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ABSTRACT

OPTICAL VELOCIMETRIC METHOD FOR DETERMINING PRECURSOR SHOCK
STRENGTH IN FREE-PISTON SHOCK TUBE

Publication No.

Boon Hun Benjamin Tan, M. S.

The University of Texas at Arlington, 1995

Supervising Professors: Frank K. Lu and Robert Magnusson

A new fiber optic technique is developed to resolve the speed of a free piston in a
micro shock tube made of Pyrex to an accuracy of four percent. An array of parallel
beams is coupled with optical fibers and gradient refractive index (GRIN) lenses on one
side of the Pyrex shock tube. At the receiving end, a similar set of optical fibers and
GRIN Ienses is used to couple the parallel beams onto a photodetector. The moving
piston disturbs the light beams and the disturbances are picked up by a single
photodetector. From the disturbances, the piston trajectory and velocity are measured.
This approach is necessary because no direct observations of the shock can be obtained.
Properties of the shock ahead of the piston can then be obtained theoretically. Precursor
shock strengths are obtained for the micro shock tube filled with air and water. For air-
filled shock tube with a 1 mm bore, a driver-to-driven pressure of 3.55 MPa produced a
maximum piston velocity of 300 m/s and shock Mach number of 1.6. In water, the same
pressure produced a maximum piston velocity of 40 m/s and shock Mach number of 1.05.

The salient features of this device are its low cost and rugged design.

v
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CHAPTER 1

INTRODUCTION

A shock tube is a device which generates an unsteady shock wave by the rupture
of a diaphragm separating a high pressure gas from one at low pressure. As such, the
shock tube is a useful research tool for investigating not only shock phenomena, but also
the behavior of materials when subjected to extreme pressure and temperature prevalent
in the gas flow behind the wave.

In order to obtain a strong shock wave in a shock tube, Stalker’s free-piston shock
tube has been developed [1]. In aerodynamics, a lightweight piston moving at high
speed has been widely used to produce non-isentropic compression and heating of test
gas for supply to a hypersonic nozzle. Similarly, a lightweight piston has been used in
heating and compressing a driver gas for launching models at high velocities in free-

flight ranges.

In cavitation research at University of Texas at Arlington, we are interested to
study the interactions between shock waves and bubbles that are confined in an unique
micro shock tube. A lightweight piston is used to generate a shock wave which interacts
with the confined bubbles. The micro shock tube consists of a high-pressure aluminum
chamber and a Pyrex capillary driven tube. The tube has a wall thickness of 6.0 mm and
an inner diameter of 1.01 mm. An air bubble is implanted at the test section of the
water-filled tube while a piston is placed at the end to be attached to the air-filled, high-
pressure chamber. An electromagnetically-driven plunger isolates the high-pressure air
from the water-filled tube. The experiment is initiated when the plunger is retracted. In

order to perform a parametric study of the shock bubble-interaction phenomenon, we



need to determine the shock strength generated by the piston. An accurate measurement
of the speed of the free piston is vital for determining the shock strength in the driven
fluid. Once the velocity of the free piston is known, the shock wave speed in the driven
tube and its corresponding shock Mach number can be computed from which

thermodynamic properties of the driven fluid can be derived.

Although a shock wave is formed even without the piston, earlier attempts to
detect the shock optically were unsuccessful. This was thought to be due to the shock
being too weak to cause measurable refractive index changes. Shock speeds are
commonly obtained with non-optical techniques by placing an array of fast-response
pressure transducers or microphones [2], heat flux gauges [3] or ionization gauges [3]
located at the shock tube surface. Due to the small cross section of the Pyrex tube, it is
impossible to attach the transducers or microphones on its surface. Thus, the
experiment has been modified to include a piston. Besides, non-optical methods have
temporal resolutions of about 1 ps. Also, the sensors are usually placed 0.1-1 m from
each other. The further the sensors are, the poorer will be the measurement because the

shock speed is attenuated by viscous effects.

Other than the above methods, optical methods involving laser light sources are
also used for determining shock speeds. In typical optical arrangements, a series of light
sources and detectors is lined in the driven tube with separation distances in the 0.1-1 m
range [3]. Although existing optical methods can be adapted to measure the piston
trajectory, they rely on expensive lasers and the experimental procedures are usually

complicated.



A new fiber-optic technique is developed which can accurately resolve the speed
of a free piston in a micro shock tube. The optical velocimetric method developed here
uses optical sensors with nanosecond response time. In fact, the response time of the
entire measurement system is limited by the external electronics, namely, by the
amplifier and filtering circuitry and data acquisition system. Although existing optical
techniques possess superior temporal resolution, the large separation distance yields an
inaccurate measurement due to the previously mentioned shock speed attenuation.
Ideally, the array of light rays should be as close as possible to provide a “point”

measurement, such as, for example, in interferometric methods [4).

In the initial testing of the technique, two low-cost helium-neon lasers provide the
light sources but high-powered light emitting diodes (LEDs) would be used later. As
optical sensing techniques are non-intrusive, they are actively used and developed in
numerous research. Besides, optical methods have such immunity to electromagnetic

disturbances and possess broad bandwidth [5,6].

In the proposed method, an array of parallel laser beams is coupled with optical
fibers and gradient refractive index (GRIN) lenses on one side of the shock tube. The
GRIN lenses are mounted normally to the Pyrex driven tube, creating parallel beams
that are separated by a distance d between any two of them. At the receiving end, a
similar set of optical fibers and GRIN lenses is used to couple the laser beams onto a
photodetector. When the light beams are disturbed by the moving piston, the
disturbances are picked up by one photodetector on the receiving side of the optical
setup. The signal output from the photodetector consists of pulses separated by a time 1.
The output is recorded by a digital oscilloscope. Knowing the distance d between the

light beams and the time t, we can determine the velocity of the piston. A further



discussion of the experimental technique involved is detailed in the chapter following a

review of the principles involved.



CHAPTER 2

REVIEW OF THEORY
2.1 Gun-tunnel behavior

The basic principle employs a light piston driven by compressed gas that fills a
driver chamber. The compressed air is regulated in a chamber from a high-pressure
bottle. On reaching the desired pressure, a quick acting valve is activated which releases
the compressed air to accelerate the piston down the tube. A shock wave travels ahead
of the piston, and the volume of gas between the piston and the shock wave undergoes

adiabatic compression.

In Winter and Cox [7], an elementary gun-tunnel theory is derived. It is usual to
assume that the piston reaches the velocity of the contact surface (which is an interface
between the driver and driven gases) quickly. In calculating the piston motion, it is also
assumed that the shock wave ahead of the piston forms immediately. The gas between
the piston and the shock is assumed to have uniform thermodynamic properties. In
addition, the friction between the piston and the walls of the tube is neglected. Lastly,

the gas used is assumed perfect.

2.1.1 Initial Phase of Motion
Fig. 2.1 shows a free-piston shock tube. One end of the driven tube is attached to
a pressurized chamber while the other end is opened. At the chamber end, a solenoid

valve separates a piston from the high-pressure chamber. When the valve is actuated,



the high-pressure gas drives the piston down the driven tube. A shock wave is formed

ahead of the piston at some location determined by the piston’s trajectory.

Expansion waves .
Piston of mass m

Shock
Pressure pg / Driven tube /
AR
Speedof sounda, QM) : | -——’rq—— l‘ .
Chamber Pressure p, Pressure p, Pressure p,

Valve

Fig. 2.1. Free piston shock tube.

As the piston accelerates along the shock tube, it gains speed. The piston attains
supersonic velocity with a shock wave ahead of it. An expansion wave is also
propagated behind the piston. For gases, Winter and Cox [7] showed that the pressure at

the front of the piston moving in a shock tube is given by

D= ;;(,{1+Y2—°al(xJM/4+x2 )} 2.1)

wherex = %(yo+1)(u/ao), uis the piston velocity, and a,, and y, and p, are

quantities pertaining to the undisturbed gas in the driven tube. The pressure driving the



piston on the rear face is given by

RATN

= - — 2.2
Po = P { ( 2 2 a @2)

where v, , a, , and p, denote the quantities in the chamber. We now introduce non-

dimensional variables

5= Pads 2.3)
ma,

;= PrAt (2.4)
ma,

where A is the cross-sectional area of the tube, m is the piston mass, and s is the
distance which the piston has moved in time ¢ .
Hence, the equation for the piston motion, in terms of nondimensional space-time

coordinates, is then

pD _px d-S (25)

The piston motion depends on p,/p,, a,/a,, v, and y, only. If the piston trajectory

Is determined, Eqgs. (2.3, 2.4 and 2.5) allow the pressure in front of the piston to be



deduced. To a first approximation, this pressure is approximately equal to the pressure
behind the propagating shock.

Matlab was used to solve the ordinary differential equation Eq. (2.5) for an air-
filled shock tube with p,/p,= 100, and the results are plotted in Fig. 2.2 below. See

Appendix A for the program. As shown in Fig. 2.2, the piston velocity is not uniform at

the beginning of the shock tube but it approaches a steady value as s becomes large.

10 12

=]
[\%]
&~
“l o
oo

Fig. 2.2. s and 7 curves with DPr/ Py =100.



When the piston velocity reaches the steady value, the shock wave propagating in
front of the piston will also reach a constant strength, the shock strength being defined

as the pressure ratio across the wave. To simplify analysis, it is desirable to operate the

shock tube in the linear region shown in the 5 and 7 curve.

2.1.2 Simplified Shock Wave Calculation in Gases

Fig. 2.3 illustrates a simple, one-dimensional, traveling normal shock wave.

shock wave

pd

P2-a;.u, q‘w/ P-4
—

pZ’h? plah]

Fig. 2.3. Normal shock wave.

Using standard notation, the governing one-dimensional equations for a normal shock

wave moving with speed w into a stagnant gas are [8, 9]:

pw=p,(w-u,) (2.6)

P Hpw = p,+py(w—u,)’ 2.7)



(w— uz)2

5 (2.8)

2
w
h|+—2—=h:,+

In general, these equations must be solved numerically. However, if we assume a

calorically perfect gas, the density ratio across a shock wave becomes a function of the

pressure ratio, namely

P2 _ y=1\p

Yy-1 p,

(2.9

As mentioned earlier, the piston acceleration reaches a constant value at the asymptotic

region when s is large. Thus, the theoretical piston velocity V, at this limit is given by

V,=a Py . (2.10)

Knowing L] , the shock speed is given by the relation

P

w=a, Y—”(ﬁl-l)n. @.11)
2y \p,



Similarly, substituting Eq. (2.11) into Eq. (2.10), the piston velocity V, can be related to

the speed of the shock wave w

= ;%(w—v 2.12)

2
v &
with w given by the positive root of the quadratic equation

w2-sz—2+—1w-a,2 =0 (2.13)

one then define can the shock Mach number as
M =wla,. (2.14)
The speed of sound in the initially stagnant gas @, can be determined if the initial
conditions are known. Likewise, the pressure and density ratios can be computed when
the shock speed or shock Mach number is known. Hence, the thermodynamic state of

the gas downstream of the shock is determined completely.

2.1.3 Simplified Shock Wave Calculation in Water

Using the transformation [2]

p&p, Ny (2.15)



where p=p+B and where Band N are constants in the Tait equation of state of water
p=Bl(/p)" -1] (2.16)

allows shock equations in air to be used correspondingly in water. In Eq. (2.16),

B =299.5 MPa, N = 7 and p,= 1007 kg.m'3. For example, the speed of sound in air, a
a= |—=. (2.17)
Using the Eq. (2.16) and Eq. (2.17), the speed of sound in water

c= /w. (2.18)
Po

The speed of sound in water at ambient conditions is

c=1517 m/s. (2.19)



From Eq. (2.13), the piston velocity in a water-filled shock tube is given as

2

2 c
Vow= ——(w—--). 2.20
v l( w) (2.20)
The positive root of the quadratic equation
4,
A{[sw - T Mm -1=10 (221)
c

yields the shock Mach number in water.

2.1.4 Time-of-flight Technique
The time-of-flight technique implemented in the experiment enables the piston
velocity to be determined accurately [1 1,12]. This setup is schematically described in

Fig. 2.4. Each pair of light sources is separated by a distance d.



light source

_ BN

piston movement

d

Light beams

#

Photodetector

; To data acquisition

system
T2
2>l 5 <«

Output signal from
photodetector

Fig. 2.4. Piston velocity calculation.
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When the piston propagates through the array of light beams, the light intensity
changes and the output of the photodetector will produce a pulse train of period 1, and

T,. Hence, the average piston velocity in the shock tube is given by

Vo =12(d/ 1+ d/ 1,). (2.22)

15



CHAPTER 3
EXPERIMENTAL PROGRAM
The experimental program is to verify the accuracy of the optical velocimetric
method for determining the velocity of the free piston in a micro shock tube. A set of
tests is conducted in a Pyrex tube filled with air. Then, another set of similar tests is
conducted in a Pyrex tube filled with water. In the initial experiments, lasers are used to
provide the required luminosity. Then, the lasers are replaced with LEDs. The
experimental procedures and data analysis methods will be discussed in the following

sections.

3.1 Test Equipment and Instrumentation

Fig. 3.1 shows a schematic of the experimental arrangement. The arrangement is
similar to that of a piston-driven shock tube, a device used in hypervelocity testing [1].
For the present application, the free-piston is used to propagate a shock wave ahead of it.
A free piston with length of 2 mm and a mass of 1.6 x 10 kg, is cut from an optical
fiber with cladding thickness of 1 mm diameter. The piston is pushed into the Pyrex
tube with a plunger until it touches the electromagnetic valve located at the mouth of the

chamber,



Array of light beams

l l l %Sending Optics

High-pressure Fiber

Chamber

) To photodetector, signal
r—— conditioner and digital
storage oscilloscope

Fig. 3.1. Experimental arrangement.
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3.1.1 Shock Tube

In our experiment, the micro shock tube is not built like a gun which uses
explosives to generate shock waves because the smoke produced will affect the
photodetector sensitivity. The micro shock tube illustrated in Fig. 3.2, consists of an
aluminum chamber and a driven tube (Pyrex capillary tube). Unlike ordinary shock
tubes, the present tube is fired by opening a solenoid valve electromagnetically and not
by breaking a diaphragm. The solenoid valve facilitates experimentation. When the
solenoid valve opens, high pressure air in the aluminum chamber pushes the piston
down the Pyrex tube, creating a shock wave propagating ahead of the piston.

The compressed air is regulated in the chamber from a high pressure bottle in
steps of 1.48, 2.17, 2.86, 3.55 MPa. The chamber has a hollow cylindrical interior with
an inner diameter of 100.8 mm and a width of 50 mm. The cross sectional area of the
chamber 4, is 7980 mm®. The driven section is made up of a transparent Pyrex
capillary tube with an outer diameter of 6 mm, and an inner diameter of 1.01 mm. The
cross sectional area of the Pyrex tube 4, is 0.8 mm’. The theoretical model for this
shock tube and its x-r characteristics are shown in Fig. 3.3. In order to analyze the tube,
several assumptions are made. These assumptions are: (1) the driver and driven tubes
are of uniform bore; (2) the diaphragm section is monotomically convergent; (3) all the
processes inside the tube are isentropic except the shock front itself: (4) the gas inside
the tube has ideal-gas behavior; (5) no friction; and (6) quasi-one-dimensional flow.
With these assumptions, Eqs. (3.1-3.3) model the characteristics of the flow inside the

shock tube:
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” 12 ZYJ/(YJ_”
by _ {1+2’1M30jl[2+(74 - I)Mszh:l |:2+('Ya - M, :' by 3.1)
b 2 2+(y, - DM, 2+(y,-DM,, b

(rg+1)/2(v4-1)
4 - M;, [2 +(Ya - I)Mzza:l (3.2)
4, My, |2+, - DM,
5 M2 -l
_|@a|2+(y, - DM, 2+ (v - DMy |y, -1
M,=|—= > . (3.3)
ha [2+(v,— DM, 2+(y,—-DM;, 2

In order to solve Egs. (3.1-3.3), we consider only supersonic cold flow, M;=>1
and My, =1. With the driver-to-driven area ratio 4,/4, and M,, known, we can then
carry out a numerical solution of Eqgs. (3.1-3.3) to obtain the properties of the gas inside
the shock tube. Since the area ratio, 4,/4, is large, in the present experiment, we can

assume A,/ A, — . Therefore, Eq. (3.2) indicates that

M, =0. (3.4)

Hence, Eq. (3.1) simplifies to

” 172 2y4/(yy~1)
Ps _ [2+<y4—1>M;,,} {2+(74—1)M3] P 3.5)
y2 2 2+(y,-)M,, P
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and Eq. (3.3) simplifies

12 -l
M — ﬂgA_ 2 2+(Y4 - ])MSh _ Y4 —1 . (36)
a2+ (y, - DM, 2 2

The relationships between the various equations in the above paragraphs are
sufficient for determining the gas properties inside the micro shock tube. Detailed
descriptions of the tube model, the assumptions and the discussion of the two cases
involved in solving Egs. (3.1-3.3) can be found in Ref. [14].

Fig. 3.2 shows the schematic of our micro shock tube with one end of the Pyrex
tube connected to the driver section and the other end is opened. Therefore, shock
waves are not reflected at the open end of the shock tube. The Pyrex tube pressure p is
equal to the atmospheric pressure of 0.10 MPa (14.7 psia).

It is important to obtain a theoretical estimate of the piston velocity V;a along the
entire length of Pyrex tube and its corresponding chamber pressure p, (Fig. 3.4) so that
we can compare with the experimental values later on. The curves are obtained with Eq.
(2.5). To use the time-of-flight technique developed in the experiment (sect. 2.1.4), an
initial estimate of the photodetector output signal frequency f along the Pyrex tube, and
the corresponding driver tube pressure p, required must be estimated in Fig. 3.5. Both
figures Fig. 3.4 and Fig. 3.5 give the experimentalist some idea of how the piston speed
and the output signal frequency of the photodetector will vary when the driver tube
pressure is changed. Thus, the measuring instruments can be adjusted precisely to

record the signali.
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3.1.2 Sending Optics

The sending optics consist of light sources, achromatic lenses, optical fibers and
GRIN lenses. Light beams are coupled into the fibers (Fig. 3.6). In the initial tests,
randomly polarized lasers are used as light sources. The first light source consists of a
He-Ne laser made by Spectra-Physics. This laser has an output power of 20 mW and its
power is split by a 50:50 beam splitter to produce two beams. The second light source is
a 8 mW He-Ne laser. Hence, three light beams are produced and they are coupled into
the optical fibers using 25 X 35 mm achromatic lenses. Newport F-MLD multimode
optical fibers with cladding thickness of 140 pm and 100 um cores are used to transmit
light sources to GRIN lenses (SELFOC" NSG 3.0 mm diameter, 7.146 mm long, W-
type collimating microlenses). The GRIN lenses are used to collimate the light beams
across a 20 mm gap with the transparent Pyrex tube positioned at the center. An array
of three parallel beams with an equal spacing of 8 mm between any two beams is
collimated through the transparent Pyrex tube to the receiver section. In the final phase
of the experiment, the lasers will be replaced with LEDs and the details of the setup are

addressed in Chap. 5.
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Fig. 3.6. Experimental setup for piston speed detection.

3.1.3 Receiving Optics

At the receiving optics, a similar set of three GRIN lenses is located on the
detection side. These lenses are used to couple the collimated light coming out of the
Pyrex tube into three thicker receiving optical fibers. SpecTran HCN-MO0800T-12
multimode receiving optical fiber with cladding thickness of 830 um and 800 pm core
are used. The thicker fibers are used to reduce coupling loss and are arranged around
the photodetector active area. This technique provides substantial cost savings as only
one photodetector is needed. It also reduces the circuit complexity compared to

receiving the optical signals by separate photodetectors.



3.2 Hybrid Photodetector

A United Detector Technology Photops UDT-455HS is used to detect the optical
signals. As illustrated in Fig. 3.6, it has a built-in monolithic JFET operational amplifier
allowing low-level measurements and ensure low-noise output. The photodetector has a
response time that is shorter than most pressure transducer or heat flux gauges. This
provides the motivation for developing the present method. The photodetector is
connected in a photoconductive mode to give a higher bandwidth required in this
experiment. Note that in photoconductive mode, the photodiode is reversed bias which
moved the load line on the I-V characteristic curve into a more linear region. The UDT-
455HS has a spectral range of 350 nm to 1100 nm. This range is sufficient for both the
He-Ne lasers and the LEDs.
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Fig. 3.7. Photodetector circuit connected in photoconductive mode.
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Fig. 3.8. Photodetector front and side view.



Since the Gain Bandwidth Product (GBP) of the op-amp is 26 MHz, the

maximum stable 3 dB frequency is given by

GBP
S = \/ZnR,(C, +C)) (3.7)

and the maximum operating frequency £, is :

(3.8)

Typically, C; (diode capacitance) is given as 15 pF. Using Eq. (3.8 ), we select
C,;~2 pF and R, ~120 kQ. The maximum operating frequency £, of the circuit is

calculated to be 0.663 MHz. Using Eq. (3.7 ), the maximum stable 3 dB frequency ff .
is 1.42 MHz. Thus, the photodetector circuit in Fig. 3.8 is stable because Soax 1S greater
than f,. In fact, the estimated output frequency produced by the piston motion is 60

kHz (Fig. 3.5) which is below the maximum operating frequency fo

3.3 Triggering Pulse

A triggering pulse is required to trigger both the data acquisition system and the
electromagnetic valve of the shock tube air supply simultaneously (Fig. 3.9). The pulse
is created by a simple circuit consisting of 555 timer (Appendix B) and a solid state
relay. Since the shock tube is fired by opening the valve electromagnetically, the pulse
will open the valve for a duration 7. Thus, the pulse is able to control the volume of gas

flowing into the Pyrex tube and the arming of the oscilloscope.
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3.4 Data Acquisition Hardware

As the piston movement across the array of light beams is a very short event, the
speed of the data acquisition hardware must be fast enough used to record this
disturbance. A high-speed digital oscilloscope (HP 54542A) is used to ensure this. The
HP 54542A is a digital oscilloscope with full HP-IB programmability and it can sample
at 2 GSa/s. This sampling speed is more than sufficient for this experiment with an
expected maximum signal frequency in kHz range (Fig. 3.3). The triggering and data
acquisition signal flow is illustrated in Fig 3.9. A Pentium 60 MHz personal computer
is connected to the HP 54542A. The PC can be used to retrieve the data stored in the
digital oscilloscope through HP VEE (Hewlett Packard Visual Engineering
Environment) software [14]. With the PC, the retrieved data can be manipulated and
analyzed further with signal conditioning software. However, it is much faster to use a
disk to transfer the data stored in the oscilloscope to the PC. This method is used in the

entire experiment.
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Fig. 3.9. Block diagram of triggering and data acquisition signal flow.

3.5 Experimental Procedure

Two lasers are used to provide the required light sources. At the sending optics,
an array of three GRIN lenses is mounted in a row on a rectangular lens holder. The
lens holder is fixed onto a y-axis mount. This y-axis adjustment allows the array of
lenses to focus the three light beams coming from the fibers onto the Pyrex tube in the y
direction. As the Pyrex tube has an outer diameter of 6.0 mm and 1.01 mm inner

diameter, it acts as a cylindrical lens rod forming slits of light on three GRIN lenses at

the receiver side.

At the receiving optics, a similar lens holder is used to hold a similar set of GRIN
lenses. However, the lens holder is fixed on an x-y axis mount. The array of lenses can

be adjusted in both directions to couple the beams of light onto the receiving fibers. The



receiving fibers are bundled together and the light beams are shone on one
photodetector.

In the first set of experiments, tests were conducted with the Pyrex tube filled with
air. The piston is driven by compressed air at 1.48, 2.17, 2.86 and 3.55 MPa. In the first
test of each pressure step, a pulse from the triggering circuit is sent to both the digital
oscilloscope and the electromagnetic valve. The pulse opens the electromagnetic valve,
the pressurized air in the chamber pushes the free piston down the Pyrex tube. The same
pulse also arms the oscilloscope simultaneously. When the piston reaches and blocks
the first light beam, the voltage level in the photodetector output drops. The time
measured for the piston to move from the mouth of the chamber until it blocks the first
light beam is recorded. Knowing this time, the oscilloscope window 1is adjusted to view
the first 20 ps prior to this first event. The sudden decrease in the voltage level at the
photodetector output is measured. Since we know that the photodetector output voltage
drops when the first light beam is blocked by the moving piston, the oscilloscope is
armed to trigger at the trailing edge (5 mV below the voltage level before the first event
occurred). Once the oscilloscope is triggered at the first trailing edge, the rest of the
pulses generated by the moving piston will be recorded sequentially. This triggering
technique allows the oscilloscope to sample at 25 MSa/s with a maximum record length
of 32768 samples.

As the Pyrex tube is 300 mm (12 inches) long, it is necessary to calibrate the
entire tube. Tests are conducted with the mentioned pressure steps at seven locations,
le, d;= 71.5,97.5,123.5, 147.5, 174.5, 200.5, and 225.5 mm from the surface of the
chamber attaching to the Pyrex tube (Fig. 3.2). At each location, an array of three light

beams shines normally at the Pyrex tube. The same array of light beams is moved to all

32



the seven segments along the Pyrex tube. Using the time-of-flight technique, the times
7; and T,, for the piston to disturb the three light beams are stored in the oscilloscope for
further analysis. At the open end of the Pyrex tube, a catcher is used to trap the piston
so that it can be used for subsequent tests. For consistency, the same piston is used in
the entire experiment.

The second set of experiments required the piston to travel in water. The same
piston is pushed into the shock tube until its end touches the electromagnetic valve at the
chamber. Water is carefully inserted into the Pyrex tube using a syringe with a long
needle of 0.9 mm diameter. The whole Pyrex tube is filled with water starting from the
piston surface to the open end of the Pyrex tube. The piston acts as a barrier between
the high pressure air and the water surface. Since a shock wave travels 5 times faster in
water than air, the wave will propagate way ahead of the piston. Moreover, we are only
interested in the test section at d,= 225.5 mm where a bubble will be inserted later on.
By detecting the piston motion close to the chamber, we could obtain a good indication
of the shock wave speed at the distant end of the Pyrex tube. Hence, the piston
velocities are only determined at three segments of the Pyrex tube i.e., d=171.5.5,97.5

and 123.5 mm.



CHAPTER 4
RESULTS AND DISCUSSIONS
The experimental results were obtained for a Pyrex driven tube filled with air and
water. Results are presented with the piston driven by compressed air at 1.48, 2.17, 2.86

and 3.55 MPa.

4.1 Reduction of Experimental Data in Air-filled Shock Tube

At each test, the piston traveled across an array of three light beams and three
different intensity levels were detected by the photodetector. The output of the
photodetector circuit was recorded by a digital oscilloscope for analysis. An example of
the output with the chamber pressurized to 1.48 MPa is shown in Fig. 4.1. The three
light beams were positioned at 115.5, 123.5 and 131.5 mm measured from the chamber.
Three pulses are labelled as a, b and c. Pulse a was caused by the piston blocking the
first light beam. The dip in intensity at the photodetector produced a corresponding
voltage drop. Similarly, pulses b and ¢ were due to the piston traversing the next two

light beams. In all the experiments, the oscilloscope was sampled at 25 MSa/s. As a

result, the time between two data points was 4 x 10® s apart.
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Fig. 4.1. Photodetector output signal of air-filled Pyrex driven tube.

4.1.1 Determination of 1; and 1, for Air-filled Driven Tube

In Fig. 4.2 the y-axis represents the recorded voltage levels and the x-axis
represents the number of sampled data points. In this case, the chamber pressure was
1.48 MPa. The distance between two data points represents the time. The peak-to-peak
voltage level for the three pulses are v, , Vp2 and vy3. To determine the interval between
pulses, a voltage threshold of 0.15v,; was used. This threshold, indicated in Fig. 4.2,
was chosen to be above fluctuations of the low level signals and it yielded consistent
results as determined by a sensitivity check. Using the digital oscilloscope to take one
half of the lengths of the threshold lines, 0.15v,;, 0.15v,, and 0.15vp;, and joining these

half marks as shown in Fig. 4.2, 1) and 1, were determined. The interval 1, is the
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interval between the midpoint of the pulse a and the midpoint of pulse b, and similarly
for 7,. As mentioned in Chap. 3, the distance between two light beams was 8 mm apart

and using Eq. (2.22), the average piston velocity was calculated and plotted in F ig. 4.3.

0.60

0.55 —
0.50 —

0.45 -

voltage, V

: oy 015wy, ¥ 0.15v,, . :
0.40 < ¥ —— " |

0.35 — T, > 0.15vp;3

0.30

0 500 1000 1500 2000

Data Points

Fig 4.2. Determination of 7, and t, from the photodetector output.

4.1.2 Air-filled Shock Tube Calibration

Fig. 4.3 shows results obtained in a series of tests with varying compressed air in

the chamber at atmospheric conditions. The same piston of length 2 mm with a mass of

1.6x10™ kg was used in the entire experiment. As we are interested to determine the



piston trajectory along the Pyrex driven tube, it is important to calibrate the entire tube.
The driven tube was divided into seven locations at 71.5, 97.5, 123.5, 147.5, 174.5,
200.5 and 225.5 mm measured from the chamber. The array of three light beams was
positioned at the first location (71.5 mm measured from the chamber) with the first,
second, and third light positioned at 63.5, 71.5 and 79.5 mm measured from the chamber
respectively. In the first run, the air in the chamber was compressed to 1.48 MPa. At
this pressure, the solenoid valve was actuated and the compressed air pushed the piston
down the Pyrex driven tube. Times t, and 1, were measured. The piston velocity was
determined using the time-of-flight technique mentioned in Sect. (2.1.4). The
procedures were repeated three times for the same pressure to check for repeatability and
the data set is displayed in Fig. 4.3. Then, the chamber was filled to the next higher
pressure of 2.17. MPa and so on. This completed the first set of experiments at the first
location with four different chamber pressures. The array of three light beams was
moved to the second location and the same test procedures were repeated until all the
locations along the Pyrex driven tube were measured.

In Fig. 4.3, the symbols are piston velocities obtained in the experiments. The
lines are theoretical piston velocities determined from Eq. (2.5). As noted, the
experimental values are below the theoretical values by more than 50 percent. This
attenuation is likely due to the fact that the theory did not include viscous effects.
Although oil based lubricant was applied to the shock tube wall during each test, losses

still existed.
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Since the shock wave was rather weak, its surface contact with the Pyrex driven
tube was large enough to cause a considerable kinetic energy loss. Moreover, the piston
did not snuggle against the wall of the shock tube. Thus, air gaps were created. These
air gaps caused air leakage and kinetic energy loss. The loss was significant because the
diameter of the piston is only 1 mm.

In Fig. 4.3, the maximum deviation of the 3 data points occurs at shock tube
distance of 16.65 cm when the chamber is pressurized to 2.17 MPa. From the 3 points,

the maximum rms error is 3.6 % [15].

4.1.3 Mach Numbers in Air-filled Shock Tube

When the valve in the chamber opened, the free piston accelerated and created
shock waves propagating ahead of it. Fig. 4.3 shows the piston trajectory Vpa: From V,
and egs. (2.12-2.14) the shock Mach number was obtained and plotted in Fig. 4.4. Note
that the shock Mach number are deduced from moving piston at distance at d,. Since
the Mach number curves are derived with ¥, values obtained from Fig. 4.3, similar 50

percent deviation between the experimental and theoretical values is observed.

4.1.4 Shock Pressure Ratio for Air-filled Shock Tube

Fig. 4.5 provides the shock pressure ratio for our micro shock tube at 4 different
chamber pressures. Again, the shock pressure in air (p./p,), was deduced from
propagating piston at distance dj, along the driven tube. The shock pressure ratio curves
are obtained from the Mach number curves in Fig. (4.4) and Eq. (2.11). The maximum

pressure ratio is 2.9 when the chamber is pressurized at 3.55 MPa.
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