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ABSTRACT

TRANSIENT FLOW ANALYSIS OF FILLING
IN PULSE DETONATION

ENGINE

Veera Venkata Suneel Jinnala, M.S
The University of Texas at Arlington, 2009

Supervising Professor: Frank K. Lu

The Pulse Detonation Engine (PDE) is considered to be a propulsion system of future
air vehicles. The objective of the present study is to model an efficient inlet system for filling the
detonation tube completely with the fuel/air mixture. In the present study the filling processes is
modeled numerically using CFD code FLUENT'™. Calculations for the gas flow are carried out
by solving the Navier-Stokes equations coupled with the k- € turbulence model.

Five different inlet configurations were proposed and simulated in both two-
dimensionally and three-dimensionally. The model with an orifice plate at the inlets ensured the
desired optimum results. The results of the simulation were discussed using velocity and
pressure contours. The model developed could be a novel tool improving pulse detonation

engine design.
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CHAPTER 1
INTRODUCTION

1.1 Pulse Detonation Engine

Since the advent of the gas turbine engine, there has not been a major revolution in
aircraft engine technology. Most chemical propulsion systems in use today rely on constant
pressure combustion processes to convert chemical energy into useful thermal and kinetic
energy as a means of generating thrust.* Compared to other current engine technologies,
pulsed detonation engines (PDE) is one of a number of recent concepts that has the capability
to offer mechanical simplicity, improved fuel efficiency, higher thrust-to-weight ratios, lower cost
and a wide flight operation envelope.”* For example, a comparison of specific impulse vs. Mach
number regimes of various propulsion systems is shown in Figurel.1. This Figure clearly shows

the superior propulsive performance of PDEs.
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Figure 1.1 Specific Impulse vs. Mach number Regime of Various Propulsion Systems.4



Although early internal combustion engines all featured constant pressure deflagrative
reactions, the benefits of constant volume combustion used to model detonations were well
known to many pioneers in the propulsion arena. In 1941, H Hoffman, in Germany, tested a
pulsed detonation engine prototype. Starting in the early 1990s, experimental study of single
and multi combustor PDEs were conducted in many parts of the world.* ”® Much of the current
PDE studies are performed using CFD in order to comprehend and quantify the unsteady

detonation phenomenon.

A PDE is a type of propulsion system that can potentially operate from subsonic up to
hypersonic speeds.9 Pulse detonation engines are simple in construction, light weight and
produce large thrust. The PDE has a simple geometry, consisting of a tube which is filled with
fuel and oxidizer. The PDE operates on the supersonic detonation of fuel. The basic block

diagram of PDE is shown in the Figure 1.2.

FUEL INLET

DETONATION TUBE

PURGE AIR

Figure 1.2 Block Diagram of a Pulse Detonation Engine



Such an engine does not require are frequently depicted as not to require compressors
to, thereby reducing the overall weight and complexity of engine. The main difference between
a pulse detonation engine and a traditional pulsejet is that the mixture does not undergo
subsonic combustion but, instead supersonic combustion. The operational frequency of PDEs
can range from a few tens to a few hundred cycles per second. The uninstalled thrust produced
by the engine is a function of the number of detonation tubes, the cross-sectional area of each
tube, frequency of operation and exit velocity of the exhaust gases.

Figure 1.3 outlines the various processes in pulse detonation cycle and described below.

ﬁ Injection of Fuel and Oxidizer - g

A 4
Ignition and DDT

b 4
Propagating Detonation Wave

@ End of Detonation Cycle |

Figure 1.3 Schematic of a Pulse Detonation Engine Cycle.’

A ¥ N

1.1.1 Filling Process
This process is to simply fill the detonation tube with fuel and oxidizer at a certain
design mass flow rate or velocity. This process should be carried out very quickly, because any

lengthening of the fill time will lead to a delayed detonation. In designing a PDE, the value used

3



for the filling velocity should be carefully assumed for achieving high flow rates and at the same
time in ensuring acceptable flow losses. The time taken for the filling is denoted astg) .If X_ is
the length of the detonation tube, then the filling time is calculated as,

lengthof thetube  x|_
filling Velocity Vil

fill = (1.1)

where Vy, is the axial velocity with which the fuel and oxidizer mixture is pumped into the

detonation tube.

1.1.2 Detonation Process

This process takes place after the filling process. In this process the detonation wave is
created which moves through the mixture and causes the pressure and temperature behind it to
rapidly shoot up. Compared with the filling process, detonation takes place at a fraction of a
millisecond. The velocity with which the detonation wave travels from the closed end to the
open end is termed the detonation velocity. The time taken for the detonation wave to take

shape and to move through to the end of the combustion chamber is denoted by t;. The

Chapman-Jouguet velocity is the velocity that an ideal detonation travels at as determined by
the Chapman-Jouguet (CJ) condition: the burned gas at the end of the reaction zone travel at
sound speed relative to the detonation wave front. CJ velocities can be computed by solving for
thermodynamic equilibrium and satisfying mass, momentum, and energy conservation for a
steadily-propagating wave terminating in a sonic point. CJ velocities in typical fuel-air mixtures

are between 1400 and 1800 m/s.

The detonation time of this wave is calculated as



_ lengthof thetube x|
CJwave Velocity  Dgj

c 1.2)

1.1.3 Rarefaction or Blowdown Process

In this process a series of unsteady rarefaction waves travel upstream into the
combustion chamber and reflects off the end wall, causing high-pressure burnt gasses to exit
the combustion chamber. The values of the thermodynamic properties of the rarefaction wave
are smaller when compared with those of the detonation-wave. The time taken by the
rarefaction wave in traveling through the detonation tube will be much higher than that of the

detonation wave because the velocity of the rarefaction wave is less than that of the detonation.

The time taken for the blowdown stage is denoted by t, and is calculated as follows.

_ lengthofthetube  4x (1.3)
rarefactionvelocity ~ Dc; '

The greater time period of this process plays a major role in cooling the tube after the

detonation process.

1.1.4 Purging Process

This is the final process in a pulse detonation cycle. Fresh air is blown through to clean
and cool the tube before the fill stage starts again. The time taken for this process is calculated
along the same lines as the filling process. The higher the purge velocity, the lower the purge
time and ultimately, the faster the cycle times. The purging process is very important as this
cools the tube and prevents the fresh fuel /oxidizer mixture from auto-igniting .The time taken

for purging the tube with fresh air is given by



lengthof thetube x|
purging Velocity ~ Vpurge

tpurge = (1.4)

The total time period T of one cycle is the sum of all time for the four stages,

T =t + tc+ th* tpurge (1.5)

The frequency of operation f is the inverse of the time period. Thus reducing the period

increases the operational frequency. As been highlighted, the filling and purging processes take

a larger fraction of the period.

1.2 Objective of Current Research

The focus of the FLUENT simulation is to ensure a smooth flow of the reactants through
the detonation tube in a short time and without any dead air regions and isolated pockets of
residual gas. A very important improvement that can be made to a PDE is to shorten the fill

time.

The objective of the current work is to design an efficient inlet system for filling the
detonation tube completely with the fuel/air mixture. The filling process should be carried out
very quickly, because any lengthening of the fill will delay subsequent stages of the PDE cycle.
For the current work, sidewall injection was chosen to accomplish the filling process as
otherwise the injection from the closed end will take more time to completely fill the detonation
tube. The sidewall injection system will have inlets throughout the length of the detonation tube
at regular intervals, where as in closed end injection we have only one inlet. As the fuel enters
from a number of inlets in sidewall injection, this will also help in reducing the dead air regions
and the isolated pockets of residual gas etc. The results were summarized to explain the

benefits of sidewall injection.



CHAPTER 2
METHODOLOGY

FLUENT ™ was employed in the present work. It uses a finite volume scheme to solve
the continuity, momentum and energy equations with the associated boundary conditions. In
any CFD simulation, the first step is to model the geometry and generate the mesh. In this work,
Pro E™ was used to create the geometry and GAMBIT™ was used for meshing the geometry.
The mesh file was then imported into FLUENT™, where the modeling equations and boundary
conditions are set.

2.1 Pro/Engineer™ Model

A generic CAD model of a potential PDE configuration was drawn in Pro E™.
The PDE consists of a detonation tube at the center. Detonation tube has an internal diameter
of 101.6 mm and a length of 2000 mm. On one side of it is a fuel/air mixture chamber and on
the other side is a purge air chamber. These chambers are connected to the detonation tube by

two rotary valves, see Figure 2.1.

Fuel/air mixture
chamber

Rotarv Valves

| Detonation Tube |

Figure 2.1 CAD Schematic is Showing the Top View of Important PDE Components.
7



In an actual engine, each rotary valve is connected to stepper motors, which controls

the opening and closing of the rotary valve at regular intervals.

Further, additional geometry was removed to isolate the problem of gas injection.
Figure.2.2 shows one of the configurations of the simplified model, which consists of only the

detonation tube with eight side injection ports and an end injection port at the closed end.

Figure 2.2 Top View of Final Simplified Model of Detonation Tube.

Five different injection schemes were studied. The five configurations are end wall
injection, oppositely offset inlets, diametrically opposite flow inlets with and without inlet at the
closed end, and inlet with an orifice plate. The dimensions of the final simplified model are

listed in Table 2.1

Table 2.1 Dimensions of the Detonation Tube

Length 1000 mm

Internal Diameter 101.6 mm

Injection Port Diameter 25.4 mm

Thickness 6.35 mm




2.2 Meshing

The model shown in Figure.2.2 is imported from Pro E™ to GAMBIT™. GAMBIT™ was
used to distribute tetrahedral meshes for 3-D models. Figure 2.3 (a-d) shows the mesh

distribution of all the five 2-D configurations. The dimensions of all the models are identical as

displayed in Table 2.1.

A model with end wall injection was designed for capturing the filling of the detonation
tube with the reactants. For accomplishing the objective of the present work to fill the detonation
tube completely, the initial design was modified by increasing the number of injection ports as

shown in Figures 2.3(a-e). Finally, an orifice plate is added to the inlets for filling the detonation

tube more effectively.

Initially, five two-dimensional cases were studied and these were then extended to three-
dimensional models. A denser mesh near the inlet walls is adopted to capture the propagation

of reactants entering the detonation tube more accurately.
Table 2.2 below shows the number of cells, faces and nodes for all the four configurations.

Table 2.2 Two Dimensional Configurations Mesh Details

Case Cells Faces Nodes
Casei 5800 11855 5920
Caseii 5506 11275 5776
Case iii 6267 12850 6584
Case iv 18300 37040 18741
Case v 25759 40852 20096




(b)

(d)

(e)

Figure 2.3 Two Dimensional Cases Studied Showing Mesh Distribution (a) Case i: mesh for
model with end wall injection, (b) Case ii: mesh for model with oppositely offset inlets, (c) Case
ii: mesh for the model with diametrically opposite flow inlets, (d) Case iv: mesh for the model
with a inlet at the closed end, (e) Case v: mesh for the model with orifice plate in the inlets.
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In three-dimensional models a fine mesh was used at the edges in order to resolve the steep
gradients near the walls. Figures 2.5 (a-e) shows the mesh distribution of the three- dimensional
models. In case 5, with an orifice plate at the inlet shape functions™ are used at the intersection
of the orifice plate and the detonation tube inlet as shown in Figure 2.5 (e). The smallest node
size used for meshing is 0.5 mm and the largest node size is 2 mm. Detailed meshing of the
orifice plate is shown in Figure 2.5 (e). Even in places of less interest, a fine mesh was used
since a coarse mesh may not yield good results. The detailed geometry of the orifice plate is
shown in Figure 2.4.The holes in the orifice plate are set at 30 degrees angle, each hole is 3
mm in diameter. The diameter and thickness of the orifice plate is 25.4 mm 3.18 mm

respectively.

The final pre-processing in GAMBIT™ included adding boundary conditions such as the

wall, outlets and inlets.

L
]
- S - .- Y
o
()
(a) (b)

Figure 2.4 Orifice Plate Design, (a) top view, (b) bottom view.
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(e)

Figure 2.5 Three Dimensional Isometric Views of Cases Studied Showing Mesh Distribution (a)
Case 1: mesh for model with end wall injection, (b) Case 2: mesh for model with oppositely
offset inlets, (c) Case 3: mesh for the model with opposite flow inlets, (d) Case 4: mesh for the
model with a inlet at the closed end, (e) Case 5: mesh for the model with orifice plate in the
inlets.
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Table 2.3 provides the mesh details pertaining to three dimensional configurations,

Table 2.3 Three Dimensional Configurations Mesh Details

Case Cells Faces Nodes
Case 1 305126 681156 65933
Case 2 405126 841739 78793
Case 3 936985 1916156 175126
Case 4 949992 1929918 176188
Case 5 1506642 2038088 197344

2.3 FLUENT™

An important step in the set up of the model is to identify the fluid which in this case is
air. Air is acceptable as a surrogate for a fuel /air mixture as there is no combustion taking place
during the filling processes. The properties of air or a fuel/air mixture remain unaffected during

the filling processes.

2.3.1 Solution Method

The SIMPLEC finite volume method was used to solve the partial differential equations
of the model™. An unsteady solver was chosen to capture the propagation of the reactants
entering the PDE during the filling stage. The segregated solution algorithm was selected to
solve the governing equations. Double precision was used to alleviate error associated with the
high aspect ratio grid. In addition to applying the material properties of the fluid, boundary
conditions must be applied. For simplicity and as a first step in investigating the turbulence
effects for the current research work the most simple k- € model with default settings is

preferred.

13



The inlet boundary condition of the model was set as mass flow (m = 0.288 kg/s). The
direction of the flow was normal to the inlet boundary. And the outlet was specified as pressure
out. So the outlet boundary is 1 atm. Each time step was determined and monitored by the
solver. Additional details and a more exact set up of the boundary conditions are supplied in
Appendix (A).Finally in order to start the analysis time step size (Dt) is required. Time step size

is calculated as follows:

d x
Dt = — 21
5 (21)
Where dx is cell size, V is the velocity.
2.3.2 Governing Equations

The given problem is solved using the above mentioned initial conditions, boundary
conditions and a turbulence model, using the Navier-Stokes equations. The general form of

conservation equations, neglecting the body force is given.*

Continuity 22 1 div(pV) = 0 2.2)
da(pu) i ap .

X-momentum — div(puV) = -7t div(u grad(u)) (2.3)

y-momentum a(;:) + div(pvV) = —Z—Z + div(u grad(v)) (2.4)

z-momentum % + div(pwV) = — Z—Z + div(u grad(w)) (2.5)

Energy %ee) 1 div(peV) = —div(V) + div(k grad(T)) + @ (2.6)

at
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where p is the density, [ is the dynamic viscosity, T is the temperature and @ is the dissipation
function. The two-dimensional form of the equation can be obtained by dropping the parameters

relevant to third dimension.

The realizable k-¢ model is defined by the following two transport equations, one for the
turbulent kinetic energy (k) and second for the rate of dissipation of turbulent kinetic energy

(8).11

0 0 0 L, | ok
—(pk) +—(pku) = —|| u+ - |=— |+G, +G, —pe-Y,, + 2.7
ot (k) ox (oku,) GX]- Kﬂ jaxj:l K by — PE— Yy + S 2.7)

 (pe)+(peu) = i
ot P o Y T o [\ e o

2
0 {(Wrij Og}rclgé (Gk+C3£Gb)—C25p%+SE (2.8)
M

In these equations, G, represents the generation of turbulence kinetic energy due to
the mean velocity gradients; G, is the generation of turbulence kinetic energy due to the
buoyancy; Y,, represents the contribution of the fluctuating dilatation in compressible

turbulence to the overall dissipation rate; Cq,.,Cy, and Cg, are constants; and o and o,

are the turbulent Prandtl numbers for k and &, respectively. The values of the constants can be

listed as:
O_I_g=1'44’ ng =1.92, Cﬂ =0.09, 0k =1.0, 0,=1.3

These default values have been determined from experiments with air and water for

fundamental turbulent shear flows including homogenous shear flows and decaying isotropic

15



grid turbulence. They have been found to work fairly well for a wide range of wall — bounded

and free shear flows.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Description of Results

The pulse detonation engine model, governing equations of the flow inside the
detonation tube and numerical solution methods were introduced in previous chapters. The
investigation considered the propagation of reactants into the detonation tube, during the filling
process. Both two- and three- dimensional (2-D and 3-D) cases, developed in chapter 2, are
studied. Isometric views of pressure and velocity contours and velocity and pressure contours of
the two-dimensional model are grouped together respectively for each case. As mentioned in
chapter 2 five different configurations are analyzed in FLUENT™. In the figures velocities are
presented in m/s and the pressures are presented in Pa.

3.1.1 Convergence

Convergence is checked for the velocity components, continuity and energy in
all the four cases. Convergence is determined by checking the scaled residuals and ensuring
that they are less than 107 for all variables except for the energy equation in which the residuals
have to be less than 10°. The model is considered as converged when the velocity, continuity
and energy approach constant values. Figures 3.1-3.4, display the trend of the residuals in the
velocity, continuity, energy, TKE, and dissipation with the number of iterations in two-
dimensional models.The x axis represents number of iterations, while y axis represents the

residual value.
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Figure 3.1 (Case i) Residual Plots of Model with End Wall Injection.
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Figure 3.2 (Case ii) Residual Plots of Model with Offset Inlets.
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Figure 3.3 (Case iii) Residual Plots of Model with Opposite Inlets.
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Figure3.4 (Case iv) Residual Plots of Model with Inlet at the Closed End.
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Figure 3.5 (Case v) Residual Plots of Model with Orifice Plate in the Inlets.

Table 3.1 furnishes the number of iterations needed for convergence in all the five
cases along with the grid size in use. The convergence was concluded based on the
observation of the trends of salient properties viz., continuity, velocity components, energy, TKE

and dissipation.

Table 3.1 Details of Iterations and Grid Size of 3D Models.

Cases No. of Iterations Cells
Case 1l 580 5800
Case 2 640 5506
Case 3 540 6267
Case 4 880 18300
Case 5 1000 25759

It is seen that the number of iterations depends on the size of the grids and number of cells. For
case 5, the number of iterations was comparatively more than the remaining cases, because of
the finer mesh (see chapter 2). Also, it can be observed that the convergence was obtained
with a much higher order of accuracy in case 5 than other cases. Similarly convergence for
three-dimensional models is also checked.
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3.1.2Case 1

The following velocity and pressure contours show the propagation of reactants in the
detonation tube during the filling processes in the model with end wall injection. The contour
level serves as a visual aid that indicates the propagation of reactants inside the detonation

tube. This model is the existing PDE design.

The velocity contours in Figure 3.8 shows that detonation tube is partially filled with a
very low velocity. Thus increasing the filling time. Figure 3.6 shows the velocity and pressure
contours of two dimensional model. Figures 3.7 and 3.8 shows the velocity and pressure
contours at t=0.08 s and t=0.2 s iterations respectively.The time taken to fill the detonation

tube tfj) = 0.2 s.
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Figure 3.6 Velocity and Pressure Contours of Two-dimensional Model with End Wall Injection at
t=0.2 s, (a) Case i: 2-D velocity contours, (b) Case i: 2-D pressure contours.
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Figure 3.7 Isometric Views of Velocity and Pressure Contours at t =0.08 s, (a) Case 1: 3-D
velocity contours, (b) Case 1: 3-D pressure contours.
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Figure 3.8 Isometric Views of Velocity and Pressure Contours at t =0.2 s (a) Case 1: 3-D
velocity contours, (b) Case 1: 3-D pressure contours.
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3.1.3 Case 2

The velocity contours presented in Figures 3.10-3.11 show that the detonation tube is
not completely filled with reactants as some dead air regions are spotted. The dead air regions
are those where nil velocity prevails, see Figure 3.11 (a). Figures 3.10 and 3.11 shows the
velocity and pressure contours at t=0.001 s and t =0.01 s iterations respectively.The reactants
in the detonation tube flows from left to right. The velocity inside the detonation tube ranges

from 0 to 31 m/s.
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Figure 3.9 Velocity and Pressure Contours of Two-dimensional Model with Offset Inlets at t
=0.01s (a) Case ii: 2-D velocity contours, b) Case ii: 2-D pressure contours.
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Figure 3.10 Isometric Views of Velocity and Pressure Contours at t =0.005 s (a) Case 2: 3-D
velocity contours, (b) Case 2: 3-D pressure contours.
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Figure 3.11 Isometric Views of Velocity and Pressure Contours at t=0.01 s (a) Case 2: 3-D
velocity contours, (b) Case 2: 3-D pressure contours.
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3.1.4 Case 3

In this model of opposite inlets, some dead air regions at closed end of the detonation
tube are found. The blue colored area in velocity contours represents the dead air region. It is
also possible to see from the velocity contours that the flow inside the tube is slower than that at
the inlet and outlet. The velocity of the reactants mixture inside the detonation tube ranges from

0 to 33 m/s.

Figure 3.12 (a-b) shows the velocity and pressure contours of the two-dimensional
model. Figures 3.13 (a-b) show the isometric views of the velocity and pressure contours at t
=0.005 s and Figures 3.14 (a-b) show the isometric views of the pressure and velocity contours

at t=0.013 s.
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Figure 3.12 Velocity and Pressure Contours of Two-dimensional Model with Opposite Inlets at t
=0.01 s a) Case iii: 2-D velocity contours, b) Case iii: 2-D pressure contours.
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Figure 3.13 Isometric Views of Velocity and Pressure Contours at t =0.005 s (a) Case
3: 3-D velocity contours, (b) Case 3: 3-D pressure contours.
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Figure 3.14 Isometric views of Velocity and Pressure contours at t =0.013 s (a) Case 3: 3-D
velocity contours, (b) Case 3: 3-D pressure contour.
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3.1.5Case 4

The model was modified to reduce the dead air regions by adding an inlet at the closed
end. The modified design gives the desired results but the problem of fuel wastage is raised.
During the filling process of detonation tube, fuel enters from all nine inlets with the same
velocity causing the area near the outlet of the tube to fill before the remaining tube is filled. This
causes wastage of the reactants mixture. Figure 3.17 (a) shows that the flow of reactants was
not uniform inside the detonation tube. The light red colored regions in the velocity contours
represent the high velocity zones near the inlets. However, when compared with case 2 and 3

the dead air regions in this model are reduced.

Figure 3.15 (a-b) shows the velocity and pressure contours of the two-dimensional
model with a inlet at the closed end. Figures 3.16 (a-b) show isometric views of the velocity and
pressure contours at t =0.004 s and Figures 3.17 (a-b) show the isometric views of the pressure

and velocity contours at t=0.013 s.
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Figure 3.15 Velocity and Pressure Contours of Two-dimensional Model with an Inlet at Closed
End t=0.01 s (a) Case iv: 2-D velocity contours, (b) Case iv: 2-D pressure contours.
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D velocity contours b) Case 4: 3-D pressure contours.

35



3.52e+01
5.34e+01
317e+01
2.99e+071
2.82s+0
2 Bde+01
2 46e+01
2.292+01
2.11e+01
194e+01
1.76e+01
1.55e+01
141e+01
1.23e+071
1.06e+01
§.60e+00
T.04e+00
5. 28e+00
3.52e+00
1.76e+00
0.00e+00

1.01606e+05
1.01530e+05
1.01554e+05
1.01528e+05
1.01502e+05
1.01476e+05
1.01450e+05
1.01424e+05
1.013932+05
1.01372e+05
1013462 +05
1.013192+05
1.01293e+05
101267e+05
101247e+05
10121%+05
1.011892+05
1.01163=+05
1011372 +05
1.01111e+05
1.01085%+05

Figure 3.17 Isometric Views of Velocity and Pressure Contours at t =0.013 s (a) Case
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4: 3-D velocity contours, (b) Case 4: 3-D pressure contours.
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3.1.6 Case 5

The model was further modified by adding an orifice plate at the inlets in order to
decrease the inlet velocity to avoid the wastage of the reactant mixtures and minimize dead air
regions. Figure 3.18 shows the velocity and pressure contours of the two-dimensional model.
The velocity and pressure contours at t=0.005 s and t =0.03 sare shown in Figures 3.19 (a-b)

and 3.20 (a-b) respectively.

As noticed from the velocity contours, the flow in the detonation tube is relatively
uniform and also if noticed closely, that the velocity is lower at the inlets of the detonation tube.
From Figure 3.20 (a), it is clearly seen that the detonation tube is completely filled with the
reactant. As the velocity inside the detonation tube is almost constant, the pressure variation is
also very low as seen in Figures 3.19-3.20. The maximum velocity attained is 31 m/s. In Figure
3.20 (a), some red regions are spotted, these appear due to stagnation near the inlets.
Stagnation occurs as the detonation tube gets completely filled with reactants. Due to the

reduced flow rates with fewer ports, then the filling times in those cased will be longer. The time

taken to fill the detonation tube with orifice pate at the inlets t;; = 0.03 s. When compared with

the previous models, an optimum solution is obtained in this model with orifice plates at the

inlets.
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Figure 3.18 Velocity and Pressure Contours of Two-dimensional Model with an Orifice Plate at
t=0.07 s a) Case v: 2-D velocity contours, b) Case v: 2-D pressure contours.
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Figure 3.19 Isometric Views of Velocity and Pressure Contours at t=0.005 s (a) Case
5: 3-D velocity contours, (b) Case 5: 3-D pressure contours.
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Figure 3.20 Isometric Views of Velocity and Pressure Contours at t=0.03 s a) Case 5: 3-D
velocity contours, b) Case 5: 3-D pressure contours.



CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS
4.1 Conclusions
The tube filling process for a model pulse detonation engine was modeled
using FLUENT™. Simulation of the filling process was accomplished using five different inlet
configurations proposed both two-dimensionally and three-dimensionally. Comparison of these
five configurations revealed that the inlet configuration with orifice plate provides optimum
results with desired velocity and pressure profiles as per design requirements. This
configuration also ensures that the detonation tube is well filled with reactants at a uniform

velocity with small dead air regions. When compared with existing designs, with only one inlet at
the closed end (t;, = 0.2 s), the filling time is reduced as this model has nine inlets (ty, =

0.03 s).

4.2 Recommendations and Future Work

Further research is needed to simulate a multiphase flow using the Volume of Fluid
(VOF) model in FLUENT™. Using the VOF model, we can simulate droplet or slug flow. This
will enable more precise results. Moreover, we can simulate the complete cycle analysis of

pulsed detonation engine.

Further investigations may be conducted to investigate the particle motion of reactants

entering the detonation tube using spray modeling technique which is included in FLUENT ™.

Future work may include experimental results. Once experimental processes have
been carried out, the experimental results will be utilized for comparison to the model

predictions such that the overall accuracy of CFD simulation can be determined.
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APPENDIX A

POST-PROCESSING IN FLUENT™
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The final post processing was carried out in FLUENT™, with the model set up for a

transient analysis.

1. The mesh file was imported from GAMBIT™ to FLUENT™ for grid check.

FLUENT [3d, pbns, ske, unsteady]

File Grid Define Solve adapt Swurface Display Plot Reporkt Parallel  Help
o~
Grid Check
Domain Extents
x—coordinate min {(m)} = —-S_@79990e-Q082, max {(m) = S ._.0800800e—- 082
y—coordinate min {(m)} = —S_3BIFSFF2e—002, max {m) 5. 3FSFF2e—002
z—coordinate: min {(m)} = —2_0808008e—883, max {(m) = 1_.800800e+000a4
Uolume statistics:
minimum volume {(m33: 1_.238390s— 811
maximum volume {(m3) 6 285739 — 008
total volume {(m3)»: B8_182348e—003
Face area statistics:
minimum FfFace area (mZ2):- F_736993e—008
maximum Face area (M2):- F_GLLEE1Be— 005
Checking number of nodes per cell.
Checking number of Ffaces per cell .
Checking thread pointers._
Checking number of cells per fFace .
Checking face cells.
Checking bridge FfFaces.
Checking right—handed cells.
Checking face handedness.o
Checking face node order .
Checking element type consistencuy.
Checking boundary types:
Checking face pairs.
Checking periodic boundaries._
Checking node count.
Checking nosoluve cell counkt.
Checking nosoluve face count.
Checking face children.
Checking cell children.
Checking storage.
Done _
| ad
< >

Figure A1 FLUENT Command Prompt Showing Grid Check.

2. Define the model

Solwer Formulation

= Pressure Based = 1Implicit
T Density Based

Space Tirme
Lo T Steadys
L = Unsteady
—
= I Transient Controls

I MMon-Iterative Time Advancement
I Frozzen Flux=~ Formulation

Welocity Fornmulation Unsteady Formmulation
= Absolute -
T PRelative = 1stOrder Implicit
T 2nd-Order Implicit
Sradient Option Porous Formmulation
= GreenGauss Cell Based = Superficial Yelocity
7 Green-GCGauss Mode Based T Physical Yelocity

T Least Sguares Cell Based

L ) Cancel Help

Figure A2 FLUENT Command Prompt Showing Solver Conditions.
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3. The energy equation was selected. (Define — Modes- Energy)

4. The standard k—¢ turbulence model was selected (Define —Models —Viscous)

& VWiscous Model

Model
T Inwiscid
. Laminar
7 Spalart-Allmaras 1 eqgn]
= kepsilon [Z eqn]
7 komega 2 eqgmn]
T Fewynolds Stress ¥ eqn]
T Detached Eddy Simulation
—

Large Eddy Simulation [LE3S)

k-repsilon Model

~ Standard

T FRNG

" Healizable
MMearwWall Treatment

~ Standard YWall Functions

. pMon-Equilibrionm vwall Functions

T Enhanced “Wall Treatment
T UserDefined Yall Function s

Options

I wiscous Heating

Model Constants

Cmu
|ﬂ..ng

C1-Epsilon
[ -2

CZ2-Epsilon
[1-o=

TEKE Frandtl RNumber
[+

=

User-Defined Functions

Turbulent VWiscosity
|I'II:II'IE

L4

Pranditl RNumbers

TEKE Prandtl Hlumber
|nnne

TDR Prandtl NMumber
|nnne

Energy Prandtl Number

|rll:lne

Cancel | Help

[ L] L

Figure A3 FLUENT Command Prompt Showing Turbulence Model Conditions

5. Define the fluid.

o Materials

Name

Material Type

Order Materials By

|air

Chemical Formula

|f|uid

Fluent Fluid Materials

j ~ Mame

© Chemical Formula

Properties

|air

- Fluent Database...

User-Defined Database...

Density [kgfm3] |

ideal-gas

Cp li/fka-k) | constant

h

80s _ 43

Thermal Conductivity [wfm-k] |constant

|ﬂ.32u2

Viscosity (ka/m-s) | constant

|1.T89he—35

Change/Create | Delete

Close |

Figure A5 FLUENT Command Prompt Showing Fluid Properties.



6. Define boundary conditions. (Define — Boundary conditions)

T Boundary Conditions

s Y ) = Twpe
default-interios axis -
fluid exxhaust-Tan
LN | (fnretrent
i intake-Tfan
ind interface
inS
out o Bl e
wrall outlet——ent
pressure-farfield
pressure-inlet i
pressure—oaoutlet
S ITE T ety e il
1
|=El=
Setoo. o | Close Help

Figure A6 FLUENT Command Prompt Showing Inlet Boundary Conditions.

= e Twpe
default-interion axis -~
Floaidd exhaust-Tamn
il inlet—ent
i intake-Tfan
inzZ interface
in mass—TfTlhoww—-inlet
TN | || ot f o
wraall outlet—went
pressure-far-field
pressure—inlet o
SwWiITiiTy ety e
1
|5
Setoo. L e LT | Close | Help

Figure A7 FLUENT Command Prompt Showing Outlet Boundary Conditions.
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7. Define solution method. (Solve — Controls-Solution)

& Solution Controls

Equations

Flow

Turbulence Pressure [g_3

Energ Density [

Body Forces |4
Momentum |g_7

=| Under-Relaxation Factors

Pressure-Yelocity Coupling Discretization

|S|MF'LEC j Pressure ‘Second Order

Skewness Correction
|n

il Momentum ‘Secund Order Upwind

[
=
Turbulent Kinetic Energy ‘Secnnd Order Upwind j
j

Turbulent Dissipation Rate ‘Secund Order Upwind

OK | Default| Cancel| Help |

Figure A8 FLUENT Command Prompt Showing the Solution Method.
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