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ABSTRACT

Standing shock waves in a supersonic flow field produce
density gradients across which an electrical potential is
established. If electrodes are moﬁnted upstream and
downstream of the standing shock, an electrical current can be
extracted. The electrical power output by such a system
(called a bow shock generator) has been measured. To produce
the supersonic flow an overdriven detonation shock tube,
capable of producing Mach 12 shecks in 5 Torr argon, was
constructed and used és a short duration supersonic'wind
tunnel. The open circuit voltage of a single bow shock
generator with a 2 cm electrode separation was measured to be
0.95 VvV, and the maximum power output to 53 mW. By reducing
the electrode separation to 1 cm the maximum power output was
increased to 90 mW, while the open circuit voltage remained
unchanged. It was found that when two boew shock generators
are mounted side by side in the flow a parallel connection of
their outputs produced a small increase in current. However
no increase in output voltage was observed when ﬁhe generators
were connected in series. It was also found that when an
oblique shock and its reflection from the wall were connected
together in series, the output voltage was less than that of
the oblique shock alone. However this was likely due to a
shert circuit path between the electrodes through the boundary
layer. ©Some of the measurements were inconclusive due to an

insufficiently 1long test time. A preliminary analysis was



iii

dene on a system in which a sét of bow sheck generators is
uséd as a topping system for a conventional électrical
generation system. It was shown that the bow shock generators
must be operated at very low Mach numbers if they are to be

efficient in this application.
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CHAPTER 1. INTRODUCTION

1.1 PRINCIPLE OF THE BOW SHOCK GENERATOR

The existence of space charge layers and electric fields
inside 1ionizing sheck fronts has been known for some time and
a number of experiments have measured the voltage across a
free running shockl’z.

In a free running sheck the meving space charge layer
also has a magnetic field associated with its. An
understanding of these features of shock fronts is important
to a variety of fields 1including .laser fusion experiments,
stellar formation, and direct energy conversion4.

The voltage across the shock arises because of the strong
pressure and ionization gradients in the shock front. Driven
by these gradients the electrons behind the shock diffuse
forward away from the region ef high concentration. Because
the ions have a much lewer mebility, they remain more or less
fixed and a charge separation develops. An equilibrium is
reached when the -electric field induced by the charge
separation balances the gradient term driving the diffusion.
This electric field embedded in the shock front results in a
potential difference across the shock. A representation of

the variation of these quantities across a shock front is

shown in Figure 1.19%
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Figure 1.1 A representation of the structure of an ionizing
shock front

In order to make measurements of the electromagnetic
effects more easily a shock front which is stationary in the
lab frame would be desirable. Such a shock may be generated
by directing a supersonic gas flow onto a fixed obstacle to
create a standing bow shoeck. The voltage across the shock can
easily be measured by placing one electrode on each side of
the standing shock. Furthermore, 1if these electrodes are
connected to a load the potential across the shock can be made
to drive a current through the load. 1In this way a standing
shock can be used to extract electrical energy directly from a
flow of hot gas. Such a device 1is termed a "bow shock

generator"S. The voltage output of a bow shock generator has



been measured“’6

and was found to be typically about 1 volt.
These particular measurements also indicated a short circuit
current of approximately 100mA.

A boﬁ sheck generator can in principle operate in a
temperature regime well above: the range of conventional
thermodynamic engines such as turbines. This is a temperature
regime where to date only Magnetohydrodynamic machines have
been proposed for direct energy conversion. 1In order to make
the bow shock generator a practical device for the direct
conversion of electrical power one would like to increase the
cutput veltage or current. The aim of this thesis was to see
if this could be done by connecting together the outputs from
more than one shock generator. Connections between shocks
were investigated in two basic geometries (see Figure l.2)§

(1) connections between several shocks which stood

side by side in the flow (both series and
parallel electrical connections)

(2) a connection of several shocks formed by one

shock and its successive reflection from the
walls (series electrical connectigp).

Anether important aim of this work was to define a useful
figure of merit for the bow shock generators ‘so that their
performance in these tests could be compared to that of other
systems.

To create a standing bew shock suitable for use in the

tests outlined aboeve one must have an incident flow whibh
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Figure 1.2 The two geometries wused to investigate multiple
shock connections

meets a number of requirements. These may be summarized as
follows:
1) The flow must consist of gas in a well defined
thermodynamic state.
2) The flow must be supersonic.
3) The duration of the flow must be at least 10
microseconds to allow time for measurements to
be made.
4) The flow should shew an increase of ionization
on passing through the standing shock.
5) There should be no electrical currents present
in the initial flow.
This thesis is divided into two main parts. The first
part (Chapters 1 to 4) deals with the theory, construction,
and testing of a device which generates a suitable supersonic

flow field while the second part (Chapters 4 to 8) deals with



the investigations and analysis of the bow shock generators.
In Chapter 2 a methed of generating a suitable flow using
an imploding detonation shock tube is developed. Chapter 3
describes the <construction and preliminary testing of the
shock tube. The design and construction of the generator
systems is outlined 1in Chapter 4. Chapter 5 describes the
expériments in which several generators were connected
together. The results from these experiments are included in
this chapter along with those from seme tests on individual
shock generators. All of these results are summarized in
Chapter 6 and an attempt is made to interpret some of them
theoretically.' In Chapter 7 a useful figure of merit ( the
effectiveness) is defined for the generators and a typical
value is quoted. In addition a comparison is made between the
performance of a hybrid bew shock generator/cohventional
turbine generation system and that of a strictly conventional
system. Chapter 8 contains a summary of the original
contributions made by the auther, as well as the conclusions

and suggestions for further work.



CHAPTER 2. PRODUCTION OF A SUITABLE TEST FLOW WITH AN

OVERDRIVEN DETONATION SHOCK TUBE

The experiment outlined in Chapter 1 requires a
supersonic flow of gas that is in a well defined thermodynamic
state. When an obstacle is inserted into the flow so that a
standing shoeck is created the ionization in the flow must
increase significantly across the shock. The flow must also
be free of large electrical currents.

One of the simplest ways of generating a suitable test
flow would be to use the flow behind a shock wave in argon.
The thermodynamic state ef a gas behind a shock is well
defined and argon is one of the simplest and best understood
gases. If the shock wave is madé strong enoeugh the flow
behind it can become supersonic in the lab frame. In this way
a shock tube can be used as a short duration supersonic wind
tunnel. The supersonic flow of argen at any point in such a
wind tunnel lasts from the time the shock wave arrives until
the time the contact surface arrives. The Mach number for the
flow behind the shock front depends on the strength of the
sheck, and can be obtained from the Rankine-Hugoniot
conservatien equations which apply to gas flowing through the

shock front.



2.1 SUPERSONIC FLOW BEHIND A SHOCK WAVE

The conservation equations for the flow across a shock

front may be written in the frame of reference of the shock
7

as’:
(2.1)
mass: plul' = p2u2‘
moment . + '2 = '2
RS TS Lo R IR P L (2.2)
energy: h 12 - u 12
gri My oyt = hy v, (2.3)

where the primes indicate that the quantities are measured in
the shock front frame and the variables are defined as shown

in Figure 2.1. An equivalent representation of the shock in
the lab frame 1is also shown in Figure 2.1. The equation of
state for the gas is initially taken to be that for a simpie

ideal gas7(constant specific heat, no ionization, monatomic)

ho Y P (2.4)

y+1 p

where y 1is the adiabatic exponent equal to c /c
. p v

. If the
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(3 1
where W_ = shock speed and u, =W -u,’!
s _ . 2 s 2
u” = local gas velocity uy; = W
T = local gas temperature s
P = gas pressure
p = gas density
a = local sound speed

Figure 2.1 The flow across a shock front

shock propagates into stationary gas the initial velocity in
the shock frame, u1°, is equal to the shock speed ws. Using
the initial condifions in the stationary gas the four
equations (2.1) through (2.4) may be solved keeping (u1'=ws)
the shock speed as the free parameter. If this shock speed is
normalized to the sound velocity in the gas ahead of the shock

by defining the Mach number (Ml)

M. =1 ="g (2.5)"

then the well known shock relations are found.
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p2 _ (y+M T | ut (2.6)

o1 2+(y-DM° )

2
Py o 2vM;7-(y-1)

2 (2.7)
Py y+1

2 emlo-my@st-nm ) (2.8)
T (y+1)2M12

A figure of merit for the flow generated behind a shock
wave 1is provided by the local Mach number M2=u2/a2. This is

the Mach number of the flow in the lab frame. M2 is related

tea the Mach number of the shock front (M1=w /al, see Figure
[

2.1) by the following expression, which may be obtained by

suitable combinations of the above results?.

) 2m,%-1) (2.9)

_u
M, =2
a

2yM. % y-1) 22+ (y-1)M. 2y
2 (Yl_y_ Y- 1

This function 1is plotted in Figure 2.2. It should be noted
that M2 has an upper bound which is practically reached with
shock speeds (Ml) of about Mach 10. From equatioen 2.9 the

upper limit for M, may be seen to be
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50

Figure 2.2 The local Mach number of the shock heated gas (Mz)
as a function of the shock Mach number (Ml)'

N

MZmax - 11m(M2) =

M e y(y-1) (2.10)

For an ideal monatomic gas with y=1.67 the highest Mach number
which may be achieved in the flow behind a shock is Mp=1.35.
If the gas is ionized by its passage through the shock wave Y

is no longer a constant and, in fact, it becomes somewhat
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smaller. 1In this case the highest available Mach number would

be slightly higher (1.63).

2.2 THE REQUIREMENT OF IONIZATION INCREASE ACROSS THE STANDING

SHOCK

While it is possible to generate a supersonic flow with a
shock wave, for the purpose of these experiments the flow must
also satisfy anoether requirement, that of showing an increase
in ionization on passing through a standing shock. Since it
is not possible to produce high Mach number flows, a standing
shock (created by inserting an obstacle into the flow) will be
relatively weak. This means that the jump in the temperature
of the flow across the standing sheck will be fairly small.

The variation of the degree of 1ionization, a, with
temperature and pressure is shown for a gas with an ionization
energy of 15 eV in Figure>2.38. From this data it can be seen
that the most rapid change of ionization with temperature is
obtained if « is in the range 5-95%. In this pértially
ionized regime the degree of ionization is véry sensitive to
temperature and thus even a weak standing sheck will incréase
the ionizatién substantially. If a shock tube is to be used
te produce the supersonic flow for .the studysofvb?w:shOCK
generators it 1is therefore important that the incide;t shock
be of sufficiently high Mach number to produce partial
ionization in the argon behind it.

When ionization becomes significant the calculation of
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the thermoedynamic parameters behind the sheck front becomes
somewhat more complicatedg. In a partially ionized gas y is
no longer a constant independent of the pressure and
temperature and the -equation of state (2.4) is no longer
applicable. Furthermoere the coefficient Y cannot serve to
represent both the specific heat ratio, cp/cv, and the
enthalpy coefficient. Therefore for use in the equationi of
state the new enthalpy coefficient, g, is definedg. With this
coefficient, which is a function of the thermodynamic

variables, the equation of state may be written as

| pe & P_ghp) P (2.11)

g-1po gln,e)-1 o 5

If the function g(h,p) is known from thermodynamic data, the
.three conservation equations, (2.1) through (2.3), and the new
equation of state, (2.11), may be solved by an iterative
methoed leaving the Mach number as a parameter. Details of
this method are described in Appendix A. 1In this way the
thermedynamic variables behind partially ionizing shock fronts
may be calculated. Of these variables the temperature and:the
degree of ionization are of the most immediate interest.
Figure 2.410  shows the temperature and degree of ionization
behind a shock wave propagating into argen as a function of
Mach number. The values are shown for a number of initial

argon pressures. An examination of the graph shows that if
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there 1is to be significant ionization in the flow behind the
sheck then the shock speed must be at least Mach 11. If an
obstacle 1is inserfed into the flow behind a Mach 11 shock wave
a standing shock will be created and the ionization in the

flow will be significantly increased across the shock,

2.3 THE DIAPHRAGM SHOCK TUBE

In erder to satisfy the requirements for the test flow, a
shock tube capable of producing a Mach 11 shock is needed. To
see what features are necessary for a shock tube to produce
such high Mach numbers the operatien of a conventional
diaphragm sheck tube is first discussed. For the purposes of
this section Y=g is assumed to be constant.

Figure 2.5 shows a diagram of a diaphragm shock tube.
The driver section on the left is filled with a high pressure
gas while the low pressure section on the right is filled with
the test gas. A diaphragm separates the two sections. When
this diaphraém is caused to burst, a shock wave travels down
the shock tube 1inte the test gas while a rarefaction wave
moves back into the driver. These features are shown in the
X-T diagram above the shoeck tube. At some time, T, after the
diaphragm has opened one would find a velocity and pressure
distribution in the shock tube similar to that shown at the
bottom ef Figure 2.5.

The speed of the shock may be related to the 1initial

conditions in the high and 1low pressure sections in the
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following way. The initial conditions in the 1low pressure
section, region 1, may be related to those in region 2 by the

shock relations with the Mach number, M as a parameter. If

U
it 1is assumed that the pressure and velocity are constant
across the contact surface, the conditions in region 2 can be
related to those in region 3. Finally, to relate region 3 to
the initial conditions in the high pressure section, region 4,
the rarefaction wave is assumed to be isentropic. In this way
the initial conditions in the low pressure section have been
related to those 1in the high pressure section with the Mach

number (Ml) as a parameter. The initial pressure ratio across

the diaphragm p,/p, that is needed to obtain a shock of Mach
4 "1

number M1 can therefore be expressed as
2y
P 2 (v - - — 2.12
T i E a_l_(M -_1_> v,-1 ( )
P
1 y1+1 y4+1 a, M1

The diaphragm pressure ratio is plotted as a function of Mach
number for several sound speed ratios a4/a1~insFigure-2.6. An
examination of the equation (2.12) or the graph shows that in
order to achieve high Mach number shocks, a high diaphragm
pressure ratio, p4/p1, and a high sound speed ratio, a4/a1,
are needed.

The initial fill pressure of argon on the 1low pressure
side of the diaphragm was 5 Torr. This value was chosen to

obtain high diaphragm pressure ratios but still maintain a
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substantial density in the gas behind the shock. The pressure
required in the driver section to generate a Mach 11 shock can
be calculated from these initial conditions and equation Qjm.
For approximate calculations the graph in Fiqure (2.6) may be
used. If helium is used as a driver gas the pressure in the
driver would have to be 2000 atmospheres. This was judged to
be too large a pressure to be handled in any reasonably sized
experiment. By using a gas with a higher sound speed, such as
hydregen, the driver ©pressure could be réduced to 65
atmospheres. Hewever the use of high ' pressure hydrogén was
considered to be too dangerous because we do not have the
facilities to handle high pressure hydrogen safely.

High Mach number shocks may also be generated by
increasing thé seund speed'in the driver gas through heating.
The electrothermal shock tube is one device which uses this
principle. Unfortunately it is knownl2? that electrical
signals may be picked up almost anywhere in an electrothermal
sheck tube. These signals would make the detection and
interpretation of bew shock generator signals exceedingly
difficult.‘ Therefore this type of shock tube was immediately
ruled out. Anether means of heating the driver gas is to fill
the driving section with a combustible mixture of gases and to
ignite the mixtures. After the reaction 1is complete the
driver will be filled with high pressure, high temperature

gas.
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2.4 OVERDRIVEN DETONATION SHOCK TUBE

it has been demenstrated in this lablsthat a simple and
effective shock tube, capable of producing high Mach number
shock waves, can be built with an overdriven detonation
driver. In this device the combustible mixture of driver
gases is heated and raised to a high pressure by a detonation
wave. The driver section for.  such a shock tube has a special
geometry as shown in Figure(2.7). A detonation wave is
initiated at one end of the chamber with a strong spark and
propagates up to the midplane of the driver as a
Chapman-Jouget detonation. Beyond this point the wave |is
forced into a converging channel and it becomes an
overdrivenls; or strong14; detonation. The diaphragm bursts
shortly after the detonation has been reflected from it and a
shock wave is driven into the low pressure gas.

The main advantage of the overdriven detonation driver is
that the ©pressure and temperature behind an overdriven

15 than those those available with other

detonation are higher
combustion processes. This makes such a driver very
attractive for producing high Mach number shocks.

While it is relatively easy to produce a shock of speed
Mach 11 in an overdriven detonation sheck tube the flow of
argon behind the shock may not be completely uniform. There
are several potential causes of unsteadiness in this flow. A

detonation wave 1is, in general, followed -by a centred

rarefaction wave where the pressure is decreased. While the
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Figure 2.7 An axial secton of the shock tube driver
(schematic).

area convergence in the driver section helps to "fill in" some
of this decrease the pressure in the driver will not be
completely uniform when the diaphragm bursts. 1In addition,
studies of impleding detonation have shown that the gas behind
the reflected detonation is not at rest. Figure (2.8) shows a
smear camera photograph of a sector of a cylinrical imploding
detonationl®, It can be seen that the particle paths behind
the reflected detonation meve away from the axis. The fact
that both the pressure and the gas velocity in the driver
section will be nonuniform when the diaphragm ruptures may
introduce disturbances into the flow behind the shock. These

disturbances will be in the form of compression or rarefaction
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waves which propagate down the shock tube. They will first
influence the bressure and velocity ef the slug of test gas
and somewhat later they will affect the speed eof the shock

front itself.

2.5 SUMMARY

It should be possible to meet most of the requirements
for the test flow outlined in the introduction (Chapter 1) by
using the flow behind a Mach 11 shock wave in argon. This
flow will be supersonic and it 1is possible t§ create a
standing shock in which the degree of ionization of the flow
is increased (from approximately 2.7% to 5%). By wusing a
shock tube with an overdriven detonation driver a shock of
speed Mach 11 may be obtained. The only shertcoming of this
device is that flow behind shecks generated in this manner may
shoew some unsteady features. This type of sheck tube was
selected however because its operation was free from 1large

electrical currents and its design was simple.
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CHAPTER 3. CONSTRUCTION AND DEVELOPMENT OF THE SHOCK TUBE

3.1 CONSTRUCTION OF THE SHOCK TUBE

)

3.1.1 The Facility

In the previeous chapter it was pointed out that a shock
tube with a hot driver gas was required in order to study the
extraction of electrical pewer from standing sheck waves.
Using the experience with detonation shoeck tubes acquired in
this 1labl3 it was decided to construct such a device. A
schematic diagram ef the entire system is shown iﬁ Figure 3.1.
The main features of this new facility are that it has a
square cross section with an area of one square inch and an
overall length of approximately two metres. The shock tube
was built in sections se that a short test section could be
inserted into the tube at a variety of distances from the
diaphragm. The driver section is of the impleding detenation
type, using oxy-acetylene as the driver gas. An acetate

diaphragm separates the driver section from the shock tube.
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3.1.2 Driver Section

The main body of the driver consisted of two aluminum
cenes, the first as the divergent sectien and the second as
the <convergent (impleding) section (see Figure 3.2). The
cones were cast from B 135 aluminum and then machined. They
were mated at their bases by a machined aluminum ring to which
they were held with flanges. The ring alsc provided for
filling and pumping out the driver through twe heoles on
oppesite sides. The total wvolume of the driver was
approximately four litres.

At the back end of the driver a spark igniter housed in
lucite was bolted toe the first aluminum cone. A spark between
these two electfddes initiated the detonatien in the driver
gas. At the front end of the driver a brass round to square
transition piece (one inch 1long) was belted to the second
aluminum cone. This served to match the round geometry of the
driver section to the square cross section of the shock tube
itself. Throughout the driver section O-rings were used as
vacuum seals. The entire driver section was fastened with
steel straps and boelts to its ewn table which was loaded with
70 Kg of éoncrete, to decrease the recoil.

The acetate diaphragm was meunted between twoe O-rings;
one on the face of the brass transition piece and the other on
a replaceable 1lucite flange. Both the diaphragm and flange
were held in place by the four boelts which bolted the first

length o©f sheck tube to the driver (see Figure 3.3). The
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lucite flange needed replacement occasionally because of

erosien caused by the bursting of the diaphragm.

3.1.3 Ignitien System

The detonation mixture in the driver section was ignited
by a spark between twoe electrodes. These electrodes were
mounted in a short 1lucite tube at the end of the driver
opposite the diaphragm as shewn in Figure 3.2; Energy for the
spark was stored in a l1.6yf capacitor which was charged to 11
KV (approximately 100J). A triggerable spark gap between the
capacitor and the electrodes allowed the shock tube to be

fired. This system is shown schematically in Figure 3.1.

3.1.4 Shock Tube

The shock tube itself was built in thrée interchangeable
lengths, which were 50, 75, and 100 c¢m. long. Flanges and
O-ring seals at the end of each section allowed them to be
connected together. Each section was made of lucite in a box
construction with walls about one half inch thick. The
sections were glued together with machine screws every two and
ene half inches for suppert.

To make the system rigid the whole shoeck tube was mounted
on a length of aluminum channel. It was supported aboeve the
channel on stands which allowed easy access to all sides of

the tube. A dump tank of about one litre volume was connected
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to the last section ef the sheck tube.

Periodic cleaning of the shock tube was done by
dismantling thg sections and cleaning each one with a
rectangular swab. A felt cloth soaked in Brasso was mounted

on the swab to polish the tube walls.

3.1.5 Pumping And Filling Systems

The oxy—acetYlene with which the driver was filled was
premixed in a mixing chamber which held enough gas for several
shets. This chamber, which stoed adjacent to the driver
section, was cylindrical in shape and was enclosed in a wire
mesh screen for safety. The bottom ef the mixing chamber was
soldered te the mixing chamber with soft solder so that if the
mixture accidentally ignited the bottom would fail first. The
oxy-acetylene was mixed two parts oxygen to one part acetylene
by pressure; The pressures were monitered on the mixing
chamber pressure gauge as each gas was added. Since the
mixing chamber was built as a vacuum tank, the total fill
pressure never exceeded one atmesphere. After allowing some
time for mixing, the driver was filled to the chosen pressure
(from 100 to 300 Terr) as shown by the driver pressure gauge.
Before a shot was fired 1iselation valves at the inlet and
outlet ports of the driver were closed to protect all gauges
and tubing. After a shot the driver was pumped out through a
port opposite the filling port. |

The shock tube could be either filled eor pumped out
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through a port iﬁ the dump tank. The filling of the tube with
the test gas (argen in this case) was controlled by a set
point pressure gauge and a soleneid valve. This allowed the
tube to be automatically filled to an accurately known
pressure. During a shot the pressure gauge was protected with
an iselation valve. A rotary pump was once again used to pump

out the tube after each shot.

3.1.6 Test Section

In order to make the best use of the sheck tube a short
test section was constructed as shown in Figure 3.4 and Figure
3.5. It could be bolted between any twe sections of the shock
tube and thus mounted at a variety of distances from the
diaphragm. By using a test sectién medels such as bow shock
generators or instrumentation could be meunted in the tube
without altering the sheck tube sections themselves. The test
section had twe removeable lids ( one top and one bottom) as
shewn in Figure 3.4 on which the models or instrumentation
could be mounted. The lids were of simple design and new ones
could quickly be machined if replacements or extras were
needed. The test section was built from three quarter inch
lucite with O-rings te seal the lids. The lids were clamped
together from the outside se that with the O-rings fully
compressed the inside faces of the lids were flush with the

tube walls (see Figure 3.5).
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3.1.7 Pressure Probe Flanges

Two flanges, each one inch thick, were .machined to

accomodate piezo-electric pressure probes (see Fiqure 3.6).

THREADED HOLE

FOR PRessuii:jtff3;7

1" SOUARE
HOLE

LUCITE
FLANGE

1ll

| S >

Figure 3.6 The pressure probe flange

These flanges could then be clamped between any of the
sections of the tube and used for triggering other apparatus
or in a pair at each end of the test section to monitor shock

speed. The piezo probes used in this experiment were
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manufactured by Celesco Transducer Products Inc. and were type
LD25. They had a sensitivity of about .15V/psi. With these
probes a check was kept on the reproducibility of the shock
speed throughout the bow shock generator test experiments.
For the measurement of shock velocities the piezo probe
outputs were first buffered through a high input impedanée
buffer amplifier and then used to trigger a start/stop digital

microsecond counter.

3.2 MEASUREMENTS

A number of preliminary experiments were made on the
shock tube before the experiments with the bow shock generator
were undertaken. The aim of these experiments was to
investigate the ©performance of the shock tube and to
investigate some of the properties of the slug of shock
compressed argon which travels doewn the tube. The steadiness
of this flow behind the shock was of particular interest.
Throughout the experiments a driver gas mixture of one part
acetylene to two parts oxygen by pressure was used. The gas
used in the low pressure section of the shock tube was always

argon.
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3.2.1. Dependence Of The Shock Speed On The Fill Gas Pressures

The firsf set of experiments explored the range of Mach
nﬁmbers that were available with:the shoék tube. The shock
front speed was measured at a distance of about one metre from
the diaphragm for a humber of different £ill gas pressures.
Both the driver pressure and .the shock tube pressure were
varied. The results are summarized in Figure 3.7 which shows
the Mach numBer " measured for each combination of fill gas
pressures.

In the case of the driver section, the pressure when ~the
diaphragm .bursts, will, of <course, be much higher than the
driver fill gaé pressure. The pressure 1is 1increased once
behind the detonation wave and once again when the detonation
is reflected at the'diaphragm énd of the driver17. No attempt
was made to measure this pressure in these experiments but the
results from other experiments done in this 1ab16 indicate
that it is of fhe order of 100 atmospheres.

In thes¢ experiments‘the speed of the shock was measured
with a smear or streak camera. In this technique the axis of
the cshock tube is . imaged onto the slit of the smear camera
with a lens. The smear cémera records a position versus time
history cof ﬁhe luminosity by sweeping the image of the slit
across the film. Two markers, spéced ~an accurate distance
apart, were placed én the shock tube wall within the field of
view of the smear camera. By measuring the transit time for

the shock ‘between the markers on the photograph the shock
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speed was calculated. A typical smear camera photograph is

shown in Figure 3.8. A few of the values included in this
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Figure 3.8 A typical smear camera photograph

data were not actually done with a smear camera but rather by
measuring the transit time for the shock between two pressure

probes as described in the next section.

The results of these investigations show, that in this



39 .

shock tube, the Mach number of the sheck can easily be varied
over a fairly wide range from Mach 6 to Mach 12.5. It can be
seen that the design criterion of a Mach 10 to 11 sheck

propagating into 5 Torr argon was readily achieved.

3.2.2 Dependence 0Of The Sheck Speed On Position

Once the dependence of the shock speed on the fill gas
pressure had been established at one positien in the tube the
variation of shock speed along the tube .was investigated.
This was dene' by measuring the shock speed at a number of
stations along the tube. These tests were all carried out
with & driver fill pressure of 200 Torr and a sheck tube fill
pressure of 5 Torr. -

To measure the shock speed two of the piezo-electric
pressure probes were mounted a knewn distance apart in ene of
the lids eof the test section. The outputs from the pressure
probes were put through a high input impedance buffer
amplifier and displayed en a dual trace oscillescope. A third
pressure probe mounted immediately ahead of the test section
was used to trigger the scope. From the time interval between
the rising. edges of the two signals and the known distance
between the probes the shock speed was calculated. A typical
example of the two pressure signalslis shown in Figure 3.9.

The shoeck speed was measured at a variety ef distances
from the diaphragm by 1locating the test section between

different sections of the shock tube. The results from these
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Figure 3.9 A typical pair of pressure signals used for shock
speed measurement

experiments are shown in Figure 3.10 as a plot of shock speed
versus distance from the diaphragm. Each data point is an
average from several shots done at that distance. The
variation of the speed at any point from shot to shot was
quite small, except at a distance of 65 cm. from the
diaphragm, where there was as much as a 20 per cent variation.

Figure 3.10 also shows typical pressure signals from
several of the stations along the tube. These were obtained
with one of the probes in the test section using a long time
scale. It was found that the type LD25 probes were best

suited for measuring the time of arrival of shocks or
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observing strong pressure gradients in the flow. Distributed
rarefaction waves or short regions of constant pressure were
hard to identify because of the ringing of the probe signal.
The pressure step across the shock front was fairly well
defined however, and this jump, in volts, is shdwn for several
stations along the tube in Figqure 3.10. This gives an
indication of the relative strength of the sheck as a function
of the distance from the diaphragm.

The results show one rather interesting feature. A
slight increase in sheck speed is observed about 65 cm. from
the diaphragm. After this the shock decays fairly uniformly
for the next metre. This increased speed is consistent with
the pressure trace shown from the previous station as shown in
Figure 3.10. It appears that due to some unsteadiness in the
driver a compression wave is emitted froem the driver some 30
microseconds after the shock has been 1launched. This
compression wave catches up to and reinforces the sheck about
65 cm. from the diaphragm accounting for the increased speed
measured in that region. If in some shots the compression
wave were to catch the shock just before 65 cm. and in other
shots net until just after 65 cm. there shoeuld be a large shot
to shet variation in the measured speed. This 1large scatter
in velocities was indeed observed at a distance of 65 cm. from

the diaphragm.
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3.2.3 The X-T Diagram For The Shock Front

In addition to being used to measure shock velocities the
pressure probes were used to measure the absolute time of
arrival of the shock at each statien along the tube. The
arrival time was measured from the time the detonating spark
in the driver section was triggered. These results are shown
in Figure 3.11. .Ffom other experiments it is knewn that the
detenation arrives at the diaphragm approximately 250
micresecends éfter the spark. The delay before the diaphragm
bursts can therefere be seen to be ef the order of 25
micreseconds.

These results show the same essential features as the
velocity measurements. At about 65 ocm. from the diaphragm
theré is the same increase in speed noted as in the previous
measurements. This is followed by a fairly uniform decay in
sheck speed from this point enward.

For reference, the theoretical position of the contact
surface has alse been shown in Figure 3.11. The_'position of
the contact surface was calculated from the compression ratio

across the shock at each point.

3.2.4 Smear Camera Measurements

The smear camera photegraphs, from which the velocities
were measured, also yield some information abeout the duration
and homogeneity of the flow behind the sheck. The 1luminesity

of the shock front itself is often very faint, as can be seen,
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for example, 1in Figure 3.8. It was necessary therefore to
ensure that the faint luminosity in these photoegraphs was in
fact the shock. To check that the sheck had been properly
- identified several'expe;iments were dene with the arrangement

shown in Figure 3.12. A pressure proebe was mounted in the

?
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Figure 3.12 The apparatus used to check the interpretation of
the smear camera photographs

centre of the field of view of the smear camera and its

position was marked in the pictures by placing a black band on
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the shock tube. The signal from the probe was used to trigger
an electronic flash unit that was focused onto the slit of the

smear camera near one end. Figure 3.13 shows one of the smear

STREAK STARTS 7-8ps AFTER THE
ARRIVAL OE THE PRESSURE FRONT

/—LOCATION OF THE PRESSURE PROBE

' TIME
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7-8us
ELECTRONIC
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50 mm

=
0

DISTANCE

Figure 3.13 A typical smear camera photograph used to check
that the first faint luminosity was the shock

camera photographs taken in this way. The start of the flash
gun streak, minus a predetermined 7-8 microsecond -electronic
delay, marks the point in time that the pressure shock arrives
at the probe. This time can be seen to correspond very well

with the time of arrival of the faint 1luminesity at the
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pressure probe.

An examination of the smear camera photographs showed
that the luminosity of the '‘gas behind the sheck was neither
uniform nor completely reproducible from shot to éhot. Figure

3.14 shows twe photodensitometer tracings that were taken from
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Figure 3.14 Photodensitometer records of two smear camera
photographs for identical initial conditions
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smear camera photographs ef two shots fired with identical
initial <conditions. This shet to shot variatien is probably
due te small velocity variations which translate inte larger
variatiens in electronic excitation in this temperature
regien. Despite this shot to shot variation experiments done
later on the bow sheck generators showed how to interpret
these photographs consistently. It was found that the useful
test flow ended at a time correspending to the last sharp drop
in the luminosity (see Chaptef 5.1). For all the smear camera
phetegraphs, the total time fprom the arrival of this drop,

was measured to be fairly constant.

3.2.5 Test Time

All the informatien from the smear camera phetographs and
pressure probe tracings was combined to determine the test
time. At any poeint in the shock tube this test time starts
when the sheck arrives and in theory would 1last until the
arrival of the contact surface. In these experiments the flow
behind the shoeck is only useful for as long as it is ionized
and supersonic.

On the smear camera pictures the test time was estimated
from the duratioen of the 1luminesity, as was discussed in
section 3.4. From the pressure probe signals the test time
was taken to be the duration of the "constant" pressure region
following the shock. A theoretical value for test time, the

time interval between the shock and the contact surface, was
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alse calculated. Using each of these methods an estimate of
the test time was made at a number of stations aleng the tube.
The results are shewn in Figure 3.15 as a plot of the test

time estimated versus position along the tube.

3.3 SUMMARY

Based on the experiments done with the shock tube it was
decided to conduct the bow shoék generator tests at a distance
of abeut 90 cm. from the diaphraém. At this point the
velecity was relatively censtant frem shot to shet and the
Mach number was still quite high. Both the smear camera and
pressure probe results indicatéd that there should be at least
25 microseconds of test time after the arrival of the shock.
Seme shot te shet variatién.of the conditiens in the flow
behind the shock might be expected, however, as is evidenced
by the smear camera photographs.

It might have been possible to achieve a slightly longer
test time by moving semewhat further from the éiaphragm.
However, because of discrepancies 1in the data>bfrom the
stations there, it was decided to test the generators at a
position 90 cm. from the diaphragm. One 75 cm long section of
the shock tube was therefore interposed between the diaphragm
and the test section so that the bow sheck generators would be

located abeut 90 cm downstream of the diaphragm.
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CHAPTER 4. CONSTRUCTION OF GENERATOR TEST SYSTEMS

As outlined in the introduction, twe different
configurations had been suggested for increasing the current
or veltage output of bow shock generators by using several
shocks. To test these concepts two different generator
systems were built.

One system was designed to investigate the power
extraction froem several shocks which stoed physically in
parallel across the flow. The other system was designed to
investigate the power extraction from &a number of shocks
formed by successive reflections from the walls.

In each case the systems were built'so that they could be
meunted oen the test section lids. The wedges and mounting
struts for the generators were made to be as thin as possible,

te minimize the obstruction of the flow in the sheck tube.

4.1 PARALLEL SHOCK GENERATORS

In this configuration a number of shecks, created by a
number of wedges, steood physically in parallel across the flow
as shown schematically in figure 4.1.

Two electrodes were mounted on each wedge, with seperate
electrical 1leads, so that power could be extracted from each

sheck seperately. The outputs from the generaters could then
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Figure 4.1 Schematic diagram (cross section) of the parallel
shock generators

be connected electrically in parallel or in series as desired
for testing. So that the electrodes would not be influenced
by the potential elsewhere in the plasma the rest of the
wedge, or its surface at least, had to be made of insulating
material.

Due to the space limitations in the shock tube, only two
standing shocks, created by two wedges were investigated.
Figure 4.2 shows a drawing of the generator system used to
test parallel and sefies connections of parallel standing
shocks.

The main body of the wedge was built of an insulating
material. The insulator was required to withstand high
temperatures, be machineable, and have good mechanical
strength. The asymmetric shape of the wedges used in this
part of the experiment meant that the noses of the wedges
experienced considerable " bending moments and thus mechanical

strength was crucial. A number of insulators were tried for



53

SUPPORT STRUTS
STEEL SPLINE
12° WEDGE .
LD
ELECTRICAL
FEEDTHROUGHS
- t {
. L.

|
" ; —l
1 = LA S T ]

I /
MOUNTING SCREWS | #
L 2.5"

. 6" >
g

Figure 4.2 A cross section of the parallel standing shock
generating system.
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this ©purpose, but a phenolic resin board was feund to be most
satisfactoery. Machineable ceramics were also considered, but
they were Jjudged to be too brittle and weak for this
application. 1In practice it was found necessary to reinfoerce
the upper wedge with a steel spline as shown in figure 4.2.

A number of materials were tried for use in electrodes,
but steel was found to be most practical in terms of
durability. Steel was therefore used as an electrode material
throughouf. The top (front) electrodes on the tip of beth
wedges were subjected to such damage, probably due to debris
frem the ruptured membrane, that it was found necessary to
heat treat (case harden) them afte; machining. After heat
treating the electrodes were glued, with epoxy, into slots
milled in the wedge.

The bottom electrode on the upper wedge must . be
completely in front ef the standing shock produced by the
lower wedge, otherwise the electrode will short out the
potential across the lower shock. Since the wedge angle was
guite small (12°%) it was very difficult to squeeze in two
electrodes and their leads right at the tip of the wedge and
still retain sufficient mechanical strength. The bottom
electrode of the upper wedge was therefore removed about one
half inch from the tip and the whole upper wedge moved forward
to keep the electrode clear of the 1lower shock (see figure
4,2). Staggering the wedges 1like this made design and

construction easier but it did shorten the test time slightly



55

since both wedges were not always in the supersonic flew at
the same time.

In the first experiments the wedges were mounted with
small machine screws through the walls of the test section.
However because the wedges were thin, they tended to fracture
around the mounting holes. 1In latér experiments the wedges
were therefore mounted on suppoert struts from the top and
bottom 1lids (see figure 4.2). These support struts were alse
built from phenelic resin beard. Mounting the wedges on
struts from the 1lids was not enly found to be strenger, but
also meant that the wedges could easily be remoeved for
cleaning between shots. Furthermore, the electrical
connections to each electrode were easily made by running a
wire through the body of the wedge, through the centre of the

strut, and eut via a connecter in the 1lid.

4.2 REFLECTED SHOCK GENERATORS

In this configuration several standing shocks were
created by successive reflections of ene shock from the walls,
as shown schematically in figure 4.3. By using a number of
electrodes meunted on the wall and on the wedge, the ocutput
from each shock could be measured separately or the outputs
could be connected in series. There were ne provisiens for
parallel connections.

For the flow conditiens in the sheck tube the standing

shock was only reflected from the wall once before it became
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Figure 4.3 Schematic diagram of the reflected shock
configuration

very weak. After this point the flow was nearly sonic.
Figure 4.4 shows a drawing of the generator system used to
investigate the power output of a standing shock and its first
reflection from the wall.

The construction of this system was considerably simpler
than the multiple wedge system. The symmetric shape of the
wedge meant that the wedge was noet subject to undue bending
stress and did not need a steel reinforcing spline. The
construction materials were similar to those used in the
multiple wedge experiments. The electrodes were all made from
steel, while the body of the wedge and the support strut were
made from phenelic board. Electrical connections were once
again made with a wire led through the body of the wedge and

out through the support strut to the 1id.
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4.3 PROVISIONS FOR GENERATOR CONNECTIONS AND POWER MEASUREMENT

For the experiments on either configuration a patch panel
was meunted immediately outside the test sectien se that leads
from the electrodes could be connected tegether in ény
combination. This allowed the generators te be run
individually or connected together in series or in parallel.
The panel also had plug-ins fer resistors seo that each
generator or cembinatien could be 1loaded as desired. The
output of the generater inte the load was feund by measuring
the veltage acroess accurately knewn load resistors.
Differential amplifiers and a dual beam escilloscope were used

for all output veoltage measurements.
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CHAPTER 5. EXPERIMENTS

Based on the tests done on the sheck tube (see chapter 3)
it was decided te conduct the boew sheck generater tests with
the test section located 75 cm. from the diaphragm. This
meant that the generaters themselves were about 90 cm. frem
the diaphragm.

The shock tube was operated with an oxy-acetylene fill
pressure of 250 Torr and an argon fill pressure of 5 Torr.
This gave an incident shock at a speed of 3.6 mm/micresecoend (
Mach 11.4 ). From this speed and the shock relations,
including the effects of ienizatien ( see Appendix A), the
following parameters were calculated for the supersonic flew

in the test section, during the test time.

1.15x106 dynes/cm2 =~ 1 Atmosphere

Py =
Py = 5.3x10—5 gm/cm3
T2 = 10,300 K
h2 = 6.5x1010 ergs/gm
u, = 2.88x105 cm/sec
M2 = 1.58
n_ .= 2.1x1016 cm_3

e2
ay = 6.026

g, = 1.51



60

A flange IWith a pressure prebe in it was inserted
immediately ahead of the test section. By feeding the
pressure pulse from the incident shock through a number of
variable delay units, all the instrumentation for the test
section could be triggered with very little jitter.

The wedges wused in the generators were all machined to
have a 12° wedge angle. This allowed cemparison of all the
results from these experiments, as well as a comparisen with
other work being conducted in the 1lab. .The cheice of the
wedge angle was governed by twe factors. The angle must be
large enough te produce a streng standing shock, but not so
large that the shock detaches. If the shock were to detach,
the flow parameters behind it could ne longer be predicted by
plane oblique shock theory. The construction of the wedges
has been discussed in mere detail in Chapter 4.

It was quickly found that depesits were 1left on the
electrodes after each shet. The deposits appeared te be due,
at least in part, to hot debris frem the acetate diaphragm
carried with the flow. To keep the electrode surfaces as
clean and uncontaminated as possible the wedges and electredes
were removed and sanded with fine sandpaper after each shot.
They were then cleaned with methanel and replaced in the shock

tube which was pumped for at least one half hour before the
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next shot was fired.

A consistent numbering system has been adopted fer all
electrodes in this chapter. They have been numbered from zero
te five and the voltage measured between any 2 electredes will
always be designated VAB=VA—VB.

5.1 INDIVIDUAL SHOCK GENERATOR EXPERIMENTS

The first series of experiments measured the output from

a single standing shock, as shewn schematically in Figure 5.1.

2

INCIDENT SHOCKd/

Figure 5.1 Single standing sheck generater stretching acroess
the whole tube

The wedge was mounted one quarter inch off the fleor of the
test section so that it would not be in the boundary layer.
The development and stability ef the standing sheck was

monitored with a high speed framing camera. Typical results
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of the veltage measured across the shock and an example of the
camera pictures are shown 1in Figure 5.2. The veltage was
measured with a 100 Ohm lead acress the generator. Since the
internal resistance of the generater was found to be of the
order of a few Ohms the voltage measured across 100 Ohms
represents the oepen circuit veltage for the generator. By
using a resistoer as small as 100 Ohms spurious signals due to
high impedence neise sources were eliminated.

From . a comparisen of the framing camera pictures and the
voltage trace it can be seen that there 1is an initial
transient signal asseciated with the 1incident shoeck. The
standing sheck is not well established wuntil some 10 - 15
microseconds after the first rise of the veltage, and the
signal was considered to be simply a transient up te this
point. By the time of the fifth framing camera picture the
standing shock is beginning te lese its well defined edge and
the veltage becomes unsteady,‘as shown by the marked increase
in the signal. In other cases it was observed that the
veltage fell rapidly to zero after this peint. The time from
the arrival of the shock to the end of the test time can be
seen to be about 27 microseconds frem both the framing camera
pictures - .. and the voltage trace. This cerrelates very
well with the duratien ef the streng luminesity in the smear
camera photographs (see Figure 5.3). These measurements
allewed the test time to be predicted frem the smear camera

phetographs as was dene in Chapter 3.
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LY S—
SHOCK SPEED MACH 11.4

Figure 5.3 Smear camera photegraph of the slug of test gas
taken 90 cm. from the diaphragm.

In order to investigate the output of the generater under
load the load resistor was varied from shot to shot se that a
V-I characteristic could be plotted for the single shock. The
voltages were always read from the oscillegrams 15 - 20
microseconds after the rising edge, when the standing shock
was well established. The characteristic which is shown in
Figure 5.4 indicates the effective internal resistance of the
generator 1is about 5.5%.5 Ohms. The power output of the
generator as a function of current is shown in Figure 5.5

The next series of experiments was done with two wedges
as shown in Fiqure 5.6. The output from each sheck was
measured separately. Typical open circuit veltage signals and

@ framing camera picture series are shown in Figure 5.7. The
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Figure 5.6 Configuration and_ electrode numbers for the two
wedge bow shock generater experiments

signals from the top shock compared faveourably with the
previous measurements on a single sheck. For the beottem sheck
however the signals were consistently of the reverse polarity,
or very small during the time the framing camera piétures
showed the bottom shock to be well established. Despite thié
unexpected result for the bottom wedge the V-I characteristic
was measured for the top shock by varying the 1lead resistor
from shot to shot. The results, shown in Figure 5.4 and
Figure 5.5 indicated an effective internal resistance of about
2.8+.5 Ohms. At low resistances it was alse found that a
small voltage of the expected polarity was generated by the
boettom sheck.

A number of attempts were made to impreve the apen

circuit signal from the bottom wedge. Two of the
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2

a) Top:-wedge:. moved-forward.one-inch and
a.new-electrode-added

b) Voltage measured. to.a small-electrode on
the -wall with -the wedges--1lined.up nose
.to-nose .

Figure 5.8 Two of the configurations that were tried while
attempting to improve the bottom shock signal

configurations that were tried are shown in Figure 5.8. 1In
the first one the top wedge was moved a distance of one inch
upstream, and a new electrode added to the underside. In the
second case the voltage was measured from the number 2
electréde to a small electrode mounted in the wall of the test
section, ahead of the standing éhock. Attempts were also made
to improve the signal by‘tilting the nose of the upper wedge
down a few degrees. None of these configurations was found to

produce ,consistently, a voltage of the expected polarity
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during the time the standing shock was well established.

5.2 SERIES CONNECTED SHOCK GENERATORS

To see if the veltage from a system of bow shock
generators could be increased the two generators were
connected 1in series by externally shorting the negative lead
of ene generater to the positive 1lead of the other and
measuring the vvoltage across the pair. A schematic
representation of this experiment is shown in Figure 5.9 part
B. For the first experiments with the twe generators
connected in series the output was measured open circuit
(across large 1load resistances). In thesé experiments the
veltage measured across the pair.of shecks was never greater
than that acress the teop sheck alone.

Anether set of series connection experiments was carried
out with a much 1larger 1lead (smaller resistance) on the
generators. Since a better voltage had been measured across
the bettem sheck aleone when it was lcaded with 2.8 Ohms, it
was heped that this change would'increase the centribution of
the bottom sheck to the toetal signal. A smaller . 1lead
resistance should also tend te reduce the effect of parasitic
leakage currents through the plasma between electrodes 3 and
5. |

Typical results for these experiments are shown in Figure
5.9. The wvoltage across each shock was first measured

separately as shown in @part A. A load resistor roughly
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The scale on-all three oscillograms is 0.5 V/div. and
S us/div. Arrows on the oscillograms indicate the time
during which both standing shocks are well established.
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b) Voltage across both shocks in-series

c) Effect of series. connection on the-yoltage-of each shock

Figure 5.9 The series:connection experiments

t
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matched to the internal impedance of the generater was used
for maximum power traﬁsfer into the lead. The two generaters
were then connected 1in series, keeping the load matched as
shown in Figure 5.9 part B. Once again the veltage measured
across the pair ef shocks 1in series was not feund_to be
significantly greater than the voltage across the top shock
alone.

To observe the effect of the series connectien en the
output eof each shock, the generators were connected as shown
in Figure 5.9 part C. The results shew that the signal from
the top shock is changed little by the cennection but that the
shape of the bottom signal is quite different. The
oscillegram also shows that the veltage between electredes 1
and 3 is much reduced during the time the standing sheocks are

well established.

5.3 PARALLEL CONNECTED SHOCK GENERATOR

If several bow sheck generators are connected in parallel
it may be possible te increase the current delivered to a lead
over that supplied by a single generator. 1In oerder to test
this concept an experiment was designed where the two
generaters could be connected in parallel. Since the veoltage
frem the bettem shock was always much smaller than that frem
the top, a simple pérallel connection ef beth generaters into
a single matched leoad would not werk. In that case a fractien

of the power from the tep generator weuld be dissipated in the
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plasma of the bottem generater instead of being delivered teo
the 1load. To demenstrate 1increased current 1in a load, a

veltage divider 1load connected as shown in Figure 5.10 was

, .
;} )
: > R1 =170
3
y = ]
T0P I : v
GENERATOR BOTTOM g DIEFERENTIAL
GENERATOR 5 R, = 10N SCOPE
l ' > 2 INPUT
1
4

Figure 5.10 Loading of the generaters used for the parallel
connection experiments

used. The output frem the tep generater was applied across
both resistors, which were chosen to match the internal
resistance ef the top generafor. The voltage divider ratio
was chesen se that when the bottem generator was cennected to
the small resistor, the poewer transfer teo the 1load was a
maximum. By measuring the voltage acress the 1 ghm resistor
the current delivered to this part oef the 1lead could be
determined. Figure 5.11 shews a comparisen of the voltage
acroess R when enly the top generater was connected and then

when both generators were connected in parallel. While the
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Figure 5.11 Output of single generator compared te output of
parallel connection eof beth generators

generator 1load 1is net set up to extract maximum total poewer
this experiment demoenstrates that pewer output is increased

when bow shock generaters are connected in parallel.

5.4 REFLECTED OBLIQUE SHOCK GENERATOR

It may be possible to increase the veltage eutput of a
system of generators and utilize the flow more.efficiently by
extracting power from the standing oeblique sheck and from
successive reflections of this sheck from the walls. The
voltage could be increased by connecting the output from these
shocks together on series. To test this pessibility a system
censisting of a single standing sheck and its first reflection
from the wall was investigated. In these experiments a

symmetric wedge with one electrode on the leading edge was
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used. - Twe electrodes were mounted on the wall one ahead of
the first sheck produced by the wedge and one in the regien
behind the reflected oblique sheck as shewn in Figure 5.12.
The details ef this generator system are described in Chapter
4.

Before the experiments en a series connection were done
the first sheck produced by the wedge was tested as an
individual sheck generator, witheut the reflected shock. The
voltage was bmeasured epen circuit (across 100 Ohms) between
electrodes 4 and 5 (see Figure 5.12) and was found to be
1.0v%0.1v. This 1is 1in geed agreement with the previous
results from single shock experiments.

To test the cencept of connecting the first shock and its
reflection frem the wall together in series the veltage was
measured from electrode 5 to electrode 2 (see Figure 5.12).
Once again a 100 Ohm lead was used. It was found that this
voltage was less than 0.1V, much smaller than that across the
first shock alone.v Figure 5.12 shows a typical signal. While
this result was somewhat unexpected it was similar to a result
obtained much earlier during the experiments on single
standing shocks.

Before it was recogﬁized that it was important te mount
the bettom wedge outside the boundary 1layer it had been
mounted oen the floer of the test section as shewn in Figure
5.12. In this configﬁration the veltage across the sheck was

measured between an electrode en the front of the wedge and
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Figure 5.12 . A comparison of the results of the reflected shock
series addition signal and the early single shock experiments
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one mounted en the wall well ahead of the sheck. This
veltage, as shown in Figure 5.12, was observed to be very
small and of the opposite pelarity to that expected from the
oether single standing shoeck experiments.

In both experiments the two electrodes were meunted one
en each side of the sheck front, Hewever they were embedded in
the same boundary layer and the voltages were found to be much
smaller than those measured in ether geometries. It therefore
appears 1likely that the two electrodes are connected
electrically through the boundary 1layer where the flow is
subsenic.

In order to gain further 1insight 1inte this particular
coenfiguratien ef shoecks the voltage across the reflected shock
alone was also measured. The open circuit (100 Ohms) veltage
was obtained between electrede 4 and electrede 2 as shown in
Figure 5.13. It was found te be 0.9V+0.1V and to have
oppesite pelarity te that expected from the sheck voltage
across the reflected shock.

This unexpected signal is discussed along with the other

results in the next chapter. >
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CHAPTER 6. INTERPRETATION OF RESULTS

6.1 SUMMARY OF RESULTS

The results described in the previous chapter partly
confirmed our understanding of bow shock generators and were
partly unexpected. When trying to interpret the results, it
is important to bear in mind that the experiments were carried
out with one particular. set of supersonic flow conditions,

which may be summarized as follows:

T, = 10,300 K
pyp = 5.3x10_5 gm/cm3
Py = 1.5x106 dynes/cm3
a; = 2.7%

n_=2.1x10° ™3
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For wedges with an angle §=12° as wused in these
experiments, the shock angle was measured to be 55°%2°, The
oblique shock in these experiments therefore had a Mach number
of about 1.3.

In general there was a considerable shot to shot
variation in the observed electrical signals, both in the
magnitude and the shape of the signals.

The open circuit voltage across a single standing shock
created by a wedge was usually 0.95V+0.1V. For the bottom
shock in the twe wedge experiment however, a smaller less

steady voltage,which sometimes even switched polarity, was
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measured. When the 1lead on a single shock generater was
varied, the output veltage at maximum power transfer was found
to depend on the electrode separation (d). When the
electrodes were mounted at the largest practical separation
(d=2 cm) the generator was found to have a maximum power
output of 53 mW and an effective internal resistance of about
5.5%.5 Ohms. When the distance between the electrodes was
reduced te.d=1 cm the maximum power output increased te 90 mW
and the generator was found te have an effective internal
resistance of about 2.8%.5 Ohms.

A series connection of two shocks that were one abeve the
other in the flow did not produce a larger veltage than that
measured from ene of the shocks alone. A parallel connectien
of the twe shocks did however shew a small increase in eutput
current,

Measurements made on a sheck and its reflection from the
wall showed the veltage across the first.shock to be in goed
agreement with ether single shock measurements. The veltage
acress the shock reflected frem the wall however was found to

be epposite in polarity to that expected.

6.2 SHOCK ANGLE

The measured shock angle, ¢, (see Figure 6.1) can be
compared with the value predicted by eblique sheck theery. 1In
this calculation one assumes that the flow behind the shock is

parallel to the wedge surface. The initial velocity ef the
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supersonic gas is broken inte two components. The velocity
component parallel to the shock front is unchanged across the
shock, while the velocity component perpendicular to the shock
front undergoes a jump across the shock,. The velocity jump
for the perpendicular components 1is governed by the usual
sheck relations. 1In this way one can relate the shock angle,
¢ , to the incident Mach number (Mz) and the wedge angle §,.
In the case of partially ionized flow, the normal shock
relations are no longer applicable, as was mentioned in
Chapter 2. A program has been written 1in the 1lab however,
which by means of an iterative technique, calculates the flow
parameters behind a normal sheck wave in partially ionized
argon (see appendix A). By applying these results to the
perpendicular component of velocity across the oblique shock,
the shock angle, ¢ , can be found as a function of M2 and §

(see Table 1, in Section 6.3). An oblique shock pregram has

alse been written in this lab18 which tabulates all the flow
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parameters behind the oblique sheck, and the shock angle for
given initial conditions.

Fer the flow coenditiens in the shock tube, and a wedge
angle of 12 degrees the oblique sheck angle was calculated to
be 46°. The measured value of the angle was 55°+2°, This may
indicate that the flow behind the incident sheck actually had
a somewhat lower Mach number than that calculated frem the
speed of the incident shock. Alternatively, since the pregram
dees not take account of the finite relaxation rate for
ienization in the gas behind the standing sheck, this effect
may produce a different shock angle than that predicted by the

program.

6.3 OPEN CIRCUIT VOLTAGE

The open circuit veoltage acress the shock <can be
described with a fairly simple moedel, starting with the
generalized Ohms 1aw19. In one dimensien with noe magnetic

fields present it may be stated as
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3
—{nieie(eio * Eeo) * noeioeeo} (6.1)
e
= -LE. - T -
( io Eeo)g ad pe ni(Eio * eeo)eE
where
j = current density
pe = electron pressure
£x1”

i_/ E_kT(Mle > Q © friction coefficient

3 T Mk+M1

Qk1= collision cross section

n.,n N = ion, electron, and neutral number densities

For the case of a standing shock there will be a large

grad p, term which will cause a charge separation between the
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iens and the more mobile electrons. In the open circuit,
steady state situation the <current will be zero and the
gradient term will be balanced by an E field caused by the
charge separation. Since eio>>eeo and ne=ni, the E field may

be written as

d .
E=-8dP, . 1 d 4y
—_— — e e
ene ene dx
, q 4 (6.2)
E=-" Te ~_(In ne)+ ___Te
e dx dx

The potential across the shock may be found by
integrating the E field from one side of the shock to the

other.

2 2 2
k k (6.3)
¢ = f—de = _ fTed(ln ne) + /dTe
e e _
1 1 1
For the integration the shock structure assumed by Jaffrin2
was used. A schematic of the shock structure is shown in

Figure 6.2. Since the charge separation between ions and

electrons 1is small compared to the atom shock thickness, ne
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Figure 6.2 The model used for the shock structure

may be assumed to be constant everywhere except in the shock.
The electron temperature begins to rise in the thermal layer
ahead of the shock because of the high thermal conductivity ef
the electrons. Across the shock hewever, Te is assumed te be
constant. The 1integral may therefore be evaluated and the

potential given as:

Te (ELECTRON TEMPERATURE)
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Finally, Jaffrin's analysis shows that afﬁer the shock tﬁe
electron temperature rises only a small amount so that'Te4 ﬁay
be approximated by the final electron .témperature Te2e
Assuming that the flow is in equilibriﬁm before and éfter the
thermal 1layer, and that the ionization is frozen through the

atem shock, the final result for the potential is

X b2\, kKo o o (6.5)
¢ _ Tzln A\ ~(T2 Tl)
e P1 e

with the temperature expressed in eV, the voltage across the -

.sheck can be written as

5E CEEE PR 'ﬁax'?Jf(6.65
Sovs Tz(eV)ln<__>+ AT, (e
o Pl
kgi : ~This voltage across a standing shock may be calqulﬁﬁeg; T

Liffﬁmxihe flow éf&te,ahead of and behind the shocklés'tabgigfédkﬁ

' ”GTabléﬂ } o F O

kD)

~case of ‘thé ‘incident flow in these experiments the voltage

'l”pfédictéd .By. this simple medel is about 0.5V as compared to
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Wedge { Shock angle | Shock angle | Shock Shock
angle calculated measured voltage voltage
8° o® o’ calculated | measured

8.9 43 ' 0.36

10.8 45 - 0.43

12 46 .4 55 0.49 0.95

14.1 49.0 ‘ 0.58

16.8 53 0.70

20.6 61 0.90
Table I Calculated and measured parameters for the shock
generator
the measured value of 0.95V. The discrepancy may to a 1large

extent be caused by the plasma sheaths at the electrodes. The

behaviour of these sheaths for flat probes in supersenic flow
is complicated and has net been well understoed so ne attempt

was made to include them in this model.

6.4 INTERNAL RESISTANCE

As an estimate of the internal resistance of the

generators the bulk resistance of the plasma between the

electrodes was calculated. Using the generalized Ohms law (

equation 6.1) with no magnetic fields or pressure gradients,
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the bulk conductivity may be expressed as:

2
_n.e, e°E _ (6.7)
J = 1ie = cch
n.c. €. +n g, €
i“ie io "o io eo
where once again eéo has been neglected compared to €io° The
conductivity may thus be expressed as:
2 2
s = emn _ 3 1 en; (6.8)
dce ———mm -—/ 3
n E1e+n eo 4 (—-kTMe> niQie+nero
’IT
The cross sections Qi and QA0 were calculated from
: e e
Arzimovich to be Q. =3.8x10"13 cmz, 0 =1.0x10"16 cmz. Using
ie eo

the temperature and number densities ahead of the shock where
the conductivity is lowest, a value of o0=10.0 mhos/cm was
calculated. This was considered to be only an estimate, since
the cross sectionsare only approximate, but it is in line with
conductivities measured by Lin, Resler and Kantrowitz21 under
similar conditions eof abeout 30 mho/cm.

The area of the electrodes in these experiments was about
2 cm2 and for the top wedge generator the electrode spacing
was about 1 cm. Using the abeve estimate for the
conductivity, the bulk plasma resistance of the top generator

would be ne more tham 0.1 Ohm. The measured value of the
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effective internal resistance for this generator was about 2.8
Ohms, and the internal resistance increased by about a factor
of twe when the -bulk plasma length was deubled. The
discrepancy between measured and calculated resistamce may be
due to the fact that ienizatieon equilibrium had in fact net
been reached during the tesf time. Lin, Resler and
Kantrewitz, in their experiments, neted that in seme cases the
conductivity was still rising at the énd of the test time, and
therefore full equilibrium cenductivity had net been reached.
Their measured conductivities for these cases were as much as
an order of magnitude belew the theeretical values. It may
therefére be, that in the bew sheck generater measurements the
conductivity has net reached its maximum equilibrium value,
and thus the buik resistance was still signficant. An
alternative explanatien 1is te assume that a significant
contributien teo the‘total resistancce comes frem the thermal,
electrical and flow beundary layers near the electrodes. It
is difficult te assess their influehce quantitatively however,
as 1leng as their exact extent and physical properties are net
knewn.

From the variation of output veltage at maximum pewer,
with distance, infeormation could alse be derived abeut the

approximate field strength in the celd plasmas.
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6.5 BOTTOM SHOCK

The bettem sheck in the twe wedge experiments was found
to give a smali unsteady open circuit signal (between
electrodes 1 and 3 in Figure (5.6)), which sometimes even
switched ©pelarity. Since a geod signal was obtained between
the bottem wedge and an electrode in the top 1id ef the test
section (electredes 1 and 2 in Figure 5.6), the preblem can be
presumed to 1lie with the tep wedge, or the electrede eon the
underside of this wedge (electreode 3). The beundary layer on
the underside of this wedge will be different from that on the
wall, Particularly late in the test time, the boundary layer
on the wall will be thicker and mere developed. This might
affect the =electrode eor the plasma sheath in frent of the
electrode en the wall differently than the oene en the wedge.
Anether poessibility 1is that there was some spillage of hot
plasma. around the edge of the wedge, from the region behind
the oblique sheck of the top wedge. Since the tips ef the
wedges are always micrescepically blunt, a small pertien eof
the standing shock will be detached. This may allew some hot
gas froem the stagnation peint te flow eut under the top wedge.
In seme of the framing camera photoegraphs, a faint glow was
noticed along the boettom of the wedges. This was not
consistently observed hewever, and it was difficult te tell
whether or not the luminesity truly represented hot gas from
the nese of the wedge. Finally, it might be ©pessible that

there existed a path between the two electrodes threugh the
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boundary layers which line the vertical walls of the shock
tube. If this were the case, movihg the upper electrode from
the tep lid to the middle wedge would simply shorten the

leakage path through the boundary lavyer.

6.6 SERIES CONNECTION

In experiments with the bow sheck generators connected in
series the output voltage measured across beth shocks was
never greafer than that across the tep shock alone. Once
again to treat this problem properly the effects of the
sheaths at the electredes would have to be considered. A
qualitative argument might be given as follews hoewever.

Beginning at point 4 in Fiqure 6.3 the petential along
the dotted line would drop through the first shock, then it
might vary slightly from there to the next shock where it
would rise again te roughly the same value. The resultant
potential between electrodes 1 and 4 would be quite small.
When electrode 3 is shorted to electrode 4 it may be that beth
electrodes assume the potential that electrode 4 had before
the connection was made. The sheath in front of electrode 3
might then adjust itself, increasing the voltage drep across
the sheath so that aleng a path from electrode 4 to electroede
1, passing through electrode 3 and the bettem sheck, the net
potential rise is small.

It should be beinted out that although the results from a

series connection in the present experiments are discouraging,
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Figure 6.3 Series connected shocks

the poor signal from the bottom sheck, and the variatien in

veltage signals from shot te shot, make it hard to draw a firm

conclusion.

6.7 PARALLEL CONNECTION

In the <case of a parallel connectioen of several
generaters it does appear that there may be some oppertunity
for an increase in current extraction. ‘The difference 1in
effective internal resistances between large and small
standing shocks could make a number of small shock generators

an attractive way to extract energy from a flow.
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6.8 REFLECTED OBLfQUE'SHOCK

In the experiments on the reflected sheck, the attempts
‘to add the veltages across.an eblique sheck and its reflection
from the wall gavé a very small signal. As was pointed out in
Chapter 5 there was a similarity between this experiment and
ene 1in which a wedge and an electrode were mounted on the
floor of the test sectioen. The physical similarity of the
flow in beth situatiens is shewn in Figure 6.4. 1In both cases
the two electrodes are lecated close tégethér in the boundary
layer along the wall of the tube. If the temperature in the
boundary layer is such that the gas has high conductivity then
the twe electrodes will be electrically shoerted threugh the
boundary layer and very little .voltage will be measured
between them.

In the case of the wedge meunted en the floer of the test
section, the small veltage observed was actually of the
epposite polarity te that expectea from the veltage across the
shock. It may be possible teo explain‘ this 1in terms of
beundary layer separation ’sincé the shock may cause the
boundary layer te separate from the wall upstream of the
wedge?z. If this were te happen, hot gas from behind thé shock
might be drawn forward under the beundary layer and brought te
rest in a very hot stagnation state immediately abeve the
electrode which is mounted in the floer. This electrode would
then be hetter than the one on the wedge, and the pelarity of

the veltage ebserved between the two electrodes would be the
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a) TURNED OVER FOR COMPARISON TO b.

D) TILTED FOR COMPARISON TO a.

Figure 6.4 A comparison of the reflected shock experiment and
the floor mounted wedge experiment

reverse of that expected from the sheck voltage.

An interpretation of the measured voltage across the
reflected sheck alene can alse be given in terms of the short
circuiting effect of the beundary layer. Since the two
electrodes on the wall are shorted together by the boundary
layer the voltage between the electrode behind the shock and
the nose of the wedge (V24) will be the same as the voltage
between the electrode ahead of the shock and the nose of the
wedge (V54).

A path frem electrode 2 to electrode 5 and then through

the shock to electrode 4 would give a signal opposite in
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polarity te that expected acress the reflected sheck itself.
The fact that the veltage (V24) measuréd in this experiment
was about the same magnitude as that measured acress the first
shock (V4S) indicates that in measuring V24 one mest likely
simply measures the voltage across the fifst sheck.,

Because of the electrical connection between the
electrodes threugh the beundary layer in these experiments ne
firm cenclusiens can be drawn abeut the feasibility of series
addition of successive shecks. If a 1longer test time were
available it might be feasible to space twoe shocks farther

apart aleng the tube se that the electredes were not shorted

through the boundary lavyer.
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CHAPTER 7. EFFECTIVENESS AND SYSTEM ANALYSIS

One application foer bew shoeck generaters weuld be as a
topping system ahead eof a con&entional turbiﬁe generatioen
system. A cenventioenal turbine is limited by
thermo-mechanical effects te operate with gas flows at
temperatures of abeut 1000K eor coolerzs. If one has a flew of
gas with a high stagnation temperature, the temperature must
be reduced before the flew can be used in a turbine. A series
of bew shoeck generators provides a way eoef reducing the
stagnatien temperature by extracting energy from the flow. A
bow sheck generater can eperate at these high temperatures
because it has ne moeving parts and can therefore be run at
temperatures given by metallurgical limits rather than thermal
stress consideratiens. Furthermore it sheould be relatively
easy te water ceel the wedges so that very hot gas flows may
be utilized.

A series of bow shock generatoers acting ahead of the
conventional turbine would act as a topping system, net unlike
that prepesed for M.D.H. generatoers. In this way it may be
pessible to extract some energy frem the flew at high
temperature and thus increase the overall efficiency of the
system. A schematic diagram for such a system is shown in
Figure 7.1. It 1is assumed that the gas available to the

system is at a very high stagnatien temperature and that the
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ELECTRICAL
POWER A
A
LAVAL BOW SHOCK 1000K 300K
— > eae ‘
LARGE | NOZZLE GENERATOR TURBINE [—

REPEATED

Figure 7.1 An example ef a cembined bow sheck and coenventienal
turbine generation system

coldest reservoir te which heat may ultimately be rejected is
at a temperature of 300K.

Using this system as an example, a figure of merit can be
calculated for the bow sheck generator. To do this the
concept of available energy is used. 1In any flow process the

change in specific available energy ef the flew can be defined

as??

(7.1)
AA = Ah + A(%u2)-L TAs = Ah - T As
c ) c

where ,
AhOE specific stagnation enthalpy change

u = flow velocity
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As

specific entropy change in the process

—
1}

temperature of the coldest reservoir available

If it is assumed that +the bow shoeck generator runs
adiabatically, then the change in stagnation enthalpy, Ah, is
equal to the electrical energy extracted by the generator.
The flow through the standing sheck 1is however irreversible
(AS#0). Whenever an irreversible precess takes place the
effect is to convert a certain amount of energy frem a form in
which it is completely available to a form in which it is
completely wunavailable and can ho longer be extracted as
workzu. The amount of energy made unavailable depends on the
entrepy change 1in the process and on the temperature eof the
celdest reserveir at hand (Tc) to which heat may be rejected
to de work. For an irreversible process the less in available
energy 1is given by TCAS, as indicated by the presence of this
term in equation 7.1. 1In the system used as an example, T,
would be 300K. To calculate aS it is assumed that fer the
generator the shock is the major seurce of entropy change in
the flow and se AS can be calculated from sheck theery (see
Appendix B for details).

As the flow passes through the generater energy is
extracted but the flow suffers a loss in available energy.

One figure ef merit for the generator is called the

effectiveness and is defined as the ratie ef the energy
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extracted from the flow to the loss in available energy of the

flow.
(7.2)
€ = AW‘
| 2A|
where AW = specific energy extracted from the flow

The effectiveness compares the energy extracted by the device
to the energy extracted by a reversible device eperating
between the same end conditions.

The effectiveness was calculated and used as one figure
of merit fer the operation of the experimental bew shock
generaters. Once again Tc was assumed to be 300K and the
entropy change across the shock was calculated based on the
strength of the oblique sheck. For the highest measured power
output from the generator ( 90mW) the effectiveness was
calculated to be approximately 0.2 per cent.

While this figure may seem low it must be remembered that
no other machines , except MHD generaters ( which have yet to
overcome a number of scientific problems ) are capable of
operating in this high tempefature region at all. The object
of using bow shock generators ahead of cenventional turbines
is to reduce the stagnatien temperature of the floew. Other

means of lowering the stagnatien temperature must also invelve
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a loss of available energy and de net have the compensating
benefit of energy extraction.

To evaluate the bow shock generator a comparisen was made
between the 1loss eof available energy caused by ceeling a het
gas with a bow sheck .generater and the 1less in available
energy caused by ceeling the gas by the additien ef celd gas.
In each case, one starts with the het gas in 1its stagnatioen
- state (stationary). The gas may either be accelerated from
the stagnatien state te supersenic velecities in a Laval
nezzle and then coeled with a bew shoeck generater, or a mass
of cold gas may be added te the hot gas in the stagnatien
state, and the het gas ceeled by thermal cenductioen. vIn each
case the gas was ceeled te the same end stagnation
temperature,

The 1lesses in the bow sheck generator depend eon the Mach
number at which it is operated. Since enly oene Mach number
had been investigated experimentally a theeretical calculation
was dene to cempare the losses froem both metheds ef ceeling as
a function of Mach number. The Mach number used‘throughout
these céiculations is the Mach number of the standing sheck
{equal fo the Mach number ef the component ef the flew
perpendicular to the standing éhock). The calculatien was
based on the flow conditiens used in the experiments and the
variatien in Mach number would correspend te the use Aof
generators with different wedge angles.

A moedel was assumed that alleowed a predictien ef the
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eutput of the generator as a function of Mach number ( see
Appendix B for details of these calculatiens). At each Mach
number the drep in stagnatien temperature and the 1loess in
available energy caused by the bew sheck generater was
computed. Fer cemparisen with mixing, an amount of celd
(300K) gas ‘sufficient to lewer the stagnation temperature by
the saﬁe amount was coensidered te be added te the flew in its
stagnatien state. The 1less of available energy threugh
irreversible heat flow from the het gas te the celd gas was
then computed for comparisen ( see Appendix B). The results
are shown in Figure 7.2 as the available energy lest from one
gram of het gas which is put threugh either proecess. The less
in available energy feor the bow shéck generater is the change
in available energy for the flow beyend the energy extracted.
For reference Figure 7.3 shows the energy extracted by the
~generator and its effectiveness as a functien ef Mach number.
The available energy flow in such a system is illustrated
schematically in Figure 7.4 assuming perfect ducting and
perfect turbines. It can be seen from the energy balance that
the two processes will just break even when the electrical
energy extracted plus the energy extracted by the turbine in
the bow sheck system is equal to the energy extracted by the

turbine in the mixing system (A =2 ), or’

outbs+Aex outm
alternatively, when the available energy less in the bew sheck

system is equal te the available energy leoss in the mixing

system (Albs=Alm)' If the loss of available energy incurred
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Figure 7.2 A comparison of the available energy lost from one
gram of hot input gas (AA) in both the cooling processes (bow
number

shock generator and mixing) as a function of the Mach

at which the generator is run
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A LAVAL BOW SHOCK TURBINE | 300K
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outm \
lAun

One gram of hot gas enters each process

in = available energy in one gram of hot inlet gas

A = energy extracted in bow shock generator

AT;S = available energy lost in bow shock generator
AOutbs = energy extracted by turbine in bow shock system
A1m = available energy lost in mixing process

Aoutm = energy extracted by turbine inﬁnixing,lrrocess

Figure 7.4 Available energy flow in the shock generator plus
conventional generator system, compared to that in the mixing
plus conventional generator system.

by the generator can be made less than that incurred by mixing
the generator will be the more efficient means of cooling the
flow. As can be seen from Figure 7.2 at low Mach numbers the
bow shock generator appears more efficient.

This analysis has shown that if a bow shock generating
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system were te be used as a tepping system for a cenventienal
generatien plant, it weuld have te be run at very 1low Mach
numbers. Mach numbers just greater than ene are relatively
easy to achieve. Unfertunately in this regime seme of the
assumptiens in this medel break dewn. It has been assumed
that the shock accounts for all the lesses in the boew shock
system. At low Mach numbers hewever, heat less to the walls,
and frictioen in the ducting may be impertant as well. Anether
problem lies with the fact that the eﬁergy extracted frem the
flow 1in the experiments is less by a facter ef 300 than that
predicted by the medel used in this analysis. A mere thereugh
analysis, including these effects would have te be dene before
‘one could say that bow shock generators would be viable in

this particular application.
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CHAPTER 8. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

8.1 SUMMARY AND CONCLUSIONS

An overdriven detonatien sheck tube was built te preduce
a flow suitable for experiments on pewer extractiens from
standing shoeck waves. 1In mest respects the shoeck tube met the
requirements of these experiments. It preduced a flew of gas
in a well defined thermedynamic state that was supersenic and
had a duratien greater than 20 micreseconds. Unfortunately
the flew was noet cempletely constant and uniferm during all of
this time. By inserting a suitable ebstacle into the flow an
eblique shock could be created acress which the -ienization in
the flow was increased significantly. Mest impertantly the
flow field was free of large electrical currents and voltages.

Using this shock tube, a number of preliminary
experiments were carried out on single standing shecks. It
was found that the epen circuit veltage measured was higher by
a facter of twe than that calculated from theéry using the
medel of Jaffrin. It is apparent that it is not sufficient to
censider the petential across the sheck as the enly seurce eof
voltage between the twe electrodes, and that the effects of
plasma sheaths and flew boundary layers are impertant as well.
The effective internal resistance of a shock generater was

found to depend en the separation ef the electredes. The
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values of resistance measufed were considerably 1larger than
values predicted frem a calculatien of the bulk conductivity
cf the plasma. Two possible explanatiens were advanced fer
this. It could be that the gas in the sheck tube dees not
reach its full equilibrium cenductivity during the test time.
Alternatively this effect may be caused by resistances in the
boundary 1layers, which vary with. the positions of the
electrodes in the tube.

The principle aim ef these experiments was te investigate
the pessibility ef increasing the output ef bew sheck
generators by cennecting tegether mere than one generator.
This pessibility was tested in twe different geometries.

In the first geemetry two standing shecks, created by two
wedges, stood physically in parallel acress the flow. It was
found that the output veltage of one ef these shecks ( the
lower one ) was censistently smaller than that eof the eother,
and unless a large lead ( small resistance ) was connected
across this generatoer the veltage could even be ef the
epposite polarity. 1In the experiments which attempted to
increase the output veltage by cennecting these twe shocks
together in series, the total veltage across beth shecks was
never observed te be larger than that acress ene sheck alene.
When these twe sheck generators were connected in parallel it
was shown that a small increase in oeutput current ceuld be
ebtained.

In the second geemetry, a series connection between a
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standing oblique shock, and its reflection from the wall of
the sheck tube was investigated. Attempts to add the veltages
acress the two shecks shewed the total veltage teo be very
small, However it appears as if the electrodes on each side
of the twe shocks were sherted together through the beundary
layer. This connectien through the beundary layer alse made
it impossible to measure the veltage acress the reflected
sheck alene, since the <electroede on the wall behind the
reflected shock was always shorted te the gas ahead ef both
shecks.

A study was alse undertaken te define a figure of merit
for bow sheck generators, and the use of a figure called the
effectiveness was propesed. Using the effectiveness, a
preliminary qnalysis was made of a hybrid bow
sheck/conventienal turbine generatien system. It was shoewn
that if bew sheck generaters are to be at all practical in
this applicatien they must be operated at very lew Mach
numbers te reduce the 1less in available energy caused by
irreversibilities 1in the sheock. Unfertunately at lew Mach
numbers other losses which are net taken inte account in this
medel may become impertant.

The experiments with multiple shocks were the first
attempts te increase the pewer output froem bew sheck
generators by coennecting mere than one generator togefher.
The proposal of the effectiveness as a figure of merit, and

the analysis of the performance ef bow sheck generaters as a
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tepping system for a cenventienal generating plant were alse

eriginal coentributiens.

8.2 SUGGESTIONS FOR FUTURE WORK

There are obviously seme features of these experiments
which are noet completely understeed, and would merit further
investigation. The magnitudes and even the pelarity of some
of the veltages measures across shecks in this work cannet be
understoed 1in terms @f the sheck voltage alone. No attempt
has been made here te try teo include the effects of the
plasma sheaths at each electroede, or the effects of the flew
boundary layer. 1If the bow sheck generater 1is te be more
fully wundersteod hewever, the relative impertance of these
effects must be determined, and some account of them included
in the medel. Furfher experiments: might alse attempt te
determine mere precisely the source o¢f the high internal
resistance, since this will be impertant in any attempt to
increase the power output of bew sheck generaters.

To study possible applicatiens of bew sheck generaters it
would be useful te have a better medel of the extraction .- of
electrical power in a shock generater. With such- a medel a
mere detailed analysis of the hybrid generatien system could
be undertaken. At low Mach numbers, where this work indicates
they shoeuld be run, the assumption that the sheck wave
accounts for moest of the 1lesses 1in the flew is ne lenger

valid, and ether lesses must be taken inte acceunt.
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Tests on bew sheck generaters sheuld alse be conducted in
a coentinuous flew apparatus. This would remove some ef the
problems encountered with unsteady flew in these experiments,
as well as allewing measurements in flews with a wider range
ef Mach numbers than these avallable in a sheck tube. 1In a
continueus flew machine the sheck generaters could alse be
meved physically farther apart se that they would net be
electrically cennected with shert paths in the beoundary layers
aleng the walls. Alternatively ene could try to use one of ‘a
number o¢f metheds developed fer beundary layer coentroel te

interrupt the beundary layer between the electredes.
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APPENDIX A CALCULATION OF THE THERMODYNAMIC STATE BEHIND AN

IONIZING SHOCK

When a gas becomes partially ionized the simple equatien
of state for a calerically ideal gas is ne lenger applicable.
Instead the enthalpy coefficient, g, is definedg, where g(h,p)
is a functien eof the thermedynamic state ef the gas.

Using this equation o¢f state and the censervation
equations acress a shock front the thermedynamic variables
behind the sheck may be foeund frem the initial conditiens
ahead ef the shoeck and the shock Mach number. However, this
calculation assumes a knewledge of the enthalpy ceefficient
behind the sheock, =Py which is initially unknewn. Eer an
equilibrium final state, however, gz(hz,pz) is a well defined
functien of h2 and P,s so that an iterative technique may be
used te find the final stateg. This methed operated“ by
guessing a value of 9, and then using it to calculate the
final state from the shock relations‘ and the equatioen ef
state. From the calculated final state a new value of 9, is
chesen and the process repeats itself wuntil the iteratien
converges. Data for g(h,p) may be obtained frem thermedynamic
calculations using partition functioné for the gas in question
and the Saha equatienzs.

Te de this iterative calculatien a computer pregram has
been written in this lab by Jee Kwanng The program tabulates

a variety of thermedynamic variables behind shock waves in

argen for given initial cenditiens and Mach numbers as high as
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13. These values were used in a number of places threugheout

this werk.
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AVAILABLE ENERGY LOSS IN BOW SHOCK GENERATORS AND

MIXING

B.1 INCIDENT FLOW PARAMETERS

The calculations in this section were based on the flow
in the shock tube as it was used in the experiments. The
parameters were calculated from shock theory applied to

partially

(see Appendix A).

conditions are:

The

Mollier diagram

26

corresponding

Foer the flow state in the

1.15x106 dynes/cm2
5.3x107° gm/cm3
10,300 K

2.88x105 cm/sec
1.58 | |
6.47x1010 ergs/gm
y =

1.51

pu = 15 gm/sec

stagnation state can

1.06x1011

ergs/gm

13,000 K

5.4x106 dynes/cm2 =~

5 atm

ionized argon and based on the observed Mach number

shock tube the

be obtained from a
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B.2 STANDING SHOCK JUMP

The standing shecks investigated were assumed to be weak
enough se that ¥y could be assumed te be constant acress the
shoeck. However since the flow was.partially ionized the value
of y in the incident flew (Y=1.51) was used in place ef the
low temperature value. The temperature, pressure, and density
behind the standing sheck were then calculated as a functien

of Mach number from ideal shoeck theory with y=1.51.

B.3 ENERGY EXTRACTED BY THE GENERATOR

It was assumed that the VI characteristic of the
generator was linear se that the maximum power output ceuld be

approximated by

Vv I
P = oc “sc )
(B.1
4
where VOC = open circuit voltage of the generator
Isc = short circuit current of the generator

The open circuit voltage was predicted by the medel

expressed in Chapter six
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- P3
Voe = Ts ln(___) + 8T,
P2

where regions 2 and 3 are as shewn in Figqure B.l1 and the

INCIDENT
SHOCK
@ ® —
_—
SUPERSONIC
FLOW

Figure B.1 Bow shoeck generator regiens

temperatures and density ratie have been calculated as shown
in the above section.

A predictien has been made of the shert circuit electron
current that weuld flew acreoss the sheck if it were diffusion

limited . The result can be expressed in the form
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-12 '
. . .3.15x10 7
] = x A(neTeV) Amps/cm2
v
(TeVavg)
where j = short circuit density current .

A(neTeV)= the change in electron number density
X the temperature product between
regions 3 and 2

T = some intermediate temperature in the shock
eVavg ‘

The current predicted from the diffusien limit can be shown teo
be larger than the flux eof incoming electrons in the flew fer
Mach numbers 1.01 or greater. Thus for all but the very
weakest shocks the shoert circuit current 1is not diffusien
limited. For the operating conditions ef the shock tube the
incident flux of electrons corresponded te a current density
of 100 Amps/cmz.

As an estimate ef the short circuit current it was
assumed that an electren gradient could be maintained in the
sheck and a diffusion driven current supperted if only 10 per
cent of the 1incoming electrons contributed te the short
circuit current. The short circuit current was therefore
assumed toe be 100 Amps over the range of Mach numbers
investigated. This was in fact higher by a factor eof 300 than
the short circuit current measured in the experiments.

The specific energy extracted frem the flow at any Mach
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number is simply the pewer predicted by equation (B.l) divided

by the mass flux.

m = 15 gm/sec in this case

Since the flow is assumed to be adiabatic the reduction in

stagnation enthalpy is equal to the energy extracted.

B.4 AVAILABLE ENERGY LOSS IN GENERATOR

The change in available energy across the shock is given

by (see Chapter 7)

AA = Ah - T As
0 c

where TC = temperature of the coldest reservoir available

whefeuKH;ﬁ}éﬁfésents available energy extracted in the ferm of
electrical power and TcAs represents the 1less in available
energy incurred through the irreversible nature of the shock.

(B.2)

TCAs = loss of available energy

The entropy jump in the sheck may be calculated from the
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general entropy change in any process proeceeding from state

(T2,P2) te state (T3,P3)23.

As = Cp 1n'E§_— R In Eé.

T, Py

Sfﬁée the stéhdiﬁg shoeck was assumed te be weak cp aﬁd R were
taken as constant across the sheck altheugh the values wused
were thoese at the elevated temperéture ef the incident flow.

The temperature and pressure raties used were these
previously calculated for the standing sheck Jjump as a
functien of Mach number.

Having calculated the entropy increase as a function ef
Mach number, the less in available energy fer one gram ef hot
gas may be calculated frem equatioen (B.2). This figure may
then be compared te the available energy lost when one gram of

hot gas is mixed with celd gas te ceel it the same ameunt.

B.5 AVAILABLE ENERGY LOSS IN MIXING

For cemparisen the available energy loss was calculated
if the flew was ceeled from the stagnation state threugh the
addition of cold gas. This means that the c¢eld gas must
absorb as much energy frem the flow in the form ef heat as the
bow sheck generator extracted as electrical energy. Instead
of being accelerated toe supersenic velocity in a Laval nozzle,

the flow is isentrepically brought to rest se that it 1is in
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the stagnatien state, and a mass of cold gas, sufficient te
achieve the required ceeling is added. The available energy
lost from one gram of initially het gas can then be calculated
frem the irreversible heat conduction.

An amount of cold gas is assumed to be mixed inte one
gram of hot gas at stagnatien ceonditions 1in a process
illustrated schematically in Figure B.2.

Before the celd gas can be mixed it must be compressed to
the stagnation pressure. If the cempresser is assumed te be

isentropic the woerk done by the compresser is
'-
W = mc(hc hc)

The total change in available energy fer the system (hot gas

plus cold gas) from state 1 to state 3 is given by

A AH - T AS
system c

=h +H'" -h_ -H-TAS
0 0 c

W - T AS
c

where the variables are those defined in Figure B.2.

If the compressor 1is 1isentropic the werk dene en the
fluid appears totally as available energy in the gas and the
net result of the precess 1is the loss of available energy
threugh heat cenductien (TCAS). Therefore the net change 1in

available energy for one gram of het input gas is given by the
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ISENTHALPIC —= 3

13000K | 1.h 1-h, 13000 K 13000-€ K

560 K ‘é

FINAL STATE AFTER
300 K | m.h, COMPRESSED HEAT FLOW
W=mc(h.-h.) -7
where AS = entropy change of the system
AH = enthalpy change of the system
hc = specific enthalpy of cold gas before compression
hc' = specific enthalpy of cold gas after compression
h0 = specific enthalpy of the hot gas
m, = mass of cold gas added
W = work done by the compressor

€ = very small

Figure B.2 The mixing process

loss in available energy.

AA = T AS = net loss in specific available energy due to mixing (B.3)

C

For the stagnation state outlined at the beginning of
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this appendix the celd gas to be added must be 1isentrepically
compressed to 5 atmospheres which raises its temperature frem
300K te 560K. The mass of compressed gas which must be added
to one gram of het gas is determined by the ameunt eof heat
that must be extracted froem the het gas:

(13,000-¢)=13,000

Q=e-= m. cp(T,S atm)dT (B.4)

560

m, = mass of cold gas

The integral was approximated numerically from the data fer
cpzé. The upper 1limit may be approximated as the stagnation
temperature since in all cases here the amount of coeling is
small.

The entrepy change fer the system due to this heat flow

is given by

=13,000
AS = -Q chP(T,S atm) dT (B.5)
13,000 T
560

Once again the integral was approximated frem data fer cp

The loss 1in specific available energy may then be calculated
from equation B.3.

At each operating Mach number for the bow sheck generator
the energy extracted from.one gram of flew has been computed.
If this same amount of energy flows inte the celd gas as

heat,the available energy lost from one gram of het gas in the
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mixing proecess may be calculated frem equatiens (B.4), (B.5),
and (B.3). This may then be compared te the available energy

loss fer the bew sheck generator.



