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ABSTRACT

This thesis is a qualitative analysis of various liquid rocket motor

coaxial element fuel injector patterns, and their effect on combustion

efficiency. The Performance/Life Combustion (PLC) Model, a computer

program that analyzes gaseous fuel-liquid oxidizer combustion chambers,

was used for the study. PLC is a submodel of the liquid rocket motor design

code ROCket Combustor Interactive Design (ROCCID) Model.

Modifications were made to PLC to improve its modelling procedures.

Output from various injector layouts are presented in the form of tabulated

values of combustion efficiency, and color plots of mixture ratio

distributions at the throat of a combustion chamber. The data are analyzed

and recommendations for future work are made.
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CHAPTER ONE

INTRODUCTION

The choice of a liquid-fueled rocket engine injector layout is often

based on experience and empirical data. This thesis is a qualitative analysis

of various injector patterns, and their effects on combustion efficiency and

chamber pressure. Patterns are analyzed computationally, and comparisons

made based on the output of a research and design program for liquid

rocket motors[l]. Computer programs can save both time and money by

predicting the effect of injector variations. Poorly performing

configurations can be eliminated from consideration without the expense of

actually building a test model. The ROCket Combustor Interactive Design

(ROCCID) and Analysis computer program! 1] was developed by Lewis

Research Center for this purpose.

ROCCID analyzes the performance and combustion stability of a

rocket, and is also capable of designing a stable, high performance thruster

to meet a given set of design parameters. ROCCID's performance analysis

program predicts a combustor's steady state performance, low-frequency

(or chug) stability, and high-frequency (or acoustic) stability. ROCCID

accepts both liquid/liquid and gas/liquid fuel-oxidizer injection. It can also

calculate the properties for most traditional propellants. ROCCID provides a

selection of injector geometries (including showerhead, doublet, triplet,

shear coaxial and swirl coaxial injectors). ROCCID also models Helmholtz

resonators, radial thrust chamber baffles, acoustic cavities and predicts

their effects on combustion stability.! 1]
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In the original intent of this thesis research, ROCCID was to be used to

model an oxygen gas generator, a combustor operating at very high

mixture ratios (O/F-100/1). Such combustors could be used to drive the

turbine of a liquid oxygen turbopump[2]. The gas generator configuration

being studied consisted of a long cylindrical combustion chamber, and a

single coaxial injector comprised of an annular oxidizer and core fuel

stream (See Figure 1).

One primary difficulty in using ROCCID to analyze the generator

involved modelling the injector configuration. ROCCID provides a shear

coaxial element, but does not allow for the fuel/oxidizer arrangement

required by the oxygen gas generator. ROCCID only models an annular fuel,

central oxidizer injector. [1] Because the needed element was not available

in ROCCID, modifications to the program would be required.

Before any modifications were made to ROCCID, the program's

performance was studied by running some cases using the type of coaxial

injector element included in the program. There were problems with mass

flow convergence. Mass flows calculated by ROCCID never matched design

predictions. The Low Frequency Combustion Stability model predicted very

high chug instability pressures (6000-6500 psia), and the High Frequency

Combustion Stability model never ran without error for even sample cases.

These problems were not resolved, and communications with NASA

engineers indicated that similar difficulties have been noted in other

applications.

In order to modify ROCCID to accept the oxygen gas generator

injector configuration, an in-depth analysis of ROCClD's subroutines was
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Figure 1. Oxygen gas generator configuration

Source; Paul Wayne Gloyer, "A Preliminary Study of Oxygen Rich
Combustion Gas Generator Technology for Lox Tank
Pressurization." Master of Science Thesis in Aerospace
Engineering, The University of Tennessee, Knoxville,
May 1993.
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required, especially those routines responsible for the atomization and

vaporization of the liquid propellants. Examination of reference material[3]

for these routines led the author to study the Performance/life Combustion

(PLC) Model, a subprogram that is the basis of ROCClD's atomization/

vaporization routines. PLC was originally written to analyze the wall

mixture ratios, and energy release efficiency of the Space Shuttle Main

Engine. This information was to be used along with structural, thermal, and

performance models to evaluate the overall performance and life

expectancy of the thrust chamber. [3]

PLC models a gaseous fuel-liquid oxidizer rocket combustor with

shear coaxial injectors. PLC's primary purpose is to model the atomization

and vaporization of a liquid oxidizer stream, and track the movement of the

droplets and propellant vapor throughout the chamber.[3] While PLC does

not incorporate all of the physical processes considered by ROCCID, it does

provide a basic analysis of how the atomization and vaporization processes

develop in the chamber. Therefore, it was concluded that PLC is the

submodel that essentially predicts the steady-state combustion efficiency of

the thrust chamber, as well as the chamber pressure. Further, PLC could, in

principle, be used to determine the effects of liquid rocket fuel injector

element distribution patterns, across the face of the injector plate, or the

combustion efficiency and chamber pressure. PLC could serve as a basis for

a method of screening injector distributions or patterns to identify those

that give good performance. Therefore, the purpose of the thesis research

was refocussed on an analysis of the existing methodology in PLC used to

predict combustor energy release efficiency and chamber pressure, and to



improve it, if necessary. Then, PLC would be used to prepare a preliminary

study of the effects of injector element patterns (number of elements, and

their geometrical arrangements) on combustion heat release efficiency and

chamber pressure. From this, some "good" and some "poor" patterns might

be identified.

This type of information, and an improved PLC subprogram, could

provide extremely useful tools for design and evaluation of liquid fueled

thrust chambers for gas generators and rocket motors.



CHAPTER TWO

PERFORMANCE/LIFE COMBUSTION MODEL

Introduction to PT.C

The primary mission of the Performance/life Combustion (PLC)

program is to monitor the flow development from injector plate to nozzle

throat in a liquid rocket combustion chamber. The program assumes

gaseous hydrogen and liquid oxygen as propellants and shear coaxial

injectors[4]. PLC models a axisymmetric combustion chamber from the

injector plate to the nozzle throat.

PLC follows liquid oxidizer streams from injection to atomization.

Once atomization begins, the program begins to move and vaporize the

oxidizer droplets. When the flow reaches the nozzle throat, an "energy

release efficiency" and the percentage of liquid oxidizer vaporized are

calculated.

Programming Logic of PLC Code

PLC makes many assumptions to simplify its calculations. The

program assumes that in an area close to the injector plate the flow is

contained in streamtubes, and that downstream the flow can be modeled

with grid cells. PLC discretizes the flow with a grid structure that divides

the chamber into finite volumes (See Figure 2). The grid is constructed

with radial "slices" and circular "segments." The number of slices and

segments depends on the number of injectors and the number of injector

rings.



slice
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Figure 2. PLC grid structure.
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Nseg - Nro^ + 1 (2)

where Nsnce = number of radial slices,

Ninj = number of injectors,

firows = number of rings of injectors,

Nseg = number of circular segments.

These slice/segments are sized to create cells of equal area. For any axial

cross-section, the number of grid cells is constant, but the cell area

changes with the cross-sectional area.

Pressure is assumed to be equal to a nominal chamber pressure (an

initial input parameter) and constant for any cross-section in the

cylindrical portion of the combustion chamber. Vapor in the grid cells is

assumed to be well mixed and the gas properties for each cell (ratio of

specific heats(Y), molecular weight, static temperature, sonic velocity,

density, characteristic exhaust velocity (C*), and dynamic viscosity) are

based on the vapor mixture ratio and pressure in that cell, and one-

dimensional chemical equilibrium property tables generated by the Two-

Dimensional Kinetic Reference Computer Program.ISl PLC calculates the

gas properties using a routine that interpolates tabulated properties, valid

over a range of mixture ratios of 0-20 and pressures of 300-3000 psia. For

values outside the range of the tables, the table values are extrapolated.
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Droplet volume is assumed to be insignificant, so the vapor fills the

cross-section. Droplets are also assumed to have no drag effect on the vapor

flow, but the vapor is assumed to accelerate the droplets. It is assumed that

droplets move in evenly distributed rings centered on the injector axis and

vapor from the droplets is assumed to be uniformly distributed around the

droplet position.[3]

PLC's first step is to read in propellant properties, chamber

geometry, injector location and dimensions, and mass flow rates. The grid

structure is generated using this data, and the program then begins to

model the development of the flow from the injector plate downstream. The

first step is to model the atomization of the liquid oxidizer element core flow.

The atomization model begins by calculating all possible drop sizes that will

be created. At any axial location, for a given liquid oxidizer core radius,

only a single drop size is computed, but this drop size changes (decreases) as

the cone jet radius is reduced, axially, by the shear-stripping atomization

process. Drop sizes are calculated by

8-ST (3)

where rm = the droplet radius in ft,

ST= the oxidizer surface tension in Ibf/ft,

X = the interfacial shear stress in lbni/ft-sec2,

gc=32.2 (ftlbm)/(lbfsec2).

The interfacial shear stress, x, is estimated by



Mm(vf - Vox) (4)
^post ■*" ^Jet

where = the mean dynamic viscosity in Ibm/ft-sec,

V/ = the fuel velocity in ft/sec,

Vox= the oxidizer free surface velocity in ft/sec,

tpost = the injector oxidizer post wall thickness in ft,

^^jet = the reduction of the jet radius caused by mass loss.

The number of drops of radius rm formed is approximated as the number of

drops required to fill the outer edge of the oxidizer jet.

2jtrfet • Ndrops(2r,n) (5)

where rjet = the radius of the oxidizer core stream in ft,

Ndrops = the number of drops created,

rjjj = the radius of the drop created in ft.

The volume of the drops is subtracted from the jet, and a new liquid jet

radius is calculated. The next droplet radius is then calculated using the

new jet size. This process continues until the liquid jet disappears.[3]

With all possible drop sizes known, the mass median drop size (rmm)

and the standard deviation of drop sizes (og) are computed. These values are

used to calculate three representative drop sizes.

A " (6)

hz " ^mm (^)

•Tj ■ ^Bun ' (8)
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The two non-median sizes (ri and rs) are each assumed to constitute 16.5%

of the total number of drops created, and the median drop size (r2) to make

up the other 67%. This process of drop size calculation is repeated for each

injector.[3]

After droplets form they are acted on by drag forces from the gas

flow. These forces either accelerate or decelerate the drops, depending on

their relative velocities. As the drops move downstream, they continue to

vaporize. That vapor is added to the gas flow uniformly by distributing 1/g

of the vapor mass to grid cells at 45° increments around the droplet. The

droplets are tracked until they completely vaporize, the flow reaches the

throat, or a droplet impinges on the chamber wall. If impingement occurs

the drop is assumed to instantaneously vaporize, and all of the drop's mass is

added to the gas flow in the nearest grid cell.

PLC uses the Priem-Hiedmann Generalized Length Correlation [6] to

vaporize the oxidizer droplets. The correlation is based on the premise that

propellant vaporization is the process that controls the combustion rate in a

rocket. The correlation attempts to show how various combustion chamber

parameters (chamber length, nozzle convergence length, contraction ratio,

nozzle shape, injection velocity, chamber pressure, drop size, and initial

propellant temperature) effect propellant vaporization. The generalized

length parameter is defined as[6]

(  \ (9)

'gen
I 0.83/

cr
044

cr
0225^33) P/300

.0.75, >03,.,

ilOO

035
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where Igen = the generalized length in inches,

Ic = the cylindrical chamber length in inches,

in = the nozzle convergence length in inches,

cr = the nozzle contraction ratio,

S = the nozzle shape factor

(nozzle volume/cylindrical chamber volume),

P = the total chamber pressure in psi,

Ti,o,r = the reduced initial propellant temperature

(initial propellant temperature/critical propellant

temperature),

rm = the drop radius in inches,

Vo = the initial drop velocity in inches/sec,

X = the latent heat of vaporization of the oxidizer in BTU/lb,

Ma = the molecular weight of the oxidizer in Ibm/lbmoie-

In PLC this generalized length correlation is tabulated with experimental

mass vaporization data to estimate vaporization percentages. PLC calculates

the generalized length for each drop size. This value is used with the

tabulated vaporization data to estimate the amount of mass that will be

vaporized from a droplet. This process is repeated at each axial location

until the droplets disappear.

The drops and vapor from each injector are assumed to move

downstream in circular streamtubes centered on the injector axis. These

streamtubes expand like a cone from the injector, and can overlap one

another, until the sum of all streamtube circular areas equals or exceeds the

12



chamber cross-sectional area at that axial distance from the injector plate.

PLC then assumes that the cross-section is filled with vapor and begins to

assign vapor mass to the grid cells.

The vapor mass distribution routine assumes that flow from the

outermost ring of injectors will form an annul us against the chamber wall.

This annulus has the same area as the sum of the streamtube areas in that

injector ring. The annulus is then divided into segments. Each segment has

the same area as its corresponding streamtube with the first segment

beginning at 0° and replacing the streamtube whose angular position is

closest to 0°. This process is repeated for every ring of injectors, with each

annulus abutting the next outermost ring. With these new areas defined,

"apparent" injector locations at the center of the sections are assigned (See

Figure 3). The new injector and streamtube locations are used to distribute

mass to the grid based on the degree to which the grid cells overlap the

apparent streamtube areas. After the vapor is distributed, PLC smooths the

mass distribution in the chamber cross-section by averaging the mass in

the cells. This smoothed mass flow distribution in turn forces a uniform

pressure profile. The mass distribution is resmoothed at every axial step in

the cylindrical portion of the chamber.

Efficiencies are calculated at the nozzle throat. An oxygen

vaporization efficiency, nvap is calculated from

.  (10)

where mvapox = total oxidizer vapor mass flow
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Figure 3. Vapor mass distribution.



iritotox = total oxidizer mass flow.

The value of rivap is used to determine if the chamber is long enough to

allow complete vaporization. An energy release, or C* efficiency is also

calculated.

c- (11)
exp

Here n ^
^tbeo

where C*exp = the characteristic exhaust velocity based on measured

combustor characteristics in a real experimental setup,

or, in the PLC program, is a mass-averaged local C*

over the throat cross-section.

nsegnslice (12)

where Cij = the characteristic exhaust velocity for cell i,j

in ft/sec,

niij = the mass flow in cell i,j in lbn,/sec,

nitot = the total mass flow in the chamber in ft/sec.

C*theo = the characteristic exhaust velocity that would be

attained if there was complete and uniform

vaporization of the fuel and oxidizer at the overall

mixture ratio.

PLC obtains these values of C* with its gas property interpolation routine.

The final efi'iciency calculated by PLC is defined as a "mixing efficiency,"

hmix. where

15



ri (13)
Inwc

nvap

The value of Timix will be approximately equal to riere for cases with complete

or almost complete oxidizer vaporization.

Modifications to PLC Code

Based on analysis of the modeling done by PLC, the author decided

that several problem areas in PLC's method for distribution of vapor mass to

cells and droplet movement from cell to cell must be addressed. The

procedure to force vapor mass into annular regions is a poor modelling

method. It completely alters the input spray patterns and results in

different injector patterns displaying the same downstream flow patterns.

This procedure was altered by removing that section of the program which

distributes the mass, and replacing it with a new subroutine. The new

routine also distributes vapor mass to grid cells, but does so without altering

the location of the injectors or the streamtubes.

In the new method for distributing vapor mass, the vapor mass is

added to those grid cells touched by a streamtube. The the appropriate grid

cells are found by first computing the distance between the center of the

streamtube and the grid cell (See Figure 4). Then the radius of a circle with

an area equal to that of the grid cell under consideration is calculated, and

that radius is added to the radius of the streamtube. If the distance between

centers is less than or equal to the sum of the radii, then the streamtube is

16
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assumed to touch the cell. A numerical factor, a, can be used to scale the

sum of radii to allow for variations in the degree of approximation of which

ceUs are overlapped by a streamtube. In the present study a-1.35 was used.

No optimization study for a was carried out, however. If a grid cell is found

to be touched by a streamtube, vapor is added to that cell. If the streamtube

radius is greater than the distance between centers, all of the mass from

that streamtube is added to that cell. If the distance between centers is

greater than the streamtube radius, half of the vapor mass is added to the

cell. This procedure is repeated for all injectors until all of the grid cells

touched have been found.

At this point the total mass in the cross-section far exceeds the actual

mass in the flow. To correct this defect, all of the mass in all of the cells is

summed and the percentage of this total mass that is in each cell is

calculated. The same percentage of the correct total fuel and oxidizer mass

flows is then assigned to the grid cells. This process for flow distribution is

not exact, but it offers a simple approximation that is, in the author's

opinion, considerably more realistic than the original method.

PLC's original procedure of forcing a uniform pressure distribution

by averaging the mass flow in the cells is extremely damaging to the flow

profile. The process wipes out flow irregularities and makes impossible any

analysis of performance fluctuations caused by injector pattern variation.

To alleviate this problem, the section of PLC responsible for the mass

averaging was eliminated.

The efficiencies computed by PLC are valuable and useful to

characterize combustor or throat chamber performance. However the

18



energy release or C*-efficiency could be calculated in different ways.

Therefore, in the present study additional ways of computing C -efficiency

were explored. In the course of flow development, PLC uses the constant

input chamber pressure throughout the flow. To check the validity of this
assumption, two different methods of defining or calculating Pc were

investigated. An effective chamber pressure and average chamber

pressure were calculated, both based on mass flow passing through the

throat of the nozzle. These two pressures offer the extremes of possible

chamber pressure in the combustor. The effective chamber pressure, Pceff.

is calculated as the area-weighted average of the individual cell stagnation

pressures that depend only on the properties and mass flow in each cell. On

the other hand, the average chamber pressure, Pcavg> is based on the

assumption that each cell has the same stagnation pressure, regardless of

the mass in that cell.

In the calculation procedure for the effective chamber pressure, the

pressure in each cell is determined based on mass flow, mixture ratio and

gas properties in that cell, and the effective chamber pressure (Pceff) was

calculated as an area-weighted average of individual cell pressures, as

follows.

BsegBSlice p . (14)

where Pdj = the stagnation pressure in cell i,j in psi,

y/> >1 (15)

p ^ [miiiJULi)
''' ' ptgcMf i 2 ^

2(r«-i)
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where iHvapi; = vapor mass in cell i,j in Ibm/sec,

Tjj = the total temperature in cell i,j in °R,

Yi; = ratio of specific heats in cell ij,

Mjj = the molecular weight of the gas in cell i,j in

lbni/lbmole»

gc= 32.2 (ft lbm)/(lbfsec2),

R= 1545.3 (ft lbf)/(lbmoie°R)

(the universal gas constant),

Aij = the area of cell i,j in inches2,

Acs = the area of the cross-section in inches2.

This is an iterative calculation, because the gas properties in the cells are

based on pressure, so the pressure calculation must be repeated until Pceff

converges to a constant value. Note that the properties determined in this

way represent stagnation values for each cell.

The average chamber pressure was calculated by first finding the

gas properties in each cell, using the input or design value of Pc. These

properties and the total vapor mass flow were used to determine the average

chamber stagnation pressure as follows:

ttVaptpf (ib)
•iv.

-m RTi, I 2 I

where my^ptot = the total vapor mass flow in Ibm/sec,

Yi; = ratio of specific heats in cell i,j.
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Mij = the molecular weight of the gas in cell i,j in Ibm/lbmoiet

gc= 32.2 (ftlbro)/(lbfsec2),

R = 1545.3 (ft Ibfl/Clbmoie'R) (the universal gas constant),

Tjj = the total temperature in cell i,j in °R,

A*ij = the area of cell i,j at the throat in ft2.

The calculation of Pcavg is also an iterative process much like that for Pceff,

because stagnation gas properties in the various cells depend on the

chamber pressure, Pcavg. which is a result of the calculation.

As an ideal reference pressure, the ideal stagnation pressure, Pceq. ̂ .n

equilibrium chamber pressure (Pceq) is calculated based on the assumption

that all of the input fuel and oxidizer are completely reacted, and form an

equilibrium gas at the overall mixture ratio. Thus,

Pr
mot I RT

lYgc^ ( 2
RT (y +lUr-l)

(17)

where mfor= the total mass flow,

Acs = the cross-sectional area of the throat,

R = the universal gas constant,

T = the gas temperature,

Y = the ratio of specific heats,

M = the molecular weight of the gas.

For this computation, all gas properties depend on the overall vapor mixture

ratio and chamber pressure and therefore, the solution for Pceq is also an

iterative one.

With these "chamber" pressures defined, it is possible to also define

21



two additional efficiencies, and a pressure non-uniformity parameter. The

additional efficiencies and the stagnation pressure non-uniformity

parameter that were calculated were defined as follows. A combustion

efficiency, nc. was defined as

(18)

where .

and C*(Pcorig) comes from the interpolation tables; it is the C* that

corresponds to the overall mixture ratio and input chamber pressure. The

stagnation pressure non-uniformity parameter was defined, and calculated

as follows.

■fjymax ~ P^ Toin (20)
»?P • -" p

where Pijmax = the maximum cell stagnation pressure,

Pijmax = the minimum cell stagnation pressure,

np gives a measure of the non-uniformity of the distribution of stagnation
pressure over the chamber cross-section. The third efficiency calculated

by PLC is the ratio of average chamber stagnation pressure to equilibrium

chamber stagnation pressure, nc*. where

Pc (21)
Vc'
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This efficiency is most closely comparable to actual rocket motor C*

efficiencies used in rocket motor performance evaluations. Note that tic*

corresponds , in principle, if not in the way its calculated, to tiere defined in

the original PLC code. Also note that in all cases, it is assumed that the static

pressure is constant across the chamber at any axial station, although it can

and will vary axially, i.e., from injector plate to nozzle throat.

23



CHAPTER THREE

INJECTOR PATTERN ANALYSIS

After modification, PLC was used to gain a qualitative understanding

of how variations of injector layouts can effect combustion efficiency.

Different injector patterns were analyzed with PLC and the outputs were

compared. Patterns were varied in both the numbers and placement of

coaxial injectors. The Sample input file included with the PLC program as a

reference case was taken as the base pattern (See Figure 5). The propellant

properties, nominal chamber pressure, chamber geometry and overall mass

flow of this reference case were chosen as the given or fixed conditions for

all cases studied. Nine different injector pattern configurations were

studied in the thesis research. Drawings of the selected injector

configurations are included in Appendix A, and some layout parameters are

shown in Table 1.

Geometric parameters were developed to characterize injector layout

(See Figure 6). The parameters include a space factor (Si) to describe the

arc length between injectors on a ring,

c  2^ (22)
^ " N,

where r, = radius of the ith ring of injectors in inches,

Nj = the number of injectors on the ith ring,

a pitch factor (Pij) to characterize the spacing between rings,

ASn (23)
P,a Ar.

u
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Figure 5. Sample Case Input Parameters.

Note: Figures are not drawn to scale.
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Table 1. Injector layout configurations.

Pattern

Number

Number
of

Injectors

Number
of Rings

Injector
Sizing

Constant

^inj

Fuel
Mass

Flow
per

Injector

Oxidizer
Mass

Flow
per

Injector

Sample 7 1 1.0
0.4343+

0.04353sine
1.3145

1:7a 7 1 1.0 0.4343+

0.04353sine
1.3145

1:7b 7 1 1.0 0.4353 1.3145

1:7c 7 1 0.4 0.4353 1.3145

2:4,8 13 2 0.4 0.2343 0.7078

3:4a 13 3 0.4 0.2343 0.7078

3:4b 13 3 0.4 0.2343 0.7078

3:4c 13 3 0.4 0.2343 0.7078

3:6,12,12 31 3 0.4 0.0983 02968

Note: The pattern number is composed of two types of numbers.
The first number denotes the number of concentric rings,
and the second set of numbers denotes the number of
injectors on each ring. Letters after a pattern number
dtfferentiate between pattern with the same arrangement
of rings.
i.e. the number 2:4,8 mean two rings of injectors, the first
having four injectors and the second having eight
injectors. If only one number is given for number of
injectors per ring, each ring has an equal number of
elements.
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OJ

oi

Dinj

Figure 6. Geometric parameters
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where ASy = Sj - Sj^

AXi; = fi - fj,

and an angle factor (AGoij) to represent the angular displacement between

the injectors on adjacent rings.

A0(^^ n |Go< - I

where 0oi = the angular location of the first injector on the ith ring,

60; = the angular location of the first injector on the jth ring.

The overall injector plate porosity (e) describing the percentage of the

total plate area covered by the injectors,

A, (25)

where A/= total flow area of all injector elements in ft2,

Ap = total injector plate area in ft2,

and a local plate porosity (eij) characterizing the porosity between two

rings of injectors are also used.

(26)

fr2-r2
I  i J

where Afy = area of injectors between rings i and j in ft2.

Ay = area of plate between rings i and j in ft2,

Ni = the number of injectors on ring i,

Nj = the number of injectors on ring j,

Dinj = the diameter of an injector in ft,
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rj = the radius of ring i, in ft,

rj = the radius of ring j, in ft,

These numerically based geometric parameters can be used as a rational

method of cataloging, scaling and comparing different injector distribution

patterns. However, in the present study, these geometric parameters were

not utilized or analyzed. Rather, this thesis attempts to define some

numerical parameters for characterizing injector patterns, and lists some

typical values for injector geometries studied. Additional study and

research is required in order to determine the value of such numerical

characterizations of injector patterns. A literature search on this topic was

conducted but no useful information had been found at the time of writing.

The sets of parameters calculated for each of the injector patterns studied

herein are shown in Table 2.

Before the study of injector patterns was made, an analysis was

conducted of PLC's sensitivity to geometric variations between injector and

chamber geometry. Chamber and injector geometries were varied to

determine their effect on the PLC output (See Table 3). This study showed

that the program results were very sensitive to injector geometry,

indicating that the submodels may have a relatively narrow range of

applicability. For example, doubling the injector diameter resulted in

unreasonably large calculated gas velocities. The study also showed

unfavorable effects from increasing the mass flow without altering the

input chamber pressure. Initial error would be expected because changing

the mass flow without changing the pressure introduces mass flow

conservation errors. The study showed that changes in mass flow, and
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Table 3. Results of PLC sensitivity study.

Variation from
Sample Input File

Results

Double chamber
length and radius

reasonble results

Double chamber radius

and injector dimensions
unreasonable results

Double chamber radius,
injector dimensions,
and mass flow

unreasonable results

Double chamber length,
radius and injector
dimensions

unreasonable results

Double chamber

length and radius
used two rows of

injectors:
4 elements at r=0.6403"
8 elements at r=1.281"

reasonable results
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combustion chamber and injector geometry could not be arbitrary. The

parameters can be varied only over limited ranges which apparently

correspond to the limits of the physical submodels. Rather than pursue a

study to map out all the values of the geometric and injector parameters that

will yield reasonable program output, a much more limited study was

attempted, a study of injector distribution patterns on combustion

efficiency. Changes in injector conditions such as injector diameters and

mass flows were done in such a way that the propellant injection velocities

were reasonably close to the values in the sample or reference case.

The Sample case chamber dimensions were used for all injector

patterns. The propellant properties and total mass flows were also held

constant. The Sample case geometry and properties are shown in Figure 5.

Injector size varied for the different cases because of the physical

constraints of the injector plate and the element configuration. All injector

dimensions were scaled from the sample case in order to maintain the

relative size of the elements and the relative velocity difference between

hydrogen gas flow and liquid oxygen jet core flow. This scaling factor was

D. I N (27)
^ Dattem I/-'

JLln/ W
i^isamph 1 paxteinero

where Sc = the scaling factor,

Dinj pattern = outer diameter of injector of current pattern,

Dinj sample = outer diameter of injector of sample pattern,

Qnj = propellant injection velocity ratio, sample case velocity
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divided by current pattern velocity,

Ninj sample = number of injectors in the sample pattern,

Njnj pattern = number of injectors in the current pattern.

If Cinj equals one, injection velocities match for different sizes of injectors.

A value of one for Qnj, however, proved to be too large for most

configurations because the injectors would be so large that they would

overlap. Therefore, most cases studied used a value of Cinj = 0.4 (See Table 1).

This means that those patterns with more than seven elements had

injection velocities about 2.5 times those for the seven element

configurations.

Seven, thirteen, and thirty-one element patterns were studied. Two

different seven element patterns were chosen to compare to the seven

element sample case. Thirteen and thirty-one injector patterns were

chosen to investigate a wide range of injector configurations. There were

four thirteen element patterns studied. They were used to analyze the effect

of injector placement on the combustion performance. Element injector

locations, for seven and for thirty-one elements, were not varied because of

the limited arrangement options for the seven element layout, and physical

space constraints for the thirty-one element layout. The three seven

element patterns provide a comparison of the effects of injector size and

mass flow distribution.

For all patterns a variable mass distribution scaling factor, a, was

used. This factor was based on the ratio of the injector ring to the radius of

the innermost grid segment (See Figure 4).
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fl.O ifrinj/rsegl s 1.0

[1.35 if rinj/rsegl > 1.0

The variable values of a were determined by trial and error. The

streamtubes were drawn on a diagram of the grid structure to determine

which grid cells were actually touched by the streamtubes. The scahng

factor, a, was varied in PLC until the grid cell predicted to be overlapped

matched the actual overlapped grid cells.
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CHAPTER FOUR

RESULTS

From the injector pattern analysis conducted, two main sets of results

are presented: chamber pressures and combustor efficiencies, and mixture

ratio distributions. The efficiencies calculated for each configuration are

shown in Table 4. Plots of the mixture ratio profiles are included in

Appendix B. All output denoted as "sample" was produced by the unmodified

PLC program analyzing the sample input file. The input file for "sample"

and case 1:7a were identical however.

Efficiencies and mixture ratios are not the only output provided by

PLC. A typical output file can be seen in Figure 7. This is not the only

output file provided by PLC, but it is probably the most useful. Additional

output includes: cell mixture ratios at all axial locations, cell mass flows at

each axial location, a record of droplet movement, droplet vaporization at

each axial location, cells to which drop vapor is distributed, gas velocities at

each axial location, and total amount of fuel and oxidizer vaporized. In

addition to the mixture ratio plots in Appendix B, pressure, molecular

weight, gas temperature, fuel vapor mass flows, oxidizer vapor mass flows,

C*, and density profiles could also be generated.

The oxidizer vaporization efficiency is "100% for all patterns studied

(See Table 4). This value should be approximately constant for all the cases

studied because the percentage of mass vaporized depends mainly on the

length of the chamber and not on injector layout. Also, the combustion

chamber utilized in the present study is fairly ling. Therefore, the oxidizer
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Table 4. Calculated efficiencies for various injector configurations.

Pattern

Number

Oxidizer
Vapori
zation

Eff.

Energy
Release

Eff.

Mixing
Eff.

C*
Eff.

Pressure

Eff.

Average
Pressure

Eff.

^vap ^ere Imix 11c Tip Tic*

Sample 100.0 88.199 88.199 N/A N/A N/A

1:7a 99.982 99.617 99.635 99.711 44.725 95.023

1:7b 99.983 99.486 99.503 99.597 45.360 %.375

1:7c 99.986 99.918 99.932 100.033 37.648 %.691

2:4,8 99.998 98.721 98.723 98.727 155.850 100.474

3:4a 99.997 98.449 98.452 98.454 191.269 100.418

3:4b 99.997 99.072 99.075 99.150 223.629 100.371

3:4c 99.997 99.128 99.131 99.291 220.437 100.373

3:6,12,12 99.998 99.354 99.356 99.366 121.530 99.982
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SAMPLE INPUT FILE ONE
ROW TYPE INPUT FOR SINGLE ROW SEVEN ELEMENT SHEAR COAX

1.763 LB/SEC OF FUEL VAPORIZED OUT OF 1.763 LB/SEC TOTAL
10.577 LB/SBC OF OX VAPORIZED OUT OF 10.579 LB/SBC TOTAL

OX VAPORIZATION EFFICIENCY= 99.982%

MIXING EFFICIENCY=101.247%

ENERGY RELEASE EFHCIENCY=101.228%

PCI (starting value) = 3006.000000000000

THETA,
0.00,
0.00,
60.00,
60.00,
120.00,
120.00,
180.00,
180.00,
240.00,
240.00,
300.00,
300.00,
360.00,
360.00,

RGRID,
0.00,
0.03,
0.00,
0.03,
0.00,
0.03,
0.00,
0.03,
0.00,
0.03,
0.00,
0.03,
0.00,
0.03,

PCMASS,
3022.055,
3893.901,
2606.183,
2653.323,
2529.850,
2614.576,
3147.744,

2534.313,
3111.860,
3199.260,
3644.310,
3735.872,
3022.055,
3893.901,

XMASS,
0.937,
1.122,
0.736,
0.753,
0.718,
0.752,
0.869,
0.745,
0.865,
0.900,
1.064,
1.106,
0.937,
1.122,

HMASS,
0.131,
0.195,
0.137,
0.138,
0.132,
0.132,
0.175,
0.122,
0.170,
0.170,
0.177,
0.177,
0.131,
0.195,

RATM

7.133
5.739
5.369
5.442

5.442

5.701
4.957

6.129
5.091

5.298
6.017
6.252

7.133

5.739

PCEFF= 3057.770842105850
PCavg= 2922.133579278737

T= 6369.252056971279
W= 13.07793328931275

G= 1.154199972877612
RT= 5.691839223217598

A*= 6.7346007478785000E<)3

ErAC= 0.9986104809395978
ErAP= 0.4460933184166055

ErAC*= 0.9540777915610979

PCBO 3062.783354905927

XT= 10.56710028365364
HT= 1.856535272561698

TMASS= 12.42363555621534

Figure 7. Sample output from PLC.
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vaporization efficiency should be about the same for all patterns studied in

this thesis. The energy release efficiency, nere. the mixing efficiency,

Timix, range from -98.4-99.9%. Higher values of nere correspond to more

even C* distributions and therefore more even mass distributions for the

cross-section. The same trends can be seen for the C* efficiency, tic. for

the pressure efficiency, tip-

Higher Tie values indicate more even mass, and therefore pressure,

distributions. This trend is substantiated by rip- Lower values of tip indicate

a more uniform flow field, and as seen in Table 4, low values of tip

correspond to high values of tic. ''1c* ranges from -95.4-100.12%. Higher

values of tic* ^re found for patterns with thirteen and thirty-one injectors.

This indicates that more injector elements better distribute the flow and

give an average chamber pressure that more closely matches the

equilibrium chamber pressure. This relationship between greater numbers

of injectors and improved tic* values is to be expected. A larger number of

injectors should provide not only a greater spray coverage than a small

number of injectors, but also a more uniform coverage.

The mixture ratio profiles included in Appendix B are, with the

exception of Figure 16, a "smoothed" representation of the values provided

by PLC. All figures in Appendix B were generated using a plotting program

called Spvelass Transform. 171 The "smoothed" plots (See Figures 17-25,

Appendbc B) were generated by Snvelass Transform by linearly

interpolating values between the centers of the cells. Figure 16 shows an

unsmoothed Snvelass Transform plot where the mixture ratios predicted by

PLC for each cell (the "raw" data) are plotted.
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For the "sample" case, the radial variation in mixture ratio was

caused by droplet impingement on the chamber walls (See Figure 17,

Appendix B). The impingement caused oxidizer drops to vaporize at the wall

and increase the mixture ratio in the outer grid cells. The red and yellow

areas of extremely high mixture ratios are due to drops from more than one

injector impinging in the same grid cell. This problem of apparent non-

uniformity could be solved by increasing the number of "slices" used to

define the grid from six to twelve (for seven element and one row Nslice=6

and Nseg=2). More grid cells would improve the modeling by allowing more

variation within, and greater resolution of, the flow field. The mixture ratio

distribution is very uniform circumferentially (except for the area of extra

impingement) despite the sinusoidal variation of the input fuel flow (See

Table 1) along the circumferential distribution of the injector elements.

This apparent resulting uniformity, where none is expected, is caused by

the unmodified PLC's method of smoothing the flow field to create a uniform

pressure profile.

With the modified PLC code, pattern 1:7a produces a highly

unsymmetric mixture ratio distribution (See Figure 18, Appendix B) which

is in part due to the circumferential sinusoidal variation of the input fuel

flow (See Table 1) to the injectors, and in part due to a lack of grid cells to

adequately model the flow. No impingement occurs for this pattern, so the

mixture ratios are fairly constant radially except for a small area near the

center. The area of high mixture ratios near the center of the cross-section

is caused by flow from more than one injector being added to a single grid

slice, i.e. spraycone overlap, and the method used in the modified version of
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PLC to distribute injector mass flow in the overlapped cells. By increasing

the number of slices and segments used to make up the grid, that is, by

increasing the numerical resolution, the mixture ratio distributions could

be more accurately defined. Increasing the number of slices to twelve and

the number of segments to four would bring the grid resolution closer to

that of the thirteen and thirty-one element patterns and would provide

much improved flow modeling.

The predicted mixture ratio distributions resulting from injector

element patterns 1:7b and 1:7c (See Figures 19 and 20, Appendix B) are

slightly unsymmetric due to a lack of grid cells to properly model the flow,

even though these patterns have the same mass flows issuing from all

injector elements. The small variation in the mixture ratios (-5.5-5.8) for

pattern 1:7c should be noted. The distribution is slightly unsymmetric, but

since the mixture ratio variation is very low, the pattern's rip was also very

low.

Injector element patterns 2:4,8 and 3:4a produce symmetric mixture

ratio distributions (See Figures 21 and 22, Appendix B). The regions of high

mixture ratios represent areas of streamtube (or injector spray cone)

overlap. The locations of the high mixture ratio concentrations are

completely due to the injector layouts (See Figures 11 and 12, Appendix A).

Similar results can also be seen for patterns 3:4b and 3:4c. Pattern 3:4b's

bent cruciform pattern of high mixture ratio flow (See Figure 23, Appendix

B), is a reflection of the similar bent cruciform pattern of the injector

layout (See Figure 13, Appendix A) and of streamtube overlap. Pattern 3:4c's

straight cruciform high mixture ratio profile (See Figure 24, Appendix B),
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also reflects its injector layout (See Figure 14, Appendix A) and streamtube

overlap. These visual results illustrate precisely why the modifications

made to PLC in the present study will be so useful to design and

performance engineers. The visualization of the non-uniformity of the

flow property distributions caused by injector layout or pattern geometry

helps the designer develop an intuitive feel for good (or alternately, bad)

patterns.

The concentric rings seen in the mixture ratio profile of pattern

3:6,12,12 (See Figure 25, Appendix B), result from the multiple rings of the

injector layout (See Figure 15, Appendix A). The injector rings provide

very uniform rings of mass flow. The values vary somewhat radially

because of streamtube or spraycone overlap. High mixture ratio areas

occur around the middle ring of injectors because streamtubes from both

the inner, middle, and outer injector rings touch those middle grid cells.

The areas of low mixture ratio flow near the walls that can be seen in

the thirteen and thirty-one element patterns show that PLC may not

adequately model vapor movement. It seems unlikely that there would be

areas with no oxidizer vapor at all as seen in Figures 23 and 24, Appendix B,

because of turbulence effects on distributions, and also radial momentum of

oxidizer droplets, in the real rocket chamber. This problem is in part caused

by the fact that PLC does not move oxidizer droplets radially to any

significant degree and therefore flow tends to concentrate in relatively

narrow cone-like regions downstream of the injector, and not spread out.

The vapor mass distribution routine, though modified for this thesis, still

does not adequately model vapor movement. Radial vapor movement is
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severely limited, so that the vapor also tends to concentrate in the

spraycone configurations, like the droplets. The improvement of the spray

modeling for both the vapor phase and the droplet or liquid phase, is an

important area for further research and development of the PLC program.

In summary, the results indicate that the best flow distributions and

hence the highest efficiencies are given by injector patterns that offer

symmetric mixture ratio profiles and the largest areas of even flow

coverage, as seen in the thirteen and thirty-one element patterns. This is

consistent with both experience and expectation.
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CHAPTER FIVE

CONCLUSIONS

The PLC submodel of R(XCID has been modified in the present study to

include a technique for a more realistic representation of vapor

distribution in a rocket combustion chamber resulting from patterns or

layouts of multiple, coaxial fuel injectors. The current version of the

program provides output of three dimensional distributions of mixture

ratios and gas velocities. Other gas property distributions could be output

by PLC with minor modifications. These distributions can be used by

designers in assessing injector layout. PLC can also offer estimates of the

chamber pressure and C* efficiency for multi-injector rocket combustion

chambers. Thus, the version of PLC developed in the present thesis can

help evaluate the effects of different injector patterns on general steady

state combustor performance. This would be an extremely useful tool for

rocket designer engineers, if a rocket chamber is being designed that only

allows for a fixed, small number of injectors.

PLC still needs further improvements, however. The subroutine that

distributes vapor mass to grid cells was modified for this thesis, but it only

provides a rough estimate of how the vapor should be distributed. A more

exact procedure based on overlap geometry that calculates how much of a

streamtube actually overlaps a grid cell, and therefore how much mass

should be allocated to that cell, should be developed. Changes that account

for flow movement from high pressure regions to low pressure regions and

that allow more radial droplet movement are needed.
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A change in the method of determining the number of grid slices and

segments should be made. The number of grid cells should not depend on

the number of injectors but on the grid resolution desired by the engineer.

PLC should be modified to output three dimensional distributions of other

cell gas properties, such as density and temperature, that would be useful

analysis tools. In future studies, the chamber length/diameter ratio should

be varied parametrically to determine its effects on combustion

performance. Also, a comparsion of PLC output and experimental data

should be made to validate PLC's predictions.

Without these changes, any output from PLC is suspect, so that at

present, PLC should not be used for anything but qualitative analysis.

However, even as qualitative tool, it can be extremely useful; it provides

visually stimulating results for use in injector layout and pattern analysis

in liquid-fueled rocket motors.
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APPENDIX A

INJECTOR PATTERNS
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Figure 8. Injector pattern 1:7a

Note: Figure is drawn to 250% scale.
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Figure 9. Injector pattern 1:7b.

Note: Figure is drawn to 250% scale.
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Figure 10. Injector pattern 1:7c

Note: Figure is drawn to 250% scale.
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Figure 11. Injector pattern 2:4,8

Note: Figure is drawn to 250% scale.
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Figure 12. Injector pattern 3:4a

Note: Figure is drawn to 250% scale.
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Figure 13. Injector pattern 3:4b

Note: Figure is drawn to 250% scale.
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Figure 14. Injector pattern 3:4c

Note: Figure is drawn to 250% scale.
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Figure 15. Injector pattern 3:6,12,12

Note: Figure is drawn to 250% scale.
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APPENDIX B

MIXTURE RATIO DISTRIBUTIONS
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4.325 Mixture Ratio 11.39

Figure 16. Unsmoothed mixture ratio distribution
at the throat for pattern 2:4,8.
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1.623 Mixture Ratio 15.27

Figure 17. Mixture ratio distribution at the throat for pattern Sample.
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5.225 Mixture Ratio 7.507

Figure 18. Mixture ratio distribution at the throat for pattern 1:7a.
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4.899 Mixture Ratio 7.428

Figure 19. Mixture ratio distribution at the throat for pattern 1:7b.
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5.862 Mixture Ratio 6.069

Figure 20. Mixture ratio distribution at the throat for pattern 1:7c.
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4.325 Mixture Ratio 1139

Figure 21. Mixture ratio distribution at the throat for pattern 2:4,8.
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4.357 Mixture Ratio 12.83

Figure 22. Mixture ratio distribution at the throat for pattern 3:4a.
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0 Mixture Ratio 8.05

Figure 23. Mixture ratio distribution at the throat for pattern 3:4b.
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Mixture Ratio 6.%8

Figure 24. Mixture ratio distribution at the throat for pattern 3:4c.
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4.637 Mixture Ratio 7.434

Figure 25. Mixture ratio distribution at the throat for pattern 3:6,12,12.
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