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ABSTRACT

Research on systems for the production of high temperature .and high
density gases is being conducted by the University of Dayton Research Institute
to determine the feasibility of various pressure energy exchange apparatus to
produce isolated high temperature and high pressure gas. The subject of this
technical note is the theoretical analysis and experimental test program con-
ducted to gain insight into the operation of ballistic-piston compressors, and the
continuation of effort toward the development of liquid driven gas compression
systems.

The analysis adopted to determine the parameters affecting the maximum
performance of the ballistic-piston compression process has been divided into
two cases. A heavy piston treatment, which considers the charge gas compres-
sion to be polytropic, is presented for compressions in which the irreversibilities
induced into the charge gas by pressure waves may be considered negligible.
If the entropy increases associated with these waves are not negligible a light
piston analysis is required.

The results, of the analytical developments corroborated by empirical
data, indicate that the peak performance of the heavy piston compression process
is independent of piston mass whereas for the light piston compression the piston
mass is a significant variable. The data also clearly demonstrate the degrad-
ation of peak performance due to piston frictional effects.

The experimental results of the liquid driven piston system, in which
the charge gas is rapidly compressed as it decelerates a high speed column of
water, have demonstrated that pressures in excess of water hammer can be
achieved. Hence, it is seen that the piston, in addition to providing a means of
separating the liquid driver and charge gas, enables higher pressures to be
achieved than the impact pressure in the driver fluid.

The results of analytical studies which were directed towards tailoring
a tube, to eliminate Taylor instability, for use in systems in which mechanical
separation is not desirable are also discussed in this report.
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SECTION I

INTRODUCTION

As a result of recent advances in technology, the need for producing
gases with extremely high values of temperature, density, and pressure has
become increasingly important in many fields of endeavor. Many methods are
currently available for producing high temperature gases, but associated with
most of these techniques are low values of density. Thus, only a restricted
area on the p-v-t surface can be explored in gas property investigations. Sim-
ilarly the scope of investigations which utilize high temperature and high density
gases is limited.

The ballistic-piston compressor, however, is capable of yielding high
values of density as well as temperature and consequently offers increased
possibilities for study and application. These compressors have been employed
advantageously to indagate gas properties in several countries and have found
application as a driver source of high temperature and high density gas for a
hypersonic tunnel, a shock tube, and for light gas guns.

The University of Dayton has been investigating the ballistic-piston com-
pressor in order to understand its operation and develop theoretical relations
for predicting performance. Equations have been developeeC for the prediction of
the peak pressures and temperatures which can be achieved with the free-
piston compressor. The development of these relations and the supporting
experimental program are described in this report.

The continuation of effort towards the development of liquid driven gas
compression systems is also discussed in this report. These systems were
contrived to investigate the performance characteristics of systems which
utilize the kinetic energy of a liquid column to compress an initially low pres-
sure charge of gas. In addition to the test results of the liquid driven piston
system, a theoretical analysis of a tube tailored to maintain a constant inter-
face velocity during the liquid to gas compression process is presented.

SECTION II

BALLISTIC-PISTON COMPRESSION PROCESS

The ballistic-piston compressor (also referred to in the literature as
the free-piston compressor) utilizes the work of expansion of a high pressure
driver gas to accelerate a piston into the initially low pressure charge gas.
The charge gas is rapidly compressed, as it decelerates the piston, increasing
both the temperature and pressure of the charge gas. The basic components of
this system are depicted schematically in Figure 1.

The University of Dayton Research Institute has been investigating
ballistic-piston compressors in order to understani their operation and develop
theoretical equations for predicting performance. Theories developed for the
prediction of the peak performance of the ballistic-piston compressor and the
supporting experimental program are the subject of this section.
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A. THEORETICAL CONSIDERATIONS

The analysis adopted to determine the parameters affecting the maximum
performance of the free-piston compression process has been divided into two
cases. A heavy piston treatment, which considers the charge gas compression
to be polytropic, is presented for compressions in which the irreversibilities
induced into the charge gas by pressure waves may be considered negligible.
If the entropy increases associated with these waves are not negligible a light
piston analysis is required.

1. General Considerations

a. Ideal Model

In order to illuminate the salient features of the ballistic-piston com-
pressor an idealized model will first be presented. The free-piston compressor
(see Figure 1) consists of a driver storage vessel, containing a gas at pressure

Pd; a piston, of weight Wp; and a long barrel (length Lt and area At), contain-
ing the charge gas at pressure Po, temperature To, and weight W. Upon re-
lease, the piston travels a distanceLp and compresses the charge gas (specific
heat at constant volume, Cv, and specific heat ratio y) to a peak pressure Pm
and temperature Tm. With the assumptions that the compression process is
adiabatic, the volume of driver gas is much larger than the charge gas volume
(i.e. Pd = constant), and all the work from the driver gas is absorbed by the
charge gas, the-first law of thermodynamics yields

P d ZpA t = CoW(Tmn " To). (1)

Noting that yp - t for the cases of interest and setting T d = Pd/Po,
Eq (1) yields,

'rm = Tm/T o = (y - )wd +. (2)

Hence, for an adiabatic compression the final temperature, 'Tm, is
determined from Eq (2) regardless of the peak pressure, wm, or the par-
ticulars of the compression process. Figure 2 is a PV diagram on a log-
arithmic scale, of a diatomic gas (y = 1.4), where the pressure and specific
volume are normalized by the initial values of pressure, Po, and specific
volume, vo, respectively. For a given driver pressure ratio, wd, the final
state is restricted, by Eq (2), to lie somewhere on a particular temperature
ratio line, 7m, (such as the line marked S - V of Figure 2). Further, in view
of the second law of thermodynamics, as applied to an adiabatic compression,
the end state must lie to right of the line 0 - S.

To gain some insight into the particular processes that occur when the
piston weight is varied, consider a model where the piston is accelerated in
a separate tube until the kinetic energy is equal to Pdt At; at this point the
driver pressure drops to zero and the piston impinges En the charge gas. If
for the given energy (i.e. a fixed value of Pd) the piston mass M is large and
the velocity u small, the peak state would approach the point S of Figure 2; if
u is large and M small, due to shock heating, the peak state would approach
the point V. In &e limiting case MI = co and u = 0, the process would be
reversible and adiabatic, hence, the point S would be achieved (0- S is an

3
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isentropic process). In the other limiting case, Mp z 0 and u = w, the point
V would be obtained. Therefore, for the adiabatic model thus far discussed,
the final state is restricted to lie between the points S and V; further, no single
theoretical model (except for a complete characteristic treatment) could be
expected to represent the final state over the complete spectrum of piston
weights.

Although the attainment of the limiting cases cannot be taken too seriously,
it should be noted that the point S can, for practical purposes, be achieved, while
the point V could not. Nevertheless, this simple model demonstrates the ver-
satility which can be achieved with a ballistic-piston compressor by the simple
expedient of varying the piston mass.

There exists, of course, other phenomena which degrade the perform-
ance indicated by Eq (2): friction acting on the piston; heat losses, which may
be more significant in the heavy piston case; the pressure behind the piston may
drop significantly below Pd in the light piston case; and for light pistons, shocks
are induced into the portion of the driver gas in the tube and represents an energy
loss to the charge gas.

b. Characteristic Solution

In an attempt to understand the degradation of the performance of the
air driven piston system as compared to the theoretical values determined by
Eq (22) of Reference I (see Eq 6a), it was deemed advisable to program a
characteristic solution of the problem on a digital computer. It was felt that
an energy storage in the driver air which entered the tube might account for
a great deal of the degradation. However, this was shown to be a false as-
sumption.

The model used consisted of an infinite reservoir, a straight closed end
tube, and a piston located a short distance from the inlet end of the tube. In
order to make the problem tractable, a simplified method for coalescing com-
pression waves at the wall was used, and it was further assumed that the Mach
number at the open end would be low enough so that an approximation to the
steady flow equations for a compressible fluid would be adequate. Although the
program is not completely general, an examination of the results will determine
the validity of the simplifications for a particular problem.

The problem was separated into several different wave interactions which
were:

(a) wave interaction with open end,
(b) wave interaction with closed end,
(c) wave interaction with the piston, and
(d) right running waves interacting with left running waves.

The general equations for the waves are:

= I + y (Right running wave) (3)
x x

and



9 X - y ax (Left running wave). (4)
x

At the wall the equation for the left running wave along with the boundary
condition

u =0
y

was used.

At the tank end the equation for the right running wave along with the
steady flow equation,

i 1 + ' 2 a

were used along with the conditions that the velocity and pressure, given by the
steady flow equation, be equal to those given by the right running wave equation.
The steady flow equation above gives an error of less than 1% for uy /ao = 0.4
and less than 2% for uy/a o = 0. 5.

When the original waves were sent out from the piston, it was assumed
that the piston trajectory resulted from a constant acceleration until either the
reflected wave from the wall or the open end returned to the piston. At this
time the wave would be reflected from the piston, and the velocity behind the
wave was set equal to the current piston velocity. Also, a new wave would
eminate from the opposite side of the piston. The pressure behind these two
waves would determine a new acceleration of the piston which would prevail
until another wave would impinge upon the piston. This procedure was repeated
until the piston velocity became zero.

The program considered only one wave coming from the wall and the
open end at any time, and a procedure was used to determine which wave
impinged on the piston first. (If both waves arrived at approximately the same
time, it was assumed that they arrived at the same time to prevent a compression
wave from overtaking the preceding compression waves.)

The interaction of a right running wave and a left running wave was
determined from the two equations and the conditions that the pressures and
velocities are equal after the wave interaction.

The original program was run neglecting friction and the peak pressure
obtained was considerably greater than the experimental values obtained for
similar conditions, as shown in Figure 3. At this time, a term was added to
account for piston friction; the result of this run is also compared with the
experiment in Figure 3. In Figure 3, the time of the peak pressure from experi-
ment was set equal to the time of the peak pressure from calculations, since
no absolute time base was obtained with the experimental data. Similar results
were obtained at various other driver pressure ratios and values of the piston
weight parameter. Thus, the results of this study indicate that the major
degradation of performance is the result of piston friction.

6
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2. Heavy Piston Theory

Consider a simple energy balance neglecting friction. Further, as-
sume the compression to be polytropic and the driver pressure constant. The
work of expansion of the driver gas is equal to the work of compression of the
charge air thus, as in Reference 1,

n-i

( M ) n . l

"d n151[ -,n] (6 a)(n - -(M 5 -

where n = polytropic exponent.

Since the final charge pressure ratio is much greater than unity, in the
range of interest, a useful approximation to Eq (6a) is

n

m = [I + (n -)wd]n" - II(6b)

which agrees with Reference 2 if n is replaced by the ratio of specific heats y.
The peak pressures obtained experimentally are considerably lower than
predicted by Eq (6b), as was expected, since the results of the characteristic
solution study indicated that a major degradation of performance results from
piston frictional effects. Therefore, the momentum equation for the heavy
piston case is

M du = PdAt- PcAt- f, (7)

where f is the force resulting from piston friction. The frictional force de-
pends on the particular piston design as well as the coefficient of kinetic
friction, c. For the piston designs used for this study, two O-rings were used
for seating; it was assumed that the friction force results from O-ring contact
with the walls. The normal force acting on the wall consists of a residual
stress, S, caused by O-ring squeeze and a stress resulting from the pressure
the O-ring seals. This latter stress is assumed to be equal to the pressure
which the O-ring seals (Pd on the driver side and PC on the charge gas side).
If the O-rings have an overall diameter D and a cross-sectional diameter d
the friction force is

f = cwDd (Pd + P + 2S). (8)

Combining Eqs (7) and (8), and normalizing the variables, yields

U U W (I -4c nd W i-(. 4cd )W r - SC I . S9)

where X is a length in units of Lt and U is in units of the initial speed of sound

in the charge gas, ao .

8



Equation (9) can be integrated with the aid of the following assumptions
which are valid for a heavy piston:

(a) wd is constant,
(b) ic is a function of X only, in particular, the compression process

is polytropic, i.e.
wc = (I - X) "n , and

(c) the charge gas acts as a perfect gas.

The result of the integration is

U2 W P - X)l - n I
7 " w(I + 4!n (10)

pd

whe re the effective driver pressure ratio 7rdf is given by the equation

1-4c d 8c d S

=fd T d - (11)
I + 4c 1 + 4c dD D

Replacing X in terms of rc and noting that the maximum value of wc (i.e. -m)
occurs when U = 0 gives

n-i
n - lm {z

wdf (n-i) ( -m n)

or forir >>I,

rnn

Wm =[I + (n - n) - - (13)

Therefore, from Eqs (6b), (11) and (13), "df is the value of the driver
pressure adjusted for the effects of friction acting on the piston; further, Eq
(13) is obviously independent of the piston weight parameter, yW p/W.

With the assumption of a polytropic process the temperature can be
determined immediately from Eq (13), which yields

rm =1+ - 1) wdf. (14)

Data and statements, given in References 2, 3 and 4, indicate that
the peak pressure is influenced by the parameter yWp/W eliminated from the
analytic expression when the velocity was set equal to zero (see Eq (12). From
Eq (10) we note that the parameter yW 1W cannot influence the peak pressure
(i.e. U = 0) as long as the right hand side of the equation is a function of X
only. However, if either w d or Wc is also (or only) a function of velocity it

9



would be probable that the parameter yWp/W would influence the peak pressure.
For high values of velocity, Wc would definitely be influenced by the velocity since
strong shocks would eminate from the piston. Also, the pressure behind the
piston might drop appreciably. (If the velocity of the piston exceeds the speed
of sound in the driver it is obvious that the pressure behind the piston must be
reduced.)

Qualitatively we see that Eq (12) should be satisfactory for relatively
slow pistons, i.e. heavy pistons or yW /W large, and would not be satisfactory
for relatively fast pistons, yW p/W small.

3. Light Piston Theory

In the light piston case the piston will rapidly accelerate to its peak
velocity, thus, a strong shock will propagate into the charge gas. The piston
will continue at its peak velocity until the shock is reflected from the closed
end and returns to the piston. As Reference 5 indicates, for a constant velocity
piston, the major portion of the entropy increase occurs across the first two
shocks, further, since the piston is light, it would decelerate rapidly, which
would weaken (compared to the constant velocity case) all succeeding shocks.

The performance of the light piston was developed with the assumptions:

(a) the piston instantaneously achieves the equilibrium velocity,
U e , which is defined as the velocity the piston obtains when
the acceleration is first zero in a compression tube of infinite
length;

(b) a shock emanates from the piston, reflects from the end of the
compression chamber, and returns to the piston, accounting for
the total entropy increase;

(c) the friction is determined as in the heavy piston case;

(d) during the final compression, the pressure behind the piston
remains constant at the equilibrium value, Pe;

(e) the final compression of the shock heated gas (properties W.,
T. and piston position X.) is polytropic, i. e.

-ffc = -f IT' X.'n

(f) the charge gas acts as a perfect gas.

The peak pressure, using the above assumption, can be determined
from Eq (9) by replacing 1 d by we and integrating between the limits U = Ue
to U = 0 and X = X& to X = Xmax* Integrating Eq (9) and rearranging yields

n
In-1 n- "

m =  Is I + --- . +(n-I 'J(15)

2" 9 W (I+ 4 cW

10



whe re

I -4cd 8
f(16)e fd ed

1- +4c I+ 4 cD Po

The terms iT, T , Ue and tref can be determined once d, c, and the
geometry of the free-piston compressor are defined. The term (I - (im/ws) " /n)
is approximately unity for large values of wm/ws, however, for smaller values
Eq (15) can be iterated until a solution is found.

When the piston achieves the equilibrium velocity the acceleration of

the piston is zero, hence,

P eAt = P sAt + f,

where P. 1 is the pressure after the first shock passes and, therefore, a
function of Ue. This reduces to

1+4c d  8cd S
D DP

Ire 1 + 0 (17)
eI- 4c s 4cd

The left hand term of Eq (17) can be determined from the geometry of
the free-piston czmpressor.

For the design where the driver storage vessel diameter is large, such
as is the case for the present equipment, the driver gas undergoes a steady
expansion to Mach one, then an unsteady expansion to higher Mach numbers.
Using the assumption of infinite driver volume, Figure 4 was constructed whichhas eng d as a function u/a , i.e. local pressure as a function of particle
velocity. Figure 5 is a similar curve constructed for a normal shock, i.e.

local pressure plotted as a function of particle velocity.

Utilizing Figures 4 and 5 along with Eq (17) the equilibrium pressure
and velocity can be determined, Figure 6 is such a solution for the 33 Atmosphere
Piston System with which a piston study was performed. Figure 7 is a work-
ing plot from which the temperature and pressure ratios can be determined after
the reflected shock. Thus we and Ue can be determined from the intersections
of Figure 6; T. and w from Figure 7 and iref from Eq (16). Substitution of
these values into Eq (!5) and iterating if necessary yields wm. Data obtained
in this manner along with the peak pressure ratio data obtained for the heavy
piston theory is plotted as dashed lines in Figure 8.

However, if the driver storage vessel diameter were equal to the
diameter of the compression tube, the expansion would be non-steady in its
entirety. Utilizing data of Reference 6 and Figure 5 along with Eq (17) the
equilibrium pressure and velocity can be determined as shown in Figure 9
for the non-steady expansion. Data for the solid lines of Figure 8 were ob-
tained from Figures 9 and 7 and Eqs (16) and (15).
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A question arises, for the case of a diaphragm located away from the
tank entrance in the tube, as to which of the above techniques should be employed.
First let us consider the time, ts, required for the shock to return to the piston.
The distance Ax which the piston moves is given by the equation

RT
-~x 3t (1"8)
ta

Hence the time is

t = = t t - a (19)

Normalizing Eq (11) yields

to a 9 0. a
~( (20)

Now consider the time tE required for the first expansion wavelet to
reflect from the bottle entrance back to the piston under the assumption that
this wavelet travels at the speed of sound ad in the driver gas. The distance d
traveled by this wavelet is

d = 2td + ax, (21)

and the time required is

t d = (2A 1x) (22)E a jd d (d

Normalizing Eq (22) yields

e° I2 t d a

t- a t a 0 ! Uet'I - 0 (23)
Tt 12 t t aE, ad

or

Cd
2-

to= Ed (24)
d Ue

GO0

If tVE t. the equilibrium velocity should be determined from the non-
steady expansion, this condition requires that

18
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For the 33 Atmosphere Piston System Ld/t t = 0.28 and a#/aO = I
for all tests, hence Eq (25) requires that U. > 0.51 and r > 6 .7. Thus empir-
ical data with light pistons for the 33 Atmosplere Piston iyitem should be
compared to the solid curves of Figure 8.

In Reference 7 an expression is derived similar to Eq (15) with the as-
sumptions that the final compression is isentropic, c = 0, and that the pressure
behind the piston varies isentropically from Pe to the equivalent driver pressure
gPd (g depends on the area ratio Ad/At and varies from I to 1. 89 for y = 1.4:
see Reference 8 pages 405-408). In view of the work reported in Reference 7
it appears that for large values of wtd the assumption of constant pressure ie is
poor, however, for the range of data presented here, Eq (15) is adequate and
represents the correct trend for peak pressure as a function of yWp 1W and Itd .

With the assumptions used to develop the peak pressure, the peak
temperature can be written

n- I
n

'T) (26)

From Eqs (11) and (16) we see that the parameter 8c(d/D)S/P o in-
fluences the peak pressure for a given driver pressure and hence the peak
pressure ratio is dependent on the value of the charge pressure Po. The
value of the initial charge pressure also plays a role in determining yWp/W
and caution in interpretation of the data must be exercised.

The value of S should be a kinetic value over the range of velocity ex-
perienced in a particular test. However, a constant value is probably adequate
for the present theories of operation. The value, however, probably varies
from shot to shot and will produce an unaccountable scatter in the data.

The value of the kinetic coefficient of friction c is also a function of

velocity, but again a constant value of c will probably suffice.

B. DESCRIPTION OF COMPRESSORS

During the course of the experimental program tests were conducted
utilizing two ballistic-piston compressors each of which can be represented by
the same schematic shown in Figure 1. The basic dimensions and pressure
capability of the 33 Atmosphere Piston System and 147 Atmosphere Piston
System are given in Table I.
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TABLE I

Pertinent Data on Piston Systems

Designation Tube Driver Vessel

t I.D. Max. Press. Vol me Max. Press.
in. in. atm ft atm

33 Atm. 100 1 900 7.7 33
147 Atm. 64 1/2 2450 1.5 147

A driver storage vessel, diaphragm section, straight tube section, and
compression chamber are the essential components of the 33 Atmosphere Piston
System (see Figure 10). The diaphragm section consists of two diaphragm holders
and the necessary valves and manifolding for initial pressurization of this section
and for initiating the compression process. The function of the straight tube
section is to initially contain the charge gas and after piston release to permit
the driver gas to accelerate the piston before the charge gas resistance be-
comes appreciable. The instrumentation block inserted into the end of the com-
pression chamber contains the instrumentation for measuring the charge gas
properties during the compression process.

Figure 11 is a photograph of the 147 Atmosphere Piston System with the
major components labeled. This relatively small high pressure piston system
was constructed to corroborate and expand the range of the data obtained with
the 33 Atmosphere Piston System.

The driver storage vessel for this system is a modified carbon dioxide
cylinder. At the base of the cylinder a hole was machined and a special con-
toured outlet was fabricated to provide a connection from the tank to the piston
holder.

A photograph of the piston holder assembly is shown in Figure 12. A
plunger is free to slide through the cylinder wall of the holder body. This
plunger is driven by a spring loaded air cylinder. When fully inserted it en-
gages a groove in the center of the piston within the cylinder and restrains the
piston from moving. O-rings on the pistons afforded the static-seal of the
driver gas. Upon application of pressure to the air cylinder the plunger is
retracted and the piston free to accelerate.

Teflon backed O-rings form the seal between the plunger and cylinder
wall to prevent leakage of the driver fluid. Flanges welded to the ends of the
cylindrical holder body provide connections with the tank connector and straight
tube.

The 1/2 inch internal diameter, I-I/ 2 inch outside diameter tube
employed in this system was constructed from fiberglass reinforced with a
plastic resin by filament winding.

The instrumentation for measuring the charge gas properties during
the compression process was contained in the thick flange at the end of the
fiberglass tube.
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Figure 12 Photograph of Piston Holder of 147 Atmosphere Piston System.
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Pressure measurements were obtained with Kistler 601 and 60!
miniature pressure transducers used in conjunction with Kistler 655 or
amplifiers. These transducers were mounted (with a Kistler 636 high
adapter if required) at the closed end of the tubes and the pressure dat
played on the screen of a 551 dual beam Tektronix Oscilliscope where
were photographed with a Polaroid Land Camera.

A butt-welded, 1 mil, chromel-alumel thermocouple was also i
in the end flange of the 147 Atmosphere Piston System to obtain tempei
time histories. The thermocouple output voltage was amplified by a K
amplifier and was also recorded from the screen of the 551 Tektronix
liscope.

In later tests the minimum volume was measured by a technique a
that discussed in Reference 9. This technique utilizes a soft-metal pir
tached either to the front of the piston or to the end of the tube, which :
formed on impact; the measurement of the length of the pin perpendicu
the face of the piston after the test determines the minimum volume.
leakare exists, the specific volume is known, and this in conjunction w
peak pressure defines the thermodynamic state of the gas at the time o
pressure. Measurements of the charge gas pressure, after the driver
is released, along with the final piston position were utilized to deterrr
leakage of the charge gas occurred during the compression process.

C. EXPERIMENTAL INVESTIGATIONS

1. 33 Atmosphere Piston System Tests

Three experimental test series were conducted with the 33 Atm
Piston System utilizing air for both the charge and driver gases. The
Probe Series was undertaken to evaluate the thermodynamic process a:
peak state of the charge gas for heavy piston operation of the free-pist,
pressor. To determine the effect of piston mass upon the free-piston
pression process the Piston Mass Effect Series was conducted. In ord
more firmly establish that the peak charge gas pressure ratio, irm, fo
heavy piston case is only a function of the driver pressure ratio and fr:
meters, and to extend the range of data obtained in the Volume Probe N
Variable Charge Pressure Series was also conducted.

A fourth test series utilizing helium for the charge gas, the He'
Charge Series, was also conducted. This series was undertaken in an
to varify the heavy piston theory for a charge gas other than air.

Tests to determine the static coefficient of friction for the pistc
rings indicated an average value of about 0. 7. Since a value of 50% or
of the static coefficient would not be unreasonable for the kinetic coeffi
of friction a value of 0. 3 was assumed for the kinetic coefficient of fric
The residual friction force given by

f = (8c d S ) (PoAp)

9 0
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was evaluated both analytically and empirically. To determine this force analyt-
ically, considerations of the physical and mechanical properties of the O-ring
material were applied to estimate the residual O-ring stress, S. The empirical
determination consisted of pulling, at various rates, the piston through the
compression tube with a cord attached to a spring scale. A value of 12.5 lbf
for fR was found to agree reasonably well with both the calculations and the
pulling tests.

For the Volume Probe Series, a heavy aluminum piston (piston No. 1
Table II) was machined to receive a soft wire probe in its face. Soft lead
solder wire was used to construct the probes.

Measurements of the pressure and volume of the charge air in the
compression tube after each test indicated that very little or no leakage occurred
in most of the tests conducted with the 33 Atmosphere Piston System.

The results of the Volume Probe Series are shown in Figure 13, a plot
of the peak charge gas pressure ratio versus the minimum volume ratio. Also
shown in this figure is the line representing a polytropic exponent, n, of 1. 31
which can be seen to agree quite favorably with the data.

Assuming that the charge gas behaves as a perfect gas throughout the
compression process, the peak temperature ratio is simply the product of

Vm and ),rn The maximum charge temperatures, determined in this manner
for the Volume Probe Series, are presented as a function of the effective
driver pressure ratio in Figure 14. Also shown is the theoretical temperature
ratio determined from Eq (14) utilizing a polytropic exponent of 1. 31.

Five aluminum O-ring sealed pistons, each of different mass, were
constructed and tested in the Piston Mass Effect Series. The mass, weight
parameter yW p/W, and description of these pistons are listed in Table II.

TABLE II

Piston Data for 33 Atmosphere Piston System

Piston Mass DWp/W
Designation (Ibm) (air charge gas) Description

1 0. 305 127.2 Solid Aluminum, 4 in. long
2 0. 148 62. 7 Solid Aluminum, 2 in. long
3 0.116 48.4 Hollow Aluminum, 2 in. long
4 0. 073 30.4 Solid Aluminum, 1 in. long
5 0. 053 Z. 1 Hollow Aluminum, I in. long

(cz0.3, fR= 1 2 . 5 lbf, d=0.103 in., D zI in., Po=14.4 psia)

The data obtained at four representative driver pressure ratios in the
piston Mass Effect Series is compared to the theoretical prediction curves in
Figure 15, which is a plot of the peak charge air pressure ratio versus piston
mass parameter yW 1W. The analytical heavy piston curves were obtained
from Eqs (12) and (A ) utilizing a polytropic exponent of 1. 31 and the values of
the other parameters listed at the bottom of Table II. The light piston theo-
retical curves were calculated as is described in Section II A-3 utilizing a
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non-steady expansion of the driver air. The heaviest piston data agrees quite
well with the heavy piston theory and the trend of the lighter piston data ap-
pears to fair into the light piston theoretical curves reasonably well. There
is, however, a transition zone, as would be expected, in which neither theory
is appropriate. This zone, although only a narrow range of yW p/W for low
values of iv,, increases with increasing driver pressure ratio. Also, it is
noted that the deviation from the theoretical predictions within this zone, although
small at the lower values of driver pressure ratio, becomes greater with in-
creasing rd.

To demonstrate the effect of friction upon the performance of the free-
piston compression process the heavy piston theory, with and without friction,
is presented in Figure 16 along with the heavy piston data (piston 1) obtained
in the two test series discussed above.

The Variable Charge Pressure Series was conducted, as was the Volume
Probe Series, employing a heavy aluminum piston (piston No. 1 Table II) and
volume probes made of soft lead-solder wire. During these tests four different
values of the initial charge air Pressure, which are listed in Table III were
investigated at various driver pressure ratios to expand the range of data given
in Figure 16 and also to more firmly establish that the peak.charge pressure
ratio, for the heavy piston case, is only a function of driver pressure ratio and
friction parameters.

TABLE III

Initial Charge Air Pressure and Piston

Weight Parameter Data for Variable Charge Pressure Series

Initial Charge Pressure Plc yW p/W

atm. psia.

0.8 11.75 155.8
0.5 7.34 249.6
0.3 4.41 415.4
0.1 1.47 1247.7

(c=0.3, fR=12.5 bf, d=0.103 in., D=I in., Po=Plc)

The results of the Variable Charge Pressure Series are compared to
the results of the Volume Probe Series in Figures 13 and 14, and the peak
charge air pressure ratio data is plotted as a function of the effective driver
pressure ratio in Figure 17. The effective driver pressure ratios for these
tests were calculated using Eq (11) utilizing the data given in Table III.

The peak pressure ratio data versus minimum volume ratio data agrees
quite well with the previous results and theory, except for the data obtained at
the lowest values of initial charge air pressu.c. A polytropic exponent of about
1. 2 is indicated by this data which is considerably lower than 1. 31 which agrees
quite well with the data obtained for the tests conducted at the higher values
of initial charge pressure. As shown by Figures 14 and 17 the peak temper-
ature ratio and peak pressure ratio, for the data obtained for an initial charge
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air pressure of 0. 1 atmosphere, are considerably lower than predicted by the
heavy piston theory. This deviation, from the theoretical predictions, may in
part be due to the fact that the residual friction alone represents 26% of the
piston driving force at the highest value of driver pressure employed for this
series. Thus any actual deviation from the assumed friction parameters
would yield considerable deviation from the predicted performance. Also in
view of the relatively low driving force, the compression time is considerably
longer, thus, the heat losses more severely degrade the performance at these
low values of initial charge air pressure.

The Helium Charge Series, in which helium was employed for the
charge gas and air as the driver gas, was undertaken in an attempt to verify
the heavy piston theory for a charge gas other than air. Again the heaviest
aluminum piston with volume probes was employed. It was, however, neces-
sary during this series to substitute soft aluminum for the lead-solder wire
for construction of volume probes. The temperatures obtained during these
tests were great enough to melt the lead-solder probes.

The results of this test series are presented in Figures 18, 19, and 20.
The peak charge gas pressure ratio data, plotted as a function of minimum
volume ratio in Figure 18, show good agreement with the theoretical pre-
dictions obtained using a polytropic process with a polytropic exponent of 1. 50.
However, the maximum temperature ratio and peak pressure ratio data, pre-
sented as a function of effective driver pressure ratio in Figures 19 and 20
respectively, indicate that the performance is less than theoretically predicted
at higher values of the effective driver pressure ratio. One plausible explan-
ation for this trend is that Eq (11) does not sufficiently correct the driver pres-
sure ratio for frictional effects at higher values of the driver pressure ratio.
This may be due to the fact that the friction parameters are considered con-
stant. Therefore, an investigation as to their dependence upon driver pressure
ratio and velocity may yield data which would allow more accurate predictions
utilizing the present theory.

2. 147 Atmosphere Piston System Tests

Three O-ring sealed pistons, each of different mass, were constructed
and tested with the 147 Atmosphere Piston System. The mass, weight para-
meter yWp/W, and description of these pistons are tabulated in Table IV.

TABLE IV

147 Atmosphere Piston System Piston Data

Piston Mass yWp/W
Designation (lbm) (air charge gas) Description

a 0. 132 348 Steel, 2. 86 in. long
b 0.066 175 Steel, 1.64 in. long
c 0. 028 74 Aluminum, 1. 73 in.

long

(cx0.2, fR=5 lbf, d=0.070 in., Da1/2 in., P 0 114.4 psia)
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The relative sizes of the heavy steel (piston a) and aluminum piston
(piston c) are shown in Figure 21. The lighter steel piston (piston b) is geo-
metrically identical to the aluminum piston. Figure 22 is a photograph of a
disassembled aluminum piston. The construction of both steel pistons is
identical to the aluminum piston except for the longer end caps on the heavy
steel piston.

The Teflon rings shown in Figures 21 and 22 are of slightly larger
diameter than the piston body. They serve both as back-up rings for the 0-
ring seals and as guides which aid in aligning the accelerating piston in the
straight tube. The large groove in the center of the pistons is provided for
engagement with the piston holder plunger.

A value of 0. 2 for the kinetic coefficient of friction for the piston 0-
rings on the reinforced fiberglass wound compression tube was found to cor-
relate well with the test data. A value of 5 lbf for the residual piston friction
force was found to agree reasonably well with both the analytical calculations
and the pulling tests performed with this system,

In addition to the miniature quartz pressure transducer, 1 mil cromel-
alumel thermocouples were installed in the end flange to obtain temperature
histories of the charge air. Although, the response time of these thermo-
couples was insufficient to adequately follow the charge air t-mperature, an
extrapolation technique was employed in an attempt to determine the peak
charge air temperature. This procedure consisted of accepting the indicated
temperature as correct at the time the temperature-time slope is zero.
Utilizing this temperature and the corresponding pressure, a polytropic process
was fitted between this state and the initial charge air state to determine a
value for n. The maximum temperature was then calculated using the peak
pressure with this value of n. The maximum temperature, obtained by this
technique, is known to be less than the actual value since it would be necessary
for heat to be added during the charge air expansion for the entire process to
be polytropic with a constant value af the exponent n. The maximum temperature
ratio data, obtained in this manner for the 147 Atmosphere Piston System tests,
is presented in Figure 23.

The maximum charge air pressure ratio data is compared to the heavy
piston theory, with and without friction, in Figure 24. A value of 1. 31 was
applied to the theory for the polytropic exponent n.

A volume probe test series was undertaken with the 147 Atmosphere
Piston System but was abandoned when leakage of the charge air could not be
prevented.

D. CONCLUSIONS

Figures 16 and 24 serve to clearly demonstrate the degradation of
performance of the ballistic-piston compression process due to piston frictional
effects and the good agreement between the data and heavy piston theory.

Although data at lower values of the piston mass parameter may be
desirable to more precisely evaluate the light piston theory, the present data
and theories do qualitatively establish the effect of piston mass upon the
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Figure 21 Photograph of the Aluminum and Larger Steel Pistons for the
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performance of the free-piston compressor. The data clearly indicates that the
performance of the heavy piston case is independent of piston mass, whereas
for the light piston case the piston mass is truly a significant variable.

To allow more accurate theoretical predictions of the free-piston com-
pression process at higher values of the effective driver pressure ratio, it
may be desirable to determine the friction parameters, both residual friction
and kinetic coefficient of friction, as a function of driver pressure ratio and
piston velocity rather than use constant values for these parameters as was
done for the present studies.

SECTION III

LIQUID-DRIVEN PISTON COMPRESSION PROCESS

The liquid-driven piston compressor was contrived to investigate the
performance characteristics of a system which utilizes the kinetic energy of
a liquid column to compress the charge gas. The function of the piston is
primarily to maintain separation of the liquid column and the charge gas.

The schematic diagram of the liquid-driven piston compressor is essen-
tially the same as that for the free-piston compressor given in Figure 1. The
driver liquid, initially stored in the driver storage vessel, is accelerated, upon
release of the piston, by a high pressure air cushion above the driver fluid in
the storage tank. This high-speed column is in turn decelerated by the charge
gas initially occupying the volume of the straight tube.

A theoretical investigation of the liquid to gas compression process is
presented in Section III of Reference 1. This study, which assumes the piston
physical properties to be identical to those of the driver liquid, yielded analytical
relations for the peak charge gas pressure ratio obtained in the charge air for
a given set of conditions: polytropic compression process, strain energy storage
distribution in the liquid column, coefficient of friction, and geometry. The
first solution of the momentum equation was based upon the assumption of in-
compressible flow, however, later modifications included strain energy storage
in the driver liquid column.

Three relations for the peak charge gas pressure ratio were presented
in Reference I. rhe first neglected strain energy storage in the driver liquid.
The second assumed strain energy to be stored in the driver liquid with a linear
pressure gradient from the gas pressure at the liquid-gas interface to driver
pressure at the tank outlet. The third considered the strain energy to be
stored in the liquid column at constant pressure equal to the charge gas pressure.
Since the first two of these relations yielded peak pressures greater than the
water hammer pressure, a solution, which considered compressibility effects
in both the liquid and gas, was accomplished on a digital compul-r to gain
further insight into the occurring phenomena. This development is presented
as follows.
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A. THEORETICAL CONSIDERATIONS

The simplified liquid model, which was assumed for this study, consisted
of a semi-infinite straight tube containing a liquid column at uniform velocity
which impinged on a closed end air column initially at atmospheric conditions.
The compression was assumed to be adiabatic and frictional effects were
neglected. Upon impact with the air column compression waves would be trans-
mitted into both the liquid and the gas, and the boundary conditions at the inter-
face required that the liquid pressure equal the gas pressure and that the liquid
velocity equal the gas velocity. The wave phenomena in both the liquid and gas
were followed until the interface stopped.

The relation between velocity and pressure across a wave in the liquid is:

Py = Px + p t S(ux " uy). (28)

The equation in the gas is:

P P- a (29)

c
and a y  is given bya

xr

c y+1 u 2

_a_++ 4. (30)axr axr

The shock in the gas impinges on the wall and is reflected towards the
interface, and the boundary condition at the wall requires that the gas velocity
be zero.

The equations are:

ZY (u y+c. 4 Y 31
-y ay - Y 7 T

whe re

uy+cy Y+ u Y1 Iy~ u1
a a y + y- +4. (32)ay a y ay ]

Equations (28) through (32), equations for other gas properties, and the
equation for the time required for waves to travel between the interface and
wall were appropriately normalized and programmed for a digital computer.
Equations (28), (29) and (30) were solved by an iteration procedure to satisfy
the boundary conditions at the interface. The normalization of the equations
yielded p 1 sa / P 0, y and u./a O as the significant dimensionless parameters in
the study there uo is the initialliquid column velocity.
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The peak values of the data obtained are shown in Table V. The value
of pt s ao/P o which was used would be correct for water as the driver fluid
and air, at atmospheric conditions, as the charge gas.

TABLE V

Pts ao/P 0 = 4808. 0 yx 1 .4

Approx. Approx. Approx. 1-
Uo/a 0 Wm rm7min tdwh

0.15 722 6.58 0.00911 7.09 13.0 721 7.00 6.55
0.20 962 7.16 0.00744 5.26 23.1 962 5.25 7.12
0. 25 1203 7.66 0. 00637 4.19 36.2 1202 4.20 7.61

The approximate value of wd was determined from steady flow consider-
ations:

1 2
i P eo d

and therefore,

2
ly Pt fU 0d "- o a (33)

The approximate value of the water hammer pressure, irwh , was
determined as follows:

Pwh = Pt s0u

hence pt o 0.
Trh (34)

The time for the compression process will be approximately given by

4
u

0

or

a
to 0

43



A better approximation, however, over the range of velocities studied
is

a
t' 1.o05 u0 (35)

0

The last column in Table V indicates that the reversible adiabatic com-
pression yields a reasonable value for the temperature ratio. This would be
valid until high subsonic values of u /a are obtained.

In the solution of the problem it was assumed that a semi-infinite tube
contained the original liquid column, however, a finite tube would be sufficient
if the compression process was completed before the first reflected wave
returned in the liquid to the interface. Hence if

or

7 1 t
a (36)

c -0

the compression process would be completed before the reflected wave from
the driver tank returned to the interface. Combining Eqs (35) and (36) we have

L s a
> 0. 525 - (37)

tc - ao 0Uo0

For water and air at atmospheric conditions we have

a
o- > 2.23

For uo/a o of 0.25 a I foot long charge of air at atmospheric conditions
could be compressed in a tube approximately 10 feet long; for uo/a o = 0. 15
a tube of 16 feet would be sufficient to compress a 1 foot charge of air.

The data from the program, which considered compressibility effects,
indicated that the water hammer pressure is the maximum pressure which can
be achieved from a liquid-air system.

B. EXPERIMENTAL INVESTIGATIONS

Tests, utilizing the liquid driven piston compression concept, were
conducted with the 147 Atmosphere Piston System which was described in the
preceding section. All three pistons, described in Table IV, were used in
these tests in which water was employed as the driver fluid and high pressure
air, stored above it in the tank, as the working fluid.
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The charge gas pressure history was recorded for these tests in the
same manner as was described for the free-piston compression process. The
peak pressure ratio data are plotted as a function of driver pressure ratio, for
all three pistons, in Figure 25. Ambient air was used for the charge gas for
all tests.

The data of Figure 25, indicate that the performance, and thus the peak
charge gas pressure, is dependent upon piston material and length as well as
driver pressure. Also, it is important to note that peak charge gas pressures,
in excess of water hammer or water impact pressure, have been obtained in
these tests. It is felt that this effect is due to the ability of the piston to with-
stand a significant pressure gradient and not due to any phenomena in the liquid.

C. CONCLUSIONS

The liquid driven piston data, Figure 25, clearly demonstrate that pres-
sures in excess of water hammer have been achieved experimentally. A result
which is even more significant since the velocity used to calculate the water
hammer pressure was obtained neglecting the effects of friction. The experi-
mental results demonstrate that the piston permits higher pressures than water
hammer to be obtained. In fact the maximum pressure obtainable (an upper
limit which cannot actually be achieved) would appear to be the impact pressure
( a stress which is analogous to water hammer) which is determined from the
properties of the piston material and the velocity. Hence, it is seen that the
piston, besides separating the two fluids, enables higher pressures to be
achieved than the impact pressure in the driver fluid.

The theory based upon a constant pressure in the liquid column, equal to
the pressure at the liquid-gas interface, would represent the process if no piston
were present. However, since this analysis, based upon conservation of momen-
tum and energy, does not take into account the presence of the piston, it does
not adequately define the phenomena for a liquid driven piston system. There-
fore, no attempt to compare the test results with the previously developed
theories was undertaken.

SECTION IV

STAGED PISTON-COMPRESSION SYSTEMS

During the past year engineering efforts were also directed towards the
development of a high pressure staged piston system designated as the Tandem
Staged Piston System. The tandem system utilizes the main driver supply of
liquid or gas to produce a high pressure driver fluid for the second stage. In
the second stage the charge gas is compressed to a high density and temperature.

A preliminary theoretical study was accomplished for a staged system
designated as the Parallel Staged Piston System. The parallel system utilizes
two stages to compress and recompress the charge gas with a free expansion
between stages.

The design of the Tandem Staged Piston System has been completed and
this system is presently under construction.
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A. TANDEM STAGED PISTON SYSTEM

The tandem staged system is believed to be a device capable of producing
very high density and high temperature gases, best suited for small quantities
of charge gas for use in gas property investigations. The purpose of the present
investigation is to determine this feasibility.

1. Conception

The first stage tube and main driver fluid supply of the tandem staged
system are utilized to produce a high pressure or high temperature and pres-
sure driver supply for the second stage. The charge gas is compressed in the
coaxial second stage cylinder which is of relatively small diameter and length
when compared to the first stage. Figure 26 depicts schematically the two con-
figurations of this system which are planned for testing.

a. Liquid Driven Configuration

In the first configuration, shown in Figure 26A, the first stage cylinder
is initially evacuated. Upon release, the liquid driven piston is allowed un-
restricted travel throughout the length of the first stage; frictional effects
having been ignored. A high pressure air cushion above the liquid driver
supply, in the main driver reservoir, will be utilized to accelerate the liquid
driver column and the first stage piston. Upon completion of the stroke in the
first stage, the piston will be abruptly decelerated producing a shock wave, at
the piston-liquid interface, which travels upstream at approximately the speed
of sound in the liquid. The pressure behind this wave is the impact pressure
which is proportional to the arrested flow velocity and to the speed of pro-
pagation of the pressure wave. The liquid impact pressure will be sufficient
to burst the first stage piston diaphragm and allow the very high pressure liquid
to accelerate the second stage piston into the charge gas, compressing it to a
very high density and high temperature. The time of the charge gas compres-
sion process must be less than the time required for the shock to travel to the
main driver reservoir and an expansion wave to return to the piston.

Figure 27 is a plot of water impact pressure as a function of the main
reservoir driver pressure; see Eq (47) of Reference 1. A main driver reservoir
pressure of 62 atmospheres would produce a water impact pressure of 1900
atmospheres in the first stage cylinder. Data obtained from the 147 Atmosphere
Piston System, utilizing a water driven piston, indicates that charge gas
pressures in excess of water impact pressures can be realized. Thus, with a
second stage water driver supply at 1900 atmospheres peak charge gas pres-
sures of the order of 20, 000 atmospheres should be readily obtained.

b. Gas Driven Configuration

The second configuration of the tandem staged system is depicted
schematically in Figure 26B. In this configuration, the first stage piston is
accelerated by a high pressure gas supply, initially stored in the main driver
reservoir. A first stage charge gas is compressed to high pressures and
temperatures as it decelerates the piston. This gas in turn bursts the second
stage diaphragm and accelerates the second stage piston which compresses
the charge gas stored in the second stage cylinder. Data already obtained
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indicates that very high second stage driver, first stage charge pressures, can
be obtained with relatively low main driver pressures. However, the duration
of the peak pressure is very short, thus the second stage diaphragm rupture
must be synchronized to obtain the maximum amount of work from the second
stage driver gas before its energy is expended in accelerating the first stage
piston upstream. For this configuration it may also prove useful to conduct
tests without the second stage piston. The second stage charge gas compression
would then be accomplished through a number of shocks and a polytropic gas to
gas compression.

2. Design

The design of the Tandem Staged Piston System (see Figure 28) has been
completed and its construction is well underway.

A 6 cubic foot, 3000 psi, --ressure vessel will be used as the main driver
supply reservoir for the tandem staged system. The piston holder design is
basically the same as that which proved successful for the 147 Atmosphere
Piston System. The major change from the earlier design is that for this
system the piston restraining plunger will restrain the piston at its face. This
was deemed preferable to weakening the piston by machining a groove about
its circumference, especially in view of the extreme loads which the piston must
endure in this system. The static seal of the main reservoir driver fluid will
be O-rings inserted in the wall of the piston holder. The seal of the driver
fluid during the first stage compression (i.e. after piston release) will be
accomplished by a Teflon sleeve around the first stage piston.

The 10 foot long first stage cylinder, of 2 inch inside diameter and
5 inch outside diameter, will be capable of withstanding pressures up to 45, 000
psi. This stage is being constructed in two 5 feet lengths of Nationalloy No. 7
steel and to prevent corrosion will be chromium plated after machining. In each
section of this stage, three special plugs will be inserted in the wall for in-
strumentation.

The second stage will be comprised of three one foot 0. 388 inch inside
diameter and 5 inch outside diameter cylindrical sections. Each section will
consist of a two-layer shrunk fit composite cylinder in which the inner liner
is to be constructed from Allegheny-Ludlum 18 percent nickel - 300 maraging
steel and the outer layer from Nationalloy No. 7 high strength steel. The
second stage tube will have an internal working pressure capability of 300, 000
psi.

B. PARALLEL STAGED PISTON SYSTEM

The parallel staged system is believed to be a device capable of pro-
ducing high density and high temperature gas in quantities sufficient for the
operation of a hypersonic tunnel. The engineering time devoted to this system
was directed towards the study of a model of sufficient size to determine the
feasibility of the parallel staged system for application as the driver source
for a hypersonic tunnel.

In the first stage of this system the charge gas, initially occupying the
entire volume of the cylinder, is compressed by a gas driven piston to a high
pressure and high temperature. This high energy density charge immediately
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undergoes a free expansion into a second evacuated cylinder. In this second
stage the charge gas is then recompressed by the second stage gas driven
piston. At this point the charge gas could be expanded through a hypersonic
nozzle into a tunnel.

Figure 29 is a chart of the thermodynamic properties of high temperature
air. If standard sea level conditions are used for the initial charge air pro-
perties (point I in Figure 29) and the first stage compression to 3000 atm. is
assumed to be isentropic, the final state of the charge air before expansion
into the second stage is denoted as point 2. The state of the charge air in the
second stage cylinder after a free expansion is dependent on the volume of the
second stage. Theoretically the free expansion could yield any one of the
states of increased entropy along the line of constant internal energy passing
through point 2. Points 3, 4 and 5 representing second stage volumes of 1,
10 or 100 times the first stage volume, are indicated as plausible selections.

These initial conditions were selected since the second stage com-
pression could then quite reasonably yield final temperatures in excess of
5550 0 K without requiring final pressures in excess of 3000 atm.

Utilizing the final expansion state indicated at point 3 might possibly
yield a design in which the performance of the system would 'fall short of
5550°K due to energy losses in the form of heat and friction while that in-
dicated at point 5 would require an excessively large second stage. Thus
point 4 was selected as a compromise between these limits.

Assuming a second stage isentropic compression yields a final term-
perature of about 83000 K and pressure of 3000 atm, point 6 in Figure 29. It
is of course realized that the above processes are ideal and that due to energy
losses in the form of heat and friction the performance of the parallel staged
system will be somewhat less than discussed above. However, it would be
the purpose of an experimental investigation to determine the degree of de-
gradation of performance due to losses and to determine if they can be re-
duced to levels which are tolerable for the successful operation of this system
for use as the driver source for a hypersonic tunnel.

SECTION V

LIQUID-AIR INTERFACE STUDIES

Since in some applications the use of a piston for providing separation of
the liquid driver and charge gas may not be desirable, the problem of main-
taining a stable liquid interface arises for a liquid driven gas compression
system. An investigation of tapered tubes which would accelerate the liquid
driver for longer periods of time, and thus would delay interface break up, was
reported in Reference 1. This investigation has been extended and is preserted
on the next page. Also presented is a solution for tailoring a tube to have a
constant interface velocity.

An experimental program with a liquid driven system, utilizing mem-
branes in tapered tube sections to maintain separation of the driver fluid and
charge gas, has been more recently undertaken. The preliminary results of
this program are described in following paragraphs.
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A. TAPERED TUBE INTERFACE STABILITY STUDY

The theoretical analysis, presented in Reference 1, of the interface
velocity, of a liquid driver compressing a charge of gas in a closed end ta-
pered tube, was based upon the equations of conservation of mass and momen-
tum for one dimensional, incompressible, unsteady flow. If a tapered tube
of fixed configuration is to stabilize a liquid-gas interface, the question arises
at what point in the tube will this stability break down for a given driver pres-
sure. If it is assumed that this point occurs when the interface acceleration
is zero, i.e., dq./di = 0, the location can be determined from Eqs (86), (91)
and (95) from Reerence 1. In order these equations are:

dq. + 1 2 dA(i) Pd - Pc (38)dq.-x + - - qi i dx (8

di A(i) Xf A(i) di / A(i) F)

PC 1 i - 39)

0

and

n- in

V i  1 1__+___

qidx (d + c (40)

A (i) 2  (n- (n- I/n

where x is the variable length from the entrance of the tapered tube and i is
the interface location from the same reference. Equating dqi/di to zero and
combining Eqs (38), (39) and (40) the position at which the interface becomes un-
stable, for a given drive r pressure, can be determined from the result, which
is

+ V. ddi (1 0 VV/V0 ) n0 -(1V/

-[Aiz dx [A(i I (n- 1)J 0

.V 2V . dA(i)

[A]Z f [A(i)]2 di) 141)

If a shape for the tube is assumed, the location of the interface, at which
it becomes unstable, can be determined as a function oi th.! driver pressure
ratio from Eq(41). Once this location is determined the value of the charge
gas pressure ratio at break down wbd can be calculated from Eq,39) and the
value of the peak pressure wm can be calculated from Eq (40) if qi is set equal
to zero. Finally, for a given configuration, a curve of the ratio wbd/wm versus

54



id can be obtained. This has been accomplished for the case of a linear area
change tube and n = 1. 31, and is plotted in Figure 30; the data for this plot is
given in Table VI. The significant equations needed for this configuration are:

A -) S, (42)

A(i) = A e - Si, (43)

A + A(i)
•= i, (44)

dx - in(A(i)/Ae)• (45)

Using Eqs (42) through (45) with Eq (41) and letting Y Ae /A(i) yields,

(I (1in Y 2(n 1) IY2 + Y2
7rd  n1 461

d 1+ (I- I/In y"){y- 4)

TABLE VI

Data for Figure 30

1/Y Y ibd /t Wbd V d Wm rbd /rm

.5 2.0 .5 6.15 4.39 37.9 16.2%

.4 2.5 .6 11.0 5.32 62.0 17.7

.3 3.33 .7 23.4 6.76 119 19.6

.2 5.0 .8 68.0 9.32 315 21.6

.1 10.0 .9 415 15.5 1700 24.4

.05 20.0 .95 2590 25.2 10,000 25.9

B. TAILORED TUBE PROBLEM

A solution toa problem of tailoring a liquid to gas compression tube to
have a constant interface velocity was suggested by Dr. Hans 3. P. von Ohain
and was developed as follows utilizing the following assumptions:

(a) A "long" driver tube precedes the tailored compression chamber
so that:

(1) The compression signals will not be reflected and return to the
compression chamber before the process is completed and

(2) the kinetic energy is large compared to the work of compression

of the gas.

55



28

24 .1

20

0
0
X 16

X12

LINEAR AREA CHANGE TUBE
n - 1.31

8/

0
0 4 8 12 16 20 24

7rd

Figure 30 Charge Gas Pressure at Interface Break Down in Percent of
Maximum Charge Gas Pressure Versus Driver Pressure Ratio
for a Tube in which the Area Decreases Linearly with Length.

56



(b) The flow is one dimensional.

(c) The speed of sound, s, in the liquidis constant.

(d) Friction is neglected.

(e) All the kinetic energy of the liquid is converted to strain energy
in the liquid,
i.e. dP = - p s du
where the Au is the change of velocity of the liquid in the long tube.
(This assumption is essentially identical to (aZ) above.)

(f) The pressure at the interface (hence in the gas) is a function of the
instantaneous chamber volume,

dP
i.e. dP =dV c

(g) The signaling speed is almost instantaneous so that the assumption
of the incompressibility of the liquid can be utilized in the continuity
equation,

i.e. j PLAe = u 0 pA(x).

Thus

Aedu = uodA(x)

or

u
duL = e dA(x).

e

Combining the above with the condition that the pressure in the gas and
the liquid are equal at the interface,

u
dPc = dPL-- spZ dA(x)

e

or

P -P Uops (4

Pc " o P =  a (A(x) - A. (47)
e

Equation (47) is independent of the particular pressure function in the
gas, however, the actual shape of the chamber cannot be determined until the
gas pressure is known as a function of the variable length x.

Now if it is assumed that the gas is compressed polytropically we have

P ZP 0(48)
c 7

57



(24j)n -1 p A(x))

now

dV =-A(x)dx, or

- A(x) =dV

(rv)n ph V0 d v

Vi = fJ A(x)dx.

Thus

v V

p 11 --

Defining the dimensionless ratios

V.
I

0

A ex
x = = -I

vo e

-p-
0

we have

X if w~hdv
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Eqs (48) and (49) were programmed for a digital computer and solutionsobtained for various values of iwh and n.

In the construction of any real equipment utilizing Eqs (48) and (49) thedesign must insure that the assumptions used in obtaining them are valid.

For the length of the driver tube t (not including the compressionchamber) necessary to satisfy assumption (al) (signaling time) we have the
following:

compression time tc is given by

I
t - e
c U

and signaling time ts is

21
t 2 t
8 a

To satisfy (al), ts > t c. Using the equality we have

8- c
t t ) >(50)

The energy assumptions (a2) and (e) require that the energy ratio R =KE/WK be large. This can be formulated:

1 2CE = PUo Atlt ,

n-i
WKc = 1 PoVo 0 - 1),

R= n -I

2Po0 (wh _ 1) w ,ee

n-I
At 2t (Wwh n 1)

= ~ R. - (51)E (n -) whUo

To satisfy assumption (b) (1 dim. flow) the angle from the horizontalshould be equal to or less than 20o (arbitrary choice). From the numericaldata (and the mean value theorem from calculus) we have
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1 d -d 2 0
7< tan 20 ° - 36

7x 2 "x1 -tn2

d I  d2
7---- - de

e e = .72
x2 x1

e te

d d2

" 1.4 • e (52)x 2  x 1
d _ x

e te e

Therefore given wwh, n and the value of the pressure one wishes to
achieve before the one dimensional assumption breaks down and ratio t e /de
can be determined.

Assumptions (c), (f) and (g) are considered to be justified in the range of
values of pressure and temperature considered.

The friction may not be negligible, however, in early stages of compres-
sion the chamber can be tailored to nullify the frictional effects. Also, the
actual conditions prevailing at the instant the liquid reaches the chamber entrance
would determine uo and hence the frictional effects of the tube are accounted
for.

Eq (51) determines the volume ratio for a given R, but if the area of
the tube is assumed to be constant and equal to the initial area of the chamber Ae
then Eq (51) determines the length ratio for a given R. Tables VII and VIII give
comparisons of Eqs (50) and (51).

In Table VII the length determined by Eq (51) is compared to the length
determined from Eq (50), i.e. ( V e)E / ( t e )s .

TABLE VII

Values of (Lt/ L)EILt/Le)s

R = 100, n = 1.4 R = 100, n = 1.2
Irwh ( tt e)El/(tl /e s  (4 tl/te)El/( t/t e s

1000 6.2 4.20
1500 4.72 3.30
2000 3.9 2.54
2500 3.36 2.14
3000 2.96 1.87
4000 2.44 1.49
5000 2.08 1.26

60



In Table VIII the value of R is given for the case where L t/L e is

determined by Eq (50).

TABLE VIII

Values of R if e a tte)s

n = 1.4 n = 1.2
lrwh R R

1000 16.1 23.4
1500 21.2 30.3
2000 25.6 39.4
2500 29.8 46.6
3000 33.8 53.5
4000 41.0 67.0
5000 48.0 79.4

C. MEMBRANE SEPARATION STUDY

It was suggested in conjunction with tapered tubes and liquid driver
fluids, by Dr. Hans J. P. von Ohain of the Aerospace Research Laboratory,
that membrane pistons might be employed to serve as a means of maintaining
a stable interface between the liquid driver and charge gas and at the same time
negotiate tapered tubes. To determine the feasibility of this concept a simple
experimental system was constructed. This system, shown schematically in
Figure 31, was constructed from clear acrylic plastic to allow photographic
observation of the membrane piston.

During the compression process the piston travels first 51-1/4 inches
in a 1 inch internal diameter acrylic tube, then negotiates a transition section
17-1/2 inches long in which the internal diameter varies linearly from I inch
to 1/2 inch. Upon emerging from the transition section the piston travels in a
1/2 inch internal diameter acrylic tube until the charge gas is compressed to
peak pressure.

The pistons which have been tested thus far were constructed from
aluminum foil. Shown on the left of Figure 32 is a piston before use and on the
right side of the same photograph is shown a piston after the compression
process.

High speed motion pictures have been obtained for a number of com-
pressions with the membrane pistons. These pictures have demonstrated that
the piston is able to smoothly negotiate the transition section ancd seal the liquid
driver provided the diaphragm ruptures properly. These tests, however, were
performed with low values of driver pressure because of the low structural
strength of the plastic tubes.
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