
ABSTRACT 

TRAVIS, JEFFREY TODD. A Computational Investigation of a Constant Volume 

Combustion Jet Engine. (Under the direction of Dr. William L. Roberts and Dr. Andrey V. 

Kuznetsov). 

The constant volume combustion thermodynamic cycle, or Humphrey Cycle, if made 

practical in a jet engine, can provide enormous benefits over the traditional jet engine cycle, 

the Brayton Cycle, which is a constant pressure cycle. These advantages include increased 

thermal efficiency, lower specific fuel consumption, and higher specific 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 simplicity, low cost, damage tolerance, 

expendability, and a high thrust-to-weight ratio.  This device has the potential to provide 

extremely high 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, including applications in miniaturized 

unmanned aerial vehicles (UAVs).  The purpose of this study is to computationally model 

and understand the physics of a possible constant volume combustion jet engine, including 

the combustion and fluid mechanics of such a device.  Specifically, the investigation will 

include studying different engine geometries, valve designs and timing, various air inlet and 

fuel mixing schemes, operating frequencies, nozzle designs, along with the effects of a 

convective air stream when a supporting vehicle is in flight at various airspeeds.  This study 

will seek to maximize thrust and minimize fuel consumption, and thus develop a jet engine 

with many possible future applications. 
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Chapter 1 Introduction  

 

1.1 Constant Volume Combustion 

The constant volume combustion cycle, or Humphrey cycle, is similar to the Brayton cycle, 

except that the Brayton cycleôs constant pressure heat addition process is replaced with a 

constant volume heat addition process.  The ideal  Humphrey cycle consists of the following 

four processes [1]: 

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 provides additional 

compression.  Entropy is unchanged, while static pressure and density of the 

air increase. 

2. A constant-volume heat addition.  Heat is added from combustion, while the 

air is kept at a constant volume. 

3. A reversible, adiabatic (isentropic) expansion of the air.  The air is 

expanded, in this deviceôs case, through a nozzle.  Stagnation temperature and 

pressure decrease because of the work (thrust) extracted.  Entropy is 

unchanged, while static pressure and density of the air decrease. 

4. A constant-pressure 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 
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is considered an infinitely large reservoir for heat storage, at constant pressure 

and temperature. 

As seen below (Fig. 1-1) in an overlay of the Humphrey cycle on the Brayton cycle [2], the 

constant-volume combustion enables much higher pressures during the heat addition, which 

provides additional work during the expansion phase.  Approximately 10% higher thermal 

efficiencies can be attained by this additional work, which also leads to 30ï35% lower 

specific fuel consumption (SFC). [3] 

 

 

 

    

Figure 1-1: Comparison of Humphrey Cycle and Brayton Cycle 
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The challenges of designing a constant-volume combustion engine are to optimize the cycle 

by finding the best geometry, ensuring adequate air-fuel mixing, optimizing the expansion 

process of the nozzle through proper nozzle design, finding 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 cycle.  The focus of 

this study is to apply the results in a device for the propulsion source of miniaturized 

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

readily available, and carried in light-weight, low pressure fuel tanks. 

 

1.2 Research Objectives 

The objectives of this 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 speed flight and have 

long range and loiter times when necessary, thus requiring a high turn-down ratio and high 

thrust or high specific impulse, as necessary.  The following objectives will be pursued in 

this research: 

 

1. Determine an engine geometry which provides high Specific Impulse (Isp).  

Isp values above 3000 seconds are desired. 

2. Determine an optimum operating frequency for this geometry which 

maximizes Specific Impulse and will provide the highest thrust for a given 

fuel flow. 
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3. Determine the inlet and throat valve timing which 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 the best possible thrust and specific impulse for the engine. 

5. Find a means to properly mix the fuel and air in the combustion chamber, 

which will provide the desired performance with minimum fuel loss. 

6. Determine the performance of the engine when it is operating in a convective 

airstream, over the entire range of the vehicleôs operating envelope, as it 

would on a vehicle in flight. 

7. Analyze the thermodynamic cycle of the engine in order to properly predict its 

behavior and efficiency while in operation. 

8. Determine the estimated engine and vehicle thrust-to-weight ratio. 

 

It is important to note that specific impulse, which is a measure of the amount of thrust 

produced for the fuel used, is the driving factor in the design, since once an operating point 

which maximizes specific impulse is found, the geometry can then be scaled upward or 

downward to provide a higher or lower thrust, if desired, without changing the specific 

impulse.  This ability to scale the engine as needed is a unique characteristic of this engine 

due to its extremely simple design.  The target value of 3000 seconds for Isp is chosen to 

hopefully make it competitive with the more complicated and heavier turbojet engine.  The 

chart below (Fig. 1-2) summarizes the range of specific impulses achieved by various 
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engines using hydrocarbon and hydrogen fuels [3].  The target for this propulsion engine, if 

achieved, will place it in the company of efficient turbojet engines and pulse-detonation 

engines (PDEôs). 

 

 

Figure 1-2:  Specific Impulse vs. Mach Number for Various Propulsion Systems [3]  
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1.3 Combustion and Fluid Mechanics Models 

The combustion and fluid mechanics models used in this research are from a commercially 

available computational fluid dynamics (CFD) software package called ANSYS CFX.  This 

is an extremely robust and sophisticated software package which is almost unlimited in its 

possible applications, but requires a thorough understanding of the models to apply them 

properly and understand the results and their limitations. 

 

1.3.1 Combustion Model 

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 multi-phase flows.  

A 5-step propane-air 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 backward water-gas reactions.  

Also, the Eddy Dissipation Model was used to simulate the combustion process, since for this 

device the chemical reaction rate is fast relative to the transport processes in the flow. 

In the eddy dissipation model, at the molecular level, 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 properties.  Thus the reaction rate is proportional to a mixing 

time defined by the turbulent kinetic energy, k, and dissipation, Ů.  

 



 

 7 

Rate µ  k /Ů     

 

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 predicting turbulent reacting flows, the eddy dissipation model has been widely 

applied in the prediction of industrial flames. [4][21] 

 

1.3.2 Turbulence Model 

To model the flow in the engine simulation, the k-Ů turbulence model was used. It has proven to 

be stable and numerically robust and has a well-established regime of predictive capability.  For 

general-purpose simulations, the k-Ů model offers a good compromise in terms of accuracy and 

robustness. [5][20] 

k is the turbulence kinetic energy and is defined as the variance of the fluctuations in  

velocity.  It has dimensions of (L2/T2), e.g. m2/s2.  Ⱥ is the turbulence eddy dissipation (the rate at 

which the velocity fluctuations dissipate) and has dimensions of k per unit time (L2
 T-3), e.g. 

m2/s3. 

The k- Ů model introduces two new variables into the system of equations. [5] The continuity  

equation is then: 

 

          

and the momentum equation becomes 
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where B is the sum of body forces,  µeff  is the effective viscosity accounting for turbulence, and 

p' is the modified pressure given by 

     

where µt is the turbulence viscosity. The k-Ů model assumes that the turbulence viscosity is linked 

to the turbulence kinetic energy and dissipation via the relation 

 

 

where Cµ is a constant.  

 

The values of k and Ů come directly from the differential transport equations for the turbulence 

kinetic energy and turbulence dissipation rate: 
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where,CŮ1, CŮ2  and ůk , ůŮ are constants. Pk is the turbulence production due to viscous and 

buoyancy forces, which is modeled using: 

   

 

1.4 CFD Model Geometry 

The initial geometry selected for this study is based upon that of a hobby-scale 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 that generates intermittent thrust, with the first operational engine 

developed by the Germans in the 1930ôs and known as the V1 or ñbuzz bombò.  Below in 

Fig. 1-3 is a schematic of that first pulsejet. [6] 

The pulsejet used a series of reed or flapper valves at the intake end of the tube to take in a 

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 chamber.  As the 

combustion chamber pressure rises, the reed valve now acts as a check-valve, preventing the 

gases from escaping. Thrust is then generated from the expulsion of products down the long 



 

 10 

rearward facing open-ended tube.  After this expulsion, an expansion wave travels back 

forward toward the reed 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 frequency, which 

is a function of the tail-pipe length (in the case of the V-1, this frequency was approximately 

80 hz).  It generates a single thrust and is generally an inefficient device. [6] [7] [8] 

 

 

 

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

 

 

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

volume combustion jet engine of this research.  Using the hobby scale pulsejet shown in Fig. 
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1-4 below, the long tailpipe is removed and replaced with a converging-diverging (de Laval) 

nozzle for expansion of the product gases. 

 

 

 

 

Figure 1-4:  Hobby Scale "Dyna-Jet" Pulsejet 

 

The air inlet geometry used by the hobby-scale pulsejet will initially be maintained in the 

CFD model.  The pulsejet inlet, as shown below (Fig. 1-5), is a series of ten small ports lying 

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

 

 

passively with the acoustic cycle, via reed valves.  The initial CFD model for this study will 

be a single annulus shaped inlet along the outer perimeter of the chamber wall.  Later in this 

study, it will be necessary to determine a more practical inlet technique, an inlet that is 

compatible with an actively controlled valve. 

Additionally, the constant volume combustion engine will utilize a commercial-off-the-shelf 

compressor, prior to the combustion chamber inlet, to improve overall pressure ratios and 

thus allow significantly higher thrust and specific impulse.  However, using this mechanical 

compression will also result in higher costs and complexity.  A compressor ratio of 2.5 is 
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chosen ï a typical specification for a small, low cost compressor.  This compression will be 

applied throughout operation - at static conditions and at all times when the supporting 

vehicle is in flight, experiencing a pressure rise from a convective air stream. 

Below is depicted the initial model geometry (Fig. 1-6) with the perimeter air inlet to be used 

for CFD simulations for the constant volume engine. 

 

 

 

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

 

Below in Figures 1-7 and 1-8 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 

 

 

 

 

   

Figure 1-8:  Constant Volume Combustion Jet Engine Plan View 
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1.5 Model Operation 

For the initial model, which will include static simulations only (no convective airstream), air 

from the compressor (1) to the inlet (2) will be maintained at 2.5 bar through a boundary 

condition at the compressor leading face of 2.5 bar.  Inlet pressure will only momentarily fall 

below 2.5 bar during inlet valve (2) opening.  For these early simulations, inlet valve opening 

will introduce a premixed stoichiometric propane-air mixture.   

Determination of the duration of the inlet valveôs opening will be discussed later, but since 

the engine is still finishing the expansion phase with an open throat valve, this stage serves 

two purposes ï introduce the fresh propane-air mixture to the combustion chamber (3) and to 

promote a purge of the last of the chamber products from the previous stage. 

The throat valve (4) closes just prior to the closing of the inlet valve.  With both the inlet and 

throat valves now closed, ignition of the reactants in the combustion chamber will now occur 

from the small amount of residual gases remaining in the combustion chamber.  A summary 

of the valve operation is: 

Å Inlet valve closes at a pre-determined time and as chamber pressure 

approaches 2.5 bar. 

Å Reactants mix with residual hot products and combustion occurs. 

Å Due to isochoric combustion process, peak chamber pressures approach 10 

bar, at peak temperatures of about 2500K. 

Å Throat valve opens and gases exhaust through the diverging nozzle. 

Å Due to high chamber pressure, supersonic exhaust velocities are possible. 
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Å At a pre-determined time, as chamber pressure drops towards 1 bar, the 

inlet valve opens to provide some flushing the of combustion chamber 

products and introduce new reactants to the combustion chamber. 

Å Soon after, the throat valve closes to allow capture of fuel-air mixture in 

the combustion chamber.  Inlet valve closes again at approximately 2.5 bar 

chamber pressure and the cycle repeats. 

The pulsejetôs exhaust tube was replaced with a nozzle designed for a reservoir pressure of   

6 bar (6 x 10
5
 N/m

2
).  This design was calculated using a MATL AB publically available 

software program (Appendix D).  With the knowledge that this engine will be an unsteady 

device with large variations in combustion chamber pressure, 6.0 bar was chosen as the 

initial nozzle design point because peak chamber pressure was expected to be approximately 

8 ï 10 bar.  With compression and expansion pressures approximating a sine curve, average 

combustion chamber pressure would be about 6 - 7 bar and using a 6.0 bar design point 

would minimize over-expansion and hence shocks in the nozzle.  A nozzle optimization 

analysis will occur later in this study. 

For initial simulations, the inlet and throat valves will be binary valves, open or closed, 

actively controlled.  More realistic, controllable valves will be discussed and modeled later in 

this study. 

1.6 CFX Model 

ANSYS CFX is a general purpose Computational Fluid Dynamics (CFD) software suite that 

combines an advanced solver with powerful pre- and post-processing capabilities. [9][10]  It 

includes the following features: 
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Å An advanced coupled solver that is both reliable and robust. 

Å  Full integration of problem definition, analysis, and results presentation. 

Å  An intuitive and interactive setup process, using menus and advanced 

graphics. 

ANSYS CFX is capable of modeling: 

Å  Steady-state and transient flows 

Å  Laminar and turbulent flows 

Å  Subsonic, transonic and supersonic flows 

Å  Heat transfer and thermal radiation 

Å  Buoyancy 

Å  Non-Newtonian flows 

Å  Transport of non-reacting scalar components 

Å  Multiphase flows 

Å  Combustion 

Å  Flows in multiple frames of reference 

Å  Particle tracking. 

ANSYS CFX consists of four software modules that take a geometry and mesh and 

 

pass the information required to perform a CFD analysis: 

 

Å  CFX-Pre, is used to define simulations. 

 

Å  CFX-Solver solves all the solution variables for the simulation for the 

problem specification generated in CFX-Pre. 

 

Å  The CFX-Solver Manager module provides greater control to the management 

of the CFD task. Its major functions are: 
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Å  Specify the input files to the CFX-Solver. 

 

Å  Start/stop the CFX-Solver. 

 

Å  Monitor the progress of the solution. 

 

Å  Set up the CFX-Solver for a parallel calculation. 

Å  CFD-Post provides state-of-the-art interactive post-processing graphics tools 

to analyze and present the ANSYS CFX simulation results. 

 

 

The model geometry as shown below is first built in the ANSYS Modeler.  All simulations in 

this study were built in two-dimensions with an eight-degree symmetric wedge.  Doing this 

was allowed because of the 2-D axisymmetric characteristics of the engine geometry.  This 

greatly reduced the processing time for the simulations, which even with the wedge model, 

often approached 3 ï 5 days in duration per engine cycle.  Extrinsic properties such as fuel 

flow and thrust were computed from wedge values to engine values using software user 

expressions.  The two images below (Fig. 1-9 and Fig. 1-10) depict the constant volume 

combustion engine and the surrounding outer domain. 
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Figure 1-9:  Constant Volume Combustion Jet Engine CFD Wedge Model 
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Figure 1-10:  Constant Volume Combustion Jet Engine and Outer Domain Wedge Model 

 

 

The geometry is then meshed, again using the ANSYS Modeler, adjusting areas in the mesh 

that need refinement (Fig 1-11).  Refinement controls include line and point controls, node 

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

 

 

 

 

Figure 1-12:  Mesh Inflation Control Used to Decrease Node Spacing in Boundary Layer 
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After placing the geometry in CFX-Pre, the initial conditions, boundary conditions, 

fuel and air parameters, fuel sources, and output parameters are prescribed.  Also, 

expressions are built to control valves, fuel flow rates, etc.   

 

The initial geometry boundary conditions are: 

Å Outer Domain:    Air, 1 bar, 300K 

  

Å Inlet Domain:    Stoichiometric Propane-Air Mixture, 2.5 Bar, 370K 

 

Å Outer-Inlet Boundary :  2.5 Bar, 370K, Propane-Air M ixture 

 

Å All Walls:  Adiabatic, No-Slip, Smooth Wall 

(Outer, Inlet, Combustion Chamber, Nozzle) 

  

 The combustion model designated throughout these simulations is summarized as: 

  

Å Propane Air Mixture ï Inlet (Premixed) at 2.5 Bar, 370K 

 

Å Combustion Model ï Five-Step, Eddy Dissipation 

 

Å Chemical Timescale ï 2.5 x 10
-4

 seconds (Neutral setting of three available) 

 

Å Extinction Temperature  ï 900K in the combustion chamber 

 

Å Extinction Temperature  ï 3000K in all domains except the combustion 

chamber 

 

Å Heat Transfer Model ï Total Energy 

 

The fluid mechanics model used is summarized as: 

 

Å Turbulence Model ï ə - Epsilon 

 

Å Turbulent Wall Functions ï Scalable 

 

Å Heat Transfer Model ï Total Energy 
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Å Buoyancy Model ï Non-Buoyant 

 

Å Domain Motion ï Stationary 

Chapter 2 Valve Timing Optimization 

 

2.1 Valve Control Background 

The only active control of the initial constant volume combustion jet engine occurs with the 

inlet and throat valves.  Later 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.  

These initial CFX simulations will use a trial and error method, observing when reliable 

combustion will occur for a cycle and what values will yield maximum pressures, and 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 geometries 

that are scaled up or down from the simulation geometry. 

Optimizing the inlet and throat valve sequencing can be achieved by varying the following 

and noting the effects on combustion chamber peak pressure and thrust produced: 

1) Expansion - Throat Open, Inlet Closed 

2) Flushing ï Throat Open, Inlet Open 

3) Recharge ï Throat Closed, Inlet Open 

4) Combustion ï Throat Closed, Inlet Closed 
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All simulations will begin with an initial condition in the combustion chamber of a pressure 

of 6.0 x 10
5
 N/m

2
 and a 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 first cycle with this initial condition serves as a ñjump-

startò to provide the residual gases needed for the next cycle.  In the actual engine, when 

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 the combustion chamber pressure approaches the nozzle 

back-pressure, in this case atmospheric pressure of 1.0 bar, the inlet valve will open to 

introduce the fresh fuel-air mixture at 2.5 bar.  This valve opening will aid in flushing 

residual gases from the combustion 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 gases are captured 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 pressure serves no 

benefit and extends the cycle time, which reduces average thrust.  When peak pressure is 

reached, the throat valve opens to begin the next cycle. 

Control of the opening and closing of the inlet and throat valve in ANSYS CFX is 

accomplished through a Resistance Loss Coefficient (m
-1

). [11]  A Loss Coefficient of zero 

allows full flow through the valve, while a high Loss Coefficient, usually on the order of 10
 6 

m
-1

 through 10
 8
 m

-1
, will prevent all flow through the valve, even under extremely high 
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pressures.  Application of the Resistance Loss Coefficient, including timing and duration of 

the opening and closure, is accomplished through CFX expressions written by the user ï the 

depiction below (Fig. 2-1) shows the Loss Coefficients as used in this model for the two 

binary inlet (red) and throat (green) valves.  The timesteps used are 10
-6

 seconds. 

  

  

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

Valves 

  

 

A plot of typical combustion chamber pressure is shown below (Fig. 2-2), along with other 

pressure monitor points and their locations.  These 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 attempting to maximize pressure and thrust, it was observed that the length of the 

expansion phase is critical in maximizing the peak pressure in the next cycle.  It is imperative 

that the combustion chamber pressure be reduced as close as possible to atmospheric 

pressure, or as a minimum, at least one bar below the inlet pressure (1.5 bar in this case).  

Expanding the gases as close as possible to atmospheric pressure apparently allows much 

better flushing of the products from the combustion chamber when the inlet opens, however 

it is also important that enough products then remain as an aid in combustion of the fresh 

reactants.  Not attaining this target minimum pressure during expansion leaves too much 

residual gas for proper filling of the combustion chamber with fresh reactants.  The chart 
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below (Fig. 2-3) shows the pressure differential between the inlet pressure and the minimum 

expanded chamber pressure versus the peak combustion chamber pressure attained in the 

subsequent cycle. 

 

  

Figure 2-3:  Effect of Minimum Expansion Pressure on Next Cycle's Maximum Pressure 

 

 

Below (Fig. 2-4) are the results of trial simulations which attained a maximum combustion 

chamber pressure of approximately 13 bar.  Total time for one cycle was 5150 timesteps or 

5.15 x 10
-3

 seconds.  This equates to a frequency of 194hz.  The ratios (t) of each phase to the 

total cycle time are also shown.  
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Figure 2-4:  Time and Time Ratios Required for Each Cycle Phase, from Trial Simulations 

 

Below is a pressure and thrust plot of the initial condition cycle and the next full cycle:  

 

 

 

Figure 2-5:  Pressure and Thrust Plots of Initial Condition Cycle and Next Full Cycle 

(Wedge) 

 

Total Timesteps Per Cycle:  5150 Timesteps = 5.15 x 10 
ï3

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) Expansion-Throat Open, Inlet Closed  t
Exp

 = 2600/5150 = 0.51 

  

2) Flushing ï Throat Open. Inlet Open  t
Flush

 = 570/5150 = 0.11 

  

3) RechargeïThroat Closed, Inlet Open  t
Charge

 = 430/5150 = 0.08 

  

4) CombustionïThroat Closed, Inlet Closed  t
Comb

 = 1550/5150 = 0.30 
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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 10
-3

 seconds, the specific impulse dropped off precipitously.  

This was due to fuel-air mixture being lost through the open throat valve at a much higher 

rate.  When the inlet closed sooner than 1000 timesteps, the lower amount of fuel-air mixture 

entering the chamber resulted in lower maximum pressure and thrust values, also lowering 

specific impulse.  Thus an inlet open duration of 1 x 10
-3

 seconds was chosen as the 

optimum. 

 

    

  

 Figure 2-6:  Effect of Inlet Open Duration on Specific Impulse for 194hz Engine 
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2.3       Conclusions 

a.   For this engine geometry, the optimum cycle time is 5.15 x 10
-3
 seconds or 194hz. 

b.  The optimum inlet open time (flushing and recharge) is 1000 timesteps, or 1 x 10
-3

 

seconds. 

c.  A cycle expansion time of 2600 timesteps, or 2 x 10
-3

 seconds and a compression time of 

1550 timesteps, or 1.55 x 10
-3

 seconds is desired for maximum thrust. 
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 Chapter 3 Perimeter Inlet Geometries and 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 the geometry below, as described in Section 1.4, based upon 

the hobby-scale pulsejet geometry.  This geometry uses a single annulus shaped inlet along 

the outer perimeter of the combustion chamber front wall.  Total inlet area is 1.822 in
2
.  The 

combustion chamber size and throat are identical to the hobby-scale pulsejet, with a 

combustion chamber volume of 17.5 in sq and the nozzle area ratio is 1.75 with a length of 

2.39 inches.  The nozzle design point is for a reservoir of 6.0 x 10
5
 N/m

2
 and 2500K with gas 

density being stoichiometric propane-air. 

 

 

 

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

model.  Pressures, thrust and fuel flow through the inlet are shown. 

  

  

  

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 cycle of the 194hz simulation for this model. 

 

 

Figure 3-3  Sequential Temperature Images of One Cycle of the Single Inlet Full Combustion 

Chamber Engine Model 
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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 entering fuel-air mixture and to explore 

potential reductions of fuel losses through the nozzle.  The additional inlet area is an annulus 

of area 0.555 in
2
 for a total inlet area now of 2.375 in

2
.  This dual inlet will possibly alter the 

fuel-air mixture flow in a positive way to reduce fuel losses and improve the reactant mixing 

with residual gases.  This revised geometry is shown below (Fig. 3-4). 

 

 

Figure 3-4:  Dual Inlet Full Combustion Chamber Geometry 

 

 

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

model.  Pressure, thrust and fuel flow through the inlet are shown. 
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Figure 3-5:  Dual Inlet Full Combustion Chamber Pressure, Thrust and Fuel Flow Plots 

(Wedge) 
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Below are sequential temperature images of one cycle of the 194hz simulation for this model. 

 

 

Figure 3-6:  Sequential Temperature Images of One Cycle of the Dual Inlet Full Combustion 

Chamber Engine Model 
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3.4 Single Inlet Reduced Combustion Chamber 

The single inlet full combustion chamber geometry is now modified to a smaller combustion 

chamber to further explore possible improvements in combustion of the entering fuel-air 

mixture and to possibly reduce fuel losses through the nozzle. This revised geometry is 

shown below.  The original full combustion chamber longitudinal dimension of 1.9 inches, 

prior to the convergence, is now reduced by 50% to 0.95 inches.  This reduces the total 

chamber volume by 15% to 14.85 in sq.  Nozzle geometry remains unchanged. 

 

Figure 3-7:  Single Inlet Reduced Combustion Chamber Geometry 

 

 

Below (Fig. 3-8) are simulation results for the single inlet reduced combustion chamber 

engine model.  Pressure, thrust and fuel flow through the inlet are shown. 
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Figure 3-8:  Single Inlet Reduced Combustion Chamber Pressure, Thrust and Fuel Flow 

Plots (Wedge) 
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Below are sequential temperature images of one cycle of the 194hz simulation for this model. 

 

 

 

Figure 3-9:  Sequential Temperature Images for One Cycle of the Single Inlet Reduced 

Combustion Chamber Engine Model 
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3.5 Dual Inlet Reduced Combustion Chamber 

The dual inlet full combustion chamber geometry is now also modified to a smaller 

combustion chamber to explore further possible improved combustion and reduced fuel 

losses.  The original full combustion chamber longitudinal dimension of 1.9 inches, prior to 

the convergence, is now reduced to 0.95 inches.  This reduces the chamber volume by 15% 

to 14.85 in sq.  Nozzle geometry remains unchanged. 

 

 

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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Figure 3-11:  Dual Inlet Reduced Combustion Chamber Pressure, Thrust and Fuel Flow 

Plots (Wedge) 
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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 

Combustion Chamber 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 converging-diverging nozzle throat size.  The original throat size, as stated 

previously, was based upon the hobby-scale 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 converging-diverging nozzle.  Therefore, the throat 

area used previously will now be reduced by 50%, from 1.1323 in
2
 to 0.5566 in

2
.  This area 

reduction will also require changes to the nozzle exit area and length in order to maintain the 

nozzle design point for a 6.0 bar reservoir.  These changes are shown in the depiction below. 

  

 

 

Figure 3-13:  Single Inlet Reduced Combustion Chamber and 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, thrust and fuel flow through the inlet are shown. 

 

      

     

      

Figure 3-14:  Single Inlet Reduced Combustion Chamber and Reduced Throat Pressure, 

Thrust and Fuel Flow Plots (Wedge) 
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Below are sequential temperature images of one cycle of the 194hz simulation for this model. 

 

 

 

Figure 3-15:  Sequential Temperature Images of One Cycle of the Reduced 

Combustion Chamber and Reduced Throat Engine Model 

 

 

Analysis of the average thrust, average fuel flow and specific impulse of this 194hz model 

will be accomplished in the next chapter as comparisons are made of this frequency and these 

different geometries with other operating 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 5.15 x10
-3

 seconds or 194 hz, which 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 to explore lower frequencies, due to the previous 

discovery that 194hz provides a peak combustion chamber pressure, and thus a peak thrust, 

without stagnating at that pressure ï any frequency lower than 194hz would require 

stagnation at that peak pressure, lowering average thrust and specific impulse.  The 

previously determined 194hz cycle phases and lengths are shown again below. 

 

    194hz Cycle Phases 

 

 

The increased frequencies will be accomplished through adjustments to the actively 

controlled inlet and throat valves. The 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 recharge (430 timesteps) will be maintained, 
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as they are critical for the proper charging and ignition of the cycle.  Of the remaining 

timesteps for each frequency, the ratio of expansion to combustion (0.51/0.30 or 1.7:1) will 

be maintained as the total combustion and expansion time is decreased to meet the desired 

increased frequency.  Many 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 the average thrust, average fuel flow and specific impulse for the single inlet full 

combustion chamber model for each frequency are shown below. 

 

 

Figure 4-1:  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 Combustion 

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 

combustion 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     

  

 

                        

Figure 4-5:  Fuel Flow vs. Frequency for the Dual Inlet Full Combustion Chamber Model 
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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 

combustion chamber model for each frequency are shown below. 
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Figure 4-7:  Thrust vs. Frequency for the Single Inlet Reduced Combustion 

Chamber Model 

 

 

    

Figure 4-8:  Fuel Flow vs. Frequency for the Single Inlet Reduced Combustion 

Chamber Model   
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Figure 4-9:  Specific Impulse vs. Frequency for the Single Inlet Reduced 

Combustion Chamber Model 

 

 

4.5 Dual Inlet Reduced Combustion Chamber 

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

combustion chamber model for each frequency are shown below. 
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Figure 4-10:  Thrust vs. Frequency for the Dual Inlet Reduced Combustion Chamber 

Model 

 

    

Figure 4-11:  Fuel Flow vs. Frequency for the Dual Inlet Reduced Combustion 

Chamber Model 
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Figure 4-12:  Specific Impulse vs. Frequency for the Dual Inlet Reduced Combustion 

Chamber Model 

 

 

4.6   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 chamber and reduced 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 

 

 

  

 

Figure 4-14:  Fuel Flow vs. Frequency for the Single Inlet Reduced Combustion Chamber 

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 Figure 4-16, a composite plot of all studied geometries 

and their resultant specific 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 single inlet, reduced combustion chamber and reduced throat 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 seconds.  All simulations from this point forward in 

this study will operate at 194 hz with a single air inlet.  The reduced combustion chamber and 

reduced throat engine geometry will remain unchanged also, except for a revision to the inlet 

air location in Chapter 6 and possible nozzle geometry improvements in Chapter 9. 
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Chapter 5 Reactant Mixing  

 

5.1 Introduction  

Up to this point, all simulations have utilized a boundary condition at the compressor, which 

provides a stoichiometric, premixed air-fuel mixture to the combustion chamber inlet.  This 

is, of course an optimum, but unrealistic condition. Therefore, 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 one or two locations, 

usually in or near the inlet air stream.  In addition, the fuel will be injected 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 recharged with reactants.  These fuel losses can be reduced or eliminated in two ways ï 

(1) promote reactant mixing in an area of the combustion chamber distant from the throat and 

(2) possibly shorten the time that the throat is open when the inlet is open.  Adjustments 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 open.  Previous simulations 

have shown this to sometimes occur when the throat closes too soon before the inlet closes. 

Single and dual fuel injection points will be explored, at total flow rates of 1.5 g/s, 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 simulation will no longer include a premixed stoichiometric air-fuel mixture entering 

the combustion chamber.  At static conditions, standard outside air compressed to 2.5 x 10
5
 

N/m
2
 from the compressor enters the combustion chamber.  A single propane source point is 

located in the combustion chamber air stream as it enters.  The propane flows steadily from 

the source point only when the inlet valve is open.  Both the inlet air valve and the fuel inlet 

valve are binary states (full open or full closed), as in previous simulations.  

For the single fuel inlet simulations, fuel enters the combustion chamber directly into the 

inlet air stream and four different cases were modeled ï fuel with no initial velocity, fuel at 

50 m/s into the air stream, fuel at 50 m/s away from the air stream, and fuel at 50 m/s 

perpendicular from the airstream in a downward direction.  Sequential images of one cycle of 

the propane mass fraction for the single point fuel injection with no initial velocity are shown 

below.  As can be seen from the visual images, fuel losses through the open throat valve are 

minimal.   
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Figure 5-1:  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 injection were modeled ï in all cases one fuel injection was directly 

in the incoming air stream and the other fuel injection was near the combustion chamber 

centerline axis, below the first injection point, in the clockwise air flow vortex.  The amounts 

of fuel at each injection point (centerline fuel/airstream fuel) in these three simulations were:  

¶ 1.5 grams per sec/0.5 grams per sec (2.0 grams per sec total) 

¶ 1.125 grams per sec/0.375 grams per sec   (1.5 grams per sec total) 
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¶ 1.0 grams per sec/1.0 grams per sec   (2.0 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 grams/sec centerline fuel injection and 0.5 grams/sec 

airstream fuel injection.  From the visual images (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 comparison.  There is little 

significant performance distinction between the single and dual fuel injection cases, although 

a slight improvement in thrust exists when the single injection has a perpendicular downward 

velocity and also when the dual fuel injection is divided 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, through the still-open inlet. 
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Figure 5-2:  Sequential Images of Propane Mass Fraction During One Cycle With 1.125 

Grams/Sec Near Centerline and 0.375 Grams/Sec In Airstream 

 

 

 

 

Below (Figures 5-3 and 5-4) are plots of the results of the reactant mixing simulations: 
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Figure 5-3:  Thrust vs. Average Fuel 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 are 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 no reduction in performance when comparing the single injection fuel 

mixing model with the premixed fuel-air model.   

 5.4.2.1  The premixed fuel-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 seconds. 

 5.4.2.2  The single injection fuel mixing model produced 54 Newtons of thrust at a 

specific impulse of 2700 seconds.  Also, a maximum thrust of 62 Newtons was produced at 

3.0 grams/sec propane, at the minimum specific impulse of 2100 seconds. A thrust of 31 

Newtons occurred at 1.0 grams/sec at the maximum specific impulse value of 3200 seconds. 

 

 

 

 

 

 



 

 67 

Chapter 6 Valve Sinusoidal Area Flow Profiles and Single Centerline Air Inlet  

 

6.1 Introduction  

Previous simulations have modeled the inlet as a single annulus shaped opening around the 

circumference of the combustion chamber front wall.  It is now necessary to relocate the inlet 

valve to a single ball or globe type valve, which is able to rotate at the desired cycle rate. 

Locating the valve to the longitudinal axis is desired in order to place it in-line with the throat 

valve, which will make possible simultaneous, synchronized drive and control of the inlet 

valve and throat valve.  Placing the inlet valve on the longitudinal axis also simplifies, 

shortens and lightens the engine and thus reduces fabrication time and costs.  An added 

benefit of this inlet valve location is that the simulations of this study are simplified, as the 

engine is still axisymmetric, which allows the continued use of an eightïdegree wedge model 

in the CFX software. 

In addition to relocating the inlet valve, and modeling a ball or globe valve, it will be 

necessary to model the mass flow through the inlet and the throat valves as sinusoidal flow 

profiles to match the sinusoidal area profiles of the actual globe valves as they rotate.  This 

will be accomplished through user-written expressions and the resistance loss coefficient, 

which was also used for the binary valves, but will now be modified to model the sinusoidal 

flow profiles. 

6.2 Inlet Valve Relocation 

As seen in the depictions below, the relocated inlet valve is now a single, circular valve, 

centered on the face of the combustion chamber.  The area of the full opening of this valve 
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will be sized to match the inlet area of the previous simulations, 1.82 in
2
.  Although this area 

may appear too small at first glance, since the globe valve throttling will produce a smaller 

total area profile over time than the binary valve, it was chosen as a first estimate for the 

model in an attempt to reduce the overall size of the inlet valve.  The size of the globe valve 

is chosen to provide the timing that was determined in Section 2.1, i.e., when the valve is 

rotating, it will be partially or fully open 1 x 10
-3

 seconds and fully closed 4.15 x 10
-3

 

seconds.  Also note that the 194hz cycle will only require that the inlet and throat valves 

rotate at one-half of that value, or 97hz, since the globe valves are symmetric and one cycle 

will occur through one-half of each valveôs rotation. 

A comparison of the previous binary valve model with the new model with a centrally 

located inlet valve is shown below. 

 

 

Figure 6-1:  Constant Volume Combustion Jet Engine with Annulus Shaped Air Inlet 

On Combustion Chamber Front Wall, As Used in Initial Simulations 
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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 modeling the sinusoidal flow profile of a rotating globe valve using the resistance loss 

coefficient, simulation results showed that it was necessary to lower the ñclosed positionò 

loss coefficient to approximately 1 x 10
4
 m

-1
 in order to properly follow the sine functions.  

For comparison purposes, the binary valve loss coefficient used was 1 x 10
8
 m

-1
.  However, 

when using this lower resistance loss coefficient, the closed position was found to be porous 

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

added in series with the sinusoidal globe valve.  As the sinusoidal globe 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 the opening.   
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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 only.  The two valves in series can be 

seen in Figure 6-2 at both the inlet and throat.  The depictions below show comparisons of 

typical results for the sinusoidal valve mass flow and the previously used binary valve mass 

flow for the inlet and throat valves.  

 

    

Figure 6-3:  Comparison of Air Mass Flow Through Inlet Using Binary and 

Sinusoidal Flow Models (Wedge) 

 

    

Figure 6-4:  Comparison of Mass Flow Through Throat Using Binary and 

Sinusoidal Flow Models (Wedge) 
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Below is the depiction of thrust using a sinusoidal globe valve, as compared to the previously 

used binary valve. 

 

    

Figure 6-5:  Comparison of Thrust Using Binary and Sinusoidal Throat Valve (Wedge) 

 

 

6.4 Sinusoidal Fuel Flow Profile 

Since it was previously found that the best fuel mixing occurs when the fuel is released with 

no initial velocity into the incoming air stream, it is also necessary to match the incoming 

fuel mass flow rate with the incoming air mass flow rate.  In the previous binary inlet valve 

models, fuel mass flow was also introduced into the combustion chamber as a constant 

binary function.  With a sinusoidal air inlet flow profile, fuel mass will now also be 

introduced to the combustion chamber as a sinusoidal mass flow, with the fuel flow 

occurring only when the air inlet valve is open.  Fuel flow control was accomplished by 

adjusting the peak sine function command to 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 engine.  A typical 

depiction of the fuel mass flow is shown below. 

 

     

Figure 6-6:  Sinusoidal Fuel Flow Profile Used to Match the Sinusoidal Air 

Inlet Profile (Wedge) 

 

 

In Figures 6-7 and 6-8 are a conceptual exploded plan profile and an isometric view 

of the general configuration of the inlet and throat valves, along with the combustion 

chamber and nozzle.  As each globe valve rotates, the flow is throttled from full closed to full 

open, and then full closed again as the valve opening passes the stationary ñfaceò at the 

combustion chamber and nozzle openings.  The opening of the inlet valve is 1.82 in
2
 and the 

opening of the throat valve is 0.55 in
2
.  The radius of each valve is calculated by the ratio of 

valve open time or partially open time to valve closed time.  This results in an inlet valve 

radius of 2.42 in and the radius of the throat valve being 0.48 in. 
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Figure 6-7:  Inlet Valve and Throat Valve Exploded Plan View 

 

 

 

 

Figure 6-8:  Inlet Valve and Throat Valve Exploded Isometric View 
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As mentioned previously, the symmetry of each globe valve allows each valve to 

rotate at 97hz, one-half of the 194hz cycle frequency, as one half-rotation includes one valve 

open phase and one valve closed phase.  A battery-powered direct-drive synchronous electric 

motor can be used to drive both valve rotations at the 97hz speed through a mechanical 

linkage.  An aerodynamic sleeve can be used to cover the inlet valve and drive linkage to the 

throat valve, similar to the depiction below. 

 

 

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

 

 

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

Profiles 

It is necessary to determine the effect of the valvesô sinusoidal mass flow profiles on the 

engine performance, in particular the thrust and specific impulse.  It is expected that engine 

performance will be adversely affected somewhat due to the throttling through the inlet and 

throat valves.  Throttling through the valves increases the already unsteady flow 

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

removing residual gases 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 improved inlet air efficiency, the staggered closing of the 

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

closed simultaneously. 

The accomplished simulations are summarized in the table below.  Modeled fuel flows range 

from 0.43 grams per second to 2.43 grams per second.  Combustion at fuel flow rates below 

0.43 grams/second was unsustainable.  The peak thrust of 44.8 Newtons was attained at 2.28 

grams/second of propane, which appears to be the engineôs stoichiometric value at these 

static conditions ï above this fuel flow rate, the thrust remains constant or decreases slightly.  

Also indicative of stoichiometry is the temperature attained of approximately 2600K, which 

approximates the constant volume adiabatic flame temperature of a propane-air mixture. 

Also shown are plots of thrust and specific impulse as a function of fuel flow rate.  Notice 

that thrust reaches a maximum value of 44.8 Newtons at a fuel flow rate of 2.28 

grams/second and when fuel flow rates are below 0.86 grams/second, the thrust drops much 

more quickly.  Thus, the specific impulse reaches its maximum of 3216 seconds at 0.86 

grams/second of propane.  
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Table 6-1:  Simulation Results Using Relocated, Centralized Valve Sinusoidal Flow Profiles 
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Figure 6-10:  Thrust vs. Average Fuel Flow for Model with Centralized Inlet and 

Sinusoidal Flow Valves 
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Figure 6-11:  Specific Impulse vs. Average Fuel Flow for Model with Centralized 

Inlet and Sinusoidal Flow Valves 
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Below is a sequential set of propane mass fraction images during one cycle of the high thrust 

case, with average fuel flow of 2.28 grams per second.  Important to notice from these 

images is the much improved fuel-air mixing that occurs with the inlet valve relocation to the 

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

counterclockwise vortex just above the fuel entry point which aids in fuel-air mixing and is 

also the primary reason for reduced fuel losses through the throat prior to throat closure.  

 

 

 

 

Figure 6-12:  Sequential Images of Propane Mass Fraction During One Cycle of Model with 

Centralized Inlet and Sinusoidal Flow Valves 
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Below is a sequential set of images of the engine temperature during one cycle of the 

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

 

 

 

Figure 6-13:  Sequential Images of Temperature During One Maximum Thrust Cycle of 

Model with Centralized Inlet and Sinusoidal Flow Valves 



 

 81 

 

Figure 6-14:  Sequential Images of Temperature During One Maximum Thrust Cycle of 

Model with Centralized Inlet and Sinusoidal Flow Valves (continued) 

 

The following sequential temperature images are of one cycle of the engine while operating 

at a high specific impulse fuel flow rate of 1.28 grams per second.  Of note are the reduced 

temperatures, but still effective mixing and combustion for adequate thrust production. 

 

 

Figure 6-15:  Sequential Images of Temperature During One High Specific Impulse Cycle of 

Model with Centralized Inlet and Sinusoidal Flow Valves 
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Figure 6-16:  Sequential Images of Temperature During One High Specific Impulse Cycle of 

Model with Centralized Inlet and Sinusoidal Flow Valves (continued) 
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6.6 Conclusions 

6.6.1. Peak thrust when the valves are modeled using a sinusoidal mass flow profile occurs 

at 2.28 grams per second at approximately 45 Newtons of thrust.  Comparing this to the peak 

thrust obtained with binary valves, modeled in Chapter 5, which occurred at 3 grams per 

second and approximately 62 Newtons, there is a 28% reduction in peak thrust 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 improved fuel-air mixing, 

reduced fuel losses through the throat valve, and allowed the peak thrust to be obtained at 

24% less average fuel flow.  This 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 thrust and specific impulse plots, a rewarding find of the simulations is the 

outstanding turn-down capability of the engine - approximately 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 capable of providing long range and loiter times and, when 

needed, high speeds and accelerations. 
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Chapter 7 Engine in a Convective Air Stream 

 

7.1 CFX Model Setup for Engine in a Convective Air Stream 

The results from Chapter 6 are for the constant volume combustion jet engine operating 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 

conditions, or when it is operating in a convective air stream. 

The outer domain in CFX previously had an initial condition and boundary conditions of still 

air at a pressure of one bar and a temperature of 300K.  The boundary condition at the outer 

domain inlet will now be modified for convective air at 100 m/s, 200 m/s, 225 m/s, 250 m/s 

and 275 m/s.  These speeds correspond to Mach numbers at sea level standard conditions of 

0.29, 0.58, 0.65, 0.72 and 0.80 respectively.  Simulations 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 required. This engine is quite possibly capable of 

higher speeds, including transonic and supersonic, but this study will only investigate up to 

0.80 Mach.  A depiction of the new boundary conditions relative to the engine is shown in 

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

 

Pressure monitor points were placed in CFX just downstream of the new boundary condition 

(Freestream Pressure) and at a point on the inlet face of the compressor (Convective Air 

Pressure).  Across the compressor inlet boundary condition, the incoming air pressure is 

increased per the compressor ratio, which in this study is a ratio of 2.5.  An example of the 

convective air pressure monitors and the compressor operation is shown below in the CFX 

pressure depiction for 225 meters per second convective air and 8.56 grams per second fuel 

flow. 
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Figure 7-2:  Pressure Plot for a 225 m/s and 8.56 grams/sec Convective 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 

numerous fuel flow rates.  Minimum fuel flow rates were noted when combustion was not 

sustained at a lower fuel flow due to an inadequate propane-air ratio.  Fuel flow rates which 

corresponded to maximum attainable pressure and thrust were noted when peak pressure 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 around 2600K, the approximate 
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constant volume adiabatic flame temperature.  CFX depictions of the temperatures and thrust 

for the 225 m/s and 8.56 grams/sec fuel flow are shown below. 

 

Figure: 7-3  Temperature and Thrust Plots for a 225 m/s and 8.56 grams/sec Convective Air 

Simulation (Wedge) 

 

 

CFX depictions of the pressures and thrust for the 275 m/s and 2.28, 3.71 and 12.13 

grams/sec fuel flow are shown below. 

 

  

Figure 7-4:  Pressure and Fuel Plots for a 275 m/s and 2.28, 3.71 and 12.13 gram/sec 

Propane Convective Air Simulation (Wedge) 
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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 (Figure 7-5) are the sequential temperature images for the 275 m/s and 

12.13 grams/sec engine fuel flow, which corresponds to the engineôs peak 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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choked flow at the throat throughout the expansion and 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 expansion time is 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 Only.  Maximum Exhaust Mach Number is 2.4. 
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The following Tables 7-2 and 7-4 show the essential results from the convective air 

simulations.  The average thrust and specific impulse results are then plotted as a function of 

the average fuel flow in Figures 7-7 and 7-8. 

 

 

 

 



 

 92 

Table 7-1:  Constant Volume Combustion Jet Engine Convective Air Simulation Results, 100 m/s and 200 m/s 
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Table 7-2:  Constant Volume Combustion Jet Engine Convective Air Simulation Results, 225 m/s and 250 m/s 
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Table 7-3: Constant Volume Combustion Jet Engine Convective Air Simulation Results, 275 m/s 
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Figure 7-7:  Average Engine Thrust vs. Average Engine Fuel Flow for Convective Stream of 

100 m/s, 200 m/s, 225 m/s, 250 m/s and 275 m/s
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Figure 7-8:  Specific Impulse vs. Average Engine Fuel Flow for Convective Stream of 100 

m/s,  200 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 constant volume combustion jet engine was dramatically 

improved in the convective air stream when compared 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 fuel, while 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. 

 

¶ 7.3.2 From the thrust vs. fuel flow chart, it is readily apparent where the engine 

stoichiometric fuel flow rates reside for each airspeed.  Fuel flows above these values 

at those corresponding speeds should be avoided as fuel would be wasted. 

 

7.3.3 The thrust turn-down ratio is 191.6/44.1 = 4.35. The fuel turn-down to achieve this 

thrust turn-down is 12.13/1.14 = 10
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Chapter 8 Nozzle Optimization 

 

8.1 Supersonic Nozzle Design 

Exhaust nozzles of thrust engines are normally a convergent-divergent type, or de Laval 

nozzle.  The flow through such a nozzle is usually axisymmetric and can be considered 

nearly one-dimensional or quasi-one-dimensional and it is also usually nearly isentropic.  

The exit-to-throat area ratio alone governs the exit-to-reservoir pressure ratio across the 

nozzle.  For maximum thrust at a given pressure ratio, 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.  This is most 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 gas may not be fully expanded at exit (an under-expanded condition), or it may 

be expanded below the ambient pressure (an over-expanded condition).  A supersonic nozzle 

flow pattern summary is shown below in Figure 73.  Either flow, under-expanded or over-

expanded, produces losses in thrust efficiency, so it is customary to design the nozzle for 

some mean altitude (mean pressure ratio) so that it operates in an under-expanded condition 

at high altitude, and an over-expanded condition at sea level, where flow might separate.  

Changing operating altitudes are probably not a design factor for the constant volume 

combustion engine, as its operating envelope will most likely be limited to 5000 ft Mean Sea 

Level or less, where little changes to ambient pressure exist.  However, these same design 
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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 conditions, of 

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 far lower than the ambient pressure, the formation of a normal 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 often occurs 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 environments.  Unsteady flows can result at engine start-up, shutdown, 

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 pressure coupled together, require a thorough understanding of the unsteady 

supersonic flow through nozzles. [12][13][20] 

Obviously, the design concerns of this study are the unsteady flow through the engine.  It is 

desired to find a nozzle design that eliminates or limits over-expansion, but also tries to 

minimize the inefficiencies of under-expansion. 
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 Figure 8-1:  Supersonic Nozzle Flow Conditions During Expansion [2]  
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The constant volume combustion engine of this study is an 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 cycle.  As stated above, a 

particular nozzle design on this engine will only operate at the design point at one time 

during the expansion ï at other times the nozzle is usually in either an under-expanded or 

over-expanded state, but will actually see each one of the conditions shown in Figure 8-1 

during each of the 194 cycles per second.  

The constant volume combustion 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 consumed.  A typical pressure-time plot at the head of the grain 

for a rocket motor is shown below.  [12]  

 

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 propellant grain changes very little with time.  This portion of the 

flow is best analyzed as a quasi-steady flow analysis using a steady one-dimensional  flow 

model with mass addition.  During the ignition and blowdown phases, however, the flow 

properties change rapidly 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 volume combustion jet 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 pressure of 1 bar and 300K.  

These are the input values used in the CFX simulations as the ambient conditions in the 

ñOuterò domain. 

The objective of two-dimensional, steady-state supersonic nozzle design for a nozzle, as 

shown in the figure below, is to expand a gas at rest to a given supersonic Mach number at 

the exit, Me.  The desire is to design the area ratio and the contour to provide a shock-free, 

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 expansion section and the 

straightening section.  The numerical solution of the flow is carried out by solving the 

compatibility equations along the characteristic lines in a step-by-step fashion, starting from 
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the initial data line.  The flow properties at each grid point are determined using a finite-

difference method, such as the Euler Predictor-Corrector.  An illustration of such a finite-

difference grid is shown below.   [12] [16] 

 

 

Figure 8-3:  Method of Characteristics for Nozzle Design 

 

 

8.2 CFX Nozzle Optimization Simulations 

Nozzle designs in this study are being accomplished by using a publically available 

MATLAB nozzle design program called 2-D Nozzle Design. [Appendix D]  This program 

gives the ideal nozzle geometry using the method of characteristics for a Quasi-2D Diverging 

Nozzle.  It assumes that the gas that is exhausting from the combustion chamber has 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 ambient pressure 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 an example of the output of this MATLAB code, shown below is the output for the 6 bar 

reservoir nozzle design used in all previous CFX simulations. [11] 

 

 

Figure 8-4:  2-D Nozzle Design Typical MATLAB Output ï 6 bar Nozzle 

 

A cone-shaped nozzle, the simplest nozzle design, was used in all CFX simulations, using the 

nozzle area ratio and nozzle length from this code.  This 2-D nozzle design code was 

computationally validated using CFX by expanding a nozzle designed for a 9 bar combustion 


