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An experimental and numerical investigation of the effects
of the diaphragm pressure ratio and its position on a heated
shock tube performance
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University, Doha, Qatar The main purpose of this work was to investigate the performance of heated
shock tube (ST) with different pressure ratios and diaphragm positions numeri-
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Email: sshmed@qu.edu.qa 10 mm thickness. ST driver and driven sections were filled with helium-argon

mixture and air. The driven section was heated up to 150°C using coils. At the
middle of the ST, the diaphragm was made of aluminium sheet (0.5 mm) lay-
ers. Five different pressure ratios were implemented during the experiment, and
performance evaluation depended on the strength of the incident shock Mach
number. The inviscid numerical model solver used transient two-dimensional
time-accurate Navier-Stokes CFD. The model introduced a parametric study re-
garding three different diaphragm positions (1m, 2m and 3m) and five pressure
ratios (6-10) for each position. In addition to yielding the incident and reflected
wave Mach number, reflected wave temperature was also considered a shock tube
performance indicator. The incident Mach numbers for the diaphragm middle
position from the experiment were compared against those conducted from the
model, and good matching was observed. The parametric study results showed
that at high-pressure ratios, diaphragm Positions 1 and 3 could generate a 7.4%
increase in shock wave Mach number compared with the diaphragm position-2
model. Moreover, the diaphragm position-3 model tends to have a 2% increase in
the temperature behind the reflected shock wave compared with the other two
positions.
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1 | INTRODUCTION

A shock tube (ST) is a well-established facility where an
unsteady flow gas dynamic one-dimensional problem can
be solved by producing a shock wave in a controllable
manner. Shock tubes have been used to serve several ap-
plications such as aerodynamic study, high-temperature
chemical kinetic applications, material interaction to the
shock waves, blast waves, industrial implementations and
recently biomedical applications.”™ A shock tube is also
used extensively in simulating the chemical kinetics of
combustion for different fuels. A variety of recent stud-
ies were conducted involved using shock tubes along with
high-density fuel/air mixtures to obtain combustion fea-
tures of conventional and alternative fuels at conditions
relevant to those used in internal combustion engines and
gas turbine machines.”® Ignition delay time (IDT), partic-
ularly in internal combustion engines, is a vital combus-
tion characteristic that directly affects engine efficiency
and exhaust emissions.”** This property in ICE can be de-
fined as the time required to detect heat release once the
air-fuel mixture reaches the self-ignition (autoignition)
temperature and pressure or the time interval between
the start of ignition (raising injector needle) and the be-
ginning of combustion.'* The total delay period is due to
a combination of physical and chemical delays. Physical
delay is due to fuel atomization, evaporation and mixing
with air.

As a result, fuel properties and the mixture pressure,
temperature and velocity will influence the ignition delay.
Thus, the fuel injection system, combustion chamber and
engine operating conditions are the main factors of con-
trolling the above parameters. Due to the shock tube con-
ditions, which simulate ICE combustion, IDTs of different
fuel types can be measured using a shock tube. It should
be mentioned that the shock tube can only measure the
chemical delay of pre-combustion reactions for a homo-
geneous air—fuel mixture. IDT can be investigated using
several facilities such as a ST, rapid compression machine
(RCM) and constant volume bomb (CVB). A shock wave is
designed to permeate through the air-fuel mixture using a
driver inert gas, leading to ignition of an air-fuel mixture
under certain initial pressure, temperature and equiva-
lence ratio conditions. In conventional ST, a high-pressure
inert gas in the driver section ruptures a diaphragm that
separates ST's two segments (driver and driven).

Numerous studies about different ST designs were de-
veloped to obtain accurate IDT measurements. For exam-
ple, the diaphragm less ST idea was introduced by Tranter
and Giri'® and Nagaraja et al.'® They replaced the conven-
tional metallic diaphragm with a fast-acting piston valve.
It was found that this concept improves the repeatability
of the results, produces a reliable generation of shock

waves and enhances the signal/noise ratio and mass peak
efficiency. However, this technique cannot be used with
a traditional shock tube. Another improvement in ST de-
sign used in IDT investigations is the aerosol ST."”"*! The
advantage of this design is that the standard ST is more ap-
propriate for studying gaseous fuels, however, it is difficult
to obtain a homogenous mixture for liquid fuels such as
diesel, gasoline and jet fuels (low vapour pressure fuels).
Furthermore, the non-homogeneous mix can lead to an
in-spatial spread of the aerosol and non-uniformity, re-
stricting measurement precision, incident determination
and reflected shock wave conditions. An ideal flow sche-
matic of the shock tube facility is shown in Figure 1.

Usually, the diaphragm is assumed to rapture at t = 0,
and before the rapture, only two regions exist, 4 and 1,
which indicates the high and low-pressure regions, re-
spectively. After the rapture, a compression wave is de-
veloped in the driven section (low pressure), generating
region (2) behind it. In addition to the compression wave,
an expansion wave is formed at the driver section low-
ering its high-pressure value and forming a new region
(State 3). Next, the compression wave is reflected from
the high temperature and pressure of the driver end-wall,
creating a region (5). Finally, the expansion wave is also
reflected when it reaches the driver's left end and signifi-
cantly increases pressure and temperature. The region be-
hind the reflected expansion wave is illustrated as Stage 6
in Figure 1. Eventually, all the regions will reach a steady-
state condition with constant pressure and temperature
throughout the inner volume of the ST.

Many scholars investigated experimentally and nu-
merically the parameters that affect the performance of
shock tubes. Luan et al.** investigated the flow numeri-
cally inside a shock tube with a small nozzle at the end of
the driven section. They use two models: pressure-based
and density-based models. Both numerical simulations
were evaluated with an analytical solution of Sod's prob-
lem.”® The comparison showed that, for high tempera-
tures, a density-based second-order ROE is suitable for
accurately predicting the flow properties inside the shock
tube. Moradi et al.** investigated experimentally and nu-
merically the aerothermodynamic properties of a shock
wave at the walls of a shock tube. Experimentally, they
built a shock tube facility with a driver section connected
to a pressurized tank, and the drive section is open to the
atmosphere. The diaphragm was made of aluminium foil
having thicknesses of 50 and 80 ym destructed in 2.7 and
4.8 bar, respectively. They stimulate the flow inside the
shock tube as a laminar regime using CFD. They used the
pressure-based model with the simple mode for pressure—
velocity coupling in the second order for the model solver.
Two pressure ratios were investigated regarding the two
diaphragm destruction pressures. The numerical model
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FIGURE 1 Shock tube ideal flow Expansion Tail
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pressure distributions and velocity profiles for the two
cases clarify the velocity increase as the driver pressure
increases.

In another study, Jayakumar® conducted a numerical
model to test the effect of increasing the pressure ratio in
a shock tube. The main objective was to compare the per-
formance of two model gases, carbon dioxide and air, as
working fluids inside the driver section of the shock tube.
Their numerical study used fluent density-based in Ansys
CFD to model the flow of gases inside the shock tube as
inviscid flow. For different diaphragm pressure ratios, the
shock Mach number, pressure and temperature behind
the incident and reflected waves were obtained for the two
gases models. The results showed that using carbon diox-
ide as a working fluid resulted in a higher Mach number
when increasing the pressure ratio than when using air.
Moreover, carbon dioxide generated a low temperature
behind the incident and reflected shock waves compared
with air.?*?’

A recent study delivered by Ananthu and Asok
Kumar®® investigated the effect of the diaphragm pres-
sure ratio on shock wave Mach number and temperature.
The parametric study used three driver-driven gas mod-
els: helium (He)-CO,, He-He and CO,-CO,. An inviscid-
transient model was adopted for the study using CFD
solver in Ansys FLUENT 18. The two-dimensional nu-
merical model results were validated with a 1-dimensional
ideal theory of Rankine-Hugoniot relations. The results
showed that the He-CO, mixture gives the highest Mach
number compared with the other working fluids for
the same pressure ratios. The Mach number increased
by about 20.4% for lower pressure ratios, while high-
pressure ratios developed a 33% hike in Mach number for

the different gas models. In addition, using He with the
same gas model gave the highest temperature behind the
reflected shock wave compared with other gases models
used in the study.?® The literature showed a high tendency
to use the 2D inviscid-transient CFD model to simulate
the fluid flow inside the shock tube. It also showed that
several studies investigated the shock tube performance
when changing parameters such as pressure ratios and di-
aphragm positions. However, none studied these parame-
ters with a heated driven section and validated the model
with experimental results. Therefore, a numerical and ex-
perimental parametric study was conducted for a heated
shock tube in this paper. The contribution of this paper is
mainly to predict the effect of changing diaphragm posi-
tions and pressure ratios on the wave propagation along
the heated driven section. It should be mentioned that the
flow discontinuity characteristics of yield in Mach and the
wave temperature have been considered to be the leading
indicators of shock tube performance. The accuracy range
of the numerical model was assessed with an experimen-
tal test that included all the pressure ratios with each dia-
phragm position.

2 | EXPERIMENTAL METHODS

The experimental study was conducted by using a stand-
ard shock tube test facility, as shown in Figure 2. In brief,
it consists of a long tube with a 6 m length of 120 times
the tube diameter (50 mm), as stated by Bradley and
Emrich.”’ The length-internal diameter ratio was deter-
mined to avoid catching up with the reflected rarefaction
wave with the incident shock wave before the incident
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shock is generated inside the tube.” The tube is divided
into two parts: driver section (3m) and driven section or
test section (3m) (Figure 3). A thin aluminium diaphragm
of 0.5 mm separates the two segments. The diaphragm
thickness was chosen based on the rupture pressure of the
diaphragm. The diaphragm breaking mechanism required
0.9 bar pressure per one aluminium layer to cause the
foil rapture. The driver gases (He and Ar) were obtained
from two pressurized cylinders using mass flow control-
lers (MFC) with a helium percentage of 5%-20% of argon
in the mixture inside the driver section. A pressure gauge
was mounted at the tube inlet to adjust the required quan-
tities of the driver gases at the driver section. Two pressure
transducers (PXM01MDO0)*° were screw-mounted to the
tube wall; the first one is 1 m apart from the tube end-wall
with an uncertainty of 0.1%. The second transducer was
mounted 10 cm apart from the diaphragm location with
the same uncertainty.

On the contrary, a pressure relief valve was fixed 20 cm
apart from the diaphragm in the heated section to evac-
uate the tube from gases, as shown in Figure 3. Electric
heaters of 900 W capacity were used to heat the air to
maintain a temperature of 150°C. The temperature mea-
surements of the heated section were carried out using
a type k thermocouple connected to the data acquisition
system (DAQ) with a measurement accuracy of 0.1%. A

FIGURE 2 The shock tube
experimental test rig

thermal ceramic fibre insulator was used to isolate the
driven part (heated section) with thermal conductivity of
about 0.0346 W/m-K.

The experiment started by feeding the driver section
with the working fluid (10% Ar, 90% He). A pressure gauge
is attached to the driver left end-wall to measure pres-
sure. A valve is located 2m away from the left driver sec-
tion end-wall to store the gas in the driver section until it
reaches the desired pressure value. The pressurized gas in
the driver section was released when the valve was opened
to cause diaphragm rapture.

After releasing the stored gases in the driver section,
the high-pressure fluid flowed and raptured the middle
diaphragm. The shock wave was propagating in the driven
part with a high velocity, changing the local pressure of
the sensor to a specific value. The main aim of this exper-
iment was to calculate the wave velocity at the instant of
rapture before the wave reflection took place. The shock
wave velocity was detected by knowing the time required
for the wave to pass through the two sensors. The two pres-
sure sensors recorded the increase in pressure at the oscil-
loscope, and the interval between the two pressure peaks
was obtained. The required wave velocity can be found by
considering the distance separating the two sensors then
dividing it by the wave travelling time. The previous exper-
imental procedure was repeated many times at different
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FIGURE 3 Schematic of
experimental setup of shock tube
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pressure ratios of the parametric study. Although one
position was considered in the experimental setup (dia-
phragm at 3m), it was necessary to validate the numerical
model. The shock tube measurements have several obsta-
cles, including non-ideal effects, restricted test time avail-
ability and a lack of agreement on defining measurement
errors. For the new shock tube to be evaluated in terms of
performance, it must calculate the error percentage of all
of the related measurements. The distance and the time
it takes for the shock wave to travel between side-wall
transducers have a role in shock velocity measurement.
Therefore, the accuracy of both of these measurements is
critical. The size and location of the transducer holes and
the geometry of the driven section are potential causes of
inaccuracy for distance measurement.

Furthermore, the electrical equipment used for time
measurement (counters, wires and pressure transducers)
has the same characteristics. The theory of uncertainty
propagation is used to calculate the overall uncertainty
in shock velocity measurements. For a shock travelling at
(Mach number between 1.2 and 1.6) between transducers
250 cm apart, this interval corresponds to a standard un-
certainty of 0.1% of the measured time. The estimated un-
certainty on the distance between the ends of successive
pairs of holes in the tube wall is 0.15 mm.

3 | NUMERICAL MODEL

The flow of Argon and Helium mixture from the driver
section into the driven section with diaphragm rapture
was simulated using CFD solver Ansys Fluent 17. A two-
dimensional inviscid density-based time-accurate model
was developed to conduct the parametric study. The invis-
cid model discarded the viscosity effect and reduced the
Navier-Stokes equation to the Euler equation.

3.1 | Governing equations

Since the viscous effect is negligible for a flow with a high
Reynold number, the flow inside the tube was assumed
to be inviscid. Non-viscous flow consideration reduces
the Navier-stoke equation to the Euler equation. Euler
equation is a non-linear hyperbolic differential equation.
Therefore, the Euler equation can only be seen as the
Navier—Stokes equation with zero viscosity and zero ther-
mal conductivity. The Euler equations used for the pre-
sent numerical model are as follows:

oU  oE

oF
— 4+ = =0
ot ox

Y €Y)

where U represents the conserved variable of the Euler
equation in two-dimension Cartesian coordinates. The E
and F variables, along with U variable definitions, are given
below in Equation (2)

p pu pv
2
u u-+ uv
u=|"e=|" TP F=| ” @
pV puyv pv +p
£ I3 v(e+p)

Since the energy equation was activated in the CFD
model, the below equations are included in the numerical
model.

g:y%l (%) 1w (3)

where ¢ is the specific energy, pis the density, u, and v are the
velocities per unit mass in the xand y directions, respectively.

3.2 | Geometry and meshing

The parametric study included different diaphragm posi-
tions and pressure ratios. Therefore, to implement all the
boundary conditions for each diaphragm position, three
primary geometries have been obtained first in the Design
Modeller (Figure 4).

Meshing the flow domain was done using the uniform
quadrilateral method, as shown in Figure 5. The two lon-
gitudinal edges of both the driver and driven sections
were divided equally; the division length equalled 1 mm.
Conducting a mesh dependence study was done by having
the pressure distribution at the rapture time while increas-
ing the number of elements. The independence of the
mesh element number was achieved when using 300,000
elements with 306051 nodes. Previous studies only re-
fined the meshing at the diaphragm location to shorten
the computational time. However, in this study, the re-
finement took place within all the edges of the shock tube
geometry. Although the refinement of the entire geome-
try increases the computational time, the results accuracy
was sufficiently acceptable.

Although the mesh dependence study is a standard
method in finding the best element size for the model,
it is sometimes considered a time-consuming process.
Orthogonal quality, ortho skew and aspect ratio are the
three primary parameters in the fluent mesh statistics, in-
dicating the mesh quality. Those values are usually com-
pared with a given acceptable range mentioned in DeSalvo
and Swanson® to examine the solution convergence's
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(a) FIGURE 4 The geometry of the
Diaphragm shock tube with different diaphragm
. . positions; (A) diaphragm at 1m, (B)
Driver 1 Driven diaphragm at 2m and (C) diaphragm at
3m
(b)
Diaphragm
Driver l Driven
(0
Diaphragm
Driver l Driven
FIGURE 5 Meshing
-
TABLE 1 Mesh quality parameter TABLE 2 Initial boundary conditions of the numerical study
Acceptable Working fluid
Mesh quality indicator ~ Value range X
Ar (10%) + He (90%) Air
Minimum orthogonal 9.99996e—01 Above 0.01 Boundary
quality conditions P, (bar) T, (kPa) P, (kPa) T, (K)
Maximum ortho skew 3.76414e—06 Below 0.95 Case 1 6 300 1 423.15
Maximum aspect ratio 2.79720e+00 Below 500 Case 2 7 300 1 423.15
Case 3 8 300 1 423.15
mesh quality range and time. Table 1 below shows the CEEE e EL 1 28D
Case 5 10 300 1 423.15

quality parameters assigned to the study mesh.

3.3 | Boundary conditions

In order to obtain a wave reflection from the shock tube-
ends, the driver (high pressure) and driven (low pressure)
section ends were closed. As a result, solid wall boundary
was assigned to the edges of the 2D shock tube, and no
fluid penetration occurred. The total length of the shock
tube was 6 m, and the diaphragm was made by splitting
the tube shape with a 2D edge. Diaphragm pressure was
set to zero to eliminate its added pressure value to the
pressure ratio between driven and driver sections. Since
no heater was attached to the driver section, its initial tem-
perature was 300°K (T,). In contrast, as the driven section

was connected to heater coils, its initial temperature was
chosen to be 423°K (T}) in this study. All the initial condi-
tion values of the CFD simulation can be shown below in
Table 2.

A density-based explicit solver was used to discretize
the governing equation of the flow in time and space. To
obtain an accurate and a stable solution, the conserved
governing equation followed a double-precision second-
order upwind scheme was used.” For the explicit time-
dependent solution, the size of the time step was set to
le-5 s, which provided convergence after ten iterations.
The solution time interval duration was determined by
the time step size (10e-5) and the number of time steps
(2000).
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4 | RESULTS AND DISCUSSION

The experiments were conducted for five pressure ratios
with one diaphragm position (3m), while the simulation
included all the suggested diaphragm positions for the five
diaphragm pressure ratios. The same gas mixture (10% Ar
and 90% He) was considered a working fluid for the ex-
periment and numerical model. The shock tube perfor-
mance was obtained based on the incident and reflected
wave Mach number and the reflected wave temperature.

4.1 | Experimental results

As mentioned in the experimental set-up section, the ve-
locity of the shock wave was measured by knowing the
travel time of the shock wave between the two pressure
sensors fitted in the driven section. Figure 6 illustrates the
pressure readings of the two sensors versus time. The in-
cident velocity could be easily obtained when the time dif-
ference between the two pressure peaks is known.

The experiment was repeated for the five pressure
ratios, and five different shock wave velocities were re-
corded. The incident Mach number (M;) associated with
each wave velocity was obtained, as shown in Figure 10
below.

4.2 | Numerical results

When the diaphragm raptured at ¢t = 0, the driver and
driven pressures started changing from their initial val-
ues. Then, the driver pressure decreased in response to
expansion wave formation. In contrast, the driven sec-
tion pressure increased due to the developed compression
wave propagation and diffusion. Eventually, the working
fluid pressure across the tube reached a relaxing stage
with an intermediate value. The pressure profile over the
shock tube length was almost the same at the first time

increment of the transient study (0.1 ms), as shown in
Figure 7.

The reflected wave (Mach number and temperature)
properties present key performance indicators between
several diaphragm position models. Since the ST was
described as a 1-D problem, the pressure-temperature
distribution only changed in the direction parallel to the
flow with almost zero gradients perpendicular to the flow,
Figure 8.

Figure 8A showed the pressure distribution at the first
step (0.1 ms) after the rapture when the compression wave
travelled along the driven section. The flow discontinuity
and the contact surface are shown in Figure 8B when the
wave is reflected from the driven end-wall. As expected,
the wave reflected with high pressure and temperature,
exceeding the value of P,. However, the time required for
the wave to reach the driven and driver end-wall is directly
proportional to the distance between the diaphragm and
the end-walls. In other words, in this study, a 1m change
in the diaphragm position has resulted in a 0.13 ms change
in the wave reflection from the driver end-wall. The previ-
ous rule applies to the two reflected waves: expansion and
compression. Therefore, in Figure 8B, the reflected expan-
sion wave could not be detected in positions (1m and 2m)
for the selected time (0.69 and 0.56 ms), as the expansion
waves have already been reflected and reached a relaxed
sonic condition.

4.3 | Validation
The validation of the numerical model was conducted by
comparing its incident Mach number (M;) values against
those observed from the ST experiment. Only one dia-
phragm position was adopted in the comparison study
(middle position) while including the pressure ratios
ranging from 6 to 10.

As illustrated in Figure 9, the M; values follow an in-
creasing trend with increased pressure. However, the

Pressure (bar)

Sensor 1

Sensor 2

FIGURE 6
experiment at P, = 8 bar

Sample results of the *o 0z

1.2 14 16 1.8 2
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FIGURE 7 Pressure distribution at
the rapture incident (0.0001 s)
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FIGURE 8 Pressure contour (A)
at the incident of rapture (B) after
compression wave reflected from the
driver section end-wall

Diaphragm

numerical results are approximately 6% higher than the
experimental ones at low-pressure values. This may be
due to the viscous effect of the gas mixture at low pressure,
which can be a source of non-idealizes factors of the ST.**
This leads to shock tube attenuation phenomena, which
implies that the shock wave amplitude decreases with dis-
tance from the diaphragm. Therefore, the incident shock
attenuation is primarily due to boundary layer accumu-
lation and non-ideal diaphragm rupture.***> In contrast,

a deviation of about 1% was obtained between 9 and 10
pressure ratios, indicating the reduction of the viscous
losses.

4.4 | Parametric results

M; dependency on diaphragm position and pressure ratios
was combined in one graph, as shown in Figure 10.
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for the same pressure value. It was clearly shown that the
diaphragm Position no. 2 gave an overall reduction of 13%
in Mach number compared with the other two positions.
The wave velocity increased significantly when the
shock wave was reflected from the driven end-wall with
high temperature and pressure.***” Hence, the Mach num-
ber associated with the reflected wave (M, M,) was higher
than the incident one. It is clearly shown in Figure 11 that
M, was almost independent of the diaphragm position ex-
cept for pressure ratio 10 when the diaphragm position-3

The temperature behind the reflected wave is also es-
sential in finding the IDT of a fuel using the ST set-up.

BADRIET AL.
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FIGURE 9 Diaphragm pressure ratio vs. incident Mach
number (M,)
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FIGURE 10 Incident Mach number dependency on

diaphragm location and pressure ratio

Figure 10 compares the effect of the pressure ratio on
M; value for the three diaphragm positions. As the dia-
phragm pressure ratio increases, the velocity of the shock
wave and, hence its associated Mach number, rises sig-
nificantly. However, when the diaphragm was located at
2m from the left end, the wave Mach number was about
20% lower than the Mach number obtained at other dia-
phragm positions: 2m and 3m. On the contrary, the two di-
aphragm locations, 1m and 3m, developed approximately
the same Mach numbers for the tested pressure ratios ex-
cept for 6 and 9 pressure ratios. In the pressure ratio 6 at
the diaphragm Position no. 1, the Mach number was 5%
higher than the Mach number provided by Position no. 3

Figure 12 shows the pressure ratio effect on the reflected
wave temperature (T) relative to the initial temperature
of the driven section before the rapture (T,). As the pres-
sure ratio increased, the temperature behind the reflected
shock wave increased for all the diaphragm positions.
For example, for all the diaphragm position models, the
temperature T in pressure ratios (6-7) had the same val-
ues of about 850-900°K. However, at high-pressure ratios
(10-8), the diaphragm Position no. 3 gave the highest T
values of about 1020°K, 975°K and 950°K compared with
other positions. In addition, the Ts temperature of the di-
aphragm Position no. 3 was almost 10°K higher than the
T, diaphragm of Position 1, and 20K higher than T of the
diaphragm Position no. 2.

The usage of the ST as a facility for (IDT) investigations
has been dominant for decades. More than 300 published
studies with different test conditions for several types of
fuels and many kinds of shock tube designs have findings
related to chemical kinetics and particularly ignition del
ay,>438:39:404142.43.4445 This §s due to that it is instantly (in
microseconds) brings the reactive gas mixture to a well-
defined temperature and pressure so that quick chemical
reactions may be studied under zero-dimensional circum-
stances without affecting transport processes. When con-
ducting ignition delay investigations, the shock tube was
often calibrated by measuring the IDT of fuels and present-
ing it over the range of temperatures and pressures that
had been determined. As stated by the Rankine-Hugoniot
equations,*® a given Mach number and shock velocity
derive the pressure (P5) and temperature (T5) necessary.
However, the diaphragm along the ST can be mounted in
any position along the tube, affecting the finding of Mach
number and thus the IDT. Therefore, diaphragm Position
no. 2 was more suitable for finding the IDT of gaseous fuel
than other positions, as it required a low Mach number.
However, for the gaseous fuels, 24424547 the diaphragm
location follows Position no. 2 (approximately the driven
and driver section have the same length). In contrast, dia-
phragm position-1 and position-3 models were pretty ideal
in finding the IDT of Diesel fuels, as they provided a high
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FIGURE 12 The change in reflected wave temperature with
the diaphragm location and pressure ratio

Mach number and high reflected wave temperature values
as in the references** >’

5 | CONCLUSIONS

This work presented an investigation of the parameters
that affect a heated shock tube performance experimen-
tally and numerically. The ST working fluid combined an
Ar-He mixture in the driver section and air in the driven
section. The ST set-up was operated under five pressure
ratios while locating its diaphragm in the middle. Along
with the experimental setup, a two-dimensional ST ge-
ometry was simulated using the transient inviscid model.
The numerical parametric study introduced three differ-
ent diaphragm positions and pressure ratios. The results

FIGURE 11 The change in reflected
wave Mach number with diaphragm
location and pressure ratio

—&—Position 1
—&—Position 2

Position 3

95 10

mainly depend on finding the Mach number correspond-
ent to each condition (diaphragm pressure and location).
The numerical model appeared to simulate the real case
scenario of the ST when validating the model results with
experiments. Based on the parametric study of the numer-
ical model, one can state that:

1. The understudy experimental ST set-up can be simu-
lated numerically using the 2D inviscid-transient CFD
model with an acceptable error of less than 6% over
the pressure ratio range.

2. When the diaphragm pressure ratio increased, the in-
cident and reflected Mach numbers increase could be
obtained for all three diaphragm position models.

3. Diaphragm position-2 model gave a low supersonic
shock wave Mach number, and low reflected shock
wave temperature values compared with the other
two positions. In contrast, diaphragm Positions 1 and
3 almost produced the same high incident and re-
flected Mach numbers and the reflected shock wave
temperature.

4. As the diaphragm was located near the driver end-wall,
a high rapture pressure was generated, and hence, a
high wave velocity can be obtained. On the contrary,
the expansion wave (State 3) required less time to ar-
rive at the driver end-wall and relaxed to sonic condi-
tions. Therefore, diaphragm Position 3 (in the middle
of the ST) provided a good compromise between star-
ing gas pressure at the rapture and the expansion re-
laxation time effect.
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NOMENCLATURE
ST shock tube

ICE internal combustion engine
IDT ignition delay time

RCM  rapid compression machine
CVB  constant volume bomb

CFD  computational fluid dynamics

2D two dimensions

MFC  mass flow controllers

u velocity in x_direction per unit mass

v velocity in y_direction per unit mass

p pressure

T temperature

p density

M Mach number

Subscripts

i incident shock wave

r reflected shock wave

1 initial condition in the driven section before
rapture

2 incident Shock Wave condition at the driven
section

3 the region behind expansion fan wave

4 initial condition in the driver section before
rapture

5 reflected shock wave initial condition
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