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Abstract

Pulsejet technology has found renewed interest as a viable alternative to traditional
chemical rocket propulsion methods in the early stages of spaceflight while the launch
vehicle is traveling at subsonic speeds. The research herein implements COMSOL
Multiphysics to begin development of a computational model that simulates a
commercially available hobby-scale pulsejet engine. The conservation of mass,
momentum, and energy and the Ideal Gas Law equation of state are solved
simultaneously for one-dimensional, unsteady, compressible flow. More specifically, the
conservation of mass is applied by taking into account a changing cross-sectional area to
see how compression and rarefaction waves propagate and reflect throughout the engine
during its operation cycle. Velocity data is obtained at the nozzle exit plane and an
approach is established for calculating thrust to understand how to optimize it.
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1 Introduction

This chapter describes the motivation behind developing a computational model for
pulsejet propulsion technology, despite its commercialization on a hobby-scale level. An
overview and brief treatment on its history are included to understand why pulsejets are
now being revisited as a new means of propulsion especially in single-stage-to-orbit
(SSTO) applications. The objective of this research is also presented in addition to
several assumptions that were made.

1.1 Problem Statement

A pulsejet is an intermittent thrust-producing device that utilizes a hydrocarbon fuel and
air oxidizer in a deflagration, or subsonic, combustion process [1]. Its design exploits the
propagation of compression and rarefaction waves in order to produce sustained thrust
that requires an ignition source for only the first few cycles. Being a completely passive
design whose only dynamic component is a combustion driven valve head, the pulsejet is
extremely simple and lightweight and therefore incredibly attractive to the aerospace
industry. Advantages of such a device include higher specific impulse, higher thrust-toweight ratio, lower specific fuel consumption, and scalability, which essentially translate
to low cost.
Unfortunately, ever since the early to mid 1900’s, the combustion process has yet to
be fully understood due to its inherent high frequency, unsteady, compressible, viscous
flow. Recent advancements in computation and modeling capabilities, however, have
1

brought about renewed interest in an attempt to optimize the technology both in air- and
space-related applications. Regarding the latter, pulsejets are now being investigated as a
viable alternative to traditional chemical rocket propulsion methods in the early stages of
spaceflight when the launch vehicle is still traveling at subsonic speeds [2].

1.2 Thesis Objective

The primary objective of this research project is to develop a computational model of a
present day hobby-scale pulsejet engine in COMSOL Multiphysics 4.0a in order to obtain
thrust. To generate realistic data, enhancing the model such that it incorporates
representative contours of all of the standard components of a thrust-producing device is
critical. It is also important that a simplified but dynamic valve head is included to
represent the passively moving reed valves at the inlet. Assumptions through which this
model has been created are listed below.

Assumptions:
1. The working fluid is a perfect gas.
2. All fluid flow is inviscid. The timescale implemented in this model is small due to
high frequency combustion therefore the effects of viscosity are negligible. This
assumption also holds true for heat conduction and body forces.
3. The combustion is an isochoric process and the ensuing compression and
rarefaction waves are produced isentropically.
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4. Ambient conditions outside of the modeled contour are equal to standard
atmospheric pressure and temperature at sea level.
5. The flow is one-dimensional and unsteady therefore the net thrust is only exerted
in the axial direction.

By obtaining realistic thermodynamic data and thus a sensible thrust output for a
given set of component cross-sectional areas, it can immediately be compared to other
similar results obtained in the field in order to approximately validate the model.
Furthermore, by manipulating component cross-sectional areas, conclusions can be made
as to which geometry or geometries produces optimum thrust.
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2 Problem Formulation
This chapter introduces the conservation equations for mass, momentum and energy in
their differential form, which are also referred to as the Euler equations of gas dynamics.
The momentum conservation equation is also expanded upon in order to derive thrust.
Lastly, propagating wave phenomena are also presented to provide a premise for
understanding the combustion cycle of a pulsejet engine.

2.1 Governing Equations

The conservation equations are the governing equations for the fluid flow and therefore
establish a foundation by which the computational model is built. They provide both a
physical and mathematical means for understanding different phenomena that occur
throughout the pulsejet operation cycle. Thus, it is necessary that they be presented first
and foremost. The continuity, momentum and energy equations are Equations 2.1, 2.2
and 2.3, respectively.

(2.1)

(2.2)

(2.3)
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In their presented differential form, all aforementioned assumptions in Chapter 1 have
been implemented. It is worth noting that the continuity equation includes a differential
area term to incorporate a changing cross-sectional area as the flow propagates
downstream through the engine contour. In other words, the
derivative of

in the denominator where

term is simply the

uses a combination of mathematical

functions to describe different components of the pulsejet. This term is discussed in more
detail in section 3.1 of this report.
The first assumption states that the working fluid, in this case a combustible airfuel mixture, is assumed to be an ideal gas. Consequently, the Ideal Gas Law (IGL)
equation of state can be utilized.
(2.4)

This relationship enables the acoustic wave velocity equation to be modified such that it
is now in terms of pressure and density instead of temperature. Because the COMSOL
Multiphysics model was developed by means of specifying pressure and density, it is
necessary to remove temperature from the equation. The modified relationship for the
acoustic wave velocity, a, is expressed as follows:

(2.5)

In the relationship stated by Equation 2.5, by specifying a density in the model, it is still
ultimately the temperature that is being changed. Furthermore, Equation 2.5 also allows
the last term in the energy conservation equation, which was previously defined as having
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the acoustic wave velocity as a constant out in front, to be redefined in terms of the ratio
of specific heats, . Equation 2.3 is now modified to become Equation 2.6.

(2.6)

With this final substitution, all governing equations are now written entirely with respect
to density,

; pressure,

; velocity,

; and cross-sectional area,

.

2.2 The Thrust Equation

The conservation of momentum is the sum of the net forces acting on an object, thus it is
used to derive the momentum flux integral that is applied across the surface of the control
volume to calculate thrust. Since the fifth assumption states that the flow is assumed to be
one-dimensional, the integral is only implemented over the area of the exit plane of the
nozzle,

, in the x-direction. Equation 2.7 describes how to calculate thrust from the

exit plane parameters where

is equal to

.

(2.7)

Furthermore, despite the valve head dynamics of intermittently opening and closing to
allow fresh air to enter the combustion chamber per one cycle, thrust results only after the
reed valves are completely closed. This occurs once the combustion products expand and
induce positive a pressure gradient upstream across the valve head.

6

Figure 1. Control volume for thrust calculation

2.3 Pulsejet Operation Cycle

As mentioned before, the pulsejet cycle is a deflagrative combustion process and is
similar to the one used in ramjet and scramjet applications. However, unlike these
processes, deflagration is a subsonic combustion phenomenon that is capable of
producing static thrust. Also, the process is intrinsically self-aspirating where the heat
output due to an initial chemical reaction between the fuel and oxidizer is enough to
produce subsequent reactions without external heat addition [1].
The combustion process is “based on the Humphrey thermodynamic cycle where
isochoric heat addition [combustion] follows an isentropic compression and isobaric heat
rejection follows an isentropic expansion” [3]. It is used to extract useful work from the
system where, in this case, work is in the form of thrust. The area under the P- curve for
the Humphrey cycle in Figure 2 illustrates how much work is available under idealized
conditions. Figure 3 shows how the temperature is related to entropy throughout the cycle
[4].

7

Figure 3. T-S diagram of Humphrey and
Brayton thermodynamic cycles4

Figure 2. P- diagram of Humphrey and
Braytonthermodynamic cycles4

Understanding how wave phenomena propagate back and forth is the essence of
pulsejet operation. Expanding on the last assumption that again states one-dimensional
unsteady flow, it is easy to visualize the propagation of compression and rarefaction
waves on a wave diagram with the x-axis serving as the length of the pulsejet from 0 to L
and the y-axis as non-dimensional time. In Figure 4, the solid lines represent compression
waves while the dotted lines represent rarefaction, or expansion, waves. Bolder lines
indicate stronger waves.

Figure 4. Wave diagram for one combustion cycle of a pulsejet3
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The events of the pulsejet operation cycle described by the wave diagram in Figure 4 can
be explained as follows:

1. Combustion. Combustion takes places isochorically within the combustion
chamber and is where the fuel and air are mixedand reacted. Steep
temperature and pressure gradients ensue.
2. Compression. Isentropic compression waves a andb are formed as a result of
combustion where wave a propagates downstream and wave b propagates
upstream toward the valve head. The pressure gradient produced by wave b
forces the valve head to close, which prevents backflow, and reflects as
another compression wave b1. Some of the momentum of wave a is
transferred to the air that exists within the exhaust tube prior to the start of the
first cycle. Together the fresh exhaust tube air and combustion products
propagate toward the exit plane of the nozzle.
3. Exhaustion. Here the fresh air and combustion products are discharged
through the nozzle exit plane as compression waves. The momentum of this
outflow causes two separate rarefaction waves a1 and b2, one for each
compression wave, to reflect and travel upstream toward the combustion
chamber. When the rarefaction waves reach the valve head, a negative
pressure gradient develops and is enough to open the reed valves and allow
fresh air to flow in for the next cycle. But before another combustion event
can occur, waves a1 and b2 reflect as new rarefaction waves a2 and b3 due to
the inertia of the valve head and propagate upstream again toward the nozzle.

9

4. Ingestion. The reflected rarefaction waves a2 and b3 are discharged through
the nozzle and reflect as compression waves a3 and b4, which are residual
combustion products that are reversed to flow back upstream. A small amount
of products still remain outside of the nozzle because of the high frequency of
the operation cycle. Therefore, the combination of compression waves and the
combustion chamber hot walls are sufficient to ignite the fresh fuel-air
mixture and sustain the process [1, 3, 5].

Figure 5. The combustion cycle of a pulsejet
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3 Model Development

This chapter outlines the development of the pulsejet computational model in COMSOL
Multiphysics 4.0a by expounding on the basis of a shock tube. The model is comprised of
two main components including the development of the pulsejet contour and establishing
initial and boundary conditions that are also discussed herein.

3.1 Shock Tube Problem

The computational model is based on the shock tube problem furnished by COMSOL
[6, 7]. It provides a means for developing a basic yet all-inclusive model purposed for
studying the thermodynamic effects of shock waves that propagate through a medium
within a closed system as shown by Figure 6. Recall that although deflagrative
combustion is inherently subsonic, the shock tube problem facilitates the ability to
resolve strong perturbations in the flow like those seen by a pulsejet.

Figure 6. Model of shock tube
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All four boundaries of the rectangular domain are modeled as impermeable walls
allowing the compression and rarefaction waves to reflect. The conservation equations
are defined as general form partial differential equations (PDEs), with constant crosssectional area, and are solved by means of a stationary solver since the domain is
assumed to be in a static environment. A free-triangular adaptive mesh is used to resolve
the strong flow perturbations due to the propagating waves. Also, inputting test functions
for the conservation equations and implementing all of them together as a weak
contribution to account for streamline diffusion. Wave diagrams are used to analyze flow
parameters such as pressure and temperature as in Figures 7 and 8.

Figure 7. Pressure plot for the shock tube problem
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Figure 8. Non-dimensional temperature (p/ ) plot for the shock tube problem

3.2 Preliminary Pulsejet Contour Development

The original shock tube problem implicitly defines a constant cross-sectional area where
and therefore its derivate
not constant, the

. Since the cross-sectional area of a pulsejet is

cross-sectional area term in the continuity equation now needs

to account for varying component sizes of the diffuser, combustion chamber, tapering
section, exhaust tube and flared nozzle. The inlet is considered as an infinitesimally thin
face at the front of the diffuser for simplification.
Each engine component requires a unique input over a defined range, which is
done by mathematical functions that describe them. As seen by Equation 2.1, both the
component functions and their first derivatives are required in order to be fully defined in
the model. Figure 9 depicts a standard pulsejet that can be purchased commercially [8].
Although its overall length measures less than two feet, it is modeled as having
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dimensions of meters to initially facilitate modeling. The S.I. system of units is utilized as
this is the default system used by COMSOL.

Figure 9. Dyna-Jet Red Head Pulsejet8

To model the diffuser and tapering sections on either side of the combustion
chamber, eighth order Taylor expansions of the cosine function as in Equation 3.1 are
used to represent smooth transitions between the different diameters. Eighth order
expansions were chosen because they completely define one full oscillation. Equations
3.2 and 3.3 are the functions for the diffuser and tapering sections, respectively.

(3.1)
(3.2)
(3.3)

The function implemented for the nozzle is given by Equation 3.4. A flared nozzle was
chosen because this type of curvature has shown to increase thrust due to enhanced
circulation of the discharged flow [8].
(3.4)
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The remaining two engine components, the combustion chamber and exhaust
tube, are modeled by zero sloping lines such that they align exactly with the
aforementioned components. Together the functions of these five components are
assembled into a smoothly transitioning pulsejet contour over defined intervals as shown
by Figure 10, which represents

in the continuity equation. Figure 11 shows the

derivative of each function, which together represent

, and ensures that intersections

between components are in fact continuous.

Figure 10. Assembled functions of the pulsejet contour

Figure 11. Assembled derivative functions of the pulsejet contour
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3.3 Boundary and Initial Conditions

As previously mentioned, the two end boundary conditions in the shock tube problem are
merely solid, impermeable walls. Also, the initial condition describing the event of
bursting a diaphragm to induce fluid flow is represented by a step function that steps
from 1 to 2 Pa [6, 7]. Although these conditions do not typify a pulsejet engine, they do
provide a good foundation.
To satisfy the boundary conditions of a pulsejet, the two end boundaries,
boundaries 1 and 4, need to be redefined. The valve head duty cycle requires that the
pulsejet be modeled as a partially open tube during the exhaustion phase for inflow and
partially closed otherwise. To mimic the dynamic valve head at boundary 1, it is first
necessary to calculate the acoustic wave velocity to determine the time required for a
sound wave to propagate twice the length of the valve head to the nozzle exit. If the
model is run such that both end boundaries are kept as solid walls, it is possible to
visually determine the time lapse between the leading and trailing rarefaction waves. This
change in time added to the preliminary calculation provides an interval for which the
boundary can be defined as an open valve head.
(3.5)

(3.6)
Equation 3.5 allows the boundary to be defined as an impermeable wall before and after
the rarefaction wave impacts the valve head. Equation 3.6 states that when the valve head
is open, the pressure is equal to the initially defined atmospheric pressure.
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Boundary 2 is where the initial conditions are defined. For the shock tube problem
the pressure and density are defined as being equal to one. Utilizing the S.I. system of
units, a pressure of 1 Pa essentially translates to a space environment since it has
negligible atmospheric conditions. But, since the pulsejet is designed to work more
closely to standard atmospheric conditions, pressure and density are incremented such
that at realistic conditions they will be equal to 1x105 Pa and 1.161 kg/m3, respectively
where the fluid density is approximately equal to the air density.
The combustion event at boundary 2 is simulated by a transitioning step function
at a specified location xcc shown by Equation 3.7 where the upper portion of the function
defines the combustion conditions while the lower defines the initial conditions. The
combustion event is modeled to result in a temperature of 600 K at a pressure of 2 Pa.
This pressure will also be incremented to equal 2x105 Pa. Once realistic conditions are
obtained, with a universal gas constant for air of 287 J/(kg*K), the initial conditions will
correspond to a temperature of 300 K and the combustion conditions will correspond to
600 K. Equations 3.7 to 3.9 describe the input functions for the initial conditions.

(3.7)
(3.8)
(3.9)
Boundary 3 is constrained to absorb all inflow as it is defined to be the final time
for the model to run a given simulation. Consequently, all variables are left undefined.
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Boundary 4 is modeled by Equation 3.10 such that pressure is always equal to the
standard atmospheric pressure to satisfy the fourth assumption. Not defining a velocity
permits the constraint to calculate the acoustic wave velocity based on the pressure at that
location and according to the strength of the perturbation. All aforementioned boundary
and initial conditions are depicted in Figure 10 based on a representative pulsejet contour.
(3.10)

Figure 12. Pulsejet initial and boundary conditions
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4 Results and Discussion
This chapter outlines the results for working toward a comprehensive model of the
pulsejet operation cycle. Preliminary wave propagation as in the shock tube problem is
discussed and how the results translate to a pulsejet contour. Realistic conditions in
regard to pulsejet geometry and thermodynamics are also examined.

4.1 Wave Propagation

The shock tube problem from COMSOL that uses a constant cross-sectional area
produces pressure and temperature plots, or wave diagrams, as seen by Figures 7 and 8.
Within a closed system, compression waves will reflect identically as compression waves
because there is no way for the energy to escape the system as in a partially open one. To
represent a pulsejet contour, the cross-sectional area is changed such that it implements
the non-constant cross-sectional area seen in Figures 10 and 11. For simplicity the
pulsejet is modeled as having an overall length of 26 meters to determine that the
assembled contour components would first return sensible data. Figures 13 and 14
describe the pressure and non-dimensional temperature, respectively, of the flow. Here
the model employs placeholder values for pressure and density, which are the original
values given by the shock tube problem. The pressure steps from an initial value of 1 Pa
to a final value of 2 Pa after combustion has occurred per Equation 3.7, while density is
only initially defined as 1 kg/m3. The pressure shows a noticeable compression wave that
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propagates to the nozzle exit but still reflects as another compression because the system
is still completely closed. Lastly, the combustion event is relocated such that it is at the
center of the combustion chamber.

Figure 13. Pressure plot for a closed pulsejet shaped tube

Figure 14. Temperature plot for a closed pulsejet shaped tube
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During phase two of its operation cycle, a pulsejet acts as a partially open tube
where the open end is the nozzle exit that allows combustion byproducts to be exhaust
out of the engine. This is modeled by implementing Equation 3.10 where the conditions
outside of the contour are equal to standard atmospheric conditions. Since parameters are
still being held at placeholder values, the initial pressure for Equation 3.10 is kept as
1 Pa. Figures 15 and 16 are the pressure and temperature plots for this new boundary
condition. Instead of the compression wave reflecting identically at a solid, impermeable
wall, it now appropriately reflects as a rarefaction wave. The temperature plot describes
higher values in the combustion chamber and lower values throughout the exhaust tube
and nozzle since the latter components only see propagating waves and do not contain the
combustion itself. These results are due to the fact that the atmosphere outside of the
partially open tube is equal to the initial conditions of the model.

Figure 15. Pressure plot for a partially open pulsejet tube
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Figure 16. Temperature plot for a partially open pulsejet tube

4.2 Realistic Conditions

Standard atmospheric conditions for a pulsejet length of 26 meters according to the
timescale in Figures 16 and earlier do not result in wave propagation because the
operation cycle for a hobby-scale pulsejet is on the order of 240 Hz [3]. Consequently,
pressure and density values are manipulated to reflect subatmospheric conditions, which
provide a starting point for determining how to achieve wave propagation at standard
atmospheric conditions but on the appropriate timescale. The time axis of the wave
diagram must be on the order of milliseconds such that a single compression wave can be
visualized under these conditions according to Equation 2.5. Figures 17 and 18 describe
the results for a pressure step of 1 to 2 Pa and an initial air density of 1.161x10 -5 kg/m3,
which corresponds to an accurate density for that low of a pressure. Furthermore, by now

22

implementing a realistic gas constant for air, R = 287 J/(kg*K), the temperature plot in
Figure 18 now shows realistic values.

Figure 17. Pressure plot for subatmospheric conditions

Figure 18. Temperature plot for subatmospheric conditions
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4.3 Geometry Reduction

In addition to adjusting the timescale, it is necessary to modify the existing contour
dimensions to better represent a commercially available hobby-scale pulsejet shown in
Figure 9. Increasing both the amplitude and frequency of the cosine function is how to
implement this change, thus Equations 3.2 and 3.3 for the diffuser and tapering sections
are adapted to become Equations 4.1 and 4.2, respectively. This necessitates that the
nozzle function also be adapted for the smaller contour to become Equation 4.3. The
remaining zero sloping functions for the combustion chamber and exhaust tube
components are adjusted such that they match precisely with where the other sections
begin and end. Figures 19 and 20 show the fully assembled reduced contour for both area
and differential area.

(4.1)

(4.2)

(4.3)
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Figure 19. Assembled functions of the reduced pulsejet contour

Figure 20. Assembled derivative functions of the reduced pulsejet contour

In the current configuration, the model can be reduced to an effective total length
of 6.5 meters before COMSOL is unable to converge onto a solution. In Figures 21 and
22, pressure and density are kept to be realistic values but at subatmospheric conditions
as in the aforementioned case. These conditions are used to determine if the model can be
progressed such that it is able to produce results for more appropriately sized contours.

25

Figure 21. Pressure plot for a pulsejet of 6.5 m in length

Figure 22. Temperature plot for a pulsejet of 6.5 m in length

It is evident, especially in this case, that the transition for the step function is quite
large considering that combustion events happen more instantaneously than what is
shown; however 1.5 meters is the smallest value for the transition that allows the model
to solve. As a result, the step function can be refined to simulate more of an instantaneous
26

combustion event by implementing a logical step function governed by an inequality
rather than a transitioning one, which is a built-in function written by COMSOL.
Equation 3.7 therefore becomes Equation 4.4 where the inequality is true when it is equal
to zero; otherwise it is equal to one.

(4.4)

Since the model is unable to solve for a smaller pulsejet configuration despite simulating
a more suitable combustion event, the initial pressure and density values are changed
back to their original placeholder values to determine an approach for calculating thrust
at the nozzle exit plane based on current obtainable results.

4.4 Thrust Calculation

The main purpose for gathering data on the simulated flow is to obtain velocity across the
nozzle exit plane for thrust calculations. Since propagating waves only currently exist for
a model that utilizes placeholder values for pressure and density, it is necessary to use
them to help develop an approach for how thrust can be calculated from velocity. For
completeness, pressure and temperature plots are included and are shown by Figures 23
and 24, respectively. Figure 25 describes the two-dimensional velocity of propagating
compression and rarefaction waves for a pulsejet length of 6.5 meters. Boundary 4, the
right hand boundary, is where the nozzle exit plane is located; therefore this data is
plotted in a one-dimensional setting shown in Figure 26 to help visualize the results. Here
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the combustion event is simulated by the logical step function mentioned in the previous
subsection to better represent this phenomenon.

Figure 23. Pressure plot for placeholder values of a 6.5 m pulsejet

Figure 24. Temperature plot for placeholder values of a 6.5 m pulsejet
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Figure 25. Two-dimensional velocity plot for placeholder values of a 6.5 m pulsejet

Figure 26. One-dimensional velocity plot of the nozzle exit plane of a 6.5 m pulsejet

Figure 26 describes an expected thrust profile for a pulsating combustion device
due to the exhaustion of one compression wave [3]. The thrust remains zero while
combustion and compression wave propagation downstream through the exhaust tube
take place. Not until the compression wave is exhausted out through the nozzle exit plane
does thrust actually occur, which can be seen by the dramatic increase in velocity
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between four and eight seconds. Succeeding the reflection of the compression wave as a
rarefaction wave, thrust decreases back to zero until the rarefaction wave propagates
upstream, reflects at the valve head, and returns back to the nozzle, which can be seen at
14 seconds. According to Figure 25 and Equation 4.5, the compression wave produces
almost 16 times as much thrust compared to the negative thrust produced by the reflected
rarefaction wave.
(4.5)

Here the nozzle exit velocity,
2.3 and

, is equal to the velocity described in Equations 2.1 to

is the radius of the exit plane. The effects of the propagating waves will

continue to decrease until a subsequent combustion event takes place.
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5 Conclusions and Future Work

This chapter draws some conclusions based on the thermodynamic data obtained from
different simulations. Also, remarks are made to expand upon the data by outlining future
work such that further progress can be made to both develop and validate the model.

5.1 Conclusions

The shock tube problem provided by COMSOL was successfully manipulated to obtain a
mathematical contour with respect to cross-sectional area that represents a commercially
available hobby-scale pulsejet engine. It provided the simplest case that implemented
placeholder values for pressure (1 to 2 Pa) and density (1 kg/m3) to which future cases
can be compared. For a logical step function utilizing a pressure step of 1 to 2 Pa, the
density was decremented to 1.161x10-5 kg/m3 such that it corresponded to the
subatmospheric pressure conditions. This allowed the timescale to be adjusted to several
milliseconds according to an expected operation frequency of approximately 240 Hz [3].
For this case, wave propagation was not expected to transpire since pulsejets are designed
to operate under standard atmospheric conditions. Furthermore, solving under these
conditions provided confidence that the COMSOL Multiphysics software can be used to
eventually complete a complex model such as this.
Realistic thermodynamic data could not be obtained for a pulsejet geometry
similar to that of a hobby-scale design. It is speculated that the general shape for the
implemented contour is causing unknown discontinuities somewhere in the model, most
31

likely in the diffuser and tapering sections as these are the most complex components.
However, a basic model and an approach for calculating thrust in combination with
COMSOL were established and will therefore be useful when realistic data is finally
obtained.

5.2 Future Work

Future work for developing a comprehensive model involves several suggestions. First, it
is important to determine how to further reduce the simulated pulsejet contour from the
current length of 6.5 meters such that its geometry replicates a conventional hobby-scale
pulsejet engine of approximately 0.5 meters. The current component configuration
provides a starting point, but it is possible to refine the ratio of cross-sectional areas
between the combustion chamber and exhaust tube sections such that the geometry is
more slender.
Second, it is necessary to increment pressure and density by the same
multiplicative factor, starting from subatmospheric conditions on a millisecond timescale,
in order to achieve realistic data at standard atmospheric conditions. Incrementing by the
same factor will hold acoustic wave velocity constant as described by Equation 2.5. Once
wave propagation is obtained, a dynamic valve head can be implemented to accurately
simulate a complete operation cycle per Equations 3.5 and 3.6.
Upon completing the model, it is necessary to adjust the contour to match a
specific engine design that can then be tested, since models are never complete until they
have been validated by experimental data. Then, geometrical optimization can occur.
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