1/sqrt(FN)+2*log10(2.51/(RED*sqrt(FN))+ E/(D*3.7));

DFN=-0.5*FN”\(-1.5)-0.8686/(2.51/(RED*sqrt(F N))+E/(D*3.7))*1.255*FN" (-

1.5)/RED;

F=FN-FFN/DFN;

end

% 175 %%% %% % %% % %% %% % % %% % % %% %% % %% % %0 % % %% %% % %% %% % % %% %% %0 %% %% %
AHS=AK*RED*APR"(1/3)*F/D/8;

if AHSX>AHS, AHS=AHSX; end;

% 1100 %%%%%%%%%% %% %% %% % %% % %% %% % %% %% % % 88%0%0 %% % %%

F=0.04;
if E<0.0002, F=0.01; end;
if UTAN>0.01,
D1=DTAN;
% 1150 %%%%%%% %% % %% % %% %% %% % %% %% % %% % %%
FN=F;
FFN=1/sqrt(FN)+2*log10(2.51/(RED1*sqrt(FN)) +E/(D1*3.7));
DFN=-0.5*FN”(-1.5)-
0.8686/(2.51/(RED1*sqrt(FN))+E/(D1*3.7))*1.255*FN~( -1.5)/RED1;

F=FN-FFEN/DFN;
while abs((FN-F)/F)>1e-5,
FN=F;
FFN=1/sqrt(FN)+2*log10(2.51/(RED1*sqrt( FN))+E/(D1*3.7));
DFN=-0.5*FN~(-1.5)-
0.8686/(2.51/(RED1*sqrt(FN))+E/(D1*3.7))*1.255*FN~( -1.5)/RED1;
F=FN-FFN/DFN;
end;
end
% 1175 %% %% % %% %% % %% %% %% % %% % %% % %% % %0 % Y0 Y0 08I
AHSTAN=AK*RED1*APR"(1/3)*F/DTAN/S;
if UTAN==0, AHSTAN=0; end;
AHS=AHS+AHSTAN;
if ICNT==1, RB=0.0001; end;
if ICNT>1, RB=RB+0.00001; end;
ICHK1=1;
% 100 %%% %% %% %% %% % %% % %% % %% %% % %% %% %% % %% %% % %% % %% %% %% %% %% % %%
RBT=RB;
while abs((RB-RBT)/RBT)>1e-6 || ICHK1==1 || ICHK1==2,
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RBT=RB,;
if ICHK1==2, RBT=RBT+0.0001; end;
TERM=exp(RS*RBT*CP/AHS);
AH=RS*RBT*CP/(TERM-1);
FRB=RBT-RO-AH*(TF-TS)/(RS*(CS*(TS-TI)-DHS)) ;
if ICHK1==1,
% 200 %%%%%%% %% % %% %% % %% %% %% %% %% %% % %0 % %% % %% % %% %% % %% %%
ICHK1=ICHK1+1;
RBO=RBT;
FRBO=FRB,;
else
RB=RBT-FRB/((FRB-FRB0)/(RBT-RB0));
ICHK1=ICHK1+1;
RBO=RBT;
FRBO=FRB,;
end
end
% 300 %%%%%%%% % %% % %% % %% %% %% %% % %% %% % % %% %% %% %% %% % %% %% %0 %% %% %
RBE=RB-RO0;
RBE_Store=[RBE_Store RBE];
% 301 %%%%%% %% % %% %% % % %% % %% %% % % %% % %0 % % %% %% %% %% %% % %% %% %0 %% %% %
ICNT=ICNT+1,;
GMA_Store=[GMA_Store GMA];
U_Store=[U_Store UJ;
GMA=GMA+DGM;
end
end
GMA_Store= GMA_Store’;
RBE_Store= RBE_Store'*1000;
RB_Store= RBE_Store™*1000+R0*1000; % Final Regression Rate in mm/s

84



References

1. Chiaverini, M.J., “Review of Solid-Fuel Regressi Rate Behavior in Classical and
Nonclassical Hybrid Rocket Motors,” Ch. 2 fundamentals of Hybrid Rocket Combustion and
Propulsion edited by Chiaverini, M.J. and Kuo, K.K., Vol. 1Progress in Astronautics &
Aeronautics series, AIAA Publications, Reston, \2Q07, pp. 37-125.

2. Knuth, W.H., Gramer, D.J., Chiaverini, M.J. gwaler, J.A., “Development and Testing of a
Vortex-Driven, High-Regression Rate Hybrid Rockegbe,” 34" AIAA/ASME/SAE/ ASEE
Joint Propulsion Conferenc@&lAA Paper No. 98-3507, Cleveland, July 13-15989

3. Yuasa, S., Shimada, O., Imamura, T., Tamurand.Yamamoto, K., “A Technique for
Improving the Performance of Hybrid Rocket Engih@s" AIAA/ASME/SAE/ ASEE Joint
Propulsion ConferenGeAIAA Paper No. 99-2322, Los Angeles, June 204889.

4. Hikone, S., Maruyama, S., Isiguro, T. and Nakagd., “Regression Rate Characteristics and
Burning Mechanism of Some Hybrid Rocket Fuelts” AIAA/ASME/SAE/ASEE Joint
Propulsion ConferengeAlAA Paper No. 2010-7030, Nashville, July 25-2810.

5. Pucci, J.M., “The Effects of Swirl Injector Dgsion Hybrid Flame-Holding Combustion
Instability,” 38" AIAA/ASME/SAE/ASEE Joint Propulsion Conferedd@A Paper No. 2002-
3578, Indianapolis, July 7-10, 2002.

6. Lee, T.S. and Potapkin, A., “The Performanca bBifybrid Rocket with Swirling GOx
Injection,” Proceedings of the Ylinternational Conference on Methods of Aerophysica
ResearchNovosibirsk (Russia), July 1-7, 2002, pp. 126-132

7. Greatrix, D.R.Powered Flight Springer-Verlag London Limited, 2012, pp. 293-434

8. Chiaverini, M.J., Serin, N., Johnson, D., LuCY,.Kuo, K.K. and Risha, G.A., “Regression
Rate Behavior of Hybrid Rocket Solid Fueldgurnal of Propulsion & Powen/ol. 16, No. 1,
Jan.-Feb. 2000, pp. 125-132.

9. Ziliac, G. and Karabeyoglu, M.A., “Hybrid Rocketiel Regression Data and Modelingznd
AIAA/ASME/SAE/ ASEE Joint Propulsion Confere®d@A Paper No. 2006-4504, Sacramento,
July 9-12, 2006.

10. Greatrix, D.R., “Regression Rate EstimationStandard-Flow Hybrid Rocket Engines,”
Aerospace Science & Technolodpl. 13, No. 7, Oct./Nov. 2009, pp. 358-363.

11. Wongyai, Pand Greatrix, D.R.,"Regression Rate EstimationSwirling-Flow Hybrid
Rocket Engine,50th AIAA Joint Propulsion Conferend®AA Paper No. 2014-3750,
Cleveland, July 27th - 30th, 2014.

85



12. Greatrix, D.R. and Goittlieb, J.J., “Erosive Bag Model for Composite-Propellant Rocket
Motors with Large Length-to-Diameter Ratios,” CateadAeronautics and Space Journal 33 (3)
(Sept.1987) 133-142.

13. Mickley H.S., Ross R.C., Squyer A.L. and StewdiF., “Heat, mass, and momentum
transfer for flow over a flat plate with blowing suction,” NACA TN3208, July 1954.

14. Greitzer, E.M., Tan, C.S. and Graf, MIBternal Flow — Concepts and Applicatigns
Cambridge University Press, Cambridge (U.K.), 2G04438.

15. Gupta, A. K., Lilley, D. G., and Syred, Swirl Flows Abacus Press, 1984, pp. 16-18.

16. Daisuke, S., Yuasa, S., Hirata, K., Sakuragnd Shiraishi, N., “Combustion Characteristics
of Paraffin-Fueled Swirling Oxidizer-Flow-Type HydirRocket Engines,48"
AIAA/ASME/SAE/ASEE Joint Propulsion Conferedd@A Paper No. 2012-3904, Atlanta, July
30 — Aug. 1, 2012.

17. Ozawa , K. and Shimada, T., “Linear Combus8tability Analysis of Uni-directional
Vortex Injection Hybrid Rocket Enginess0th AIAA/ASME/SAE/ ASEE Joint Propulsion
ConferenceAlAA Paper No. 2014-3455,Cleveland, OH, July38-2014.

18. Beer, J.M. and Chigier, N.ACombustion Aerodynamic8pplied Science Pub., London,
1972, p. 109-123.

19. Greatrix, D.R., Wozney, C. and Bockelt, M.WA|Jtérnative Thrust Modulation Techniques
for Solid and Hybrid RocketsProceedings of the 65th International AstronautiCaingress
Space Propulsion Symposium, Toronto, Sept 29 -302014.

20. Brahmbhatt, V., Greatrix, D.R., Karpynczykadd Trumpour, A.P., “Evaluation of a
Laboratory-Scale Hybrid Rocket Engine’s Performahbt@ernational Journal of Energetic
Materials and Chemical Propulsipiol. 13, No. 2, 2014, pp. 123-139.

21. Summers, H. and Villarreal, J., “Small-ScalébHy Rocket Test Stand and Characterization
of Swirl Injector,”49thAIAA/ASME/SAE/ ASEE Joint Propulsion Confere®d&A Paper No.
2013-3831, San Jose, July 14-17, 2013.

22. Bellomo, N., Barato, F., Faenza, M. and Lazgavi., “Numerical and Experimental
Investigation on Vortex Injection in Hybrid Rockebtors,” 47"AIAA/ASME/SAE/ ASEE Joint
Propulsion Conference & ExhibidIAA Paper No. 2011-5675, San Diego, July 31- Asig3,
2011.

23. Wilkinson, R., Hart, K. and Day, R., “Proof-6bncept Testing of Sustained Vortex-Flow
Configuration for Hybrid Rocket Motors46"AIAA/ASME/SAE/ ASEE Joint Propulsion
Conference & ExhibjtAIAA Paper No. 2010-6782, Nashville, July 25-2813.

86



24. Funami, Y. and Shimada, T., “Combine Analy$iReactive Flow and Heat Transfer for
Hybrid Rocket Design EngineeringiOth AIAA/ASME/SAE/ ASEE Joint Propulsion
ConferenceAlAA Paper No. 2014-3456, Cleveland, OH, July38-2014.

87



