ABSTRACT

TRAVIS, JEFFREY TODD. A Computational Investigation of a Constant Volume
Combustion Jet EnginéUnder the direction of Dr. William L. Roberts and Dr. Andrey V.
Kuznetsoy.

The constant volume combustitrermodynamicycle, orHumphrey Cycle, itmade
practial in a jet enginecan provide enormous benefits over the traditional jet engine cycle,
the Brayton Cycle, which is a constant pressure cytiese advantages include increased
thermal efficiency, lower specific fuel consumption, and higpecsic impulse. Other just
as important benefits inherent in a constant volume device include simplicity of design, the
ability to miniaturize the device because of the simpliddw cost, damage tolerance,
expendability, and a high thrutd-weight rdio. This device has the potential to provide

extremelyhigh thrust in an austere, economical package.

All of these attributes, when proven feasible, have the ability to provide a propulsion
source for military and civilian applications alike, includimpbcations in miniaturize
unmanned aerial vehicles (UAY. The purpose of this study is to computationally model
and understand the physiafsa possible constant volume combustion jet engine, including
the combustion and fluid mechanics of such a @gev&pecifically,the investigation will
includestudying differenengine geometries, valve designs and timuagiousair inlet and
fuel mixing schemegperating frequenciespzzle designslong with the effects o
convective air streamwhen a supprting vehicle is in flightat various airspeeds his study
will seekto maximize thrusand minimize fuel consumption, and thus develop a jet engine

with many possibléuture applications.
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Chapter 1  Introduction

1.1 Constant Volume Gombustion

The constant volume combustion cycle, or Humphgayeg is similar tahe Brayton cycle,

except that the Braytarycled s const ant pressure heat addi

constamnvolume heat addition process. Tileal Humphrey cycleonsists of the following

four processefl]:

1.

A reversible, adiabatic (isentropic)compression of the incoming air

Stagnation pressure and temperature increase because of the work done on the

air by a compressor. Convective air from a freestream proedditional
compression. Entropy is unchanged, while static pressure and density of the
air increase.

A constantvolume heat addition. Heat is added from combustion, while the
air is kept at a constant volume.

A reversible, adiabatic (isentropic) expan®n of the air. The air is

expanded, in thid e v i casetbreugh a nozzle. Stagnation temperature and
pressure decrease because of the \{tbrkist)extracted. Entropy is
unchanged, while static pressure and density of the air decrease.

A constantpressure heat rejection.Heat is removed from the air, while the
air remains at constant pressure. In this device, this occurs when the inlet

opens, with expulsion of the air to the atmosphere at ambient pressure, which

ti



is considered an infinitely largeservoir for heat storage, at constant pressure
and temperature.
As seen belowFig. 1-1) in an overlay of the Humphrey cycle on the Brayton c{Z]ethe
constartvolume combustion enables much higher pressures during the heat addition, which
provides addional work during the expansion phas&pproximately 10% higher thermal
efficiencies can be attained by this additional work, which also lead$ 85%0lower

specific fuel consumption (SFJR]

|

Humphrey Humphrey Cycle | :
N — Humphrey
Qxl". \ 4
a e
Wm QfJnI l
1 4
W, Brayton : 5
T * Brayton
0 ‘—WO\J’ 5
v S
Humphrey Cycle Brayton Cycle
0-1 isentropic compression 1-2 isentropic compression
1-2 isochoric heat addition 2-3 isobaric heat addition
2-3 isentropic expansion 3-4 isentropic expansion
3-0 isobaric heat rejection 4-0 isobaric heat rejection

Figure 1-1: Comparison of Humphrey Cycle andagton Cycle



The challenges of designirgconstaniolume combustion engine are to optimize the cycle
by finding the best geometry, ensuring adequatéuairmixing, optimizing the expansion
process othe nozzlehrough proper nozzle desigimding the best operating frequency, and
controlling the valves to obtain this frequency. The valve timing must maximize thrust, yet
allow sufficient residual gas to provide an ignition source for the next cytie fotus of

this study is to applyhe resultsn a device for theropulsionsource ofminiaturized

unmanned aerial vehicles, thus a fuel source must be chosen that is economical, compact,

readily available, and carried in lighteight, low pressure fuel tanks.

1.2 Research Objectives

The objectives of tils research are to find a simple, practical, low cost and efficient design of
a possible constant volume combustion jet engine which can be used as a propulsion source
of an aerospace vehicle. The device should allow high speed or low speearitidiae
longrange andoiter times whemecessary, thus requiring a high talown ratioand high

thrust or highspecifc impulse, as necessaryhe followingobjectives will be pursued in

this research:

1. Determine an engine geometry which provides high Spdaifpulse (4).
Isp valuesabove 3000 seconds are desired.

2. Determine an optimum operating frequency for this geometry which
maximizes Specific Impulse and will provitlee highestthrust for a given

fuel flow.



3. Determine the inlet and throat valve timwdich optimizes the Specific
Impulse and provides the highest thrust for a given fuel flow.

4. Although this engine will be an unsteady device with a wide range of
reservoir pressures, determine a nozzle design for the expansion phase which
will provide thebest possibl¢éhrust and specifiampulse for the engine.

5. Find a means to properly mix the fuel and air in the cati chamber,
which will provide the desired performance with minimum fuel loss.

6. Detamine the performance of the engine when it is opggati aconvective
airstream, over the entire rangelofée v e hi cl eds @apiter ati ng e
would on a vehicle in flight.

7. Analyze the thermodynamic cycle of the engine in order to properly predict its
behaviorand efficiency whilen operation.

8. Determire the estimatedengine and vehicléhrustto-weight ratio

It is important to nte that specificmpulse, which is a measure of gm@ount of thrust

produced for the fuel used, is the driving factor in the design, since once an operating point
which maximzes specificmpulse is found, the geometry can then be scaled upward
downwardto provide a higheor lowerthrust, if desiredwithout changing the specific

impulse. This ability to scale the engiras needed a unique characteristif this engine

due to its extremely simple desigihe target value of 3000 seconds fgiid chosen to
hopefully make it ompetitive withthe more complicated and heavier turbojet engine. The

chart below(Fig. 1-2) sunmarizes the range of specifiopulses achievebly various



engines using hydrocarbon and hydrogen fugls The target for this propulsion engine
achieved, will place it in the company of efficient turbojet engines and-paeteaation

engine{ PDEO® s)

- Hydrogen

w
& - Hydrocarbon fuels
8
=
Q
£
© Thrust Force
& Isp =
2 Weight of Fuel/sec
(%)
Scramjets

2 4 6 8 10 12 14 16 18 20 22 24
Mach Number

Figure 1-2: Specific Impulse vs. Mach Nber for Various Propulsion Systeri$y



1.3  Combustion and Fluid Mechanics Models

The combustion and fluid mechanicedels used in this research &@m a commercially
available computational fluid dynamics (CFD) software package caNgslyS CFX. This

is an extremelyobust and sophisticated softwag@ckagenvhich is almost unlimited in its
possible applications, but requires a thorough understanding of the models to apply them

properly andunderstand the results and tHamitations.

1.3.1 Combustion Modd

Propane was the fuel of choice in this research, as it can be liquefied under pressure for
carriage in flight, and it is stable, economical, and readily available. The use of propane also
simplified the combustion model by not requiring analysis of inpiiase flows.

A 5-step propanair reaction model, provided by the CFX package, was chosen to simulate
the combustion of propane. The five reactions included are propane oxidation, carbon
monoxide oxidation, hydrogen oxidation, and forward and backwatergas reactions.

Also, the Eddy Dissipation Model was used to simulate the combustiorsprsagce for this
devicethe chemical reaction rate is fast relative to the transport processes in the flow.

In the eddy dissipation modelt the molecular iel, when reactants mix, they

instantaneously form products. It is assumed that the reaction rate may be related directly to
the time required to mix the reactants at the molecular level. In turbulent flows, this mixing

time is dominated by the eddy pesfies. Thus the reaction rate is proportional to a mixing

time defined by the turbulent kinetic energy, k, and dissipalﬁbn,



Ratep k /U

The concept of reaction control is applicable in many industrial combustion problems where
reaction rates are fast compared to reactant mixing rates. Because of its simplicity and robust
performance in predictinirbulent reacting flows, the eddy dissipation model has been widely

applied in the prediction of industrial flamé4][21]

1.3.2 Turbulence Model

To model the flow in the engirsmulation, thek-Uturbulence model was used. It has proven to
be stable and moerically robust and has a weltablished regime of predictive capability. For
generalpurpose simulations, theUmodel offers a good compromise in terms of accuracy and
robustnesg5][20]

kis the turbulence kinetic energy and is defined as thamveaeiof the fluctuations in

velocity. It has dimensions qi.%T?), e.g.m?/s”. Kis the turbulence eddy dissipation (the rate at
which the velocity fluctuations dissipate) and has dimensiokpef unit time [*T3), e.g.

mé/s’.

Thek- Umodel intraluces two new variables into the system of equat[6h3.he continuity

equation is then:

dp
9 v.(pU)=0
. (pU)

and the momentum equation becomes



cplU
ot

+V-(pU®U)-V (1, VU )=Vp'+V-(u,,VUY +B

whereB is the sum of body forceses is the effective viscosity accounting for turbuleraed

p' is the modified pressure given by

Ho = M+ 1,

, 2
P =p+;,0f’f

wherey is the turbulence viscosity. TheUmodel assumes that the turbulence viscosity is linked
to the turbulence kinetic energy and dissipation via the relation

A,E

Hy = Cpp?

whereC, is a constant.

The values ok andUcome directly from the differential transport equations for the turbulence

kinetic energy ad turbulence dissipation rate:
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' \ O

olpe) +V-(pUs) = V-H;H&
ot c

w} +%(C51Pk ~C,,ps)

£

whereCg ; Cy .andUly UgareconstantsPyis the turbulence production due to viscous and

buoyancyforces, which is modeled using:

P=uVU-(VU+VU' )-%V-U(:«:p,v U+ pk)+B,

1.4  CFD Model Geometry

The initial geometry selected for this study isd&d upon that of a hobisgale pulsejet. This
university has completed a number of research studies on pulsejet operation, optimization,
and miniaturization, analytically, numerically, and experimentally. The pulsejet is an
unsteady propulsion device tlgenerates intermittent thrust, with the first operational engine
devel oped by the Ger mansViiomibtuze D93Inthds amBeal k
Fig. 1-3is a schematic of that first pulsejf]

The pulsejet used a series of reed or flapper vaitdee intake end of the tube to takein
volume of fresh air to mix with the atomized fuel prior to ignition. Combustion of the fuel
air mixture initiates from residual hot gases still in the combustion chambéhe As
combustion chambearessureises, the reed valve now acts as a cheale, preventing the

gases from escapinghrust is then generated from the expulsion of products down the long



rearward facing opeancedtube. After this expulsion, axpansion wave travels back

forward toward theeed valve, causing it to open and bring in the fresh air, as the cycle starts
again. The pulsejet is an uncontrolled, acoustic device that operates at one freghiehcy

is a function of the taipipe length (in thease of the Vi, this freqiency wasapproximately

80 hz). It generates a single thrust and is generally an inefficient d¢@ide] [8]
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B ATOMISER

Figure 1-3: Schematic of German Aeropulse used to power V1 "buzz bomb"

The pulsejet geometry, however, is a good starting point for the geoohétey constant

volume combustiofet engine of this researciJsing the hobby scale pulsejet showrig.
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1-4 below, the long tailpipe is removed and repthegth a converginediverging (deLaval)

nozzle for expansion of the product gases.

Citizen-Ship

yWa~ET

A

Figure 1-4: Hobby Scale "Dyndet" Pulsejet

The air inlet geometry used by the hokdmale pulsejet will initially be maintained in the
CFD model. The pulsejet inlet, asown below(Fig. 1-5), is a series of ten smalbgs lying

along theouter perimeter athe combustion chamber front wall, which open and close
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Figure 1-5: Pulsejet Air Inlet Design, Courtesy of BMS Company

passively vith the acoustic cycle, via reed valveRhe initial CFDmodelfor this studywill
beasingle annulus shaped inkbng theouter perimeter of thehamber wall. Later in this
study, it will be necessary to determine a more pradtigetl technique, an inlet that
compatible with an actively controlled valve.

Additionally, the constant volume combustion enginé umtilize acommercialoff-the-shelf
compressor, prior to the combustion chamber inlet, toorgoverall pressure ratiesd
thus allow significantly higher thrust and specific impulstowever, ging this mechanat

compression will also resuh higher costs and complexityA compressor ratio of 2.5 is

12



choserni a typical specification for a smalbw costcompressor. fiis compression will be
appliedthroughout operationat static conditions and at all times when the supporting
vehicle is inflight, experiencing a pressure rise from a convective air stream

Below is depicted the initial model geomefFyg. 1-6) with the perimeter air inléb be used

for CFD simulatians for the constantolume engine.

E] Compressor
Inlet
Valve

Combustion 2 & F YR
Chamber Constant Volume Combustion Jet Engine
Throat Initial Geometry
Valve
Nozzle Outer Domain
Top To
Bottom
1.7 —’I — 19in —t¢—— 2.6in —— 14.991 in

0.54 in T —— 23931 in —|
1.2878 in ' 0.79311
l . [—().(\()034 mn in

I 1.21n | 1.01in |
To Outer Front

Boundary
20 in

0.751n

Outer Envelope Front To Rear A
; 138.19 in i

Figure 1-6: Initial Geometry for Constanfolume Combustion Jet Engine CFD Simulations

Belowin Figures 17 and 18 are also isometric and plan views of the proposed constant

volume combustion engine.
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Figure 1-7: Constant Volume Combustion Jet Engine Isometric View

Combustion Chamber
Throat Valve Nozzle Divergence

e N \ ||

| %

Compressor Nozzle Convergence

Combustion Chamber

Figure 1-8: Congant Volume Combustion Jet Engine Plan View
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1.5 Model Operation
For the initial model, which will include static simulations oflp convetive airstream), air
from the ompressor (1) to thalet (2 will be maintained at 2.5 bar througthaundary
condtion at the ompressoteading face of 2.5 bar. Inlet pressure will only momentaailly f
below 2.5 bar during inletalve (2) opening.For these early simulationgilet valve opening
will introduce a premixed stoichiometric propaaie mixture.
Deteminaton of t he dur at opemngwil be tidgcessl later|besincev al ve b s
the engine is still finishing the expansion phase with an open throat valve, this stage serves
two purpose$ introduce the fresh propaa mixture to the combustiachamber(3) and to
promote a purge of the last of the chamber products from the previous stage.
The throat valve (4) closgust prior to the closing of the inlet valviVith both the inlet and
throat valves now closed, ignition of the reactants in ¢mebuistion chamber will now occur
from the small amount of residual gases remnagiimn the combustion chambeA summary
of the valve operation is:

A Inlet valve closest a predetermined time anas chanber pressure

approaches 2.5 har
A Reactants mix withasidual hot products and combustion occurs.
A Due to isochoric combustion process, peak chamber pressures approach 10
bar, at peak temperatures of about 2500K.
A Throat valve opens arghses exhaust througfire diverging nozzle.

A Due to high bamber pressureygersonic exhaust velocities are possible.

15



A At a predetermined time,sachamber pressure drops towards 1 ther,
inlet valve opens to provide some flushthgof combustion chamber

products and introduce new reactants to the combustion chamber.

A soon afte, thethroatvalve closes to allow capture of feesk mixture in

thecombustiorchamber. Inlet valve closes again at approxiip&é bar
chamber pressure atfte cycle repeats

The pulsejab exhaust tube was replaced with a nozzle desifgmedresevoir pressure of

6 bar(6 x 10 N/m?). This design was calculated usmNIATL AB publically available

software progranfAppendixD). With the knowledge that this engine will be an unsteady
device with large variations kombustion chamber pressure) Bar was chosen as the

initial nozzle design point because peak chamber pressure was expected to be approximately
81 10 bar. Withcompression and expansipressurgapproximating a sineurve,average
combustion chambgaressure would be about & bar andusing a 6.®ardesign point

would minimize ovefexpansion antienceshocks in the nozzleA nozzle optimization

analysis will occur later in this study.

For initial simulations, the inlet and throat valves will be binary valves, open or closed,
adively controlled. More realistic, controllable valves will be discussetimodeled later in

this study.

1.6 CFX Model

ANSYS CFX is a general purpose Computational Fluid Dynamics (CFD) software suite that
combines an advancedlver with powerful preand postprocessing capabilities. [9][10t

includes the following features:
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An advanced coupled solver that is both reliable and robust.
Full integration of problem definition, analysis, and results presentation.
A An intuitive and interactive setypocess, using menus and advanced
graphics.
ANSYS CFX is capable of modeling:
A Steadystate and transient flows
Laminar and turbulent flows
Subsonic, transonic and supersonic flows
Heat transfer and thermal radiation
Buoyancy
Non-Newtonian flows
Transport of nofreacting scalar components
Multiphase flows

Combustion

o Po Po P o Po Do Do Do

Flows in multiple frames of reference

T

Particle tracking
ANSYS CFX consists of four software moduleattteke a geometry and mesh and
pass the information regqadto perform a CFD analysis:

A CFX-Pre, is used to define simulations.

A CFX-Solver solves all the solution variables for the simulation for the
problem specification generated in GiPXe.

A The CFxSolver Manager module provides greater contrahe management
of the CFD task. Its major functiomse:

17



Specify the input files to the CFRolver.

Start/stop the CFSolver.

o o Do

Monitor the progress of the solution.
A Set up the CF>Solver for a parallel calculation.
A CFD-Post provides ste-of-the-art interactive posprocessing graphics tools
to analyze and present the ANSYS CFX simulation results.

The model geometry as shown beloWirist built in the ANSYS Modeler. All simulations in
this study were built in twalimensions with anight-degreesymmetricwedge. Doing this
was allowed because of thed2axisymmetric characteristics of the enggemmetry This
greatly reduced the pressing time for the simulations, which even with the wedgesinod
often approachedi35 days in durion per engine cycleExtrinsic properties such as fuel
flow and thrust were computed from wedge values to engine values using software user
expressionsThe two images belo{Fig. 1-9 and Fig. 110) depict the constant volume

combustion enginand thesurrounding outer domain.
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Figure 1-9: Constant Volume Combustion Jet Engine CFD Wedge Model
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5.000 10.000 (in)

2.500 7.500

Figure 1-10: Constant Volume CombustidetEngine and Outer Domain Wedge Model

The geometry is then meshedjain using the ANSYS Modeleadjustingareas in the mesh
that need refinemel(Fig 1-11). Refinement controls include line and point controls, node

spacing, inflation at boundariéBig 1-12), etc.
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Figure 1-11: Constant Volume Combustion Jet Engine Wedge Model After Meshing

Figure 1-12: Mesh Inflation ControlUsedto Decrease Node Spacing in Boundary Layer
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After placing the geometry in CFRre, the initial conditions, boundary conditions,
fuel and air parameters, fuel sources, and output parameters are prescribed. Also,

expressionsire built to control valves, fulbw rates, etc.

The initial geometry boundary conditions are:

A Outer Domain: Air, 1 bar, 300K

A Inlet Domain: Stoichiometric PropanrAir Mixture, 2.5 Bar,37K
A Outerinlet Bondary : 2.5 Bar, 370K, Propanrair Mixture

A Al walls: Adiabatic, NeSlip, Smooth Wall
(Outer, Inlet Combustion Chamber, Nozzle)

The combustion model designated throughout these simulations is summarized as:
Propane Air Mixturé Inlet (Premixed) at 2.5 Bar, 370K

Combustion Model Five-Step, Eddy Dissipation

Chemical Timescale 2.5 x 10" second§Neutral setting of three available)

Extinction Temperaturei 900K in the combustion chamber

ST ST ST S

Extinction Temperaturé 300K in all domains gcept the combustion
chamber

A Heat TransfeModeli Total Energy

The fluid mechanics model used is summarized as:
A Turbulence Modei s - Epsilon
A Turbulent Wall Function$ Scalable

A Heat Transfer Modél Total Energy
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A Buoyancy Model Non-Buoyant

A Domain Motioni Stationary
Chapter 2  Valve Timing Optimization

2.1 Valve Control Background
The only active control of thiaitial constant volume combustiget engine occurs with the
inlet and throat valvesLater in this study, fuel flow rates will be added as a means of active
control. The initial CFX simulations need to determine when the inlet and throat valve
should open and close and the length of time that the valves should be open and closed.
Theseinitial CFX simulations will us a trial and error method, observing when reliable
combustiorwill occur for a cycle and what values will yield maximum pressuaed thus
maximum thrust. The knowledge determined about the valve timing and sequencing will be
specific to the geometry used in the simulations, however, it will also apply to all gesme
that are scald up or down from the simulatigggometry.
Optimizing theinlet and throavalve sequencing can laehieved by varying the following
and noting the effects @ombustion chamber peak pressure and thrust produced

1) Expansion Throat (pen, Inlet Closed

2) Flushingi Throat Open, Inlet Open

3) Rechargé Throat Closed, Inlet Open

4) Combustionri Throat Closed,rlet Closed
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All simulations will begin with amitial condition in the combustion chamber of a pressure

of 6.0 x 10 N/m? anda temperature of 2500K, with both the inlet valve and the throat valve

in the closed position. Shortly after the simulation begins, the throat valve will open to begin
the first expansion phase. Starting the firsteyeith this initial conditiorservesa s a - j u mp
starto to provide the residual gases needed
built, this initial process would be substituted with an ignition source, such as a spark plug,
for the first cycle.

As the expansion continues and deenbustion chamber pressure approaches the nozzle
backpressure, in this case atmospheric pressure of 1.0 bar, the inlet valve wiibopen
introduce the fresh fuelir mixture at 2.5 bar. This valve opening will aid in flushing

residual gases from therobustion chamber and provide new reactants for the next cycle.
The throat valve will close slightly prior to the inlet valve closure in the initial simulations to
provide a definitive recharge phase where reactants and residual gassgsuned together
Finally, the inlet valve will close to begin the combustion or compression phase. It is desired
to continue the compression until maximum combustion chamber pressure is attained,
without any stagnation at this maximum pressure. Holding the peak gressues no

benefit and extends the cycle time, which reduces average thrust. When peak pressure is
reacled, the throat valve opets begin thenext cycle

Control of the opening and closing of the inlet and throat valYeN8YS CFX is

accomplished thregh a Resistance Loss Coefficient{n{11] A Loss Coefficient of zero

allows full flow through the valve, while a hidgtossCoefficient, usually on the order of 20

m* through10® m™, will prevent all flow through the valvesven under extremely i

24



pressures. Application of the Resistance Loss Coeffjareitiding timing and duration of
the opening and closurns,accomplished through CFX expressions written by theiuser
depiction below(Fig. 1) shows the Loss Coefficients as used is thbdel for the two

binary inlet(red)and throa{green)valves The tmesteps used are t8econds.

— One Cycle —

v v

Throat Closes —————>

Inlet Closes ——++—>

Loss :
Coefficient %

Throat Opens

Inlet Opens

{10* sec)

Figure 2-1: Resistance Loss Coefficient for Control of Binary Inlet and Throat
Valves

A plot of typical combustion chamber pressure is showowégFig. 2-2), along with other
pressure monitor points and their locatiofifiese monitor points will be used throughout

this study.
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Figure 2-2: Typical Pressure Plots with Monitor Point Locations Shown

2.2 Valve Timing Observations

While atempting to maximize pressure and thritsiyas observed that the length of the
expansion phase is critical in maximizing the peak pressure in the next ktyslenperative

that he combustion chamber pressure be reduced as close as possible phetimos
pressurgor as a minimum, at least one bar below the inlet pre§s&rdar in this case)
Expanding the gases as close as possible to atmospheric pressure apparently allows much
better flushing of the products from the combustion chamben tle inlet openshoweve

it is also importanthatenough products then remain asaghin combustion of the fresh
reactants.Not attaining this target minimum pressure during expansion leaves too much

residual gas for proper filling of the combustion chamwith fre$ reactants. The chart
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below(Fig. 2-3) showsthe pressure differential between the inlet pressure and the minimum
expanded chamber pressure versus the peak combustion cipaesisere attained in the

subsequent cycle.

P Inlet - P Expanded Chamber
Vs,
P Chamber Max

10

| /

P Chamber Max
Bar

) //
) //
0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

P Inlet - P Expanded Chamber
Bar

Figure 2-3: Effectof Minimum Expansion Presseion Next Cycle's Maximum Pressure

Below (Fig. 24) are the results of trial simulations which attained a maximum combustion
chamber pessure of approximately 13 barotal time for one cycle was 5150 timesteps or
5.15 x 10° seconds. Tlsiequates to a frequency of h@4 The ratiogt) of each phase to the

total cycle time are also shown.
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i3
Total TimestepsPer Cycle 5150Timesteps=5.15 x 10 sec Frequency = 194hz

Inlet Valve Open: 1000 Timesteps Total

Inlet Valve Closed: 4150 Timesteps Total

Throat Valve Open: 3150 Timesteps Total

Throat Valve Closed: 2000 Timesteps Total

Sequence

1) ExpansionThroat Open, Inlet Closed tExp =2600/5150 = 0.51
2) Flushingi Throat Open. Inlet Open tFlush =570/5150 = 0.11
3) Rechargé Throat Closed, Inlet Open tCharge =430/5150 = 0.08
4) Combustiori Throat Closed, Inlet Closed tComb = 1550/5150 = 0.30

Figure 2-4: Time and Time Ratios Required for Each Cycle Phase, from Trial Simulations

Below is a pressurand thrust it of the initial condition cycle and the next falcle:

Inlet
Frequency 194 hz 1 Closed '
Timestep 1x10% sec w0 Throat
Open

Inler Closed | Tnlet Closed | Inlet Open
“ | Throat Closea' Throat Open | Throat Open

\

\ Thrust Out

Inlet  Inlet \
Open Open
ThroatThroat

Inlet Open
Throat Closed
Inlet Open Pl;equenq lOJ‘hx
£ Throat Open Timestep 1310 sec

Figure 2-5: Pressure and Thrust Plots of Initial Condition Cycle and Next Full Cycle
(Wedge)
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Numerous simulations were also accomplished to determine the optimum duration of time to
allow the inlet valve to remain open. As the chart below shows, as the inlet remained open
beyond 1000 timesteps, or 1 X 1€econds, the specific impulse dropped off precipitousl

This was due to fuedir mixture being lost ttough the open throat valve atrauch higher

rate. When the inlet closed sooner tha@QLOmesteps, the lower amount of fat mixture
enteringthe chamberesulted in lowemaximum pressure arrust values, also lowering
specific impulse. Thus an inlet open duration of 1 X 4&onds was choses the

optimum

—— Specific Impulse Isp (sec)
Fuel Optimization-194hz

Specific Impulse Isp vs. Inlet Open Time

2250

2200 /\

1\
[ 1\
Ny, \
)

1900

Specific Impulse Isp (sec)

650 Timesteps 750 Timesteps 1000 Timesteps1600 Timesteps

| One Timestep = 1x 10 sec l

Figure 2-6: Effect of Inlet Open Duration on Specific Impuise194z Engine
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2.3 Conclusions

a. For this engine geometry, the optimum cycle time is 5.15*sd€onds or 194hz.

b. The optimum inledpen time (flushing and recharge) is 1000 timesteps, or £x 10
seconds.

c. A cycle expansion time of 2600 timesteps, or 2 Xsdtonds and a compression time of

1550 timesteps, or 1.55 x 18econds is desired for maximum thrust.
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Chapter 3  Perimeter Inlet Geometriesand Simulations

3.1 Introduction

Geometry variations will now be simulated in order to find possible thrust and specific
impulse improvements.

3.2 Single Inlet Full Combustion Chamber

The initial simulations will use thgeometry below, as described in Section 1.4, based upon
the hobbyscale pulsejet geometry. This geometry uses a single annulus shaped inlet along
the outer perimeter of tmbustion chamber fromall. Total inlet area is 1.828°. The
combustion camber size and throat acentical to thehobbyscalepulsejet, with a

combustion chamber volume of 17.5 inasgl the nozzle area ratiolis/5 with a length of

2.39 inches. The nozzle desigoint is for a reservoir of 6010° N/m? and 2500K withgas

density being stoichiometric propaaé.

1.9in
2.3931in
g
T — L‘ ~—
[1 | 0.60034 in ‘ 793111in
Throat Area = Exit Area::_
1.1323 sq in 1.9761sqin
Area Ratio = 1;
1575 H
0.000 1.500 3.000 (in)
[ — S—]
0750 250

Figure 3-1: Singlelnlet Full Combustion Chambergdmetry
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Below (Fig. 3-2) are simulation results for the single inlet full combustion chamber engine

model. Presses, thrust and fuel flow throudhe inletare shown
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Figure 3-2: Single Inlet Full Combustion Chamber Pressure, Thrust and Fuel Flow Plots
(Wedge)
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Below are sequential temperature images of one ofctee 194hz simulation for this model.

Constant Yolume Combustion Engine
Temperature

Inlet Open  Throat Closed

ANSYS

Mo

Constant Yolume Combustion Engine
Temperature
Inlet Closed Throat Closed

Constant Volume Combustion Engine
Temperature

Inlet Closed Throat Closed

Constant Volume Combustion Engine
Temperature
Inlet Closed Throat Open

w”

JANSYS

N

Constant Volume Combustion Engine
Temperature

Inlet Closed Throat Open

Constant Volume Combustion Engine
Temperature
Inlet Closed Throat Open

Constant Volume Combustion Engine
Temperature
Inlet Closed Throat Open

Constant Volume Combustion Engine
Temperature

Inlet Open  Throat Open

Figure 3-3 Sequential Temperature Image<fe Cycle ofhe Single Inlet Full Combustion

Chamber Engin&lodel
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3.3 Dual Inlet Full Combustion Chamber

The initial geometry is now modified from a single inlet to a dual inlet in order to investigate
possible improvements in combustion of the entenedtdir mixture and to explore

potential reductions of fuel loss#sough the nozzleThe additional inlet area is an annulus

of area 0.555 fhfor a total inlet area now of 2.378°. This dual inlet will possibly alter the
fuel-air mixtureflow in a positive way to reduce fuel losses and improve the reactant mixing

with residual gaes. This revised geometry ssvn belowmFig. 3-4).

— it

Figure 3-4: Dual Inlet Full Combustion Chamber Geometry

Below (Fig. 3-5) are simulation results for the dual infall combustion chamber engine

model. Pressure, thrust and fuel flow through the inlet are shown.
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Below are sequential temperature imagesrd cycle of the 194hz simulation for this model.

ANSYS

Nas

Figure 3-6: Sequential Temperature Image<fe Cycle of the Dual Inlet HuCombustion
Chamber Engine Model
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3.4 Single Inlet Reduced Combustion Chamber

The single inlet full combustion chamber gedmyés now modified to a smaller combustion
chambetto further explorgpossible improvements in combustion of the entefuregrair
mixture and to possibly redufgel losses through the nozzle. This revised geometry is
shown below.The original full cominstion chamber longitudinal dimension of 1.9 inches,
prior to the convergence, is now redubgdb0%to 0.95 inchesThis reduces thotal

chamber volume by 15% to 14.85 in 9dozzle geometry remains unchanged.

w05 ‘
106 HI1
- 10
H1O E

Figure 3-7: Single Inlet Reduced Condiion Chamber Geometry

Below (Fig. 3-8) are simulation result®r the singlanlet reduced combustion chamber

engine model. Pressure, thrust and fuel flow through the inlet are shown.
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Below are sequential temperature images of one cycle of the 194hz simulation for this model.
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Figure 3-9: Sequential Temperature Images for One Cycle of the Single Inlet Reduced
Combustion Chamber Engihdodel
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3.5 Dual Inlet Reduced Combustion Chamber

The dual inlet full combustion chamber geometry is now also modified talesm
combustion chamber &xplorefurtherpossible improved combustion and reduced fuel
losses. The original full combustionashber longitudinal dimension of 1.9 inches, prior to
the convergence, is now reduced to 0.95 inchgss reduces the chamber volume by 15%

to 14.85 in sq.Nozzle geometry remains unchanged.
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Figure 3-10: Dual Inlet Reduced Combustion Chamber Geometry

Below (Fig. 3-11) are simulation results for the dual inlet reduced combustion chamber

engine model. Pressure, thrust and fuel flow through the inlet are shown.
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Below are sequential temperature images of one cycle of the 194hz simulation for this model.

Figure 3-12: Sequential Temperature Images of One Cycle Of the Dual Inlet Reduced
CombustiorChamber Engine Model
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3.6 Single Inlet Reduced Combustion Chamber and Reduced Throat

It is now of interest to determine if improved thrust and reduced fuel losses may be obtained
by reducing the convergindjverging nozzle throat size. The original throat size, as stated
previously, wa based upon the hoblsgale pulsejet tailpipe size. Of course, being an

acoustic device with only a convergence and operating at much lower pressures, this tailpipe
diameter is most likely too large for a convergutigerging nozzle. Therefore, the thto

area used previously will now be reduced by 50%, from 1.1328 5566 irf. This area
reduction will also require changes to the nozzle exit area and length in order to magntain th

nozzle design point for a 6ldar reservoir. These changes alown in the depictiomelow.

mL__L.m Throat Area = Exit Area =

0.5566 s5q in 0.98852 sg in

Area Ratio=1.78

..

0000 1.500 3000 fm)
— — ]

Figure 3-13: Singleinlet Reduced Combustion Chamiaed Reduced Throat
Geometry
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Below (Fig. 3-14) are simulation results for the single inlet reduced combustion chamber and

reduced throat engine model. Pressure, tlandtfuel flow through the inlet are shown.
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Figure 3-14: Single Inlet Reduced Combustion Chamber and Reduced Throat Pressure,
Thrust and Fuel Flow Plot8@Vedge)
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Below are sequential temperature images of one cycle of the 194hztgimtda this model.

Figure 3-15: Sequential Temperature Images of One Cycle of the Reduced
Combustion Chamber and Reduced Throat Engine Model

Analysis of the averagérust, average fuel flobnd specific impulsef this 194hz model
will be accompikhed in the next chapter as comparisons are matiesdfequency anthese

different geometries witbtheroperating frequencies.
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Chapter 4 Frequency Analysis

4.1  Method of Frequency Control

The analysis to this point has used a cycle time of 5.08 gé&conds or 194 havhich was
determined to be ideal for the geometry being modeled. Now it is necessary to explore the
possibility that other higher frequencies may provide the benefit of even higher specific
impulse. There is no need of course tgore lower frequenciesué to theprevious

discovery that 194hz provides a peak combustion chamber pressure, and thutheupga
without stagnating at thatressuré any frequency lowethan 194hz would require

stagnation athatpeakpressure, loweng average thrust and specific impulJéhe

previously determined 194hz cycle phases and lengths are sigawelow.

194hz Cycle Phases

1) Expansion-Throat Open, Inlet Closed T 2600/5150 = 0.51
2) Flushing — Throat Open. Inlet Open L 570/5150 = 0.11
3) Recharge-Throat Closed, Inlet Open T harge 430/5150 = 0.08
4) Combustion-Throat Closed, Inlet Closed Tomn = 1550/5150 = 0.30

The increased frequencies will be accomplished through adjustments to the actively
controlled inlet and ttoat valvesThe total cycle time of 5150 timesteps will be reduced to
provide new frequencies of 223hz, 259hz, 310hz and 388hz. The previously determined

phase lengths for flushing (570 timesteps) and rechargei(a&steps) will be maintained,
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as theyare criticalfor the proper charging and ignition of the cycle. Of the remaining
timestepsdr each frequency, the ratio @pansion to combustion (0.51/0.30 or 1.7vil)
be maintaineas the total combustion and expansion time is decreased to mdestred
increased frequencyMany simulations were accomplished and the results are described

below for each of the five previously discussed geometries.

4.2  Single Inlet Full Combustion Chamber
Plots of theaverage thrust, average fuel flow and $igeonpulse for the single inlet full

combustion chaber model for each frequency afewn below.

Thrust vs. Frequency

Full Combustion Chamber
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Figure4-1: Thrust vs. Frequency for the Single Inlet Full Combustion
Chamber Model
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Figure 4-2: Fuel Flow vs. Frequency for the Single Inlet Full Gstion
Chamber Model
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Figure 4-3: Specific Impulse vs. Frequency for the Single Inlet Full
Combustion Chamber Model

4.3  Dual Inlet Full Combustion Chamber
Plots of the average thrust, average fuel flow and specific impulse for the dual inlet full

conmbustion chamber model for each frequency are shown below.
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Figure 4-4: Thrust vs. Frequency for the Dual Inlet Full Combustion Chamber Model
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Figure 4-5: Fuel Flow vs. Frequency for the Dual Inlet Full Combustion Charivbeatel
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Figure 4-6: Specific Impulse vs. Frequency for the Dual Inlet Full
Combustion Chamber Model

4.4  Single Inlet Reduced Combustion Chamber
Plots of the average thrust, average fuel flow and specific impulse for the single inlet reduced

combuston chamber model for each frequency are shown below.
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Figure4-7: Thrust vs. Frequency for the Single Inlet Reduced Combustion
Chamber Model
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Figure 4-8: Fuel Flow vs. Frequency for the Single Inlet Reduced Combustion
Chamber Model
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Figure4-9: Specific Impulse vs. Frequency for the Single Inlet Reduced

Combustion Chamber Molde

45 Dual Inlet Reduced Combustion Chamber

Plots of the average thrust, average fuel flow and specific impulse for the dual inlet reduced

combustion chamber el for each frequency are shown below.
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Figure 4-10: Thrust vs. Frequency for the Dual Inlet Reduced Combustion Chamber
Model
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Figure4-11: Fuel Flow vs. Frequency for the Dual Inlet Reduced Combustion
Chamber Model
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Figure 4-12: Specific Implse vs. Frequency for the Dual Inlet Reduced Combustion
Chamber Model

Single Inlet Reduced Combustion Chamber and Reduced Throat
Plots of the average thrust, average fuel flow and specific impulse for the single inlet
reduced combustion chambedaeduced throat model for each frequency are shown

below.
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Figure 4-13: Thrust vs. Frequency for the Single Inlet Reduced Combustion Chamber and
Reduced Throat Model
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Figure 4-14: Fuel Flow vs. Frequency for the Single Inlet Reduced Combushamer
and Reduced Throat Model
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Figure 4-15: Specific Impulse for the Single Inlet Reduced Combustion Chamber and

Reduced Throat Model

Below for comparison purposes is Figurd@,a composite plot of all studied geometries

and theiresultant spedi€ impulse values as a function of varied operating frequencies.
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Figure 4-16: Specific Impulse vs. Frequency for All Geometries

4.7  Conclusions

Inspecting the results of the frequency analysis, it is clear that the best performance occurs
with the simgle inlet, reduced combustion chamber and redtlo@ét model, operating at

194hz. At this operating point, average thrust is 51 Newtons, average fuel flow is 1.92 grams
per second, and specific impulse is 2700 secoAtisimulations from this pointdrward in

this study will operate at 194 hz with a single air in[féhereduced combustion chamber and
reduced throatngine geometry will remain unchanged also, except for a revision to the inlet

air location in Chapter 6 and possible nozzle geometpyarements in Chapter 9.
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Chapter 5  ReactantMixing

5.1 Introduction

Up to this point, all simulations have utilized a boundary condition at the compressor, which
provides a stoichiometric, premixed-&iel mixture to the combustion chamber inlet. This

is, of course an optimurbut unrealistic conditionTherefore, it is now necessary to look at
ways to successfully mix the propane with the incoming air, while in the combustion
chamber. This will be accomplished through injection of the fuel at oneodotations,

usually in or near the inlet air strearnm addition, the fuel wilbeinjected into, away from or
perpendicular to the incoming airstream.

It is also desired to minimize fuel losses through the nozzle while the combustion chamber is
being reharged with reactants. These fuel losses can be reduced or eliminated in two ways
(1) promote reactant mixing in an area of the combustion chamber distant from the throat and
(2) possibly shortethe time that the throat is open when the inlet is ogejustments to

the inlet and throat valve timing are also desired to eliminate any backflow from the
combustion chamber, through the inlet, while the inlet is still ofp@rvious simulations

have shown this to sometimes occur when the throat closesdadefore the inlet closes.
Single and dual fuel injection points will be explored, at total flow rates aj/$,2.0 g/s,

2.5 g/s and 3.0 g/s. The effects on thrust and specific impulse will be evaluated.
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5.2  Single Fuel Injection

This simulatiorwill no longer include a premixed stoichiometric-aiel mixture entering

the combustion chamber. At statienditions standarautside airompressed to 2.5 x 10
N/m? from the compressor enters the combustioamber A single propane source poist i
located in the combustion chamber air stream as it enters. The propanstéaeiiyfrom

the source point only when the inlet valve is opBoth the inlet air valve and the fuel inlet
valveare binary st@s (full open or full closed), as in prev®simulations.

For the single fuel inlet simulationigiel enters the combustion chamber directly into the
inlet air stream antbur differentcases were modeléduel with no initial velocity, fuel at

50 m/s into the air stream, fual 50 m/s away frorthe air stream, and fuel at 50 m/s
perpendicular from the airstream in a downward direct®equential images of one cycle of
thepropane mass fraction faresingle point fuel injectionvith no initial velocityareshown
below. As can be seen frothe visual imageduel losses through the open throat valve are

minimal.
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Figure5-1: Sequential Images of Propane Mass Fraction During One Cycle of Single Fuel
Inlet, No Initial Fuel Velocity

5.3  Dual Fuel Injection

Three cases of dual fuel injemti were modeled in all cases one fuel injection was directly

in the incoming air stream and the other fuel injection was near the combustiober

centerline axishbelow the first injection @int, in theclockwiseair flow vortex The amounts

of fuel at each injection point (centerline fuel/airstream fuel) in these three simulations were:
1 1.5 grams per sec/0.5 grams per §€c0 grams per sec total)

9 1.125 grams per sec/0.375 grams per $&& grams per sec total)
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1 1.0 grams per sec/1.0 grams per §€c0 grams per sec total)

Sequential images of one cycle of the propane mass fraction for the dual point fuel injection
are shown below for the case of 1.5 gramstseterline fuel injection and 0.5 grams/sec
airstream fuel injection. From the visuialages(Fig. 5-2), it is clear that fuel losses still

occur through the throat valve and some losses also now occur from centerline injected fuel
flowing back through the air inlet.

Thrust and specific impulse are plotted below for all cases for comparidwere is little
significantperformancaelistinction between the single and dual fuel injection cases, although
a slight improvement in thrust existéen the single injection has a perpendicular downward
velocity and also when the dual fuel injectigrdivided 1.125 grams/sec near the centerline
and 0.375 grams/sec in the airstream. There also appears to be reduced specific impulse for
the dual fuel injection cases, most likely due to higher fuel losses through the open throat,

and at times, througlhé¢ stilkopen inlet.
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Figure5-2: Sequential Images of Propane Mass Fraction During One Cycle With 1.125
Grams/Sec Near Centerline and 0.375 Grams/Sec In Airstream

Below (Figuresb-3 and 54) are plots of the results of the reactant mixangulaions:
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Figure 5-3: Thrust vsAverageFuel Flow, Single and Dual Injection, Various Locations and
Velocities
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Figure 5-4: Specific Impulse vs. Fuel Flow, Single and Dual Injection, Various Locations
and Velocities
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5.4  Conclusions
5.4.1. There ae no distinct advantages from using a dual fuel injection scheme or a single
fuel injection scheme with initial fuel velocities, especially when considering the added
engine complexities inherent in those cases. Therefore the single fuel injection in the
airstream, with no initial velocity should be used. It is also evident that closing the throat
valve and inlet at the same time should be modeled in future simulations to aid in reducing
fuel losses.
5.4.2 There was noeduction in performanc&hen compang the singlenjectionfuel
mixing model withthe premixed fué-air model

5.4.2.1 The premixed fal-air model at 194 hz produced average thrust of 51
Newtons, at an average fuel flow of 1.92 grams per second, and had a specific impulse of
2700 secods.

5.4.2.2 The single injection fuel mixing model producgél Newtons of thrusit a
specific impulse of 2700 seconds. Alagnaximum thrust of 62 Newtons wasoducedat
3.0 grams/sec propare, the minimunspecfic impulse of 2100 secondA thrustof 31

Newtonsoccurredat 1.0 grams/seat the maximunspecific impulsevalueof 3200 seconds.
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Chapter 6  Valve Sinusoidal Area Flow Profilesand Single CenterlineAir Inlet

6.1 Introduction

Previous simulations have modeled the inlet as a singldashaped opening around the
circumference of the combustion chamber front wall. It is now necessary to relocate the inlet
valve to a ggle ball or globe type valve, which is able to rotate at the desired cycle rate.
Locating the valve to thiengitudnal axis is desireth orderto place it inline with the throat
valve, which will make possible simultaneous, synchrondree andcontrol of the inlet
valve and throat valve. Placing the inlet valve on the longitudinal axis also simplifies,
shortensand lightens the engine and thusueeks fabrication time and costs. An added
benefit of this inlet valve locatiors ithat thesimulationsof this studyaresimplified, as he
engine is still axisymmetric, which allows the continued use of anieigbteevedge model
in the CFX software.

In addition to relocating thenlet valve, and modeling a ball or globe valteyill be
necessary to model the mass flow throtlghinlet and the throat valvesssinusoidal flow
profiles to match the sinusoidal areaffies of theactual globevalves as they rotateThis

will be accomplished througiserwritten expressions and the resistance loss coefficient,
which was also used for the binarywed, but will now be modified to metlithe sinusoidal
flow profiles.

6.2 Inlet Valve Relocation

As seen in the depictions below, tiedocated inlet valve is noa single, circular valve,

centered on the face of the combustion chamber. The atfeafoll openingof this valve
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will be sized to match the inlet arefithe pevious simulations, 1.88% Although this area
may appear too small at first glance, since the globe valve throttling will produce a smaller
total area profileover time tha the binary valve, it was chosen as a first estimate for the
model in an attentgo reduce theerall size of the inlet valveThesize of the globe valve

is chosernto provide the timing that was determined in Section 2.1, i.e., when the valve is
rotating it will be partially or fully openl x 10° second andfully closed4.15 x10°
seconds.Also note that the 1% cycle will only require that the inlet and throat valves
rotate at ondnalf of that valugor 9z, since the globe valves are symmetric and one cycle
will occur throughondh al f of each valveds rotation.
A compariso of the previous binary valve model with the new model with a centrally

located inlet valve is shown below.

“N\NSYS]

Noncommercial use only

Figure 6-1: Constant Volume Combimt Jet Engine with Annulus &bed Air Inlet
On Combustion Chamber Front Walls Used in Initial Simulatian
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Figure 6-2: Constant Volume Combustion Jet Engine with Inlet Air Valve Centered
on Engine Longitudinal Axis

6.3 Valve Model in CFX

When modelinghe sinusoidal flow profile of a rotating globe valve uding resistance loss

coefficient, simulabn resul ts showed that it was necess
loss coefficiento approximately 1 x 20m™ in order to properly follow the sine functian

For comparison purposes, the binary valve loss coefficient used was inX.1Bowever,

when using this lowerresistance lossoefficient, the closed position was found to be porous

under very high pressures. Torrect this condition, in the model only, a binary valve is

added in series with the sinusoidal globe valve. Asitngsoidalglobe valve reaches the

closed position, the binary valve also closes to provide a positive seal with no mass allowed
through the valve.As the globe valve begins to open, the binary valve opens fully, and the

sinusoidal flow profile is followed during th@pening.
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This globe valve model will also be used to model the throat valve, again using the sinusoidal
valve and binary valve in series, in the CFX model ofilige two valves irseries can be

seen in Figure-@ at both the inlet and throaf'he depitions below show comparisons of

typical results fothe sinusoidal valvenass flowand the previously used binary valve mass

flow for the inlet and throat valves.

Sinusoidal Valve Area Flow Profiles
Inlet Mass Flow Comparison

Binary Valve | ~ Sinusoidal Valve

£.001 a.002 -

Figure 6-3: Comparison of Air Mass Flow Through Ihldsing Bhary and
Sinusoidal Flev Models(Wedge)

Sinusoidal Valve Area Flow Profiles
Throat Valve Mass Flow Comparison

Binary Valve Sinusoidal Valve

kg/sec [ keg/dec

Figure 6-4: Comparison of Mass Flow Through Throat Using Binary and
Sinusoidal Flow Modelé/Nedge)
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Below is the depiction of thrust using a sinusoidal globe valve, as compared to the previously

used binary valve.

Sinusoidal Valve Area Flow Profiles
Throat Valve Thrust Comparison

ANA
fVVL

ﬂ Binary Valve ] s ‘“H. Sinusoidal Valve

\ kN

Newtons ’ \ Newtons

Figure 6-5: Comparison of Thrust Using Binary and Sinusoidal Throat V@iVedge)

6.4  Sinusoidal Fuel Flow Profile

Since it was previously found that the best fuel mixing occurs when the fe&dased with
no initial velocityinto the incoming air stream, it i$sa ne@ssary to match the incoming
fuel massflow rate with the incoming amass flow rate.In the previous binary inlet valve
models, fuel mass fl@ wasalso introduced into the combustion chamber ematant
binary function. Vith a sinusoidair inlet flow profile,fuel masswill now also be
introduced to the combustion chamber as a sinusoidal massafitwthe fuel flow
occurring only when the air inlet valve is opdfuel flow control was accomplished by

adjusting the peak sine function comrdda the wedge model in CFX and then the fuel flow
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was calculated by averaging the fuel flow over the cycle and the entire eAgipeical

depiction of the fuel mass flow is shown below.

Sinusoidal Valve Area Flow Profiles
Sinusoidal Fuel Flow
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Figure 6-6: Sinusoidal Fuel Flow Profile Used to Match t&musoidal Air
Inlet Profile (Wedge)

In Figures 67 and 68 area conceptuaexplodedplan profile ancanisometric view
of the general configuration of the inlet and throat valves, along with the combustion
chamber and nozzle. As each globe valvetestahe flow is throttled from full closed tull
open, and then fulll closed again as the valyv
combustion chamber and nozzle openinfle opening of the inlet valve is 1.8Z and the
opening of the throavalve is 0.55n°. The radius of each valve is calculated by the ratio of
valve open time or partially open time to valve closed tifi@s results in an inlet valve

radius of2.42in and he radius of the throat valve bei@g8in.
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Inlet Valve

Combustion Chamber

(™

Figure6-7: Inlet Valveand Throat Valve Exploded Plan View

Throat Valve Nozzle

Nozzle
Throat Valve

Figure 6-8: Inlet Valve and Throat Valve Exploded Isometric View
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As mentioned previously, the symmetry of each globe valve allaals ealve to
rotate at 9fiz, onehalf of the 194z cycle frequency, as ohalf-rotation includes one valve
open phase and one valve clopbdse.A batterypowereddirectdrive synchronos electic
motor can be used to drib®th valve rotationat the97hz speedirough a mechanical
linkage. An aerodynamisleeve can be udéo cover the inlet valve and drive linkagethe

throat valve, similar to the depiction below.

Inlet Sleeve Combustion Chamber
" N Throat

is

Figure 6-9: Constant Volume Combustion Engine with Sleeve Covering Inlet Valve

6.5 CFX Simulations with Inlet and Throat Valves Modeled with Sinusoidal How

Profiles
't is necessary to det er mimasdlow phoflesenftfeect of
engine performance, in particular the thrust and specific impulse. It is expected that engin
performance will be adversely affecteoimewhatue to hethrottling through the inlet and
throat valves. Throttling through the valves increases the already unsteady flow

characteristics of thisngine.
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Early simulations found that the new centralized air inlet was much more efficient in

removing residual ges from the combustion chamber, to the degree that it became
necessary to reduce the inlet open duration by 10% (1000 timesteps to 900 timesteps) in
order to leave enough residual gas in the combustion chamber for initiation of the subsequent
cycle At the same time, with this ipnoved inlet air efficiencythe staggered closing of the

throat valve and then the inlet valve became unnecessary, and these two valves are now
closed simultaneously.

The accomplished simulations argramarized in the table belowModeled fuel flows range

from 0.43 gramper second to 2.43 grams per second. Combustion at fuel flow rates below
0.43 grams/second was unsustainable. The peak tirt8 Newtonsvas attained at 2.28
grams/secondf propane, whiclappearstobthe engi neds staitheshi omet r i
static conditiong above this fuel flow rate, the thrugimains constant alecreases slightly.

Also indicative of stoichiometry is the temperature attained of approxima&88k2 which
approximates the constarglume adiabaticldme temperature of a propaai mixture.

Also shown are plots of thrust and specific impulse as a function of fuel flowNatee

that thrust reaches a maximwalueof 44.8 Newtonsat a fuel flowrate of 2.28

grams/second and whéel flow rates ardelow 0.86 grams/secontthe thrust drops much

more quickly Thus, the specific impse reaches its maximum of 324€conds at 0.86

grams/second of propane.
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Table6-1: Simulation Results Using Relocated, CentralizatveSinusadal Flow Profiles

ConstantVolume Combustion Jet Engine

Sinusoidal Valve Flow Profile

Results
Average Total Engine Peak Thrust Peak Combustion Peak Combustion Chamber Average Thrust Specific Impulse
Fusl Flaw (Newtons) Chabar Prassurs Temperature (Kelvin) (Mewtons) (seconds)
(grams/sec) (Bar) P
0.43 15 3l 1370 52 1240.7
0.71 50 4.2 1580 17.4 2729.5
0.86 70 5.1 1750 24.4 i2le.6
1.00 88 5.7 1855 30.7 3032.8
1.28 100 6.5 2000 330 2757,1
1.57 118 72 2260 36.6 2522.1
1.71 119 7.5 2455 38.1 23923
1.86 119 73 2580 40.6 2290.5
2.00 127 7.8 2245 43.1 2188.4
2.14 138 87 2570 44.| 2092.6
228 132 9.1 2500 448 1990.3
243 132 8.8 2655 422 1766.1
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Constant Volume Combustion Jet Engine
Sinusoidal Valve Flow Profiles
Average Engine Thrust vs. Average Engine Fuel Flow
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Figure 6-10: Thrust vsAverageFuel Flow forModel withCentralized Inlet and
Sinusoidal Flow Valves
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Constant Volume Combustion Jet Engine

Specific Impulse, |

Sinusoidal Valve Flow Profiles
Specific Impulse, Igp vs. Average Engine Fuel Flow
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Figure 6-11: Specific Impulse vs. Average Fuel Flow Kbodel withCentralized
Inlet and Sinusoidal Flow Valves
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Below is a sequentialet of propane mass fraction images during one cycle of the high thrust

case, with average fuel flow of 2.28 grams gecond. Important to noti¢éem these

images is thenuch improved fueair mixing that occurs with the inlet valve reédion to the

longitudinal axis. The engine geometry and air inlet location create a passive

counterclockwise vortex just above the fuel entry point whids ia fuelair mixing and is

also the primary reason for reduced fuel losses through the throatoptihroat closure.

C3H8 Mass Fraction During Cycle — Max Thrust Case
2.28 grams/sec, 43.5 Newtons, Isp = 2062 sec

d

Noncommercial use only

C3H8 Mass Fraction During Cycle — Max Thrust Case
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Figure 6-12: Sequential Images of Propane Mass Fraction During One Cycle of Model with
Centralized Inlet and Sinusoidal Flow Valves

79



Below is asequential set of images of the engine temperature during one cycle of the

maximum hrust case, which occurs at an average fuel flow rate of 2.28 grams per second.

ANSYS ANSYS

Temperature[During Cycle — Max Thrus{ Case
2.28 grams/sec, 43.5 Newtons, Isp = 20%2
]

L ANOYS
During Cycle — Max Thrus

ii.é—-l -

ANSYS

Figure 6-13: Sequential Images demperaturdduring OneMaximum ThrusCycle of
Model with Centralized Inlet and Sinusoidal Flow Valves
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ANSYS ANSYS

“Temperdture During Cycle — Max THrust Case
2.28 $7wc, 43.5 Newtons, Isp 62 sec
- o

Figure 6-14: Sequential Imagesf Temperaturdduring OneMaximum Thrus€ycle of

Model with Centralized Inlet and Sinusoidal Flow Valy@ntinued)

The following sequential temperature images are of one cycle of the engine while operating
at a high specific impulse fuel flow rate b8 grams per second. Of note are the reduced
temperatures, but still effective mixing and combustion for adequate thrust production.

ANSYS ANSYS

Temperatufe During Cycle — High Isp C
, 34.3 Newtons, Isp =2708

Figure 6-15: Sequential Images dfemperaturdduring OneHigh Specific Impuls€ycle of
Model with Centralized Inlednd Sinusoidal Flow Valves
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© ~ANSYS - ANSYS
“Teémperatyre During Cycle — High Isp Chse
1.28 gmm%;c, 34.3 Newtons, Isp =2708 sec

iming Cycle — High Isp Case

Figure 6-16: Sequential Images demperaturédduring OneHigh Specific Impuls€ycle of
Model with Centralized Inlet and Sinusoidal Flow Valyantinued)
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6.6  Conclusions

6.6.1 Peak thrust when the valves are modekadgia sinusoidal mass flow profile occurs

at 2.28 grams per second at approximately 45 Nevabtisust Comparing this to the peak
thrust obtained with binary valves, modeled in Chapterich occurred at 3 grams per
second and approximately 62 Newsothere is a 28% reductionpeakthrust production

when using the globe valves. However, the relocation of the air inlet to the longitudinal axis
and simultaneous closing of the inlet and throat valves, together improvedrfoeking,
reduced fuelosses through the throat valve, and allowed the peak thrust to be obtained at
24% less average fuel flowlhis results in maintaining a peak specific impulse of over 3200
seconds with the sinusoidal mass flow profiles, or globe valves.

6.6.2 From the tihust and specific impulse plots, a rewarding find of the simulations is the
outstanding turrdown capability of the engineapproximately 5:1. Peak thrust occurs at
2.28 grams per second and peak specific impulse occurs at 0.43 grams per second. This
provides a propulsion system capabf providing long range arditer times and, when

neededhigh speeds and accelerations.
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Chapter 7 Engine in aConvective Air Stream

7.1  CFX Model Setup for Engine in a Convective Air Stream

The results from Chaer 6 are for the constant volume combustion jet engperating in

static conditions or when the engine is starting, idling or in slow movement on the ground. It
is now important to determine the complete operating envelope of the engine in flight
condtions, or when it is operating in a convective air stream.

The outer domain in CFX previously hadiaitial condition and boundary conditions$ still

air at a pressuref one bar and a temperature of 300K. The boundargitiam at the outer
domain inle¢ will now be modified for convective air at 100 m/s, 200 m/s, 225 m/s, 250 m/s
and 275 n8. These speeds correspond tackl numbers at sea level standard conditions of
0.29, 0.58, 0.65, 0.72 and 0.80 respectivelgimulations at 300 m/s and higher were
conducted, but resulted in quenching of the residual gases, thus reductions to the inlet open
time or inlet area at high speeds may be requiféds engine is quite possibly capable of
higher speeds, including transonic and supersonic, but this studgniyilinvestigate up to

0.80 Mach. A depiction of the new boundary conditions relative to the engirghown in

Figure 71.
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Figure 7-1: Outer Domain Inlet Boundary Condition for Convective Air Stream

Pressure monitor points were placed in CFX gl@ivnstream of the new boundary condition
(Freestream Pressurahd at a point on the inlet face of the compreg¢Samvective Air
Pressure) Across the compressor inlet boundary condition, the incoming air pressure is
increased per the compressor ratitjch inthis study is a ratio of 2.5. An example of the
convective air pressure monitors and the compregseration is shown below in the CFX
pressure deption for 225 meters per second convective air and 8.56 grams per second fuel

flow.
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Figure 7-2: Pressure Plofor a225 m/sand 8.56 grams/seConvective Air

Simulation Freestream and Compressor Pressure Rises Are Shown.
7.2  Convective Air Simulations
Simulations were accomplished for each of the five chosen convective air speeds and at
numeros fuel flow rates. Minimum fuel flow rates were noted when combustion was not
sustained at a lower fuel flow due to an inadequate prepamatio. Fuel flow rates which
corresponded to maximum attainable pressure and thrust were notegeahkenessue and
thrust values stagnated when fuel flow was increased further. These peak fuel flow rates and
thrust values correspond to the stoichiometric conditions for the respective airspeed, which is

also evident by the corresponding peak temperatures arod@dK?2 the approximate
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constant volume adiabatic flame temperatu@&X depictions of the temperatures and thrust

for the 225 m/s and 8.5§fams/sec fuel flovareshown below.
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Figure: 7-3 Temperature and Thrugtlots for a 225 m/sand 8.56 grams/seconvective Air

Simulation(Wedge)

CFX depictions of the pressuraad thrust forhie 275 m/s and 2.28, 3.71 and 12.13
grams/sec fuel flovareshown below.
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Figure 7-5: Convective Air at 275 m/s Sequential Temperature Images, Propane at 12.13
grams/sec

In the images above (Figure5) are the sequential temperature images for the 275 m/s and
12.13 grams/sec engine fuel flowhich corresponds to the engieg@eak thrust operation of
191.6 Newtons, but at a specific impulse of only 1604 seconds. The image below (Figure 7

6) depicts the engine mach number during expansion of this same simulation. Of note is the
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chdaked flow & the throat throughout the expansiand the peak nozzle exit plane mach
number of 2.4. Also, overexpansion in the nozzle occurs late in the expansion, 600 timesteps

prior to the inlet opening, or when 77% of the expansioeis complete.
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Figure 7-6: Convective Air at 275 m/s Sequential Mach Number Images, 12.13 grams/sec
Propane, Expansion Phase Onlylaximum Exhaust Mach Number is 2.4.
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The following Tables7-2 and 74 show the essential results from the convective air
simulations. The avage thrust and specific impulse results are then plotted as a function of

the averag fuel flow in Figures 7 and7-8.
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Table 71: Constant Volume Combustion Jet Engine Cotwe@ir Simulation Results, 106/sand 200 m/s

Constant Volume Combustion Jet Engine with Convective Air Stream
(100 meters/second and 200 meters/second)

Convective Stream Average Total Peak Thrust Peak Combustion Peak Combustion Averase Thrust | Specific Impulse
Velocity Engine Fuel Flow (Newtans) Chamber Pressure | Chamber Temperature {Ne%vtons} P {secondﬁ}
(meters/sec) (grams/sec) (Bar) (Kelvin)
100 I.14 130 6.9 1650 44.1 39202
100 128 185 10.0 2065 627 27894
100 4.00 245 134 1300 83.1 21109
100 B.56 250 14.0 1300 B48 1005.2
200 1.28 225 127 1910 76.3 33925
200 1.85 260 15.0 2035 BB2 31362
200 343 290 168 2140 98.4 2915.0
200 4.00 305 17.7 2110 103.4 2627.8
200 5.00 335 194 1510 113.6 2309.0
200 8.56 395 222 1675 134.0 1588.2
200 12.13 390 2212 1380 1323 1106.9
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ConstantVolume Combustion Jet Engine with Convective Air Stream
(225 meters/second and 250 meters/second)

Table 72: Constan Volume Combustion Jet Engine ContixecAir Simulation Results, 22b/sand 2% m/s

Convective Stream

Average Toral

Peak Combustion

Peak Combustion

Velocity Engine Fuel Flow iﬁ:\ﬂ:}?&s}t Chamber Pressure | Chamber Temperature A";EN'"Z%S t!;::,;m Spe{t;ij;olr:répz;]lse
(meters/sec) (grams/sec) (Bar) (Kelvin)
225 228 245 13.2 1885 83.1 3694.0
225 3.14 290 16.9 2125 98.4 3180.0
225 4.00 330 18.5 2345 1.2 28432
225 5.00 365 21.0 2500 123.8 25158
225 8.56 415 242 2700 144.1 1708.8
225 12.13 425 246 2530 144.1 1206.2
250 228 285 13.6 1680 96.7 4297.1
250 4.28 370 21.3 2160 125.5 29753
250 5.42 410 236 2245 139.1 26029
250 6.14 425 25.1 2525 144.1 23849
250 8.56 475 278 2550 161.1 1909.8
250 12.13 510 292 2575 173.0 1447.5
250 17.84 510 78 2575 173.0 984.3
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Table 73: Constant Volume Combustion Jet Engine Convegétiv8imulation Results, 275 m/s

ConstantVolume Combustion Jet Engine with Convective Air Stream
(275 meters/second)

Convective Stream

Average Tortal

Peak Combustion

Peak Combustion

Velocity Engine Fuel Flow Eﬁ:\ﬂ;’;"ﬁs}t Chamber Pressure | Chamber Temperature A\;eergi t-g:;';“ Spe{t;ij;:ol:‘é;;rlse
(meters/sec) (grams/sec) (Bar) (Kelvin)
275 228 315 15.0 1355 106.8 4749.5
275 371 375 18.2 2005 127.2 3479.5
275 4.28 3%0 2286 2010 1323 31362
275 4.85 420 24.3 2020 142.4 2980.1
275 6.57 470 278 2280 159.4 2464.9
275 8.56 505 29.0 2640 171.3 2030.5
275 12.13 565 310 2640 191.6 1603.6
275 17.84 565 31.5 2600 191.6 1090.4
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Average Thrust vs. Average Fuel Flow
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Figure 7-7: Average Engine Thrust vs. Average Engine Fuel FovCbrvective Stream of
100 m/s200 m/s, 225 m/s, 250 m/s and 275 m/s
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7.3 Conclusions

7.3.1 Performance of the cotat volume combustion jet engine was dramatically
improved in the convective air stream wloemmpared to static conditions.

Peak thrust went from 45 Newtons at 2.28 grams/second of fuel, at static conditions,
to 192 Newtons at 12.13 grams/second of, fwlle at 275 meters/second.

Peak specific impulse went from 3217 seconds at 0.86 grams/second, at static
conditions, to 4750 seconds at 2.28 grams/second of fuel at 275 meters/second.

1 7.3.2 From the thrust vs. fuel flow chart, it is readily apparen¢émethe engine
stoichiometric fuel flow rates resider each airspeed. Fuel flows above these values
at those correspondirspeeds should be avoided as fuel would be wasted.

7.3.3 The thrust turrdown ratio is 191.6/44.1 £.35. The fuel tusdown to abieve this
thrustturn-down is 12.13/1.14 =1
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Chapter 8  Nozzle Optimization

8.1  SupersonicNozzle Design

Exhaust nozzles of thrust engines are normally a convedjerigent typeor de Laval

nozzle The flow through such a nozzle is usually axisymimeind can be considered

nearly onedimensional or quasinedimensional and it is also usually nearly isentropic.
The exitto-throat area ratio alone governs the ¢giteservoir pressure ratio across the
nozzle. For maximum thrust at a given pressatie, the pressure in the exit plane should
theoretically be equal to the ambient pressure. The design complication for steady flow
nozzles is usually due to the changing operating environment of the vehicle, i.e., the
changing ambient pressure. Thisnest pronounced in vehicles with high altitude operating
environments. Since a fixed nozzle can only be designed with one correct area and pressure
ratio, there is only one altitude for which the gas can be properly expanded. At other
altitudes, the gasay not be fully expanded at exit (an undgpanded condition), or it may
be expanded below the ambient pressure (anrex@anded condition). A supersonic nozzle
flow pattern summary is shown belawFigure 73 Either flow, underexpanded or over
expanded, producdssses in thrust efficiency, so it is customary to design the nozzle for
some mean altitude (mean pressure ratio) so that it operates in arexpaeded condition

at high altitude, and an ovexpanded condition at sea level, where floighhseparate.
Changing operating altitudes are probably not a design factor for the constant volume
combustion engine, as its opergtienvelope will most likely be limited to 5000 ft Mean Sea

Level or less, where little eimges to ambient pressure exidbwever, these same design

98



considerations are of concern with the constant volume combustion jet engine due to the
changing reservoir pressure during expansion.

In addition to the loss of nozzle thrust efficiency when operating at off design condifions,
serious concern is nozzle flow separation when the nozzle expansion ratio is too large for a
given nozzle pressure ratio. When supersonic contour nozzle flow expands to a pressure
level that is fatower than the ambient pressutiee formation of a@rmal shock occurs and

then the detachment of the ensuing flow from the nozzle walls. This flow separation results
from the flow in the boundary layer not having sufficient energy to overcome adverse
pressure gradients. Because the flow separation eft@ns on one side of the nozzle,

causing azimuthal pressure distributions, side loads on the nozzle can cause serious structural
concerns.

Unsteady nozzle flows cause the same design issues as those raised by the changing, off
design operating environmentUnsteady flows can result at engine st@rtshutdown,

some other transient operations, or in some cases, it can result from the propulsion source
itself, such as that found in a pulse engine thrust source. Unsteady flows and a changing
ambient presge coupéd together, require a thoroughderstanding of the unsteady
supersonic flow through nozzle42][13][20]

Obviously, the design concerns of this study are the unsteady flow through the engine. Itis
desired to find a nozzle design tlediminaies or limits oveexpansion, but also tries to

minimize the inefficiencies of undexpansion.

9¢



Chambe

Flowr e nsherahing =1
=y —w >

Flow accelergtng
=1 >

Flow aco, it

{h) Flow just choled |

¢) Shock I nozzle
Cha mibe et .
I=q
! fur=y
Flow ace. | Flow soi.
Mei —* T —*
= e ———
dy Shoc k at exit
st

A mbyent
G e
.!;ff

Flow sea. FlGw man.
My T * =1 ¥

A mivent

Figure 81: Supersonic Nozzle Flow Conditions During Expan$&n

10C



The constant volume combustion engine of this stsidy unsteady propulsion device, as

the combustion chamber pressure is constantly changing during the expansion through the
nozzle and also the expansion occurs for only 50% of each cisletated above, a

particular nozzle design on this engine will only operate at the design poirg &hen

during the expansion atother times the nozzls usually in either an undexpanded or
overexpanded state, but will actually see each onketbnditions shown in Figurel8

during each of the 194 cycles per second.

The constant volume coméiion engine nozzle expansion is very similar to the design
aspects of a rocket motor blowdown of the combustion chamber of a solid propellant rocket
motor after the propellant is consumealtypical pressurdime plot at the head of the grain

for arockd motor is shown below. [12

Propellant burnout

Head-end stagnation pressure, P,

—>» | [€— Ignition Blowdown

—

t

Figure 8-2: Rocket Motor Blowdown Similarity to Constant Volume Combustion Jet Engine
Expansion
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For most of the rocket operating range, the mass flow rate of combustion gas through the
perforation in the solid propellagtain changes very little with time. This portion of the

flow is best analyzed as a quastady flow analysis using a steady-@m@ensional flow

model with mass additiorDuring the ignition and blowdown phases, however, the flow
properties change rajby with time and the unsteady flow effects become significant. This
blowdown phase is what is occurring in the constant volume combustion engine throughout
the expansion through the nozzle.

The changing operating environment of this constant volum&ugstionjet engine is most

likely not a design concern. This engine will normally operate between sea level and 5000 ft
mean sea level, and thus close to standard temperature and prédsbaeand 300K.

These are the input wads used in the CFX sidations as the ambient conditions in the
AOuter o domai n.

The objective of twadimensional, steadgtate supersonitozzle design for nozzle, as

shown in the figure below, is to expand a gas at rest to a given supersonic Mach number at
the exit, M. Thedesire is to design tharea ratio and theontour to provide a shodkee,
isentropic flow in the nozzle. The convergent, subsonic section has no specific required
contour, only general rules of thumb for its design. The primary concern is the divergent
supersonic portion. To begin the method of characteristics, an initial data line is used, which
is downstream of the limiting characteristic, where the flow properties are known (see
drawing). A mesh with grid points is built through the expansionceand the

straightening sectionThe numerical solution of the flow is carried out by solving the

compatibility equations along the characteristic lines in alsyegtep fashion, starting from
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the initial data line. The flow properties at each grishpare determined using a finite
difference method, such as the Euler Predi€orrector. An illustration of such a finite

difference grid is shown below[12] [16]

Sonic line

M <1
—

Limiting characteristic

Figure 8-3: Method of Characteristics for Nozzle Design

8.2 CFX Nozzle Optimization Simulations

Nozzle designs in this study are being@uoplished by using a publicalavailable
MATLAB nozzle design program callédD Nozzle Design[Appendix 00 This program
gives the ideal nozzle geometry using the method of characteristicQt@sa2D Diverging

Nozzle. It assumes that the gas that is exhausting from the combustiobeasthas no mass
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flow rate in. Using 2D nozzle flow relations, an optimal throat area is found that produces
the maximum amount of thrust for the given ambieaspure and combustion chamber
parameters. This exit area is automatically set and fed into the method of charactertistics
portion of that code. The method of characteristics also uses the exit Mach number that
corresponds to the ideal exit area.

As anexample of the output of this MATLAB code, shoelow is the output for the @b

reservoir nozzle design used in all previous CFX simulatidri$.

Figure 8-4: 2-D Nozzle Design Typical MATLAB @uti 6 bar Nozzle

A coneshaped nozzle, the simplesizzle designywas used in all CFX simulations, using the
nozzle area ratio and nozzle length from this colds 2-D nozzle design code was

computationally validated using CFX by expanding a nozzle designe®fbaracombustion
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