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ABSTRACT

Pressure and temperature variations in a shock tube have been studied numerically by changing the diameter
ratio of a driven part to a driver part . There are five cases where the adopted diameter ratios are 40%,
50%, 60%, 80%, and 100% respectively. The diameter of the driver part remains unchanged meanwhile the
shock tube driven part diameter increases from 40% to 100% of the driver part. In the 100% ratio case, the
driver part and driven parts have the same diameter of 66.9 mm. As the diameter ratio decreases, the
pressure in the shock tube and available test time are increased.

Key Words : Shock tube, Driven part, Driver part, Available test time

1. Introduction

As the research focuses on combustion process in
internal combustion engine move along, the chemical
kinetic mechanisms of various hydrocarbon fuels need
to be verified by their ignition delay time at different
temperature and pressure during the combustion pro-
cess. Based on ignition delay time analysis and research,
it can provide important theoretical support for new
combustion technologies, design improvements of the
combustion chamber, increase in combustion efficiency,
and reduction of pollutant emission [1].

Shock tube is the experimental device that uses the
principle of gas compression to achieve very high stag-
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nation temperatures. Temperature, pressure, and shock
speed can be easily adjusted over a wide range by
using the incident and reflected shocks in the tube. So,
the shock tube is a useful device to study the ignition
delay time and chemical kinetics. And, it has been wi-
dely used in the related field [2].

Ignition and extinction has been studied for under-
standing of transient phenomena [3]. Researches about
ignition delay time and chemical kinetics have been
developed for a long time by using shock tube and the
approaches are well known [4,5]. For this research, first,
a shock tube is designed, manufactured, and tested to
measure ignition delay time of a mixture of fuel and
oxidizer. But, before manufacturing, we need to check
on whether shock tube can provide desirous conditions
of pressure and temperature or not. That is, we have
to set up an initial condition specified by pressure and
temperature.

A shock tube is composed of a high pressure or
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Fig. 2. Geometries of the driver and driven parts (upper half only) of the shock tube ranging from the diameter ratio of

40% to 100% in 5 cases.

driver part and a low pressure or driven part which are
separated by an insert which plays the role of dia-
phragm. The geometry of a shock tube is illustrated in
Fig. 1(a). In numerical simulations, it is a 2D axisym-
metric model and meshed by the structured grids. The
driver and the driven parts have lengths of 1430 mm
and 5250 mm, respectively. The insert with the length
of 50 mm is used to replace the function of double-
diaphragm. Fig. 1(b) shows a shock tube which is de-
signed to conduct an experiment in our group [6]. The
numerical analysis will be done by this shock tube.

In the present paper, the purpose is that we investi-
gate the influence of the shock tube dimension on
pressure, temperature and available test time by changing
the diameter ratio of the driven part to the driver part.
Fig. 2 shows geometries of the driver and the driven
parts diameter in 5 cases, where the diameter ratio ran-
ges from 40% to 100% and the driver part remains
unchanged. The diameter ratios of the 5 cases are 40%,
50%, 60%, 80%, and 100%, respectively. And, 5 cases

are named from Case 1 to Case 5. As the driven part
is changed, the number of the mesh grids varies from
130,000 to 230,000 with the same structured mesh
method. To check the grid-independency, two other
cases were considered for simulation with 300,000 and
470,000 grids and the results showed no significant
variation [7]. The detailed information of the driven
part diameters and mesh grids in 5 cases are listed in
Table 1.

Table 1. The driven part diameter and mesh grids varia-
tion of 5 cases

Drl.ver part Dr{Ven part # of Mesh
Case diameter diameter .
grids
[mm] [mm]
Casel _40% 66.9 26.76 130,000
Case2_50% 66.9 33.45 150,000
Case3 _60% 66.9 40.14 166,000
Cased4 80% 66.9 53.52 170,000
Case5_100% 66.9 66.90 230,000
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2. Numerical Methods nificant near the tube wall. And, the Navier-Stokes
equation is solved with a RANS model instead of
2.1. Governing Equations solving the Euler equation. The RANS equations are
For the numerical analysis of internal flow in the solved simultaneously with the aid of appropriate nu-
shock tube, the following governing equations are solved: merical schemes and all simulations are calculated by
continuity equation, using the general purpose CFD code, FLUENT [8]. Of

various turbulent flow models, the SST(Shear Stress

% ()+V » (p;): s, (1 Transport) k-« turbulent model is adopted in this study.

Because this model is more accurate and reliable for

supersonic flows [9]. For spatial discretization of the

momentum equation,

partial differential equations, the 2"-order upwind scheme

is employed. And, transient flow is solved with the

%(p’;))+v « (pov)= ) ?2) density-based scheme and time integration. The time

—p+V o ()4 pg+ F

step for simulation is 5 x 10”7 sec. The time interval is

sufficiently short to get reliable results. Two cases with

energy equation,

time steps of 1 x 10 and 4 x 107 were tested and the

results showed slight errors between them.

%(PEHV - (v(pB+p)= ; () 2.2. The basic concept of shock tube
2 (ks pVI=X jhj;j+<;—gff . ;>)+ S The principle and concept to measure ignition delay
time with shock tube are illustrated in Fig. 3. As shown
and finally, equation of state, in the figure, there are 3 main stages during the shock
tube experiment. At the first stage, the driver part is
(p+p,0p)M, filled with high pressure gas and the driven part is
P RT ’ “ filled with low pressure gas of which ignition delay
time will be measured. When high pressure driver gas
To simulate formation and propagation of shock expands upon breaking the diaphragm, the shock wave
wave, the above equations of Egs. (1)-(3) are trans- will be generated. The shock wave moves to the right
formed to Reynolds-averaged Navier-Stokes (RANS) end plate and in the meanwhile, it compresses the low
equations. In the present flow, viscosity effect is sig- pressure gas in the driven part [11]. At this stage, the

1) Initial condition
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Test point
4
Driver section Driven section
(High-pressure) (Low-pressure)
2) The diaphragm is ruptured.
Diaphragm (?ontact Surface Test point
N
4 { 3 2

Expansion wave Incident Shock

3) Shock wave is reflected.
Diaphrlagm

A

Reflected Shock
Fig. 3. Three stages of shock tube operation and the area serial number assigned [10].
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Table 2. The zone number, its position, and notations for
pressure and temperature

Area Position Pressure Temperature

D Driven part Pl T1
Behind the

@ incident shock P2 T2

3 Behind the P T3

contact surface

@ Driver part P4 T4
Behind the

© reflected shock Ps 13

low pressure gas area still unaffected by shock wave
in the driven part is named as Zone 1. And, the initial
high gas area in the driver part is called Zone 4. At
the second stage of shock wave propagation, the zone
behind the incident shock is named as Zone 2. The
area behind the contact surface is named as Zone 3.
The surface between Zones 2 and 3 is the contact sur-
face. After the incident shock arrives at the end plate,
it is reflected by the end wall and the reflected shock
is formed at the third stage. And, the volume behind
the reflected shock is named as Zone 5. The zone
number and each position of these 5 zones are listed
in Table 2. And, their notations for pressure and tem-
perature also can be seen from the table. Actually, in
the shock tube, there are not just 5 zones, but more
zones after the diaphragm is ruptured and the reflected
shock is generated. In this paper, the 5 zones are fo-
cused to explain this study.

During the third stage, the low pressure gas (tested
gas) is instantaneously compressed and heated to high
temperature by the incident shock first and then, by
the reflected shock again, leading to higher tempera-
ture, which corresponds to the final-state temperature
and at the same time, the intial temperature for igni-
tion simulation. The gas flow in Zone 2 is behind the
incident shock, which has quite high mach number.
Some studies related to gas dynamics can be carried
out by utilizing the gas flow in this zone. In Zone 5,
the gas flow is behind the reflected shock wave. The
gas in this zone is compressed twice by the incident
and reflected shocks. It has the features of elevated
temperature and high pressure which is suitable for
various experimental studies including ignition delay
time measurement. The temperature and pressure in
Zone 5 have the wide ranges of 600-4000 K and 0.1-

Test time

Reflected
Shock

Incident
Shock

Position, x

Diaphragm Test Location

|4/End plate

| Driver Part Driven Part

Diaphragm

Fig. 4. The schematic of the behavior in the shock tube
after the diaphragm is ruptured [10].

1000 atm, respectively [2]. The shock tube which adopts
the gas in Zone 5 as the research target is called a
chemical shock tube or a reflective shock tube. That
is, the purpose is to measure the ignition delay time of
test fuel in Zone 5 by using this tube [12,13].

From Fig. 4, we can understand the behavior in the
shock tube graphically after the incident shock is ge-
nerated. As aforementioned, when the diaphragm is
broken, the incident shock is generated and moves to
Zone 1. The expansion wave moves to Zone 4. When
the incident shock reaches the end plate, it is reflected
and the reflected shock is generated. Then, the reflected
shock moves to the contact surface which is the in-
terface between Zones 2 and 3 and it interacts with the
contact surface. A key parameter is introduced here,
which is the test time available for measurement of ig-
nition delay time. As shown in Fig. 4, the test time is
defined as time taken from generation of the reflected
shock till its interaction with the contact surface. That
is, during the test time, the mixture gas in Zone 5 keeps
constant temperature and pressure, which are initial tem-
perature and pressure, respectively.

To design the shock tube to be used for measure-
ment of ignition delay time of a mixture, the available
test time must be calculated firstly. In this work, it is
calculated by considering non-reactive flow field in
the shock tube. After the test time is obtained from the
non-reactive flow in a certain tube, we can compare it
with the ignition delay time reported in previous works
to see that whether the shock tube can be used to
measure the ignition delay time or not. The longer test
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time is, the more flexible fuel can be tested by the
shock tube. Accordingly, in this work, we adopt the
non-reactive flow and change the diameter ratio of
driven to driver parts of the shock tube to check the
effect of the ratio on test time as well as pressure and
temperature in Zone 5. Then, we can find how to in-
crease the test time.

2.3. The Initial Conditions

In this numerical study, chemical reaction is not
considered in the shock tube because the available test
time is calculated at the design stage of a shock tube.
The high pressure or driver part is filled with nitrogen
as the driver gas and air as the low pressure gas in the
driven part. The combination of nitrogen and air is
selected for comparative study with our future experi-
mental work. As an initial condition, the pressures in
driver and driven parts, which are named as P4 and
P1, respectively, are set to be 30 atm and 1 atm, res-
pectively. Initial gas temperature in the entire shock
tube is 300 K. This means that the initial conditions
are the same in all the 5 cases and the only variable is
the diameter of the driven part. And, a test or moni-
toring point designated to check the state in Zone 5 is
placed near the end plate as shown in Fig. 1.

3. Numerical Results

Numerical simulations for the 5 cases are conducted
and pressure fields are demonstrated in Fig. 5, where
the incident shocks (a) and reflected shocks (b) can be
identified by the pressure contours in the driven parts
in the 5 cases. The pressure contour is illustrated in a
part ranging from the location of 3 m to that of 5.3
m in the driven part. Fig. 5(a) shows the pressure con-
tours in the 5 cases at the time lapse of 6 ms after the
incident shock is generated. From the figures, the light
blue Zone 2 and the dark blue Zone 1 can be seen
clearly in each case. The boundary between the two
zones means the boundary between the high and the
low pressure gases. This line is also regarded as the
incident shock wave. At the same time lapse of 6 ms
after the incident shock wave is generated, the shock
positions are different from each other in the cases,
where the diameter ratio increases from 40% to 100%.
The shock wave is the closest to the end plate of the
5 cases. That means that the shock speed in the case
1, where the diameter ratio is the smallest or 40%, has
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Fig. 5. Pressure fields of incident shock (a) and reflected
shock (b) in 5 cases.

the fastest speed of the 5 cases. As the diameter ratio
increases, the shock speed decreases. Similarly, the
pressure contour in Fig. 5 (b) shows propagation of
the reflected shock wave. In this figure, the left light
Zone 2 and the right Zone 5 are seen and the boundary
between the two zones corresponds to the reflected
shock wave. The reflected shock in the case 1 has the
fastest speed. By comparing the 5 cases at the same
time lapse of 12 ms, it is found that the shock speed
decreases as the diameter ratio increases from case 1
to case 5.
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In Fig. 6, the pressure variation in time can be seen
clearly in the 5 cases. The first abrupt pressure rise
appears between 7.5 ms and 8.5 ms in the 5 cases with
the same order as diameter ratio increases. This pressure
rise is caused by passage of the incident shock. And,
the ascending order of 5 cases in time is consistent
with the descending order of the incident shock speed.
After the first rise, the pressure remains constant for
a short time and then, the second sudden rise appears.
This is because the incident shock is reflected at the
Fend plate and the gas is compressed again. After the
second rise, the pressure remains nearly constant for a
long time with small fluctuations. As seen in Fig. 3,
the pressure during this period is denoted by PS5, i.e.,
pressure in Zone 5. Duration during the period means
available test time as shown in Fig. 4.

In Fig. 7, the similar behaviors of temperature to
those of the pressure shown in Fig. 6 are shown. The
temporal profiles of temperature also show two abrupt

20
15
s
Test time
© 10 [ I
: 1
] i Case 1 40%
L s ; ---- Case2_50%
A~ R PRRREE Case 3_60%
- Case 4 80%
olb— s & o --Case 5 100%
7 8 9 10 11 12 13
Time [ms]

Fig. 6. The pressure variation on the test point and the
measuring of test time.

changes, which are caused by the incident shock first
and the reflected shock secondly. During the test time,
the temperature in each case remain constant, which is
called T5 as explained in Fig. 3 and Table 2. From this
figure, the TS also shows the ascending order from case
1 to case 5.

From Figs. 6 and 7, the P5 and T5 in the 5 cases are
compared with each other and shown in Fig. 8. And,
Fig. 8 also illustrates the comparison of available test
time and Mach number in the 5 cases. All the data are
normalized by each value in case 5. Detailed numerical
results are listed in Table 3. To better understand the
variation trend as the driven part diameter increases,
the driven part aspect ratios are calculated and shown
in Table 3. The horizontal axis of Fig. 8 is set to be
aspect ratio of the driven part. All the variables show
the same decreasing trend as the driven part aspect
ratio increases. It is found that the TS5, PS5, test time,
and Mach number in Zone 5, which is selected as ini-
tial volume of the mixture, can be increased by decrea-
sing the diameter of driven part. Additionally, the effect
of density ratio on test time is also studied although not
shown here. The density ratio means the ratio of driver
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Fig. 8. The variation of P5, T5, Mach number and Test
time of 5 cases.

Table 3. The values of P5, T5, Mach number, and test
time in the 5 cases.

Aspect | P5 T5 | Mach | Test time

Case ratio | [bar] | [K] | No. [ms]

Casel_40% | 16% | 14.85| 773 | 1.99 4.18

Case2_50% | 25% | 14.68 | 761 | 1.96 4.12

800 |
E‘700 r
g
3 600 |
g Case 1_40%
&500 ---- Case2 50%
= ! - Case 3_60%
ﬁ 400 | S Case 4 80%

‘ e Case 5 _100%
300 =
7 8 9 . 10 1 12 a
Time [ms]

Fig. 7. The temperature variation on the test point of 5
cases.

Case3_60% | 36% | 14.55| 758 | 1.95 4.08

Case4_80% | 64% | 13.70 | 736 | 1.93 4.03

Case5_100% | 100% | 12.29 | 700 | 1.83 3.61
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part gas density to driven part gas density. It is found
that the test time increases with the density ratio.

4. Conclusion

In this paper, a numerical study on pressure, tem-
perature, test time, and Mach number variation in a
shock tube by changing the diameter ratio of a driven
part to a driver part has been conducted. When the dia-
meter ratio increases from 40% to 100%, the incident
shock speed decreases leading to decrease in Mach num-
ber. And, the pressure, temperature, and available test
time generated by the reflected shock wave decrease
as well. It indicates that the condition, especially test
time, made by the reflected shock wave can be con-
trolled by changing the diameter ratio of a driven and
driver parts of a shock tube.

In our future work, the test time predicted with our
shock tube will be compared with the ignition delay
time which has been reported in the previous works to
verify the availability of our shock tube in the develop-
ment stage. And then, the shock tube will be used to
measure ignition delay time of target fuels.
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