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ABSTRACT

The results of ballistic piston tests on methane and on n-hexane
are described. In the case of methane the calculated reaction temper-
atures are 2500 to 3500° R. and maximum pressures range up to 100,000
pounds per square inch. The distribution of reaction products and the
amount of reaction are correlated with the reaction conditions. For
n~hexane the products are correlated with reaction conditions and in
addition reaction rate coefficients were obtained. The decomposition
reaction was found to be of apparent one half order with a low
apparent activation energy. The range of reaction temperatures in-
vestigated for n-hexane was 1600-2800° R, with maximum pressures up
to 115,000 pounds per square inch.

In addition to the experimental results there are ineluded deriva-
tions of the differential equations describing the behavior of the
ballistic piston apparatus and solutions of these equations for various
conditions and assumptions. In order to obtain numerical solutions it
was necessary to estimate the thermodynamic properties of gases at
high pressures and temperatures. These are tabulated for 1500-20,000° R.
for hydrogen, helium and nitrogen; for 1500-5000° R, for methane, and
1500-4000° R, for n-hexane. The range of pressures is 0-200,000 pounds

per square inch in each case,
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NOMERCLATURE
A cross-sectional area of cylinder, (sq.ft.)
A' Arrhenius frequeney factor (sec3l)
a acceleration of piston (£t.)/sec?)

aq constant

(")’ (2 VZTY)/(3 bo)

B(T) second virial coefficient (cu.ft.)/(1b.mole)
BT (B(T))/(b)

B, Ry (V - )65 (cu.ft.)(atm.)(sec,)/(1b.mole)

B, (W) e (V- & ) (/) (20 o) (s a0 )/
b molal covolume (cu.ft.)/(1b.mole)

b ( 07 bdP)/(P)  (eu.ft.)/(1b.mole)

be force constant (cu.ft.)/(1b.mole)

b' constant

c(T) third virial coefficient (cu.f\t.)z/ (lb.mole)2

dm @/ D) |

o3 (u¥y W) (2emy 1y W B (secl)

Cy specific heat at constant volume (B.t.u.)/(1b.)(°R.)

Cy molal specific heat at constant volume (B.t.u.)/(lb.mole)(°R.)
e,e]'_,cz,c3 constants

d differential operator

E specific internal energy (B.t.u.)/(1b.)
§ molal internal energy (B.t.u.)/(1b.mole)
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viii

total internal energy (B.t.u.)
partial specific internal energy (B.t.u.)/(1b.)

molal internal energy at infinite attentuation (B.t.u.)/(1b.mole)

activation energy (B.t.u.)/(lb.mole)

change in total internal energy due to reaction of amounts

in stoichiometriec equation (B.t.u.)

change in molal internal energy due to reaction (B.t.u.)/
. (lb oﬂOl@)

baée of natural logarithms 2,71828w—=
error function

exponential function

effective frictional force on piston (1b.)
function of ( )

fugaeity of reactant (atm.)

fugacity in pure state (atm,)

fugacity of reactant in pure state (atm.)
an intensive property of a unit weight system
an extensive property of a system
normalized property (6)/(G,) = (G)/(Go)
acceleration due to gravity (ft.)/(sec.2)
height of contact ®*i®*  (in,)

index of summation

polytropic path exponent

index of summation

reaction rate coefficient, concentrations (sec3l)
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reactien rate coefficient, (1b.moles)/(cu.ft.

) (sec.
(1b.moles)/(cu.ft,) (sec

klskz’kj’kA reaction rate coefficients

In ()
log( )
M,M' M

M

-4 h? = 'EO‘EF

oo © g w

o e

SR

natural logarithm

logarithm to base 10

moleculeé in a reaction

molecular weight (1b.)/(1b.mole.)

weight (1v.)

weight of piston (1b.)

time rate of change of weight due to leakage (1b,)/(sec.)
number of moles (lb.mole)

number of moles of component "k* appearing in equation for
reaction

weight fraetion

mole fraction

pressure (1b.)/(sq.in.,) or (atm,)

normalized pressure (P)/(Pb)

heat absorbed by unit weight system (B.t.u./(1lb.)

heat absorbed by one mole of system (B.t.u.)/(1b.mole)
heat absorbed by system (B.t.u.)

heat absorbed by system for infinitesimal change (B.t.u.)
molal gas constant (Betou.)/(1b.mole) (°R.)

degrees Rankine

Rl,Ri,R2 free radicals in reaction

1

reaction rate, component 1 (lb.moles)/(cu.ft.)(sec.)



s specific entropy (B.t.u.)/(1b.) (°R.)

8 amount of reactant decomposed (lb.mole)/(1b.mole original
sample)

T temperature © Rankine

* normalized temperature (T)/(T,)

7! (T*)(*,)  © Rankine

Tp reference temperaturs, 536.7° R. (77° F., 25° C.)

& (1)/( € /k)

tan=1( ) arctangent

u velocity of piston (ft.)/(sec.)

v specific volume (cu.ft.)/(1b.)

g molal volume (cu.ft.)/(1b.mole)

v total volume (cu.ft.)

VA normalized volume (V)/(V,)

g ‘ molal residual volume

2.

W vork done by unit weight system (B.t.u.)/(1b.)

W work done by one mole of system (B.t.u.)/(1b.mole)

L} work done by systenm (B.t.u.)

x distance measured upward (£t.)

y [tn (" - ) =1 (- )] *

Z compressibility factor (Pg)/(RI)

X normalized covolume (b)/(gb)

(Va0)/ (¥po)
stoichiometric (final moles gas)/(initial moles)

=< W
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A difference in

€/x force constant, © Rankine
m specific covolume (Noble-Able) (cu.ft.)/(1b.)

é time (sec.,) or (millisec.) or (microsec,)

6,)61,03,0,time at bottom contacts, (microsecs.)
Joule-Thomson coefficient (°R.)/(1b./sq.in.)

summation of n terms

k3 T

T reciprocal molal volume (1lb.moles)/(cu.ft.)

X first ;ine_'{'_ivative of erf(y) = [2 exp(=y?) ] /(Vav )

¢ [ . / g,d(1n T) ] /(1 %) (Bot.u.)/(1b.mole) (°R.)
¢' valuﬁicf ¢ for 7' (B.t,u.)/(1b.mole) (°R.)
¥ , f G dr (B.t.u.)/(1b.mole) (°R.)
yr! valve of ¥ forT' (B.t.v.)/(1b.mole) (°R.)
9 partial differential operator

/ integration operator

8 absolute value of ( )

= approximately equal to

Subscripts

o initial value of

1 value at state 1, start of isothermal path

2 value at state 2, maximum compression

A pertaining to driving gas
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average
pertaining to sample gas

component 1

component k

pertaining to reactant or reaction

at reference temperature T,. (536.7° R.)

value at temperature T



I, INTRODUCTION

During the last ten years interest has been aroused in the use
of extremely rapid compressional processes to investigate the physical
properties and chemical reactions of gases. It is possible in this
manner to subject samples to conditions of pressure and temperature
which cannot be tolerated by more conventional equipment of steady
state type. In general it has been desired either to determine the
pressure-vplume-temperature reiationships for gases under conditions
of high temperature and pressure, or to investigate the chemical reac-
tions which samples undergo when subjected to extreme conditions for
short periods of time,

Ryabinin (1) described an apparatus which uses a free piston pro-
pelled by high pressure air to compress samples rapidly and made measure-
ments of the ionization of argon at these conditions. He stated that
this apparatus was suitable for measurements of PVT relationships.' The
U. S. Naval Ordnance Laboratory developéd an "adiabatic compressor®
(2,3) of ﬁhe free piston type for investigation of PVT properties of
gases and Price et al. (4) reported preliminary tests made with this
apparatus on carbon dioxide and nitrogen. |

Apparatus using the rapid expansion of a gas behind a free piston
for the measurement of the pressure-volume~temperature relationships
of gases below ambient temperature was described by Seigel (5,6) and
Jacobs (7). Jacobs (7) gave a limited amount of data for nitrogen

while Seigel (8) investigated the thermodynamic properties of argon.



Several investigators have reported chemical reactions obtained
in compressional apparatus of the free piston type. Tsiklis (9) re-
ported the formation of ammonia from adiabatically compressed mixtures
of nitrogen and hydrogen but did not report the extent of conversion.
He used apparatus similar to that described by Ryabinin (1), Ryabinin,
Markevich and Tamm (10) made up to l.6 per cent nitric oxide by compres—
sion of mixtures of nitrogen, oxygen and argon. Furman and Tesiklis (11)
investigated the oxidation of methane under conditions of adiabatic
compression with the objective of determining the effect of a cold wall
on a chain reaction,

Hanson (12) reported work done by E. I. du Pont de Nemours and
Company with a compression reactor of the free piston type. They made
exploratory measurements on many mixtures of gases with the primary
objective of commercial application., Mixtures investigated included
nitrogen and oxygen, nitrogen and hydrogen, methane and carbon monoxide,
carbon monoxide and hydrogen, carbon monoxide and methanol, hydrogen
and oxygen, carbon monoxide and ammonia, methane and oxygen, and hydro-
carbons and nitrogen. Up to 30 per cent of the ammonia in the mixture
with earbon monoxide was converted to hydrogen cyanide, and 2 mole per
cent nitric oxide was formed from the nitrogen-—oxygen mixture,'while
the results from other mixtures were judged to be of little commercial
interest.

Kouzmine has patented (13,14) adiabatic compressional processes

and also (15) such a process for the manufacture of hydrazine from the



elements. He cites the dilution of the mixture with argon or other
monatomic gas in the latter patent. It is not known whether Kouzmine
has demonstrated these processes.

The authors cited have not reported attempts to determine reaction
rates or mechanisms. The Russians (9,10,11) reported products and
maximum pressures, the latter apparently measured by crusher gage.
du Pont (12) measured pressure as a function of time and maximum temper—
ature, and feported products obtained. It is believed that reaction
rates and apparent order can be determined, and that some information
regarding reaction mechanisms can alsb be obtained with equipment of
the free piston type.

It is believed likely that rapid compressional processes may have
commercial applications in addition to their utility for research pur-
poses. The requirement for successful commercial use is of course
that the process make possible the manufacture of marketable chemicals
at lower cost than competitive processes, No current commercial applica-
tion is known, but actually the field is new and the amount of effort
expended in it has been small.

This thesis treats experimental work on the chemical reactions of
methane and of n-hexane performed with the ballistic piston apparatus
described by Longwell and Sage (16). This apparatus is a free piston
device capable of subjecting gas samples to transient high pressures
and temperatures. This ballistic piston apparatus has not been fully

instrumented as yet and consequently pressures and temperatures were



not measured, Nevertheiess it was possible to calculate temperatures
and pressures which are believed sufficiently accurate to be useful,
In the case of n~hexane, reaction rate coefficients for the decompo-
sition reaction were obtained. The final products of reaction were
determined for»both methane and n-hexane.

In addition to the experimental work which is described in Parts IV
and V, a sizable proportion of this thesis is devoted to the derivation
of the equafions describing the behavior of the sample gas in the ballis-
tic piston apparatus and to solutions of these equations for various
conditions and assumptions. The thermodynamic properties of the gases
must be used in the solution of these equations, Sincelthe pressure-
volume~temperature relationships for the gases employed are not known
experimentally in the range of temperatures and pressures encountered
it was necessary to estimate them. Information based on statistical
mechanical considerations and presented by Hirschfelder, Curtiss and
Bird (17) was used for these estimates, which are described in Appendix I.

This thesis, and one currently being prepared by Paul F. Helfrey
describing investigations of the nitrogen-oxygen system, are concerned

with the first work done on the ballistiec piston apparatus.



ITI. DESCRIPTION OF APPARATUS

Basic Apparatus

The ballistic piston apparatus has been described (16) in some
detail and accordingly only an abbreviated description of it will be
included here. The only major changes from reference (16) in the
ballistic piston apparatus as used for the later of these investiga-
tions were those necessary for making time-position measurements
during the downstroke of the piston.

Figure II-1 shows a schematic diagram of the apparatus without
the modifications for meking time-position measurements. The apparatus
consists of a 3 inch internal diameter cylinder A having 1.5 inch wall
thickness for most of its length, and a piston B which is free during
actual operation of the apparatus. The cylinder is closed at each end
by suitable closures having unsupported area seals. The piston is
initially supported close to the upper end by means of a shear pin
arrangement and is released at the desired time by manual operation of
the handle M which actuates a jack screw, The piston is accelerated
by’compressed air which has been previously introducéd into the upper
volume H through the valve C, The calibrated pressure gauge E' was
used to measure the pressure of the compressed air in these investiga-
tions although provision has been made for installation of a trap D to
allow use of a pressure balance E for this measurement. The sample
undergoing investigation is introduced into the lower volume G through

valves K or U, The vacuum pump F maintains a vacuum in the amnular



space aroundythe piston B between the,O-ring gseals J and J!' during
loading operations, while the valve L is closed just before firing
to avoid loss of compressed air through the vacuum pump.

When the piston is released it is accelerated downward and travels
down the barrel almost to the bottom N of the recess in the lower closure
Q, coming as close as 0.0l1l5 inch on occasion. This distance corfesponds
to a compression ratio of about 7000 to 1, since the initial length of
the lower volume is about 100 inches. The sample gas, which initially
was at a low pressure of the order of 2 pounds per square inch absolute,
is raised to high pressure and temperature by this compression. Since
the piston used in these investigations, weighing about 31 pounds,
travels at about 70 feet per second, compression takes about 0.15 second,
however most of the kinetic energy of the piston is transferred to the
samplé during the last few inches of travel. The piston is accelerated
back up the barrel by the pressure developed in the sample gas which
therefore cools at a rate comparable to that at which it was heated,

The piston comes to rest after some oscillation. Mechanical friction
§f the piston in the barrel and other causes of degradatigh made the
oscillation be highly damped in the cases investigated for this thesis,

Figure II-2 shows diagramatically the equipment used for the addition
of samples and measurement of their pressures, the addition of compressed
air to the upper volume, and the taking of samples of products after a
run, The latter is done by evacuating the sample bulbs and the lines to

the appératus, then opening the bottom valve U.



A photoéraph of the lower portion of the apparatus is shown in
Figure II-3, The apparatus is mounted on the platform seen in Figure
II-3, and is stabilized at its upper end, above the grating seen in
the photograph. The pressure gages and sample addition system are
mounted on the wall in back and to the left of the apparatus, with
access afforded by the platform. ;

Current Instrumentation and Measurements

The more important measurements made in the course of a run for
the most recent tests reported herein are tabulated below. Earlier
runs differed principally by involving less timing data,

Before firing:

1. Heights of contact wires placed in the bottom closure.

2. Pressure and temperature of the gas in the lower volume
after addition of each component.

3. Pressure and temperature of the sample in the lower
volume before firing.

Lo Pressure and temperature of the compressed ;ir in the
upper volume.

During firing:

1. Time intervals between passage of the piston by three
fixed points along the length of the barrel (four con-
tacts are actually available).

2, Time intervals between the piston hitting four vertical

wires of selected heights in the bottom closure,



3. Closest approach of the piston to the bottom of chamber,

After firing:

1, Volume aﬁd pressure of the sample gas.
2, Sampling and analysis of the product gas.

The pressures of gas in the lower volume before and after firing
were measured with a mercury in glass manometer read by a cathetometer
with an uncertainty of 0.01 inch. The temperature of the gas in the
lower volume was estimated by reading the temperature of the top part
of the lower collar of the apparatus by means of a mercury in glass
thermometer placed in a well., Since there are temperature gradients
along the apparatus which occasionally amount to as much as 15° F,,
although 5° F, is more normal, the error in the sample temperatures
can amount to as much as 3 or 4° F., This error has not been considered
sufficiently great as to require corrections on the exploratory type
tests made to date, but when more instrumentation for recording tran-
sient behavior becomes available it will be necessary to measure the
initial temperature with better accuracy.

The pressure of the compressed air was measured with a calibrated
bourdon tube gage and is known to within 1%. The temperature was
measured by means of a mercury in glass thermometer placed in é well in
the top closure and in this case the gas temperature is believed known
within 2° F., Both these measurements were considered of adequate
accuracy for their purposes,

A lead crusher gage of suitable height was used to record the

N



distance of éloseét approach of the piston to the bottom closure. When
this distance was expected to be less than 0,075 inch a slightly flat-
tened lead shot was used, while for larger distances specially formed
conical gages were used, Heights of the gages were measured with a
micrometer caliper to 0,0002 inch before and after the run. When more
than one gage ﬁas used on a run their heights after the run agreed
within the flatness tolerances of the end of the piston and the end of
the c¢ylinder. Consequently it is considered that this measurement
gives the actual closest approach of the piston within 0,001 inch.

N. P, Wilburn has had responsibility for timing instrumentation
and he will report it in detail., The passage of the piston is timed
by obtaining pulses from the grounding of contact wires having small
DC potentials impressed on them, and using the pulses so obtained to
start or stop digital time interval meters. A botiom closure was
constructed which has four insulated contact wire holders in it. These
holders allow vertical wires of heights as desired to be placed in the
bottom of the chamber, so that time intervals over small distances can
be measured in this region. Pulses from these contacts have been used
in conjunction with three Berkeley Instrument Company Model 5120 Time
Interval Meters which count in microseconds.

Later, four insulated contact wire holders were mounted in holes
bored through the side of the main eylindrical portion of the apparatus
at selected locations. These are used to time the passage of the

piston over approximately 20 inch segments of its travel down the tube,
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The pulses from these side contacts are fed into electronic circuitry
of local design which controls Berkeley Instrument Company Model 5424
and /2/-S Preset Counters and causes them to act as time interval meters

counting in units of 100 microseconds,

Future Instrumentation and Measurements

The instrﬁmentation described above does not measure some of vari-
ables of most interest. However in the near future it is intended to
measure the pressure of the sample as a function of time, and to measure
the integrated thermal flux to the walls of the chamber., Attempts may
also be made to estimate the temperature of the sample by spectroscopic
means.

In the event the pressure measurements show that oscillation of
-the piston can cause interference in measurements involving chemical
reactions by allowing reaction on the second stroke, it will be necessary
to add equipment to rectify this, A valve of appropriate size which
vents the upper chamber to the atmosphere may accomplish this if its

opening can be carefully timed in relation to the piston motion.
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Fig.I1-3, Protograph of Lower Portion of Apparatus



IITI. DERIVATION OF MATHEMATICAL RELATIONSHIPS

General Equations of Motion

The equations which may be used to determine the conditions in
the sample gas in a ballistic piston apparatus of the type described
in Part IT will first be derived for a quite general case. It is
assumed that any changes in weight of the gases are negative (leakage
out), that the properties of the gases are uniform throughout the
volume at any instant, and that local equilibrium (18) exists. Any
effect of the acceleration of the gases on their properties is neglected.
The driving gas is taken as having constant composition since this is
the case in the apparatus considered.

The forces acting on the piston may be equated to the rate of

change of its momentum:

(B -RIA +F —mp = & id(""—e’ﬁ (111-1)

Equation (III-1) applies for travei in a vertical direction with the
positive direction taken as upward, The sign of the frictional force
term is for a downstroke as written. If mechanical friction is con—
sidered as inherently positive, the sign of the frictional force term
in the equation must be opposite to the direction of motion of the
piston, and thus the sign must change when the direction of piston

motion changes.,
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If these forces are applied through a distance dx, since

dVa = —Adx = -d Vs (I1I-2)

there is obtained

”—;2 udu = (F-my)dx +PadVa +Rd Ve (111-3)
Now, since
d .\_/A = d(mAVA) :mAdVA +VA dmA (III"'I&)

and similar relations hold for Vp, equation (III-3) may be rewritten
as

'TYLP

3 udy = (F‘—?n,,)dvx +MARdVa + B Va dmg

(111-5)
+MsRdVe +PyVe dmg

Since the process in the gas is considered frictionless, there is ob-

tained from the first law of thermodynamics

MadEy = A — A P dVa (I11-6)
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or
Ma B dVa = 9a -~ MadEa (I11-7)

Substitution of equation (III-7) and a similar relationship for gas B

in equation (III-5) gives

1;—'f-udu = (F =mp)dx +qn+gs - madE,

(111-8)
—MmgdEg + R\/A d'r-nA +’>BVB de

If desired, the internal energy differentials can be expanded:

oF JE N =
dE ‘(F) dT 4+ (3E) dP + Z E, dn, (111-9)

An ™
K=1

Substitution of equation (III-9) in equation (III-8) and division by

d® gives
i o o ° o w
(F—m,,)u "’ZA"?B'*&VAEA'*'PBVBYD.B
| dEs) dTe [dEs\ d N
p du _ Y R = dn :
et od (), 228022 Sety] b
K=)

dT Jp d © \9P/rdo

—ma | (PEA) dTa , [OEa) dPa
| 93]



The partial internal energies E, in equations (III-9) and (III-10)
must include internal energies of formation. Equation (III-10) is
subject to the restrictions mentioned earlier, namely that the g's
must not be positive, the properties of each gas are uniform throughout
the respective volumes, and local equilibrium exists so that the thermo-
dynamic state is defined. The composition of the driving gas A is
taken as constant.,

The summation term in equation (III-10) is the one in which chemical
reactions (including dissociation and ionization) specifically enter,
although the partial derivatives of the internal energy with respect to
temperature and pressure may be affected by such reactions.

The equation for a single chemical reaction can be written in

general form as
Ny +Na+ =--+Ni TNy #NL* - - +Nay (1I1-11)

As an example, in the reaction

2 CO0 +0, == 2C0, (II1I-12)

the numerical value of N, is two, that of N2 is one, and that of N3
is two.
The reaction rate can be expressed in terms of moles of component

1 disappearing per unit volume per unit time:



- _l_ _ 6(Tnols ,) - l (dh\\ (III—IB)
" (ae m| ~ M Ve \dE/
Since
d"ﬂk - + NKMK dhu + k< (‘ -
de ~T T N/M, de - k> (111-14)

equations (III-13) and (III-14) may be combined to give

My~ ¢ NeMeVe ~ ks (111-15)
de ; ' + Kk >C '
Thué
n n L
E 9 = M8 |y N ME. - ) NuME (111-16)
kde T N w My, w My 1 -
k=1

Kz L4} K=

The term in brackets in equation (III-16) represents the change in
internal energy corresponding to the reaction of equation (III-11)

carried out at constant temperature. If this is designated as AEg,

equation (III~-16) becomes
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Q

_ E |
}:EK dne = [AER] Vs I (111-17)

k=1

The relationship of equation (III-17) may be substituted in
equation (III=-10). In the event more than one reaction is occurring
one must substitute a term of the form of the right side of equation
(I1I-17) for each reaction. The reaction rates will in general be
rather complicated functions of the instantaneous composition and
conditions of the sample.

The difficulty of solution of equation (III-10) is of course
markedly depenaent upon the specific situation at hand and also upon
vwhat information is desired from the solution. There are at least two
general classes of studies which can be carried out in this type of
ballistic piston apparatus; the investigation of thermodynamic proper-
ties of gases under conditions of high temperature and pressure, and
the investigation of chemical reactions under conditions of high temper-—
ature and pressure. It seems unlikely that both thermodynamic properties
and che@ical reactions can be successfully investigated simultaneously,
certainly not with the instrumentation currently planned. Thus, for
PVT measurements the reactions, if any, should preferably be of minor
consequence and sufficiently well known that correction can be made
for their effects, When chemical reactions are the subject of the
investigation the thermodynamic properties of the gases concerned must

be known in order that the reaction data can be extracted.



Unfortunately experimental determinations of the equations of
state of gases in the region of interest in this investigation are
not available and therefore the thermodynamiec properties must be
estimated. Appendix I contains a discussion of this problem and the
methods used to develop the thermodynamic data necessary for this
investigation, The data developed for several gases are also contained
in Appendix I. The WT data for pure materials are shown in the form
of the molal covolume b as a function of temperature and pressure,

where the equation of state is

P(Y—b) =RT ~ (111-18)
with
b= f ( P, T) (111-19)
Internal energy information is found in Appendix I in terms of a state

function Vb « The increase in internal energy at infinite attenu-

ation from that at a datum temperature T, is given by

(A [E)P=o =T ¥ (111-20)

A datum temperature of 536,7° R, (77° F.) is used,



Solution for Simplified Isentropic Case

A solution of the equation of motion for a very simple case is
presented by Davis, Corcoran and Sage (19). For this solution it was
agsumed that both the driving gas and the sample gas were perfect gases
having the same constant heat capacities, and that isentropic paths
were followed.. The effects of gravity and of the friction of the piston
on the walls were neglected. As a consequence of the very restrictive
assumptions the results obtained are not useful for present purposes
and it is necessary to undertake solutions of the equations of motion
with more descriptive assumptions.

It will be assumed for the sample gas that

a) an ideal solution (20) is formed
b) the composition is constant (no reactions)
¢) there is no heat transfer
d) leakage is negligible
e) there are no friction or shock waves in the gas
f) the covolume is constant over the conditions encountered
in compression.
It is shown in Appendix I equations (AI-33), (AI-34) and (AI-35)

that when the covolume is constant

JE\
35). = O (111-21)
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(_3_@}_\/_) = 0 (111-22)
.

and

T\
J — P ' (111-23)

IV
° /S

For an isentropic change in state, equation (III-23) gives

— - __RT g
CvdT = —PdV = ‘(\.@/_b)d\o/ (I11-24)

It is convenient to use dimensionless variables defined as

*

G
= = I1I-25
G . ( )

\gW o

where G represents any of several intensive properties of a system,

With this normalized variable notation and rearrangement, equation

(I1I-24) becomes

Ev d(1n T*) =-d [)n(v*—o()]  (I11-26)

where

b (111-27)
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Equation (II1I-26) integrates to

nT™
S AT = =10 MR 2 —ln(Via) e

(o]

Since o is generally negligible with respect to unity the approxi-
mation in equation (III-28) which neglects it will be used., A new

function ¥ is defined
%
n T

¢ = 2’_’_* gvd(lnT*) (1I1-29)
h o

and the use of equation (III-29) in equation (III-28) gives

In T = —“jg— In (V*— oﬂ) (111-30)
S0
-¥
T = (V"‘__ o() (11I-31)

for an isentropic path for a gas whose covolume is constant,
The equation of state, equation (III-18) when expressed in normal-

ized variables, is



ko

P*(vi-a) = T (111-32)

The properties of the driving gas are of interest only in that it is
necessary to determine the work which it does on the piston. Over

the range used in the ballistic piston apparatus a polytropic expansion
path may be employed. The exponent can be determined from the known
thermodynamic properties of air if a path is assumed. This is discussed

in Appendix I. Thus, for the driving gas

R* \/A%K = | (I11-33)
It is assumed that leakage of the driving gas is negligible,
?he physical situvation is such that
Vao * Yo = Va + Ve = MVa + Mal (111-34)
If the ratio of initial volumes
Xao Vi  (111-35)

Veo

is used, equation (III-34) may be rearranged and divided by Vpo to

give
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»* X
Va = L [I +3 "'VB] (III-36)
<
Differentiation of equation (III-34) and introduction of dvg Jeads to
*
dV¥Va = = Ve dVs (111-37)

Equation (III-2) becomes

dx = Lee III-38
A (III-38)

and from equation (III-38) one can obtain

RS T DT

Equations (III-33) and (III-36) combine to give

B R
i+ B-V&]"

Pa = P_AOP: = (III-40)

While the general equation of motion, equation (III-10), could be used,
it is easier in this case to use a form which is obtained from equations

(111-5) and (III-7) for constant weight systems
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":9"" udy = (F-mp)dx +Pad¥Ya +qq-me dE, (I1I-41)
also, for the case considered, 9g = O and
*
dEg = CugdTg = —”:T ngdTB (I11-42)
‘ B

Substitution of equations (I1I-37), (III-38), (III-39), (III-40) and
(I1I-42) into equation (III-41) gives

2

Mp \_/_Bo dv* dVB* _ \lBo *
e[ () 4 45 = (e e a2
(111-43)
K
o Vao »* %
_ B foYs dVe —Mslee c  dT,

[[+8-Va]" Ms
Since the subscripts "A" and "B" become bothersome, and attention is
now centered on the sample gas "B", the subscript "B" for other than
initial conditions will be omitted in all cases except when essential
for clarity.
If the covolume is neglected with respect to the initial molal
volume, equation (III~43) becomes

m y_go/dv*) (_d_\ﬁ)_ _ .
31 = (3o dde = (F-mgdV

(ITI-44)

[
B AFro dv* _ A Feo CvdT*

S e R 3
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This can be integrated if the dependence of the piston frictional
force on V¥ is known., F will be assumed constant. For the first
downstroke the initial conditions are

%

dV_' '~ o ; v ; T = (111-45)
de |

Using the initial conditions of equation (III-45), one integration of

equation (III~44) gives

2
Mp Vao dV:[ — (mp-FX\—V*)

29 A de
(111-46)
ﬁ_?&_[_“ _“‘_k]_ﬁf_gp_
+ L B-G (1 +B-V™ - \70
where
T*.
7& = deT* (III-47)

!

Equation (III-46) is sufficiently complicated that further inte~
gration analytically has not been found possible, however numerical
or graphical integration for specific cases is not too difficult. The
conditions at the bottom of the stroke (if the assumptions remain
valid) may be easily obtained from equation (III-46) since the velocity
is zero there. Designating conditions at the bottom of the stroke by
a subscript 2, equation (III-46) may be solved for the initial ratio

of pressures:
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L +|'\=-m,] (1-Vva¥)

Pro _ 3 R LAPBO
Sl ] AR

(IT11-48)

This equation is particularly useful in setting conditions for a run.
Equation (III-48) must be used in conjunction with equation (III-31)
since Hp is a temperature function, and if maximum sample pressure
is of interest it is obtained from equation (III-32).

Since equations (III-29) and (III=47), which define the specific
heat functions ¢ and 1/’ s are both linear in the specific heats,
it follows from the assumption of an ideal solution that the values of

these functions for mixtures are calculated by

qs = ZYJK ¢K (I11-49)

n
k=1

and

Y = i}gkyfk ~ (111-50)
K=1

Equation (III-46) is solved for positions other than the bottom

of the stroke by first obtaining V¥ and the reduced velocity
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vi-

( =~
1| Ome —F)(1-v )+ Blne [ﬁ -8 +ﬁ-v')'-ﬂ
dv*: [ZA ; JZ< MIII-51)

Pao
__ARB 1_},

as functions of T¥, Times are then calculated by either numerical or
graphical integration of

*

v

6 -6, = ——%— (11I-52)

! de)

If it is desired to carry the solution past the bottom of the stroke

one must change the sign of the frictional force term F in equation

(111-44) and integrate from a new set of initial conditions

* *
j\é =0 V=V, 5 Tr =T (111-53)

This integration yields for the first return stroke

2
“-m \_/.Bo dV* —_ . LAV A‘PBO -
29 A [de ]— (me A=) + S22~ Y)

(I111-54)

K - -
R
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Equation (III-54) can be solved for (dV*/d © ) and times calculated
by continuing integration of equation (I11-52) past the bottom of the
stroke. The integrand of equation (III-52) exhibits a singularity
when the velocity is zero, although the integral is bounded. This
difficulty may be overcome by approximating over a small interval from
the singularity with

*)
AB = A (111-55)

- (EF

where

A B Pac
[+p-v*]*

Ag

®~

-mp X F (111-56)

oin
~

Equation (III-56) is obtained directly from equation (1) by use of
equations (III=25), (III-38) and (III-40). The positive sign for}the
frictional force term refers to the downstroke; the negative sign to the
upstroke. In practice there is always a dominant term in equation
(I11-56); the first term in the brackets for the bottom of the stroke,
and the second term in the brackets for the conditions at the instant
of piston release.

The rates of change of temperature and of pressure are sometimes

themselves of interest. Differentiation of equations (III-29) and
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(I11-30) and use of equation (IIT=-32) lead to

* n *
j‘; S ?P (:; ) (I1I-57)
and
dPpP*™ P* R dv*)
- = I11-58
o (V=) | + ¢ |lde (111-58)

A knowledge of the value of the frictional force F is necessary
in the use of the equations derived. The effective frictional force
may be determined from velocity data or from a knowledge of VZ. If
the piston velocity is known at a point during the first downstroke,

the frictional force may be calculated from

A K 3 . Poq'r_"wlpul -
F =wm, +-(| v ey [B -3 (1+B- V) ] -——-—‘R E_S..SZ.;; (111-59)

with the values of V¥, ‘-/" and u all pertaining to the same point.

If the minimum volume V; is used, the effective frictional force is

given by

_ A Pao K _ '*‘—'K} Paolk.
F=mp + ER IS [B-B (|+(~3’ V:.) - T—' (II1-60)
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The numbers resulting from the use of the equations (I1I-59)
and (III-60) are descriptive of the actual frictional forces only to
the extent of the validity of the assumptions on whieh the derivations
of these equations are based, For the driving gas the assumption is
essentially that the polytropic expansion path of equation (III-33)
be followed, while the sample gas is assumed to be an ideal solution
of constant weight, composition and covolume which is undergoing
isentropic cémpression. If the assumptions for the sample gas are
satisfied for the compression to the position under consideration,
the value of F determined will, when used in conjunction with the
assumed value of the polytropic expansion coeffieient, allow satis-
factory estimation of the work done on the sample gas. The value of
F so determined will correspond to a real frictional force only if the
path of equation (III-33)and the chosen value of the exponent k are
correct. For this reason the value of "F* so determined will be called
an effective frictional force,

The physical nature of some of the foregoing expressions may be
obscured by the nomenclature and it may be useful to consider them in
a different way. Equation (III-4{1) integrates during the downstroke

to give
2
l-zﬁg‘i = (F-m)aX+Wa + Qg -AEg
(111-61)

= (F-mp)AX + WA +We
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The potential energy and friction term is
(F-mp)ax = é%ﬁ(r:—mp)(v*—lx (I11-62)

The work done by the driving gas on the piston is

1—-K
Wi = zf’_\f“ [@-(3 “(r+-vY ] (111-63)

Since, from equations (III-42) and (III-47)

AE = Tae ‘-/f (111-64)

[~

neglect of the covolume at the initial state leads to

i
AE = —E‘?——‘—"— l/.f (I1I-65)

In the derivations of this section it was assumed that 93 wvas
zero., This assumption is necessary in order to use equation (II1I-31)
for determination of temperature., Substitution of equations (iII-62),
(III-63), and (III-65) in equation (III-61) and setting EB equal to zero
of course yields equation (III-50).

The results of a series of caleculations made in accordance with

the procedure outlined with equations (III-49) through (III-56) were
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presented by Longwell and Sage (16). Perfect gas relationships were
assumed for these calculations, and piston position and sample gas
pressure and temperature were determined as functions of time, A
polytropic exponent "k" of 1,424 and a value of frictional force "F%
of 50 pounds were used. In order to illustrate the marked effect that
sample specific heat has on temperatures, pressures and times, and to
show in a general way the type of behavior predicted by the foregoing
analysis, three figures from reference (16) are presented here,

Figure III-1 shows piston position as a function of time for helium,
for carbon dioxide, and for an equimolal mixture of helium and carbon
dioxide. Only the lower 0,16 feet of travel is displayed in order to
show detail in this region which is the one of most interest. Figure
ITI-2 shows temperature as a function of time for the same interval

as Figure III-l., It is evident that decreasing the specific heat not
only raises the temperature but greatly changes the shape of the
temperature-{ime curve, Temperature is shown as a function of pressure
in Figure III-3, It can be seen there that the maximum pressure for
the carbon dioxide is approximately 20 times that for the helium for
the same initial conditions.

Solution for Simplified Case with Heat Transfer or Endothermic Reaction

When heat transfer or chemical reaction takes place in the sample
gas, the assumption of an isentropic path, employed in several of the
derivations in the preceding sections, is not valid, and a more suitable

assumption as to path must be made.
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Consider first a very simple case of heat transfer by radiation.
If energy is added at a constant rate ¢; to a material having a constant
specific heat, energy is lost by radiation to surroundings at zero
temperature, and the emissivity is constant, the differential equation

is of the form
4
<, -, T =, 4L (I11-66)
de
Letting eq/cy = al]’: ,and if T = 0 at © = 0, this integrates to

I

T
+..__._ .

= a1y —-———?-7—'—— +tan 4 (111-67)
Ta,

T 2c,al |7 Q.

This function is plotted in Figure III-4. As would be expected,
the effect of radiation becomes significant only after the temperature
has reached 80 per cent or so of its limiting value, and the process
could be approximated without great error by one in which there is no
energy loss followed by an isothermal process.

Consider qualitatively next an endothermic reaction with a reaction
rate which increases markedly with temperature and neglect the #ariation
of reaction rate with factors other than temperature., Then, if energy
is added at a constant rate, the temperature-time curve will resemble
that shown in Figure III-4 for radiation loss. The sharpness of the
break between the linear temperature rise and the isothermal portion

will depend on the rate of change of reaction rate with temperature,
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While conditions in the ballistic piston do not quantitatively
satisfy the assumptions made above for the heat transfer by radiation,
or for endothermic reaction, it is nevertheless believed that a useful
approximation to the actual path can be made in this way, and the
relationships applying are derived below,

It will be assumed that

a) an ideal solution is formed

b) leakage is negligible

¢) no friction or shock waves exist in the gas
d) the covolume is constant

A path as shown in Figure III-5 is assumed. The sample is compressed
isentropically (no heat transfer and no reaction) until it reaches a
temperature Ty. For the remainder of the compression the sample remains
at Tl' After reaching maximum compression the re-expansion of the sample
gas lovers the temperature abruptly. The latter part of this path is
suitable when the mechanism absorbing energy to maintain the isothermal
state is irreversible, or substantially so; and may also be suitable
if the mechanism is reversible but markedly a function of temperature.

For the isentropic compression from the initial state to state 1,

since there is no heat transfer,

Wee-iy = Eo =E, = —Tae g (111-68)
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This follows from equation (III-64) and the first law of thermodynamics.

For the isothermal compression from state 1 to state 2 without friction

2
1

2
pdvy = RL 4y (111-69)

o = No1 (\‘.{-b)

where the work is expressed per original mole of sample gas., It is
convenient and probably reasonable to assume, for the case in which
the extent of reaction is not great, that the total covolume of the

gas remains constant, ie
Nb = constant (I11-70)
Use of equations (III-27) and (III-70) yields
V-b = %—B—"—(V*~ *) (I11-71)

in which o is constant. Substitution of equation (III-71) in

equation (III-69) gives

- RT, NdV* - RT.Nay ]ﬂ V:'—d\

= ITI-72
No V*—O( Neo V‘*—-i ( )
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in which the integration is made by taking an average number of moles
Nov for the case where the change in number of moles is not large.

If the change is large this approximation, and the one of equation III-70),
may become unacceptable,

Division of equations (III-68) and (III-72) by RTp, and addition

gives the work per original mole of sample for the total compressional

path:
Vo\l(o--:.\ — Nay ™™ Vo — Nav T‘In(vi—d —-—l/:‘. (I11-73)
el LS AR

It is assumed Vg is known, and that it is desired to determine Ti.

Use of equation (III-30) leads to

Vé/(o-z) - anv
RTeo | Ne

Tn (V.- g)]ﬁ* + [?':I‘_u]-ﬁ_'-r,*)n‘r'* ~ _if'_ (I1I-74)

o

An independent equation for this work can be obtained from equations
(I11-61), (I1I-62) and (III-63). Equation (I1I-61), for the whole

downstroke, is

Wae = = Wa —(F —mp)AX (111-75)

——

Substitution of equations (III-62) and (III-63) gives
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W, = - TaeXse [5_3"(, +(3-v;‘)'-K] +_XK‘3-°-(|-— —ea(V -V (III-76)

which, by neglect of the covolume with respect to the initial molal

volume, becomes

Yoy _ 1 JFewme s a Pm[ _B( g ""‘] II1-77
RTgo ~ Peo A (I Vt) K-\ 3-6 (‘+6 Vl) ( )

If an appropriate value of F is known, equation (III~77) may be
used to calculate a numerical value for the work. This value may then
be substituted in equation (III=-74). Assumption of a suitable value
for the mole ratio Nav/No in equation (III~7,) leaves a transcendental
equation in several functions of Ti which can be solved for T{ by
iterative means., Since K is a function of temperature, double itera-
tion is required.

Since the path between states 1 and 2 is isothermal, the total

change in internal energy for this path and equation of state is that

due to reaction. The first law thus gives for a frictionless path

T, Vit —
(‘“5&“9) AT R &t‘ov In ((VL’*—::))
(111-78)
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Now the equations necessary to determine time as a function of
position during the isothermal portion of the path will be developed.
Times during the isentropic portion can of course be determined by
use of equations (III-51) and (III=-52). If the pressure of the driving
gas, and frictional and gravitational forces are neglected for the
isothermal path; equating work to change in kinetic energy and use of

equation (III=72) gives

m _ NdV ™
Wg = 23P A(-uz) = RT, /m (111-79)

Using equation (III-38) and taking an average value for the

number of moles, there is obtained

N\~ 2 *
A (El’_) - 29 RT:/‘\l Nav dv (111-80)
de Mp Yeo AVAEE'N

which, if the covolume is neglected under initial conditions, may be

written as

d\/”‘)Z _ 2 q Peo T, *AzNav/d v (111-81)

de m’a yBO No V"“d\
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Define a constant, having the dimensions of time:

_ | mp _\.(BO NO
Cy = (111-82)

A 2. 3 Pe. T, *Nav

Use of equation (III-82) in (III-8l) gives

2 *
dv?* ] dvVv
— (I111-83)

and integration to state 2 as an upper 1limit gives

dv*Z ¥
(de ) = —l-,_ h Y- (ITI-84)

since the velocity is zero at that state,
At this point a change in variable is helpful., Define a new

variable y:

A
R T

Differentiation of equation (III-85) gives
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dv ™= 23(\/*—0() dy

and also, from equation (III-85)

2

o 5
Vi- = (W-o) e

Use of equations (II1I-86) and (I11-87) in (I1I-85) gives

32.
de = —2G(Va"- ) ©7 dy

and since

g Li
6,-6 = 2(.“3(v1"‘—o<)/@3 dy

(I11-86)

(111-87)

(111-88)

(111-89)

(I11~90)

The time interval from the position corresponding to y to the bottom

of the stroke is given by equation (III-90).

The integral may be

evaluated by use of infinite series or, more conveniently, by use of

tabulated values such as those given by Jahnke and Emde (21).

It is possible to obtain numerical values of reaction rate con-

stants for certain types of reactions on the basis of the path assumed
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above and shown in Figure II1Il-5, If the reaction under consideration
is irreversible (or essentially so under the conditions existing) and
it is assumed to proceed only during the time represented by the
isothermal path, then the compositions at state 1 and at state 2 are
known and solution for the reaction rate constant can be made.

First-Order Kinetics

Consider first a first order reaction (such as a decomposition)
and let n be the mole fraction of the reactant and otherwise the sub-
script "R" refer to the reactant. Then

dN o
- 5 eR = ke Ya(fa) = ka Vs n f. (111-91)

This is essentially the defining equation for kpe

It follows from equation (AI-29) of Appendix I that

ﬁ: = P exp [: _“’.‘*J (111-92)

where, by equation (AI-28)

P
b = —%5- /b dP (111-93)

with the integral taken at constant temperature. If the assumption

made previously concerning the use of an average number of moles remains



valid
dNr = Nav dn (1I1-94)

The equation of state gives

P = NPBOT* ~ NovPBo_r.*
NQ(V*—OQ N o (V*— O()

(111-95)

if equation (III-70) is valid.
Substitution of the relationships of equations (III=92), (III-94)

and (III-95) into equation (III-91) and simplification give

A
n
o

_ v br Nav

Use of the variable y defined by equation (III-85) results in
simplification of equation (III-96). Substitution of equation (III-87)

in equation (III-96) gives

—

_3 :
kT 1+ e fexp|Bable_ o™ i)

\
h de \Ag Vo (V,*~)

Multiplication of equation (III-97) by equation (III-88) gives
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2 — 2
d no_ *_ A 3 b Ncw, -4 .
n =2 kRC3 RT;(V‘x 09’:\11,_“ +& ]GXP me dﬂ (111-98)

which is to be integrated to obtain the reaction rate coefficient kR‘
Since BR is a tébulated function of pressure (and temperature), and
equation (III-98) must be integrated numerically even if ER were con-
stant, another form which exhibits more physical significance is in

order, If, again, the change in number of moles is neglected,

P _ VR 632 (111-99)
P - Vl*“d\ - "

Use of equation (III-92) and (III-99) in equation (III-98) leads to

cig = 2 ke B, [V* + ]exp llj;;\] cj (I11-100)
where
B, = RT\(Vy -« C; (I11-101)

In order to make use of the tabulated first derivative of the error

function, take
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_52

é.(‘j) = Ec-lg (erf 'j) = —\‘%— e (111-102)

This function is tabulated by Jahnke and Emde (21) as é‘(x\ and by

others. Equation (III-99) becomes

P, _ 2N _ 1.12838 (111-103)
P $, (y) &, ()
and equation (III-100) integrates to
Y4 .
., _ [ B | F | |
In ——75—?.— = 2 kxB, IYI*"“ + PJ .; dﬂ (III-104)

(o}

Numerical integration of this expression, using equations (III-92) and
(111-103) and tabulated functions, is relatively easy, and kR is then
obtained.

It may be desired to calculate the composition and (Z§§R - g) as
functions of time in order to check the compatibility of assumptions.

Times may be found by using equation (III-90). Compositions are given

In LA 2 ke B, [:(o( A ?‘] ZCP“ dy (111-105)
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which comes from equation (III-104). By use of equations (III-78)

and (III-85), (ZkgR - g) is given by

—  Nay
c‘g)w_a = o~ RT y*= (I11-106)

(AEe-

These equations work backwards in time from the time of minimum volume,
but this is no particular disadvantage.

One~Half Order Kinetiecs

Another possible reaction rate expression is that for a fractional

order such as one half. Then the defining equation is

_ d Ng
de

A
= ka Vo ()7 = ka Ya (0 4)° (rr2-107)

Methods and assumptions analogous to those used in obtaining

equation (III-104) from equation (III-91) will yield for this case

5 oo il gl e

-

which may be integrated to give

A y 1z
(- (et [l B[]y
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in which

3 L
> 2
B, = [Veo(va*- )] l:mP]a (I11-110)

A Ny 23

The integral in equation (III-109) may be evaluated mumerically by
using equations (III=-92) and (III-103) and tabulated functions, and
kp is then determined.

The composition and (llgR - g) may be determined during the

course of the reaction by use of

3

|
°12
L/;—o( * E‘} Lﬁ;z x f;] dy (I11-111)

(-]

1 1
(YJ)Z' = (h z‘z + kg B4

and equation (III-106) respectively.

Solutions Using Additional Experimental Data

It is planned to start measuring pressure as a function of time
shortly and to measure the integrated thermal flux to a portion of the
walls of the apparatus. Position-time measurements are now being made,
and it is hoped ultimately to estimate temperatures by means of experi-
mental measurement. The availability of such measurements will be of
considerable aid to the experimenter,

No attempt will be made here to describe in any detail the treat-
ment of the data which will be derived from future measurements. A

few remarks are probably in order, however,
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The integrated thermal flux measurement will allow estimation
of the total heat transfer from the sample gas. If sufficiently small,
heat transfer can be neglected with confidence; if sizable it will be
necessary to assume a form for the heat transfer rate such that when
it is integrated over the entire path the resulting quantity will
match that estimated from measurement.

When pressure measurements become available, the pressure-time
relation will of course be given directly., With the time base corre-
lated with the position-time measurements now made at discrete points,
integration twice of the pressure with respect to time will give con-
tinuous position-time data to be fitted to those measured directly on
the downstroke, and pressure and volume will be known as continuous
functions of time. Likewise the internal energy of the sample will be
known as a continuous function of time since the work can be calculated
and the heat estimated by use of thermal flux meter data. If no reac-
tions take place, the equation of state can be obtained from these data.
If the equation of state is known, simpie reactions can be followed by
following the change in internal energy due to reaction, and it will be

possible to stay much closer to reality than has been possible here.
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IV. CARBON HYDROGEN SYSTEM: METHANE

Methane was selected as the first material to undergo investiga=-
tion in the ballistic piston apparatus since it is a simple hydrocarbon
which could be expected to react chemically under conditions of high
temperature and pressure, and it was desired to determine in an ex=
ploratory manner what types of products might be formed in such reac-
tions., ILittle is known experimentally eoncerning the behavior of
methane under the extreme conditions obtainable with the ballistic
piston apparatus. Hanson (12) described use of the du Pont compression
reactor on methane, on methane and carbon monoxide, on methane and
oxygen, and on methane and nitrogen, and reported that results were of
no great interest, soot being formed with mixtures of methane and
nitrogen. Furman and Tsiklis (11) reported ballistic piston tests on
mixtures of methane with small amounts of oxygen having as the objective
the determination of the effect of a cold wall upon the course of a
chain reaction. These two references became available some time after
the investigation described here was performed.

Most of the tests on methane were made during the period when
the ballistic piston apparatus was first being placed in operation,
There was essentially no instrumentation and experimental techniques
were in a formative state. Two tests were made later when some timing
equipment had been installed. As a result of the inadequacy of the
data only a rather modest amount of effort on the analysis of the ex—

perimental results was considered warranted.
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Experimental Procedure

The ballistic piston apparatus used for these tests was essentially
as described briefly in Part II and in more detail by Longwell and
Sage (16). The piston weighed approximately 31.0 pounds. The earliest
tests were made on pure methane., During these tests the lead crusher
gage technique for measurement of the distance of closest approach of
the piston to the bottom of the chamber, as described in Part II, was
developed. Also the original design of the bottom closure did not
properly confine the high pressure gas and a revision of the closure was
necessary. These first tests did not produce data pertinent to the
reactions of methane and so are not included here.

The procedure for the series of tests without timing data (runs
23 = 35) was as follows:

The interior of the bottom closure was cleaned with carbon tetra-
chloride anﬁ dried. The barrel was lubricated with powdered molybdenum
disulfide (Molylube). The piston, which was solid carbon steel, was
assembled to the top closure with a 0,373 inch diameter brass shear
pin, the O-rings lubricated with molybdenum disulfide, and the piston
and closure inserted in the barrel., The unsupported area seal was then
tightened. The lower closure, with a measured lead crusher gage in it,
was inserted, the unsupported area seal tightened, and the vacuum line
connected.,

The apparatus was next evacuated to a pressure of 1 mm, or less,

and purged with helium two or three times. The helium was passed
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through a trap cooled with a dry ice-trichloroethylene mixture. After
purging, the helium pressure was adjusted in accordance with the
desired composition and measured with a mercury-in-glass manometer,
then the chamber valves were closed and the lines evacuated. Methane
from a tank was passed through a high pressure trap cooled with a dry
ice~trichloroethylene mixture and into the lines. The chamber valve
was opened,methane was added to give the desired composition at a
pressure of about 80 cm., and the pressure measured. The chamber
valves were closed and the lines evacuated. In the case of runs 23

and 24, in which helium was not used, the apparatus was evacuated

until the pressure was less than about 0,1 mm, and the methane added.
After standing for 30 minutes or more to allow mixing, a control sample
was withdrawn into an evacuated bulb, then the chamber pressure reduced
to that desired as an initial sample pressure. Compressed air was
admitted to fill the upper chamber to the desired pressure, valves
qlosed, and the piston released by»means of the firing handle.

After firing, the driving air was vented. The measurements re-
quired for estimation of leakage were just being started and were not
made on all runs. When made, the procedure was to remove the top
closure and measure the distance to the piston using a weighted steel
tape, and to measure the sample pressure by use of the mercury manometer.
Two product samples were then taken in evacuated sample bulbs. When
leakage measurements were not made, the two product samples were taken

before the top closure was removed,
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Finally, the piston and bottom closure were removed, the lead gage
recovered, and its height measured.

The procedure followed for runs 86 and 87 differed in some details.
One Berkeley Instrument Time Interval Meter was available, and the
bottom closure used was fitted with two contact holders. Copper wires
were placed in these holders and the heights of the wires above the
bottom were measured to 0,0002 inch by use of a depth micrometer regis-
tering on the top of the bottom closure. Contact was detected by use
of an electronic volt~ohmmeter,

The barrel and piston were lubricated with powdered graphite which
had meanwhile been found more suitable than molybdenum disulfide for
the service. After evacuation the chamber was purged with nitrogen
rather than with helium, otherwise sample addition techniques were
similar. Leakage measurements were made on both runs,

Materials

The methane used was supplied by The Texas Company. A mass spectro-
meter analysis of a sample of this methane was performed by the
Montebello Laboratories of The Texas Company and the composition was
determined as 99.58 mole per cent methane, 0.15 mole per cent hydrogen,
0.05 mole per cent propane, 0.07 mole per cent ethane, 0,11 moie per
cent carbon dioxide and 0.04 mole per cent water.

The helium used was obtained from the Air Reduction Company. It
was reported as being 99.97 per cent pure, however a mass spectrometer
analysis by The Texas Company showed 0,14 mole per cent nitrogen as

an impurity.
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The nitrogen was purchased from Linde Air Products Company which
reported it as 99.95 per cent pure. Analysis by mass spectrometer by
The Texas Company showed 0,04 mole per cent oxygen, 0.02 mole per cent

argon, and 0,07 mole per cent water as impurities.

Experimental Results

Ten ballistic piston runs were made with methane, Data for these
runs are shown in Table IV-I, The first two, numbers 23 and 24, were
made on methane without diluent, and no chemical reaction occurred.
Following the precedent of Ryabinin (10) who used argon as a diluent
to decrease the heat capacity, varying proportions of helium were used
in the subsequent runs in order to obtain temperatures sufficiently
high for chemical reactions to occur. The initial compositions are
shown in Table IV-I, as are initial pressures of the driving air and
of the sample, The measured distance of closest approach is shown; from
this the normalized minimum volume VZ was calculated with corrections
made for the volume of the lead gage and for the volume of any recesses
in the bottom closure., The leakage éalculated from the experimental
measurements is shown for those runs for which measurements were made.
It will be noted that ths leakage was excessive on run 33.

The bottom contact timing data for the two runs made after timing
equipment became available are shown in Table IV-II., Since only one
time measurement was made for a run, the velocities shown are the average
over the interval hy to h3 and are assumed to apply at a point hy, defined

as the average of the heights hl and h3.
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The anal&ses of samples taken before and after the runs are shown
in Table IV=III as reported by the Montebello Laboratories of The Texas
Company, which performed the analyses using a mass spectrometer. No
analysis was obtained for run 24. Since this run was a duplicate of
run 23 and no reaction was obtained in the latter, it may be assumed
that no reaction occurred in run 24, This is in accordance with experi-
mental observations. It will be noted that most of the runs show
appreciable amounts of air in the samples, both control and product.
These do not correlate with 002 analyses, however if there were oxygen
present it would tend to react to give CO rather than CO, (11) and CO
is difficult to determine in the presence of nitrogen by mass spectro-
meter. It is believed that the air shown in the runs through number
35 is partially the result of using mekeshift sample addition equip-
ment, and partially the result of leakage by the O-rings on the piston.
The sample addition equipment described in Part II and seen in Figure
II-2 was placed in use in the interval between run 35 and run 86, and
prior to the installation of this equipment it was difficult to avoid
some contamination. Also the O-ring grooves on the piston were deepened
prior to run 23 in an effort to reduce friction, This resulted in less
friction but added leakage of air, and the bottoms of the grooﬁes vere
built up with tin just before run 35. It will be noted that the air
reported for runs 86 and 87 is small,

The product analysis for run 33 shows 73 per cent air, and an

analysis of the second sample of the product showed 90 per cent air,
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When this is considered in combination with the excessive leakage shown
by this run, it appears that the data for this run are almost worthless,
and they have been omitted in some subsequent presentations. No specific

reason for this failure is known,

Analysis of the Composition Data

The analysis data in Table IV-III do not completely balance
stoichiometrically, nor do the control analyses agree precisely with
those computed from the measurements made during sample addition,
These disagreements, amounting to as much as 5 per cent of the methane
present, are within the error to be expected from the mass spectrometer.
Since it was necessary to determine the amount of free carbon produced
by difference from a set of data which did balance stoichiometrically,
a set of adjusted analyses was computed and is shown in Table IV-IV,

These adjusted analyses were obtained by first eliminating the
air, water, and carbon dioxide, The initial composition was then ob-
tained from the measurements made during sample addition for the major
compenents, while the mass spectrometer analyses were used for the
minor components. Material balances were next written for each atomic
species present and one additional equation for the sum of all compon-
ents of the product was obtained. Unknowns equal in number to the
equations were selected; these always included the free carbon, the
ratio of final moles to initial moles, and the final diluent gases,
and generally included the final methane, The amounts of the remaining

components were taken from the mass spectrometer analysis as corrected
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for air, water, and carbon dioxide. The equations were solved and
the resulting compositions compared with those obtained from the mass
spectrometer. In all cases they were within the error expected in
nass spectrometer analyses, and the amounts of free carbon computed
were in qualitative agreement with observation.

The stoichiometrically consistent adjusted analyses of Table IV-IV
were used for the calculation of the distribution of the products from
the conversion of methane. The distributions are shown in Table IV-V,
The conversion to hydrogen is shown as the fraction of the reacted
methane which appeared as hydrogen, based on a hydrogen balance, while
the conversion to carbon and hydrocarbons is shown as the fraction of
the reacted methane converted to the particular product, based on
carbon content., The fraction of the total methane which reacted is
also shown, It is apparent that as the amount reacted increases the
fraction of reacted methane converted to carbon also increases, reach-
ing as much as 80 per cent, The maximum conversion of reacted methane
to benzene was 14 per cent and the maximum conversion to ethylene was
43 per cent, the latter with a very small fraction of the methane
reacted however, The conversions will be discussed later in connection
with the estimated temperatures and pressures to which the samples vere
subjected.

Analysis of Run Data

It is necessary to know the amount of energy transferred from the

piston to the sample gas in order to estimate by the methods of Part III
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the pressures and temperatures experienced by a sample undergoing
chemical reaction. The energy involved can be calculated if a suit-
able value of the effective frictional force is known. Unfortunately
timing data were obtained on only the last two of these tests so there
are no measurements on the other runs in which reaction occurred that
can be used to obtain values of the effective frictional force. It
was posgible to calculate effective frictional force for the two runs
where no reaction occurrea, however, and the average of these values
was used for the runs which lacked timing data,

For runs 23 and 24 which had no chemical reaction it was assumed
that the compression was isentropic and the pressure and temperature
at maximum compression were calculated by means of equation (III-31)
and (III-32), which are

* - R/¢
T = (V*~x) (1v-1)

and
PV =) =T7 ' (1V-2)

in combination with equations (III-49) and (AI-10)

" ‘
¢ = Z ro\K ¢|{_ (IV"B)
k=)



and

n

b= Z ‘:\&bv. (IV=4)

K=1

and the values of ¢' and b’given in Appendix I. The compositions
given in Table IV-I were used for these calculations which are iter-=
ative in nature. The temperatures and pressures calculated are shown
in Table IV-VI. The effective frictional force was then found by use

of equation (III-60)

F=meg *'('_A\\j ;\) ::o [Q‘BKO N CEAVA |_K:," PB;;L){ (1IV=-5)

and equation (III-50)

I’U - iﬁk% | (1v-6)

K=\

A value of 1,42/ for k was used for the methane runs, as is dis-
cussed in Appendix I. The values of effective frictional force calcu-
lated for the runs without reaction are shown in Table IV-VI, The
agreement between runs 23 and 24, which had essentially identieal
initial conditions, is not particularly good. It is possible that

excessive leakage occurred, however no leakage measurements were made,
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Runs 86 and 87 had timing data and therefore velocities were
known, as shown in Table IV-II, The conditions at h, were calculated
as discussed above using equations (IV-1) through (IV-4) and are shown
in Table IV-VII. The effective frictional force was calculated using
equation (III-59)

= A Poo K »! K _M_ MPUZ ~
F-‘m"‘\'(t—v*) K-t [ﬁ_ﬁ (ep-v?) ] R 29Vse (v-7)

with V¥, I*r and u all for the point h,, and equation (IV-6), The
values of effective frictional force calculated are shown in Table IV-
VII. The velocity was measured closer to.the bottom than is desirable
for this type of calculation and at least in the case of run 87 con-
siderable reaction had probably taken place by the time the piston
reached the point h,, as shown by the high temperature calculated on
the basis of an isentropic path. This tends to give an effective
frictional force which is too low., The value of 4+ 9.7 pounds for run
86 seems reasonable.,

The average of the effective frictional forces for runs 23 and 24
is =-28.0 pounds. As has been mentioned earlier the O-ring groéves on
the piston were deeper for those runs than for runs 86 and 87 and the
difference between the effective frictional forces for the two sets of
runs is of the correct sign and approximately of the correct magnitude.
The negative signs merely indicate that the driving air is not following

the assumed polytropic path exactly.
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The reacfion temperature was estimated by assuming that the
sample is compressed isentropically until it reaches this temperature
and that the path is then isothermal until maximum compression is
reached. This implies that an endothermic reaction takes vlace at a
rate sufficient to stabilize the temperature. This path is discussed
in Part III and‘shown diagramatically in Figure III-5.

The work done on the sample gas was calculated by use of equation

(III—77)
s _ ) F-me »* Pao I: 73 » l"k]
ol - - - [ -V, -
RTso Pso A ( V;.) K -1 R~ § ( +A ) (IV 8)

using values of effective frictional force shown in Table IV-VIII.

The mean of the values of effective frictional forces for runs 23 and
2/, was used for runs 25 through 35 since no other applicable data were
available. A second relationship relating the work to the temperature

of the isothermal path is given by equation (III-74):

—ﬁl - NW *x * _&Q_\I_ :ﬁ_ ® .‘_ :
RTse Neo ]"‘(V*“*)]T\ ¥ [No] = L Inl, l'g— (1v-9)

The values assumed for the ratio (N,./N,) are shown in Table IV-VIII.
and are equal to approximately one half the ratio of final moles to

initial moles shown in Table IV-~IV. The numerical value of the work
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from equation (IV-8) was substituted in equation (IV-9) and the
latter solved iteratively for the temperature using equations (IV-3),
(IV-4) and (IV-6) and the values of b, ® /R and ¥ /R tabulated in

Appendix I, The maximum pressure was calculated by use of

_ N
Pz% (V; - = Nz.o ™™ (Iv-10)

The reaction temperatures and the maximum pressures are shown
in Table IV-VIII, as are also values of the term ( A‘ER - 2) calculated
by

(Iv-11)

(AE&— 9) - We LP;
RTeo - R7so R

The positive nature of the (llgR - g) terms indicates an endothermic
reaction.
The time interval during which this assumed isothermal compression

occurs is given by equation (III-90)

Y, 1
AO = 2C (V- es dy (1v-12)

=]

where y is a variable defined by equation (III-85)
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\
* 2
y = En —\63—":‘3—] (1v-13)

and C3 is, by equation (III-82)

[}
2
- mp YeoNo -

€s = & {23 P..QT.*NMJ (1v-14)

The time intervals are shown in Table IV-VIII. In order to show
the deviation from perfect gas behavior predicted by the equation of
state given in Appendix I, the values of the compressibility factor at

the maximum compression are also shown. These were computed by use

of
PY _ B'WNo (1V-15)
RT T N,

Comparison of the temperatures T; for runs 86 and 87 with those
shown in Table IV-VII as computed at thé point h2 shows in the case of
run 87 a difference of about 1300° R. This grose departure from the
assumption of isentropic compression to the position h2 probably accounts
for the low value of effective frictional force for run 87. This value
was used however since no other data were available. It will also be

noted that the reaction time A © for run 33 is shown as over twice
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~that for any éf the others, and that the reaction temperature of
24520 R, is the lowest of those for runs showing chemical reaction.
The amount of reaction and the distribution of products for run 33
however are similar to those for runs at about 2900° R. As mentioned
earlier, run 33 showed large leakage and therefore it is considered
that the computéd temperature and time for this run are meaningless
and this run is omitted from the graphical displays of the data,

The product distributions on the basis of carbon balances, from
Table IV-V, are shown in Figure IV-1l in a cumulative fashion as
functions of the calculated reaction temperatures, Similarly the
fractiohs of the reacted methane which appeared as hydrogen, based on
hydrogen balances, are shown in Figure IV-2 as functions of the reaction
temperature. Quite definite trends are shown in Figures IV-1l and IV-2,
the amounts of carbon and hydrogen increasing sharply with temperature,
the amount of benzene being the largest in the middle range of tempera-
tures, and thelamounts of other hydrocarbons in general decreasing
markedly with temperature increase. The trends are not smooth however,
the points for runs 26 and 35 being noticeably odd. There is justifica-
tion for believing that the temperature shown for run 35 is too high
by an indeterminate amount since the O-ring grooves on the piston were
changed before this run in a manner whieh increased the effective
frictional force but this change was not taken into account in the
calculations of the reaction tempsrature. Furthermore no account of

possible effects of pressure or reaction time on product distribution
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was taken in plotting Figures IV-l and IV-2, and it is expected that
these variables might influence product distributions.

The fraction of the total methane which reacted is shown in
Figure IV-3 as a function of reaction temperature. The pattern of
points is quite similar to those for free carbon in Figure IV-~l and
for hydrogen in Figure IV-2. The line was calculated by regression
with temperature as the independent variable. The deviations of the
points from fhis line showed some correlation with the maximum pressure
so a regression of the fraction of the total methane reacted with
reaction temperature and maximum pressure was made. The relationship

found was
(\:mct. CH,, v-ea.ct.)‘—~l.0‘ib £3.98x10"%T, +1.924 x107° Pz (1V-16)

where the temperature is expressed in degrees Rankine and the pressure
in pounds per square inch. The effectiveness of this correlation was
determined by correcting the observed fractions reacted to a maximum
pressure of 69,400 pounds per square inch, which was the average for
the runs, and plotting the corrected fractions as functions of reaction
temperature in Figure IV-4., The linearity of the relationship‘was
markedly improved by taking account of the effect of pressure., This
would be expected since the reaction rate would be a function of
pressure, although this function is probably non-linear,

Since the patterns of points in Figures IV-l and IV-2 do show
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gimilarity to that in Figure IV-3, it can be concluded that at least
a portion of the irregularity in the product distributions is due to
the effect of pressure. However no attempt to further investigate
this variable was deemed justified, since the data are rather unprecise.

The internal energy absorbed in reaction less the heat transferred |
to the sample is shown as a function of the amount of methane decomposed
in Figure IV-5. The line is drawn through the origin since it was
impliecitly assumed that (Z&gﬂ - g) was zero for runs 23 and 24, which
showed no reaction, in order to calculate values of effective frictional
force. While the higher values of (llgR - g) show a reagonably linear
relationship with the amount of methane decomposed, the two lower points
do not.

The change in internal energy due to reaction AgR was caleulated
fof some of the runs using heat of formation data given by Rossini (22)
and assuming that the reaction to give the observed products Was come
pleted at the reaction temperature Tj. These values of tng are
positive but are much smaller than the values of (lkgR - g) computed
for the assumed isothermal path. Ratios found were 0.15 for runs 86
and 87, 0.13 for run 25 and 0,05 for run 29. These figures are inter-
preted as indicating that the composition of the sample at mascimum
compression is significantly different from that observed in the product
samples. It is presumed that there are appreciable concentrations of
free radicals remaining when the piston starts its return stroke and

that these undergo further reactions thereafter. The physical behavior
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of the apparatus in not showing noticeable oscillations of the type
found in nitrogen-oxygen runs, for instance, leads to the conclusion
that the reactions subsequent to maximum compression were sufficiently
slow so that the energy liberated did not become available in time to
be converted to kinetic energy of the piston., Thus subsequent oscilla-
tions of the piston were not bothersome.

The above observation concerning internal energies also leads to
ﬁhe conclusion that conditions of chemical equilibrium are not en-
countered. A trial calculétion of compositions expected at equilibrium
for one run verified this conclusion.,

Errors

The values of reaction temperature, pressure, reaction time and
(Agm'- g) are subject to considerable error and must be regarded as
fairly rough approximations. Not only are they affected by the
assumed equation of state (see Appendix I) and all the assumptions made
in the derivation of equations in Part III, but the amounts of work
done on the samples were not known with any precision,

The comnpositions of the samples as determined by mass spectrometer
are also subject to error but the errors introduced by this source and
by the calculation of "adjusted" analyses are believed small in com-
parison with those caused by lack of knowledge of the work done on the
sample and the uncertainties introduced by the assumptions.

Conclusions

This exploratory investigation of the reactions of methane ﬁnder
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conditions of high temperature and pressure was made essentially
without instrumentation and the results cannot be considered quantita-
tive. They were made over a range of conditions such that the reaction
temperatures appeared to be between about 2500° R, and 3500° R., and
maximum pressures up to 100,000 pounds per square inch were estimated.
The estimated times during which the samples were subjected to the
reaction temperatures ranged from 350 to 800 microseconds. In the
lower range of temperatures ethylene, ethane, propylene and benzene,
as well as free carbon and hydrogen, were found in significant amounts
in the products of reaction, although only a small part of the methane
reacted. 1In the range of higher temperatures, where a larger fraction
of the methane reacted, free carbon and hydrogen were the major products.
The tests did demonstrate conclusively that the ballistic piston

apparatus could be used to carry out chemical reactions,
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TABLE IV-II. BOTTOM CONTACT TIMING DATA

Run Heights of Contacts Time From h; Velocity Av, Hegght

No. hy h3 63 at hp hy
(In.) (In.) (Microsec.) (Ft./Sec.) (In.)

86 0.2023 0.1036 148 55¢57 0.1530

87 0.1438 0.0760 113 50.00 0.1099

% hy = #(hy+ hy)
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TABIE IV-IV, ADJUSTED ANALYSES®
Run No. 23 25 26 29 31
Hy 0.03"
He 865 6487 4488 61.29"%
3 C3Hg 0.07" 0.04*
g Collg 0.15* 0.04* 0.05" 0.06" 0.07"
CoH,, 0.02*
cH, 99.78" 25.2%%  35.06" 54,997 38.64%%
Hy 17.80% 13.93* 1.44% 10.04%
He 68.28%%F  60.55%%F  44.60%FF  58,53%%F
CoHe 0.03* 0.10*
C,Hg 0.04*
C3Hg 0.07" 0.02* 0.04* 0.08*
% C3lg, 0.02% 0.07* 0.14* 0.11%
) 0.14* 0.27* 0.51% 0.15% 0.65*
CoH, 0.24% 0.35% 0.27% 0.47*
C,H, 0.03* 0.03"*
ox, 99.79* 1330 249" 53,40%%F  29,98%**
Free CP .00 9.26%%% 6,51 0.,23%* 3.66%*%
¥° 1,000 1.096**%  1,071%**  1,006"** 104T***

* Mass spect. w/o Air, C0,,H,0

*%
o By addition

Calculated by stoichiometry

& Mole per cent
b Moles/100 moles initial
C Final moles gas/initial mole



TABLE IV-IV. ADJUSTED ANALYSES? (Cont.)

Run No. 33 35 86 87
Hy, 0.06" 0.05*
He 64.83%%  69.80%% 39.93%%

é No 66.70%%  39,99™*

z C2Hg 0.06" 0.04* 0.05* 0.03*
CH, 35.17°% 30,16 33.28"  20.00"%
Hy 11.40% 11.51* 7.88% 15.54*%%
He 61.34%%*  65,94%%% 36.88%**
No 64,.37FF%  36.94%**
Colg 0.15* 0.10% 0.13* 0.02"
C4Hg 0.02"
C3Hg 0.15% 0.06% 0.10% 0.02*
CoH 0.50% 0.34" 0.58" 0.21%
CoH, 0.53* 0.44" 0.46" 0.17*
CH, 25,93%*%  21,60"%  26.46""*  10.22%
Free CP  4.,28%%% 4 90***  2,50%** 7,98 ¥
¥© 1.057%%%  1,059%**  1.036***  1.083"%*
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TABLE IV-VI., CONDITIONS AND EFFECTIVE FRICTIONAL FORCE
FOR RUNS WITHOUT REACTION

Run Maximum Conditions Effective
No. Frictional
' Pressure Temperature Force

(Lb./Sq.In.) (°R.) (Lb.)
23 63,419 2269 =13.45

24 75,234 2308 =/42,62



TABLE

No.

86
87

IV-ViI,

hp

(In.)

0.1530
0.1099

CONDITIONS AND EFFECTIVE FRICTIONAL FORCE
FOR RUNS WITH TIMING DATA

Conditions at hp
(Isentropic)

Temperature
(°R.)

2884
4707

Pressure
(Ib./Sq.In.)

7,572
17,360

Effective
Frictional

Force
(Lb,)

9.69
-18,12
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V. CARBON-HYDROGEN SYSTEM: n-HEXANE

The products obtained from methane with the ballistic piston,
as reported in Part IV of this thesis, were not of great interest,
since when the conditions were made sufficiently severe to cause a
moderate amount of methane to react, the products were mainly carbon
and hydrogen. The higher hydrocarbons are less stable at these
elevated temperatures than methane and so study of the reactions of a
paraffin hydrocarbon of moderate molecular weight promised to be more
interesting. n-—Hexane was selected as having a vapor pressure suffi-
ciently large to allow addition of the desired quantities in the vapor
phase at room temperature.

It is necessary to dilute a material of high specific heat such
as n~hexane with a gas of low specific heat in order that temperatures
sufficiently high for reaction to take place will be attained. Hydro-
gen was selected as the diluent for one series of tests since it would
be expected to react with unsaturated materials formed by breaking up
n-hexane. Nitrogen was selected as an inert diluent for a second series
of runs since its specific heat is similar to that of hydrogen.

Experimental Procedure

The ballistic piston apparatus as deécribed in Part II was used
for this investigation. A heavy piston having a stellite facing on
the edge and sides of the sample end was employed for all runs. FPro=-
cedure for a run was as follows:

The interior of the bottom closure was cleaned with acetone and
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dried., Copper wires of appropriate height and either 0,025 inch or
0.013 inch in diameter were inserted in the contact holders, the
larger diameter being used for wires extending more than 0.35 inch
above the bottom. The heights of the wires were measured to 0.0002
inch with a depth micrometer registering on the top of the bottom
closure, contact with the wire being determined by means of an elec-
tronic ohmmeter. A flattened lead shot was weighed, measured, and
placed in the bottom of the closure to measure the closest approach
of the piston.

The barrel was lubricated with graphite. The piston vas assembled
to the top closure with a 0,373 inch diameter brass shear pin, and a
length of 0,020 inch piano wire in the form of a spiral helix was attached
to the piston and to the top closure to ground the piston. The piston-
top closure assembly was inserted in the barrel, the unsupported area
seal tightened, and a ground wire attached to the top closure. The
lower closure was next inserted in the bottom of the barrel, the un-
supported area seal tightened, and vacuum line attached,

The lower chamber of the apparatus was evacuated to about 2 mm,
pressure, then purged three times with one of the gases to be used in
the sample, either nitrogen or hydrogen, This gas was passed‘through
a trap immersed in a dry ice~trichlorethylene mixture to remove moisture.
The épparatus was pumped down to a pressure of 10 mm, or less between
purges; and to 1 to 2 mm. after the third purge when the pressure was

recorded and chamber valves closed., The purging procedure was used
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since the lines connecting the vacuum system to the apparatus are of
small bore and obtaining a reasonable vacuum through them was wasteful
of time,

The n-hexane was placed in one of the absorption bulbs in the
sample addition system (Figure I7-2) and the bulb pumped for 10-15
seconds to remove air. After evacuation of lines, hexane vapor was
admitted to the chamber and addition continued by vaporization of
hexane until the desired quantity had been added, then the chamber
pressure was measured and the chamber valves closed., After evacuation
of lines, sufficient of the diluent gas was added to bring the chamber
pressure to about 800 mm., and the pressure measured. The diluent gas
was introduced into the bottom of the chamber to aid mixing., After
standing at least 30 minutes a control sample was drawn into an evacu-
ated sample bulb, then the chamber pressure was reduced to that desired
as an initial sample pressure, Meanwhile the time interval meters had
been warmed up and checked out. Compressed air was admitted to the
upper chamber, all valves closed, and the piston released.

After the shot, timing data were recorded, the air pressure re-~
maining above the piston was vented, and the top closure removed. The
distance to the top of the piston from the top of the apparatué was
measured to 1/6/ inch with a weighted steel tape, and the pressure of
the sample measured by the mercury manometer. These measurements allowed
estimation of final sample quantity and thus led to leakage estimates.

Two product samples were taken in evacuated sample bulbs.
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The piston and bottom closure were then removed and the lead gage
recovered and measured.
Materials

The n-hexane used was Phillips Petroleum Company research grade
n-hexane quoted as 99.85 mole per cent pure. Part of the runs were
made with a sample which had been dried with sodium metal, however a
new sample was used to finish the runs and drying was not considered
necessary. Since the n-hexane was used as a calibration standard in
the analysis of samples by mass spectrometer no independent measure of
the purity is available.

The helium used (one run) was obtained from Air Reduction Company
and represented as 99,97 per cent pure. A mass spectrometer analysis
by The Texas Company showed 0.l mole per cent nitrogen as an impurity.

The hydrogen was electrolytic hydrogen obtained from the Matheson
Company. No analysis was obtained of the cylinder, however mass spectro-
meter analysis of a previous cylinder from this source showed as impur-
ities (expressed in mole per cent) 0.04 nitrogen, 0.13 oxygen, 0.03 CO,,
and 0,02 methane., The analysis data for runs indicate about 0.1l mole
per cent oxygen in the hydrogen used.

The nitrogen was obtained from Linde Air Products Company and was
reported as 99,95 per cent pure., An analysis by mass spectrometer
showed 0.04 mole per cent oxygen, 0.02 mole per cent argon, and 0.07
mole per cent water as impurities. The oxygen content is compatible

with the analyses of control samples for runs.
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A11 mass spectrometer analyses were performed by The Texas Company
Montebello Laboratories.

Experimental Results

Sixteen runs were made, eight with hydrogen and eight with nitrogen
as the diluent for the n-hexane., The conditions established for these
runs are shown in Table V-I, The temperatures and pressures shown are
those which would be reached by a perfect gas having the specific heat
of the indicated mixture, if no chemical reaction or thermal transfer
occurred and the piston reached the "predicted approach® as its minimum
distance from the bottom of the chamber., Although the temperatures
and pressures of Table V-I are not meaningful in an absolute sense, this
set of conditions did yield a useful range of maximum temperatures and
pressures., All runs used the same nominal initial sample pressure of
100 mm, and all were made at room temperature. The piston used weighed
30.98 pounds except for the last three runs numbers 140, 142 and 143
for which it weighed 32,09 pounds.

The initial conditions actuwally used are shown in Table V-II.

The initial compositions shown were calculated from pressure measure-

ments made during sample addition and deviations from perfect gas be-

havior were taken into account. The distance of closest approéch of
#

the piston to the bottom is also shown. VZ,

sample volume to initial sample volume, includes corrections for gage

the ratio of the minimum

volume and the volume of timing contact holder and valve recesses.

The figures for leakage are based on measurements of sample volumes,
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temperatures and pressures made after the runs but before samples for
analysis were taken., The leakage was very large for runs 131 and
142, and moderately large for several other of these relatively high
pressure runs,

Table V-III shows the time data obtained by use of contact wires
extending up from the bottom of the chamber. Berkeley Time Interval
Meters were controlled by the grounding of these wires., The heights
of the wires above the bottom of the chamber recorded in Table V-II1
were measured with a depth micrometer to 0,0002 inch and it is believed
they are known to 0,001 inch at the time of piston contact in most
cases, Times are accurate to £ 1 microsecond.

An attempt was made to use all four pieces of position-time data
to determine the piston velocity at one of the positions by use of a
four point formula derived for unequal time intervals. It was discovered
however that the use of this third power polynomial gave illogical re-
sults in some cases, and that the use of three points was more reliable,
Accordingly the velocities used were calculated at point h, by use of

a three point unequal "lumping" formula

d = | (63 92. 6 ' -
'Jg_)a - - 93[ )(h -h,) + B 9)(h hg] (V-1)

which is easily derived from Taylor's series. Accelerations at point

h2 were calculated from
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(QE_’SB =2 | fh-h) | (hymh (v-2)
4 6% 63 O (O3~ 63{)

which is similarly derived from Taylor's series. Velocities and
accelerations are shown in Table V-IIT,

Side contacts were installed near the end of this program.
Partial data on three runs were obtained and are shown in Table V-IV.
The velocities shown are the average velocities between points 3 and
4e Timing data from both side and bottom contacts are shown for run
143 in Figure V-1, The flagged point is common to the two curves
shown; the curve on the right is a magnification by a factor of 100
of the lower end of the curve on the left.

Representative samples of the gas mixture being investigated
were taken for each run before and after the firing of the ballistie
piston apparatus. These samples were analyzed by means of a mass
spectrometer at the Montebello laboratories of The Texas Company.
Analyses as reporited by The Texas Company are shown in Table V-V,
Analysis of complex mixtures of hydrocarbons such ag occur in most
of the product samples is difficult even with this instrument and the
presence of some of the materials shown as traces is not certain., Also,
the accuracy on the materials shown as present in large amounts is
probably not better than 1.5 to 2 per cent of the amount present. How-

ever, despite these limitations, those analyses were very useful and
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the assistance of The Texas Company in furnishing them is appreciated.

Qualitative observations of the movement of the apparatus during
these firings led to the conclusion that the first stroke of the
piston was the only one of consequence. The "feel" of the apparatus
when fired was as though it had been hit with a sledge hammer, and it
did not seem to oscillate up and down, This is in contradistinetion
to the behavior when fired on nitrogen-oxygen-helium mixtures for
example, when the apparatus would oscillate perhaps 5 times.

The odor of the products was always observed when the piston was
removed and was in qualitative agreement with the analyses shown in
Table V-V. However in the case of run 128 the odor of napthalene was
detected in the bottom closure when it was removed. There was a con-
siderable amount of free carbon in this run and the odor was associated
with the carbon. , The odor disappeared in a few minutes. It is
possible that other products were adsorbed on the carbon produced in
other runs as well; this was not investigated.

Analysis of Composition Data

The analysis data of Table V-V do not balance stoichiometrically,
for instance run 125 is out of balance on hydrogen by almost 8 per cent,
nor do the control analyses agree precisely with the compositidns com~—
puted from measurements made during addition of the sample, The latter
disagreements are generally within the error to be expected with the
mass spectrometer. Since a set of compositions which did balance

stoichiometrically was required, such adjusted analyses were computed
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and are shown in Table V-VI for the nitrogen-n-hexane runs and in
Table V=-VII for the hydrogen-n-hexane runs.

These adjusted analyses were computed by first eliminating the
air, water, carbon dioxide and oxygen reported. It is not believed
that the water and carbon dioxide figures are quantitatively signifi-
cant since these materials appear as background in mass spectrometers,
while the figures for oxygen and air are probably real. The initial
composition was taken to be that determined by sample addition (except
runs 128 and 129, see below). Material balances could be written for
each atomic species present: carbon, hydrogen, nitrogen (when present)
and helium (one run). One additional equation, the sum of mole per cent
equals 100, was available, Unknowns equal in number to the equations
available could of course be determined. In the case of the runs with
nitrogen the unknowns included the ratio of final moles of gas to
initial moles of gas, moles of free carbon per 100 initial moles of
gas, the mole per cent nitrogen and the mole per cent for one other
constituent, For the hydrogen runs the unknowns were the ratio of
final moles of gas to initial moles of gas, the mole per cent hydrogen,
and the mole per cent for one other constituent. The amounts of all
other constituents in the final composition were set at the amount
determined by mass spectrometer as corrected for air, water, carbon
dioxide and oxygen and the equations solved for the unknowns. In
gerieral the component selected to be the unknown as described asbove

was the one present in largest amount, however in a few cases an



adjusted analysis which was in better agreement with the mass spectrom-
eter data was obtained by a different selection. In the case of runs
128 and 129 satisfactory asgreement could not be obtained using the
addition composition for initial composition, and the mass spectrometer
control analyses, corrected for air, water ete., were used. The origin
of each figure in Tables V-VI and V-VII is evident by fooinotes to the
tables.

The free carbon shown for the nitrogen runs in Table V~VI is in
qualitative agreement with observation, with the exception of run 131,
where no carbon was obéerved. Since there was graphite present as a
lubricant, a small amount of carbon may have been undetected.

The distributions of the products of decomposition of the n-~hexane
were computed, using the adjusted analyses of Tables V-VI and V-VII.
These product distributions were computed on the basis of the fraction
of the carbon from the decomposed n-hexane appearing in each product
(except that hydrogen was based on hydrogen), and are shown in Table
V-VIII for nitrogen runs and in Table V-IX for hydrogen runs, Methane
is a substantial portion of the product in most cases, otherwise un-
saturates and aromatics predominate in the case of the nitrogen runs,
while, as would be expected, saturates predominate for the hydfogen
runs.,

Analysis of Run Data

The run data were first subjected to an analysis to determine

effective values of friction which could be used in conjunction with i
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the assumed behavior of the driving gas to determine the energy trans-
ferred to the sample gas. Piston velocities at the point hp, the
height of the second contact wire, are found in Table V-III., The
pressure and temperature of the sample gas at this point were calculated
on the assumption of an isentropic path using equations (I11-31) and

(111-32) which are

/)
T = (vV*= ) (V-3)

and
PP(V*- ) = T7 (V=4)
in combination with equations (III-49) and (AI-10);

¢ = Z N P (V-5)
K=

and

n
b= > by  (1=6)

and the values of <ﬁ x and by tabulated in Appendix I. Compositions
from Table V=11 were used to make these calculations which are iter-—

ative in nature since ¢ is a function of tenmperature and b is a
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function of temperature and pressure. The temperatures aﬁd pressures
at h, are recorded in Table V-X. No corrections to the specific heat
functions of the type described in Appendix I equations (AI-42) and
(AI-48) were used in the calculations reported in this thesis since
they are minor in nature and unwarranted by the real accuracy of the
results,

The effective frictional force was calculated using equation

(111-59)

? K k] R W >
- A Ao _ N _ B mpu .
F=me+ 20y [rs B (1aR-vY ] = 23P¥s° (V=7)

with V*, yF and u all for the point hy., Since the temperatures were
already calculated, the values of ﬁp' were easily obtained from those

tabulated in Appendix I and equation (IiI—SO)
n
K=y

A value of 1l.42/ as discussed in Appendix I was used for k for all
the calculations on the n-hexane runs,

The calculated values of effective frictional force are shown in
Table V-X. Those from the side contact velocity data were calculated
as described above except that the point corresponding to the velocity

was used,
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The values of the effective frictional force are erratic. Part
of the variation can be ascribed to the fact that numerically small
differences of large numbers are involved for the runs considered, and
the large numbers are subject to error. At most 'F - mp' amountsg
to 10 per cent of the largest number, corresponding to the energy from
the driving air. However use of the calculated values of the effective
frictional force will tend to correct for any errors, either systematic
or random, in the assumed behavior of the driving gas and the ‘calculated
values were used in all subsequent calculations,

No correlations of the effective frictional forces of Table V-X
with other variables were found, except for the last three runs. These
were made after the ballistic piston apparatus was reassembled after
the boring of the holes for the side contacts. Although the bore was
thoroughly cleaned of oil and regraphited after reassembly, it was
evident that the static friction of the piston in the bore was less
than it had been previously. This does correlate with the calculated
values,

The accelerations from Table V-III were used to calculate pressure

using

(v-9)

which neglects the small effects of the pressure of the driving gas

and of frictional force at point hy. These pressures are tabulated in
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Table V=X and can be compared with the pressures calculated for the
isentropic path. They demonstrate that the timing measurements are
not sufficiently accurate to give good second derivatives, which fact
was not unexpected,

The temperatures and pressures to which the samples were subjected
were next estimated. It was assumed that the sample was compressed
isentropically until it reached a certain temperature, and that endo-
thermic reacfion then took place at constant temperature until the
minimum volume was reached, This path is discussed in detail in Part
III and is shown diagramatically in Figure III-5,

The work done on the sample gas was calculated by use of equation

(111-77)

RT% = {———ﬁ(\-\/: e [/3 B (143" ] (v-10)

and using values of the effective frictional force as determined from
the velocity at hy as shown in Table V-X. For run 140 a value of ~8,0
pounds was assumed, The calculated values for the dimensionless work
(gB)/(RTBO) are shown in Table V-XI, Equation (III-74) is a second

relationship involving the temperature of the isothermal portion of

the path:

;/:-; = [T\T Tn (Va*~ "QJ T {NNQ] P MaT - 2 (V-11)
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It is necessary to assume values for the ratios (Nav)/ (N,) in order to
use equation (V-11). Those assumed, which are approximately one half
of the values of the figures for (moles/mole initial) in Tables V-VI
and V-VII, are shown in Table V-XI.

Substitution of the numerical values of work from equations (V-10)
and of (Nav/No) into equation (V-11) gives a transcendental equation
which can be solved for T;"_. If a value of '1‘; is assumed, A can
be determined by use of the tebles of the covolume b in Appendix I

and equations (V-6) and (V-12)
PU(V - = Rt (v-22)

by an iterative process. Values for ¢, /R and ¥, /R are obtained
from Appendix I and by use of equations (V-5) and (V-8). Substitution
of these in equation (V-1l) gives a number to be compared to the work
term, and the iteration is continued until a solution for '1‘;_ is ob-
tained. The maximum pressure may then be obtained by use of equation
(V=12). The temperatures and pressures so calculated are shown in

Table V-XI.,
By use of equation (III-78)

AE‘—'Q‘ - ALY

= (v-13)
RTero RTge

2|€
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the term involving the change in internal energy due to reaction may
be calculated. (£S§R - g) was calculated in this manner and values
are tabulated in Table V-XI. They indicate a rather sizable absorp-
tion of energy in reaction, or heat transfer, with the former much
more probable.»

The time interwval during which this assumed isothermal compression

occurs is given by equation (III=-90)

) PN
AOS = 2,C3(V,_*—o()/es dy (V-14)

where C3,by equation (III-82) is

A
I [ mp ¥YBo No ]a

_ V-1
Cs A | 29 FsT,*Nay | (v=15)
and y is a variable defined by equation (III-85)
A
c
V-«
= |ln (V-16)

Time intervals calculated for the runs are shown in Table V-XI, Two
other quantities are shown in this table, since they may be of interest.

The total work done on the sample, given by



- 106 -

—Wg = —NeRT s, [WB ] (V=17)
R 18o

indicates the rather small amounts of energy being used in the
ballistic piston apparatus. The second is the compressibility

factor at maximum compression

PY | BN
RT TN | (v-18)
] .

The values for the compressibility factor in Table V-XI show that
the covolume equation of state employed predicts significant departure
from perfect gas behavior under the conditions of these tests.

One can compare the values of the temperature Tl for the isothermal
portion of the assumed path with those shown in Table V-X as conditions
at h2. The latter should be the smaller in order that the assumption
of isentropic compression to the point h, be consistent. This eriterion
is not satisfied for the first four runs where the height of bottom
contact number 2 was less than for the rest of the runs, nor is it
satisfied for run 127. However these deviations do not appear signi-
ficant; at least the values of effective frictional force are not
correlated with them.

The entries in Table V-XII show the effect of changing the numer-

ical value of the effective frictional force on the calculated temperature
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Ty and on (A’%R - g,) . Unfortunately the rate of change of calculated
temperature with effective frictional force is large, of the order of
15° R, per pound, so that uncertainty in the value of effective fric-
tional force to be employed causes relatively large uncertainty in
the calculated ‘temperature. The change in ( AER - g) is also sizable.
The data of Table V-VIII for conversion of n-hexane in the runs
with nitrogen as a diluent are plotted as functions of the calculated
reaction temperature in Figure V-2, There are marked shifts in the
product distribution with temperature. At the lowest temperatures
unsaturates predominate., In the middle range methane and free carbon
predominate, but 0.15 of the hexane is converted to aromatics and
0.2 to Gy, 03 and C4 compounds. At the upper temperature range free
carbon and methane are the major products. Hydrogen, which is also
produced, is not shown in Figure V-2 but is included in Table V-VIII.
Similarly the conversion data of Table V-IX for the runs with
hydrogen as a diluent are plotted in Figure V-3, The trends in this
case are very definite. At the lowest temperature there is a somewhat
uniform distribution of saturated hydrocarbons through propane with
sonte high hydrocarbons, The amounts of unsaturates are small., In
the middle and upper temperature ranges 0.85 to 0.9 of the n-hexane is
converted to methane, with ethane accounting for most of the remainder.
It would appearvthat some of the runs, of which run 124 is the
most evident, would fit the trends of Figures V-2 and V-3 better if

they were plotted at different temperatures., However no account of
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the possible effects of pressure or duration on the distribution of
reaction products was taken in plotting these data and these factors,
as well as inaccuracies in temperatures, may well account for some of

the irregularities.

First Order Reagtion Rate Coefficients

It was found possible to obtain some reaction rate coefficients
for the decomposition of n~hexane from the results of these tests. It
was assumed ﬁhat the decomposition was irreversible and occurred only
during the time represented by the isothermal path assumed for the
calculations above. The mole fraction of n-~hexane was then known at
the bheginning and>at the end of this time since it was assumed to be
equal to the initial and to the final mole fraction respectively.

Calculations were first made on the basis of a first order reac-—
tion, for which the equations are derived in Part III of this thesis,

The reaction rate was taken as represented by equation (III-91)

- = ke Ya (f2) = Ke VYo nfe (v-19)

This is essentially a defining relationship for the reaction rate
coefficient kR. The reaction rate coefficient is obtained from

equation (III-104)

In dy (V-20)
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where, by equation (III-101)
B| = RT, (Vz*" d) C3

by equation (III-103)

I

and, by equation (III-92)

fr Pbe
P~ TP IRT

Values of b for n-hexane are tabulated in Appendix I.

(V-21)

(V=22)

(V-23)

Equation (V-20) was solved by numerical integration for all runs

and the calculated values of the reaction rate coefficient kR for first

order reaction are shown in Table V-XIII, As a matter of interest,

the maximum values of the ratio of fugacity to pressure for pure n-

hexane (fﬁ/P) which were obtained for each run by use of the eQuation

of state in Appendix I are shown in Table V-XIII.

It will be observed

that these ratios, which are of course unity for ideal gases, become

very large under these rather exireme conditions,

The calculated first order reaction rate coefficients are shown
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in Figure V-4. Since reaction rate coefficients are often represented

by the conventional Arrhenius equation (23)

d (]r1‘(n)‘ - E
dT RT?%

(V=24)

in which In kg is a linear function of (1/T) if the activation energy
E' is constant, a semilogarithmic plot if kr against reciprocal temper-
ature was used in Figure V-4. While there is perhaps a vague trend,
the points do not make a good line even though data for two runs,
numbers 131 and 143 were omitted on the basis of large (or suspected
large) leakage. Inspection of the deviations of the points from a
least squares line indicated considerable correlation with the value

of mextimum pressure. Accordingly a regression analysis of kR as a
linear function of P, and (1/T) was made (including all runs) giving

as the result the equation

In ks = 4.6665 - 122 — 47701 n 107 P, (v-25)

)

with temperature in degrees Rankine and pressure in pounds per square

inch. The coefficient of the reciprocal temperature corresponds to

an activation energy of 15,179 Btu/1b mole (8.43 Keal/gm mole).
Variances were not calculated, bul rather the calculated values

of reaction rate coefficients were corrected to those which would

presumably have been found if the maximum pressure had been equal to
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the mean for the runs, 54,000 pounds per square inch. This correction
was made by use of the coefficient of the pressure found in equation

(Vv-25) in the form
(In kg)wn. = Th kg +4.7201x 10~5( P, - 54,000) (V-26)

The coefficients obtained in this manner are tabulated in Table
V-XIII and are plotted in Figure V-5, The nature of this correction
is such that all the variations of the actual calculated reaction rate
coefficients from the relationship of equation (V-25) are shown és
variations of the corrected coefficient from the line in Figure V=5.
These variations are reasonably small, the maximum being a logarithm
with absolute value corresponding to a ratio of 1.57.

In Figures V-4 and V-5 the points for the hydrogen and for the
nitrogen runs have beern distinguished, but no influence of the diluent
on the reaction rate coefficient is detectable. This is in agreement
with the assumption of a decomposition reaction with the reaction rate
not being a function of the fugécity of components other than the n-
hexane.

However, although the regression equation (V-25) gives a good
fit of the data, it is incompatible with the basic premise that the
reaction rate coefficient be a function only of the temperature. It
must be concluded then that equation (V-19) does not describe the

actual reaction rate, and the reaction is not first order.
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One-~-Half Order Reaction Rate Coefficients

Calculations were next made for a one-half order reaction, The
equations for the calculation are derived in Part III of this thesis,

The defining equation for the case is that of equation (111-107):

- :';“ - eaVe ()% = kaVe (0 F)E (V-27)

and the solution is equation (III-109)

1 )_ N ° "Li
(\,}‘\z‘(q’)‘- - RRB4’/[V:(—¢ +——‘;~1—:H:% K-%RJ dj (V—28)

) ™~
with

A
2

3
By = [Veo(vat- 0] fm?] (v-29)

A Nav l.aa

as given by equation (III-110). Numerical integrations of equation
(V-28) were performed for all runs and the reaction rate coefficients
calculated on the basis of this one~half order reaction are shown in
Table V=XIV as "calculated" and are plotted in Figure V-6, A least

squares line is shown on Figure V-6, corresponding to the equation,

In Kg = 2.6657 —.—a—-‘%i (V-30)
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The reciprocal temperature was taken as the independent variable for
this regression.

The variations of the reaction rate coefficients from the regression
line of equation (V-30) were carefully compared with run data in a
search for further correlation, The variables examined included effec-
tive frictional force, meximum pressure, maximum ratio (f;/PO, time
interval at reaction temperature, (AL%R - g), the amount of n-hexane
decomposed, the initial mole‘fraction n-hexane, the fraction of the
n-hexane decomposed, the magnitude of yy, the quantity [:(81)%'— (82)%]
used in equation (V-28) and the amount of leakage. No evidence of
even weak correlation was found except with two variables, the
time interval and the amount of n-hexane decomposed. The two runs
showing the largest deviations from the line, numbers 127 and 142, had
also the extremes in time interval A®O ; however the other runs showed
no trend and it appeared that regression with A6 would not be profite
able. The deviations of the reaction rate coefficients from the least
squares line did show a somewhat weak correlation with the amount of
n~-hexane decomposed. A regression was therefore made with reciprocal
temperature and amount of n-hexane decomposed as independent variables

which yielded the equation

4L48.4

V=31
T +217.2071s (V-31)

]Y\ kg = 2.3227 -

The amount of n-hexane decomposed was determined by use of the

equation
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S =1 -¥ne (v-32)

and is shown in Table V-XIV.

Values of the reaction rate coefficients corrected to those which
would presumably have been found if the amount of n-hexane decomposed
has been constant at the mean of 0.04744 (moles)/(mole initial sample)

were calculated by use of
(7\4 kv)u,.,., = ?n Ke + 271,207 (0.04“M-+—- 5) ' (v=33)

which uses the coefficient of s from equation (V-32). These corrected
values are shown in Table V-XIV and are plotted in Figure V-7, Since
all the variation of the data from the regression equation (V-3l1) is
retained in Figure V-7, it can be seen by comparison with Figure V-6
that the fit has been improved, Two runs, numbers 142 and 1,3 show
noticeably large deviations, while the rest of the data are much closer
to the regression line,

Another significant fact is that the slopes of the regression lines
in the two figures are quite different., Activation energies E' as de-
fined in equation (V-24) were calculated for the data of Figures V-6
and V-7. The slope of Figure V-6 yields an activation energy of 5,180
Btu/lb mole (2.88 Kcal/gm mole) for the half order reaction (uncorfected)

while from Figure V-7 an activation energy of 9,240 Btu/1b mole (5.13
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Kcal/gm mole) is obtained for the one-half order reaction corrected
for regression with s.

The mole fraction n-hexane and the quantity (lkgR - g) were cal-
culated as functions of time for one run, number 128, which was
selected as being representative. These were calculated by means

of equations (III-106) and (III-~111), which are respectively

(AEOR - o‘;\s-l = Nﬁ\' RT\ Ba (V"‘le-)

-]

and

\ \
) 3 4 012
(N* = (a° +‘<RB«/[——°E+-?-‘J [P—"*“C“st (v-35)

and by use of equation (V-14). The mole fraction n-hexane and the
quantity (lkgR - g) are shown as functions of time in Figure V-8 and
(Z&gR - 8) is plotted against composition in Figure V-9, Interpreta-
tibn of Figure V-9 is not straightforward. If it were assumed that
(A]g‘R - g) should be linear with the mole fraction n-hexane; one could
calculate the deviation of the temperature from the assumed isothermal
state which would be necessary to account for the deviation of the
calculated (LkgR - g) from the line. A straight line can be drawn
through the curve of Figure V-9 so that the maximum deviations of the

curve from the line are limited to about 1500 Btu/1lb mole, corresponding
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to 140° R. However, as will be discussed later, there is probably
little justification for believing that the quantity (ngR - 8) should
be exactly linear with the mole fraction n-hexane. In any event it
appears that the isothermal path assumption is a reasonable one.

Sources of Error

The calculated temperatures, pressures, times, reaction rates
and other such quantities are subject to errors as the result of the
assumptions necessarily made in deriving the relationships and in
calculation. The sources of ﬁhese errors will be considered in some
detail,

Perhabs the most significant factor is the equation of state of
the sample gases. The equation of state used is derived from data
presented by Hirschfelder et al. (17) as discussed in Appendix I.
Hirschfelder's equations of state which were used are based on
theoretical considerations and have not been experimentally verified
in the range of temperatures and pressures encountered in the ballistic
piston., Furthermore, as discussed in Appendix I; it was necessary
to bridge the gap between Hirshfelder's equations of state. The basic
assumptions for the statistical mechanical model include that of
spherically symmetric potentials and this assumption is probably poor
in the case of n~hexane at least, since the n-hexane molecule is far
from being spherical. For these reasons, while the use of the equation
of state from Appendix I is considered to be considerably better than
assumption of perfect gases, calculations must be considered as approx-

imate only. Since the fugacity is very sensitive to the equation of
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state, the re;ction rate coefficients are probably less dependable
than the pressures and temperatures,

While some estimated leakages are shown in Table V-II, all cal-
culations were made assuming no leakage. No correlations of the ob-
served over-all leakages with calculated conditions, reaction rates,
etc. were found, which might be taken to mean that the leakages did
not occur during the portion of the stroke of interest, but there is
no real basis for concluding this, It is also possible that there
is leakage past the piston head back into the groove for the O-ring
seal during the high pressure part of the stroke, and that in most
cases this gas returns to the sample side of the piston after the
pressure there is reduced. This would not give over-all leakage as
measured by the means described earlier, but would reduce the sample
pressure markedly in cases where the piston approaches quite close to
the bottom of the chamber, When pressure measurements become possible
they may serve to resolve this leakage question.,

The velocity of the piston at the point of measurement was known
to within about 1 per cent for these runs in most cases, based on 1
microsecond maximum timing error and on positions being known to within
0.001 inch., This means that the energy transferred to the sample gas
was probably known to within 2 per cent. This corresponds to about
6 pounds effective frictional force or, using the (AT,/AF) from
Table VXII, about 90° R. on the calculated reaction temperature. The
velocity may be subject to more error than indicated above in the case

of runs 127 and 142 which showed absurd accelerations in Table V-III,
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There is‘the possibility that hexane and other high molecular
weight materials were adsorbed on the walls of the apparatus or on
the free carbon produced in some runs., There is also the possibility
of absorption of these materials in the hydrocarbon stopcock grease
used in the glassware. No evidence to indicate that appreciable
error was caused by these sources was found, but this possibility
cannot be ignored,

The anaiyses of the sample gas, both before and after firing,
are also subject to errors inherent in the mass spectrometer method,
as was mentioned earlier when the analysis data were presented. While
the adjusted analyses of Tables V-VI and V-VII are believed to be as
good a representation of compositions as could be obtained from the
data they certainly are not exact.

Inherent in all these calculations is the assumption that loecal
equilibrium (18) exists. Since local equilibrium requires that the
internal energy be distributed among the various degrees of freedom
of the molecules in the equilibrium manner, local equilibrium is
necessary in order that temperature be a meaningful concept. The rates
of change of the internal energy of the sample gas are very high in
these high pressure ballistic piston experiments and it becomes neces-
sary to consider the "relaxation times" (24,25,26,27) of the molecular
species present., Landau and Teller (24) considered theoretical aspects
of the rate of transfer of energy between translational and vibrational

degrees of freedom, Kantrowitz (25) and Huber (26) report relaxation
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times for carbon dioxide, water, hydrogen and nitrogen while Lambert
and Rowlinson (27) give data for hydrocarbons. Of the compounds
encountered in these ballistic piston runs nitrogen has, by a factor
of 104, the longest relaxation time, which is reported (26) as about

3 x 102 seconds at 700° K. and one atmosphere. It was found (26)
that certain impurities serve to reduce this relaxation time markedly,
for instance 2 per cent water reduces it by a factor of 10,

The number of collisions necessary to assure the "relaxation"
between vibrational and translational degrees of freedom is considered
(24) to be proportional to exp [_T-%r] and the number of collisions
per second is proportional (25) to the pressure and to the inverse of
the square root of the temperature. Using these proportionalities a
relaxation time of 3 microseconds is computed for nitrogen at 2000° R,
and 20,000 pounds per square inch, and 0.6 microseconds at 2000° R. and
100,000 poﬁnds per square inch. Those for other constituents will be
less than 10™% of these times. It can be concluded that nitrogen may
possibly exhibit a small departure from local equilibrium under extreme
ballistic piston conditions, although it is suspected that the presence
of foreign molecules may serve to make this departure negligible. In
any event the assumption of local equilibrium should be very gobd for
the tests considered here.

It has been inherently assumed that the properties of the gas are
uniform throughout the volume occupied. While the pressure can probably

be assumed constant throughout the sample volume with small uvncertainty,
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the assumption of constant temperature is less valid., Since the walls
are cold, there must be gas at temperatures ranging all the way from
the temperature of the wall to that of the bulk of the gas. It is
believed that heat transfer is quite small for the runs considered
since the temperatures are moderate (as compared to those attainable
with the ballistic piston apparatus) and the times during which the
temperatures are in the upper range are very short. This belief is
consistent with experimental observations but cannot be verified until
measurements of thermal flux are made.®

The extent of heat transfer likewise directly affects the error
introduced by the assumption of an isentropic path for the major
portion of the compression. Shock waves, if existent, would also
introduce error. It is believed that the latter are not likely with
the relatively low piston velocities used, but verification was not
obtained,

It has been assumed that the gases used form ideal solutions (20).
They are well removed from the critical region, and thus could be ex-
pected (28) to approach ideal soiutions; however the high pressures
encountered may well negate the assumption, From the practical

* Subsequent to the preparation of this thesis, measurement of thermal
transport was made on a run having a mixture of nitrogen, oxygen and
helium as the sample gas. About 0,5 B.t.u., was transferred during the
- first stroke of this run, for which the maximum temperature was about
45000 R, and the maximum pressure about 6500 pounds per square inch.
On this basis it is estimated that 0,01 to 0.05 B.t.u. was transferred
in the runs made with n-hexane, since the temperatures in the latter
were lower and the pressures much larger than in the run for which
thermal transport was measured.,
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standpoint, since data were not available it was necessary to assume
that ideal solutions were formed. The magnitude of error so introduced
is not known. |

The covolume is assumed constant in the derivations of most of
the equations used (that for fugacity being the exception). This
assumption has great practical merit in that it allows solutions to be
in closed form in many cases, and when the uncertainties inherent in
the equation of state used are considered it seems logiéal to accept
the assumption. Actually, inspection of the covolumes in Appendix I
reveals that they are surprisingly constant for hydrogen, helium,
nitrogen ana methane. The covolume of n-hexane does vary markedly
for pressures less than 10,000 pounds per square inch, however, The
assumption that thé total covolume of the gas remains constant during
chemical reaction, as is involved in the derivation of equation (V-11),
is justified by the simplification involved in this case,

The derivation of equation (V-11) also involves the use of an
average figure for the number of moles and use of this equation re-
quires assumption of a numerical value for the ratio (Nay/No)e. Un-
fortunately this ratio has appreciable effect on the caleculated temp-
erature®, and there is not a firm basis for its selection. It is

likely therefore that this is an appreciable source of error.

#
For instance, in run 128 use of (nam/NQ) equal to 1,12 instead of
1.06 gives a reaction temperature of 20I1° R, instead of 2147° R.
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The isothermal path for the reaction is discussed somewhat in
Part III where the equations based on this assumption are derived,
In the derivation of the relationships involving reaction rate coeffi-
‘cients it is assumed that the decomposition of the reactant (n-hexane
in this case) is irreversible and occurs entirely during the isothermal
portion of the compression. It is unlikely that all these assumptions
are correct in detail, However the irreversibility of the decomposi-
tion reaction should be valid in the case of n-hexane as judged by
free energies of formation (22). In some of the systems investigated
in the ballistic piston the second bounce of the piston causes concern,
however observation of the apparatus during these tests led to the
conclusion that there was no second bounce of consequence, and that
all decomposition occurred during the first stroke. Unfortunately
there is no such evidence to show that decomposition of the n-hexane
ceases at the instant of maximum compression as was assumed; on the
contrary, while the temperature probably falls rapidly thereafter
the free radical mechanisms of the type discussed below in conjunction
with the (CkgR - g) data would indicate that there were large numbers
of hydrocarbon free radicals remaining at the instant of maximum com—
bression, and that these radicals could attack more n-hexane thereafter.
The amount of error so introduced is not known,

It would appear from the above discussion that the errors associ-
ated with the analysis of the results of these measurements made with

the ballistic piston apparatus are sizable, While this is undoubtedly
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true, it is considered that the results obtained are still meaningful,
although measurement of pressure, thermal flux, temperature, etc.,
will certainly do much to decrease the errors.

Discussion of Results

The reactiqn rate coefficients for the apparent one-half order
reaction (Table V-XIV and Figures V-6 and V-7) probably represent
the situation as well as can be expected in the absence of measure-
ments of additional quantities such as pressures and temperatures.
It can certainly be concluded that the diluent gas does not enter
chemically into the rate controlling steps of the decomposition of
the n-hexane, since the calculated reaction rate coefficients for
both first order and one-half order kinetics show no differences
between nitrogen and hydrogen as the diluent. Since the reaction
rate coefficients for one~half order kinetics show no correlation
with either maximum pressure or the maximum ratio (fﬁ/Pﬁ, it is be-
lieved that an apparent order of one half is correct for the decompo=
sition reaction, presuming that the covolumes for n-hexane shown in
Appendix I are reasonably correct. Unfortunately the caleulated
reaction rate coefficients are particularly sensitive to the equation
of state of the normal hexane since the ratio (f;/P), which assumes
large values under the conditions encountered, is an exponential func-
tion of the covolume of the n-hexane, If the‘tabulated values of
covolume for n-hexane in Table AI-IV (and b in Table AI-IX) should

happen to be twice the true values, the ratios (f;/P) calculated using
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Table AI-IX would be equal to the squares of the true ratios. Although
the calculation has not been made, it is believed that if covolumes
equal to one half those shown in Appendix I for n-hexane were used,
the reaction might appear to be closer to first order than to one
half order. Thus, while it can be concluded that the decomposition
reaction is probably of apparent one half order, there is some un~
certainty herein,

A reaction mechanism involving free radicals which yields an
apparent one half order is given by Laidler (29) and Steacie (30),

along the lines first presented by Rice and Herzfeld (31). This is

M B R, + R,

R\ ‘\"M _‘KJ—}R|H +R?_
(v-36)

The M's indicate molecules, the R's radicals. In the first

step the reacting molecule M dissociates into two radicals by splitting

'
1 is assumed to play no part in the reactions

a carbon-carbon bond. R
of interest. R1 reacts with the reacting molecule M by removing a

hydrogen and yields a radical R2, which then splits to yield R, and

1
another molecule. Step (4) is the chain ending step. Using steady
state assumptions (the rates of change of the concentration of Ry and

R, are %eTo) and assuming k1 to be very small it is found that
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L \
d™M K z z
- — =R \ M (v-37)
© 3(“«) ( )

Similarly, if Rl and R, combine as the chain ending step the
reattion is of apparent first order, and if two Ry combine as the
chain ending step the reaction is of apparent 3/2 order.,

While the exact mechanism of equation (V-36) will not give ob-
served products (the molecule M" would be Cl2H26’ unlikely under the
conditions), modifications of the mechanism can be written which are
more plausible in this regard. They involve attack of the molecule
by one radical obtained by splitting of another radical, with the
chain ending step being combination of two of the second radicals.
Thus, while the exact mechanisms considered seem somewhat unlikely,
an apparent one-haif order reaction is not unheard of and in this
situation which probably involves free radicals the one half order
need not cause undue concern. An apparent first order reaction
might seem more likely however since the chain ending step then would
be, for equation (V-36), combination of Rl and Ry; and it would seem
that 4 order and 3/2 order chain endings could also occur and épprox—
imately average out at first order,

While the values of (ﬁng - g) calculated for these runs and
shown in Table V-XI'do not correlate with other parameters, there is

at least one significant observation to be made: they are large
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positive numbers, If g is assumed small, this large positive A%R
indicates an appreciably endothermic reaction taking place. Calcula-
tions using heats of formation tabulated by Rossini (22) indicate
that if the reaction of the initial sample to give the observed
products took place at the calculated reaction temperature T;, the
LLgR for the nitrogen runs would be close to zero and that for the
hydrogen runs would be negative, or exothermic, As examples, run 128,
having nitrogen as a diluent, gives - 65 (Btu/1b mole) and run 111,
with hydrogen, gives -6075 (Btu/lb mole) for A Ep. The values of
(AgR - g) from Table V-XI are respectively + 12,108 and +13,905
(Btu/lb mole) . ‘These indications of endothermic reaction are inter-
preted as showing that the final products are not all formed at the
reaction temperature, but that rather at the instant of maximum com=
pression, which is the end of the assumed isothermal process, a
considerable quantity of free radicals remains,

The qualitative behavior of the apparatus during a shot sheds
further light on the nature of the reaction subsequent to maximum
compression. The reaction of the free radicals subsequent to maxi-
mum compression to give the final observed products is a highly exo-
thermic reaction. If this reaction occurred sufficiently rapidly,
for instance, to extend the assumed isothermal path beyond maximum
compression until the reaction were complete, this energy would be
available to be converted into kinetic energy of the piston and the

piston would return with a velocity comparable to that with which it
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descended. This would cause very noticeable oscillation of the
apparatus such as is observed on firings on pure components like
nitrogen, and on firings on nitrogen-oxygen mixtures. As a matter

of fact practically no oscillations were observed; the apparatus
behaved as though a sledge hammer had hit it and then exhibited
essentially no further movement. It is concluded from these observa-—
tions that the approximately isothermal portion of the path ended at
maximum compression and that the temperature dropped very rapidly
thereafter as the piston was accelerated upward. The free radicals
finished the reactions sufficiently slowly so that in the main the
energy from the exothermic reaction was not available to be converted
to kinetic energy of the piston.

It is possible that the observed weak correlation of the one-
half order reaction rate coefficients with the amount of n~hexane
decomposed is caused by the reactions of the free radicals remaining
after maximum compression. Some additional n-hexane could be attacked
by the free radicals, which would invalidate to some degree the
assumption that the decomposition of n~hexane was completed at the
instant of maximvum compression., While several mechanisms were con-
sidered, and some would yield correlation of the same sign‘as vas ob—
served, the observed correlation is suffieiently weak that it was not
considered profitable to introduce additional assumptions in order to
explain it.

The observed activation energies, as defined by equation (V-24),
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are very low, being approximately 5200 and 9200 (Btu/lb mole) for the
uncorrected and corrected half order reaction respectively. The
apparent activation energy for the first order reaction as corrected
for maximum pressure was 15,200 Btu/1b mole (8.4 Kcal/gm mole) which
is also low. Jost (32) quotes a value of 64.5 Keal/gm mole for the
activation energy of the first order decomposition of n-hexane. This
is for lower temperatures (about 500° C.) and of course much lower
pressures. Hinshelwood et al. (33) found that the apparent activation
energy for the first order decomposition of n-hexane shifted markedly
with pressure in the subatmospheric range, and they quote apparent
activation energies of 75 and 54 Kcal/gm mole for "low" and "high"
pressures respectively. Pressures were not specifically defined, but
Wlow"* appeared to mean about 100 mm, of mercury, whereas "high" was
probably atmospheric pressure or higher., Hinshelwood also found that
added gases of certain kinds, such as propane, propylene and ethane
behaved like n-hexane in lowering the activation energy while other
gases such as methane, nitrogen, hydrogen, helium and 002 had no effect,
Activation energies and frequency factors for the first order de-
compositions of n-hexane from Jost (32) and Hinshelwood et al. (33)
are shown in Table V=XV, along with reaction rate coefficients calculated
for a temperature of 2200° R. using their data, These are compared with
the reaction rate coefficient for that temperature taken from the line
of Figure V-5, which represents the ballistic piston data corrected to

a maximum pressure of 54,000 pounds per square inch. The agreement of
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the reaction rate coefficients is surprisingly good, particularly
when it is realized that the values from Jost and from Hinshelwood
are based on work at considerably lower temperature and much lower
pressure, and also that the reactions are not well represented by
first order kinetics over the range of pressures involved,

The fact that extrapolation of literature data gives reaction
rate coefficients similar to those estimated from ballistic piston
data, while the activation energies determined from the latter data
are markedly lower than those found by other investigations, tends
to cast doubt on the apparent activation energies determined from
ballistiec piston data, However inasmuch as Hinshelwood found a
marked influence of pressure on apparent activation energy in the
low pressure region (see Table V-XV) and did not attempt an explana-
tion, it appears that these complicated decomposition reactions are
not well understood even when ocecurring under moderate conditions,
Therefore the computed apparent activation energies for both first
order and one half order may actually be of the right magnitude.

The literature contains little information on the products of
decomposition of n-hexane. Pearce and Newsome (34) studied the de-
composition of n-~hexane at pressures of 14,000 to 15,000 poundé per
square inch and temperatures between 430 and 520° C. for relatively
long contact times., They found that the main products were methane
and ethane with some aromatics and carbon at the higher temperatures,

Little hydrogen was found., Kossiakoff and Rice (35) predicted
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decomposition products for low pressure and short contact time on

the basis of free radical mechanisms. They predicted approximastely

5 per cent hydrogen, 22 per cent methane, 12 per cent ethane, 30

per cent ethylene, 20 per cent propylene, 8 per cent butene and 3 per
cent pentane, The product distribution from the runs with nitrogen
as a diluent does not agree with either reference. This is not un-
expected however since their reaction conditions are grossly differ-
ent.' No data on the decomposition of n-hexane in the presence of
hydrogen were found in the literature.

When the product distributions shown in Figures V-2 and V-3 are
considered from a standpoint of the type of products, it appears that
the lower temperature regions are the most interesting, except that
the aromatics are found in the middle range of the nitrogen runs.
Conclusions

It is coneluded that the thermal decomposition of n-hexane under
conditions of high pressures and temperatures is of apparent order of
approximately one half, and has a low apparent activation energy, of
the order of 5,000 to 9,000 Btu/lb mole (2.8 to 5.0 Kecal/gm mole).
The mechanism undoubtedly involves free radicals to a considerable
extent, however some molecular reaction is not excluded. Hydrogen and
nitrogen do not enter into any rate-controlling steps of the decompo-
sition reaction. There are many fragments remaining at the instant of
maxisum compression in the ballistic piston apparatus, these react

sufficiently slowly during the decompression so that the heat of
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reaction involved does not contribute appreciably to the kinetic
energy of the piston. The products of decomposition obtained by use
of an inert diluent such as nitrogen are probably of most interest
industrially since a large proportion of unsaturates can be obtained,
or some aromatics can be obtained if desired.

The ballistic piston has shown that it can be a useful tool in
investigating high pressure~high temperature reactions. With the
addition of instrumentation for the measurement of pressure, temper-
ature and thermal flux it can be used for quantitative measurements
on such reactions, and for measurement of the pressure-volume-
temperature properties required for establishment of the equations

of state of gases under high pressure-high temperature conditions,
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TABLE V-IV, SIDE CONTACT

Run_No.
Side contact 2 height (in.)
Side contact 3 height (in.)
Side contact 4 height (in.)
Bottom contact 2 height (in.)
Side contact 2 time (millisec.)
Side contact 3 time (millisec.)
Side contact 4 time (millisec.)
Bottom contact 2 time (millisec.)

Velocity, 3 to 4 (ft./sec.)

TIMING DATA
10 U2
37.892 37.892
17.892 17.892
0.3734 0.3609
0 0
24..0 22.7
4605 43.9
69.44 7342

43
574932

37.892

17.892
0.3577
0

24.3

47.9

69.0

70.63



No.

CsHj0
C5Hg
;o
C,Hg
C,He
CLH2
C3Hg
C3He
C2Hp
CoHy,
CH,
Cele
CrHg
Air
Ho0
€O,
02

TABLE V-V. ANALYSIS OF SAMPLES®

119

111
Control Product
95,31 72.53
3.89 0.49

0.09

0.12

0.78

25.50

0.65 0.25
0.15 0.13
O.ll

11.52

82,71

5.46

0012
0.08

0.06

Control Product

1.39

11.18

76.20

0.52

0.08

0.30
0.40
1.03
8.12
0.32

0.08

0.18
0.18

0.02

Control Product

89.80

9.81

0.27

0.12

@ Mole per cent, as reported by The Texas Company,
Montebello Laboratories

7753

4484
0.12

0.18

0.44

0.48

2427
1.01
5.10
0.73

6.92

0.34

0.04



Run
No.

n--06HI14
P
Cstyp
Csthg
G5y
G ho

.18

c

41

Gty
C3H
CaHg
CH,
CEA

CoTe
CrHg

50

co,
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ANALYSIS OF SAMPIES? (Cont.)

121

124,

TABLE VV.

120
Control Product
96,16 80.02

0.17

3.47 0.22
0.02
0.04
0.16
0.06
0.71
0.12
18.16
0.35

0.10 0.14

0.10

Control Product

91.72 68.03

8.04 R.33

0‘06

0.13

0.23

0.70
0.38
3,60
0.53
23.82

0.12 0.19

0.12

Control Product

95443
447

0.10

5.85

8,67
0.46

0.06

0.19
0.27
0.67
735
0.25

0.04

0.19
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TABIE V-V, ANALYSIS OF SAMPLES® (Cont.)

Run 125 126 127

No. Control Product Control Product Control Product
Hy 0.34 7.59 ' 0446
He

Ny 90.57 84.21 96,68 87.13 92.07 85.90

nCeHy, - 9.2 5.10 2,82 0,20 7.82 3.8,
Ce o 0.04 0.21
C
5H2
CsHg 0.32 0.30
Cshg 0.15 0.16
C4Hho
C,Hg 1.10 0.57
C,H 0.10 0.14
C,H
42
C3ig 0.54 0.37
CH, 1.95 4.30 1.95
CeHg 0.04
CHg
Air
Hy0 0.17 0.09 0.8 0.09 0.09 0.07
CO2

0> 0.02 0.02 0.02 0.02 0.02 0.04
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TABIE V-V. ANALYSIS OF SAMPLES2 (Cont.)

Run 128 129 131

No. Control Product Control Product Control Product
H2 3.02 3.85 1.17
A 0.07

Ny 9 .25 8L e42 93.88 83.62 92.10 82,64

n-Goly,  5.24  0.76 5,30 0.59 7.46  1.29
CeHyo 0.22
CsHho
Cstho 0.05 0.22
CsHg 0.15
C4H0
C,Hg 0.11 ‘ 0.60
C,H 0.08 0.06 0.26
Cy 0,02 0.02 0.06
C3Hg 0.32
Cafg 0.38 0.41 1.47
CoHg, 0.83 0.56 2.19
CoHy, 1.41 0.9 2.97
cH, 8.21 8464 5,17
CeHe 0.48 0.47 0.28
CrHg 0.20 0.15 0.21
Air
Hp0 0.47  0.10 0.67  0.34 0.27  0.26
Oy - 0.02 0.13  0.15 0.13  0.10

02 0.04 0.02 0.02 0.04 0.04 0.35
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TABLE V-V. ANALYSIS OF SAMPLES® (Cont.)

Run 132 140 142
No. Control Produet Control Product Control Product

Hy  95.02 74,02  95.57  68.12  93.78  68.00

0S, 0.02
N, 0.11 0.21 0.10  0.42
nCgfy, 44O 066 602 103 582 LU
Cefi2
Cgliy,
G5y 0.04 0.02
C.Hg
G, Hyq 0.04 0.06
CHg 0.06 0.10
CAHé
C,H,
Oy 0.08 0426 0.10
C g 0.11 0.17 0.04
CoHg 0.81 1.37 1.19
CH, 0.21 0.32 0.25
CH, 0.02  23.49 27.99 28.35
Cefle
Clg
Air 0.09 0.23
Hp0 0.19  0.45 0.18  0.28 0.18  0.06
COo 0.13 0.13 Trace 0.04

02 0.13 0.04 0.13 0-12
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TABLE V-V. ANALYSIS OF SAMPLES® (Cont.)

Run 13
No. Control Product
H, 92.46 64..90
CS,
N, 0.10
n-CgHy 7.28 2,00
CeHyo
CsHyp
CsHyg 0.04
CsHg
C,H10 0.08
C,Hg 0.10
C,He
C4ln
C4Hg | 0.33
CqHg 0,25
CoHg 2.21
CoHy, 0.18
CH,, 29.71
Cetle
CqHg
Air 0.10
Ho0 0.06 0.08
COp 0.02
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TABIE V-VI. ADJUSTED ANALYSES®: NITROGEN-n-HEXANE RUNS
Run
No. 113 124 125 126
He 11.96**
:]: *% 3¢ 3% 3%
=
H n-CgHyy, 5.00"% 448" 9.91"* 3.9
Hy,  L.40° 5,86 0.34% 7.60%
He 10.77%%*
No T475%%% 84, 79%F¥ gy 31REE g6, 7ok
n-CeHy, 0,52% 0.46% 5.10%**  0,20%
CeHyn - 0.04%
CsHyg 0.32"
CgHg - 0.15%
C,H10 - 0.06"
3 C,Hg 0.08" 1.10%
z 4
= *
B GyHg - 0.10
C3fig - 0.54"
CqHg 0.30" 0.19* 2.02% 0.04*
CoHg 0.40% 0.27% 1.52% 0.13*
CoH,, 1.03" 0.67 2.50" 0.46"
cHy, 10,35 %% 7417 1,957 LT
CH, 0.32% 0.25% 0.04*
CH 0.08* 0.04*
78
Free CP 7.75%**  10.39***  0,00"**  10,80"**
xe 1.an*%* 1,227%*% 1.069%*F  1.115™*F

g Mole per cent
Moles/100 moles initial e
€ Final moles gas/initial mole

*Mass spect. w/o air,C0p,Hp0,00

** By addition

¥ Calculated by stoichiometry
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TABIE V-VI. ADJUSTED ANALYSES®: NITROGEN-n-HEKANE RUNS (Cont.)
Run
No. 127 128 129 131
g Ny 91.85%*  94.73" U 66* 92.,48%%
& nGeHyy 8.15** 5.27" 5034% 7.52%%
H, 0.46% 3.02% 3.87% 1.18%
No 86,06 84,99%**  83,96***  g3,12%**
n-Ce By, 379" 0.76" 0.59" 1.30%
C6H12 0.21% 0.22"
C5Hio 0.30" 0.05* 0.22*
C5Hg 0.16* 0.15"
C,,Hg 0.57* 0.11% 0.60"
CLHe 0.14* 0.08* 0.06* 0.26*
A 0.02" 0.02* 0.06*
B Gy 0.37* 0.32*
CHg, 1.58" 0.38" 0.41% 147"
Colg 1.40* 0.83 0.56" 2,19%
CoHy, 3.01% L.41* 0.99* 2.97"
CHy, 1.95* (A X Mo B WY
CeHg 0.48" 0.47" 0.28%
Cryllg 0.20" 0.15% 0.21%
Free CP 0.00%** 6,11%**  g,01***  1,80"*
¥° 1,067%%*  1,115%**  1,127*% 1,113



-]M-

TABIE V-VII. ADJUSTED ANALYSES®: HYDROGEN-n-HEXANE RUNS

Run
No. 111 119 120 121
4 w7 95.03 89.60 96425 91.35
% n-CeHy, " 4497 10.40 3.75 8.65
Hy 73.87"*% 78, 19%**  80,12%*%  68,00%**
n-CeHy, 0.49% 4.50"*%  0.22% 2.33"
CeHy2 0.12*
CsH o 0.02"
CsHyo 0.18* 0.06*
C4H10 044" 0.13*
g C4Hg 0.48% 0.04* 0.23*
Fes 04
C3Hg 0.09* 2.28" 0.16* 0.70%
C3Hp 0.12* 1.01% 0.06" 0.38"
C2He 0.78* 5.12% 0.71* 3.61%
CoHy, 0.73* 0.12* 0.53%
CH, 24.65%**  6,95% 18.557°%  24.03°*%
P 1.001%**  1,026%**  1,002%**  1,012***

2 Mole per cent
b pinal moles gas/initial mole

33
A%

¥ Mass spect. w/o air, C0O,H0,0p
By addition

Calculated by stoichiometry
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TABLE V-VII. ADJUSTED ANALYSES®: HYDROGEN-n-HEXANE RUNS (Cont.)
Run
No. 132 140 142 143
2 g™ 95.08 93.68 93.67 91.9%
E n=CeH1y, 492 6.32 6.33 8.06
Hy 75.29%*% 90,545 70.39"**  ¢6.18%F
n-CgHy, 0.66* 1.04* 1.15% 2.00%
C¢Hyo
CsHy,
CsHyg 0.04* 0.02* 0.04*
¢, B 0.04% 0.06" 0.08*
% C,Hy. 0.06* 0.10* 0.10*
C,H, 0.10"
C4Hg 0.08" 0.26% 0.33"
C3Hg 0.11% 0.17" 0.04* 0.25"
Col 0.82" 1.38" 1.20" 2.22"
CoH, 0.21" 0.3 0.25" 0.18"
CH, 22.83%%%  26,15"%  26,69"**  28,62%**
P 1,003°*%  1,006"**  1.006"**  1.006***
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Appendix I.
THERMODYNAMIC PROPERTIES OF VARIOUS GASES

It is necessary to use the thermodynamic properties of the gases
concerned in order to obtain any type of solution of the equations
describing sample behavior in the ballistic piston apparatus. These
conditions range from room temperature at low (generally subatmospher—
ic) pressure up to pressures of 10,000 to 150,000 pounds per square
inch at temperatures ranging from 1,500 to 15,000 degrees Rankine,
depending on the particular gases, This range of conditions is greater
than that encountered in interior ballistics work, and is of course
at lower pressures than are of interest in the detonation of condensed
explosives, although the temperatures of detonation are included in
the range of interest for ballistic piston work. However, since the
fields of interior ballistics and condensed explosives are the ones
which have been concerned with the properties of gases at high temper-
atures and pressures, it is logical to look to workers in these fields
for information. Since a considerable amount of work in these fields
has been done during and since World War II, it was not considered
profitable to explore work prior to that time.

Caldirola (36) presented a three constant equation of state for

the detonation products of solld explosives of the form

bl
P <Y_ T =

< ) = NRT (ATI-1)
v
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and listed values of the constants for various solid explosives. The
range of validity was claimed to be from 30,000 to 300,000 atmos—
pheres and 3,000 to 7,000° K. Hirschfelder and Roseveare (37) proposed
a modified virial type equation of state for gases at moderately high

pressures.

B(T (b q( b 0.12AL.8 b AT w2
_aR L N 3 g
PV =RT|| + \c{ +0.625 \()+O 2 86 V) +0.1 V) ( )

- O -]

This equation is applicable to interior ballistics conditions. Corner
(38) considered equations of state for use in interior ballistics
calculations. He found that a simple covolume two constant equation

(Noble-Abel equation)
p(\/ -n ) = (Constant) x T (AI=3)

with the specific eovolume M taken as constant has been used with
considerable success, Corner also presented a truncated virial co-
efficient type of equation of state having one constant and two

parameters which are functions of temperature

. (A1=4)

\Y4 v

© -}

PV :RT[|+ EiS) + CLT_:I
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and tabulated these parameters for various gases encountered in
interior ballisties.

‘Wentorf et al, (39) utilized high speed digital computing equip-
ment to calculate the equation of state utilizing a 3 shell modifica-
tion of the lennard-Jones and Devonshire (40) equation of state. In
these calculations a spherical molecule was considered to be confined
to0 a cell and interactions with the three neighboring shells of
molecules were taken into account. Fickett and Wood (40) extended
these calculations into the region of interest in the detonation of
solid high explosives. Zwanzig (42) reported an equation of state for
argon and nitrogen at high pressures and temperature.

Hirschfelder, Curtiss and Bird (17) treated rather thoroughly the
subjectvof the calculation of equations of state on the basis of
statistical mechanical models and presented several equations of state
obtained in this manner. They presented two which seem suitable for
nonpolar gases in the range of conditions of interest. One using a
3 shell modification (39) of the Lennard-Jones and Devonshire equation
of state is suitable for the dense gas region, while a virial equation
of state with the second and third virial coefficients calculated from
the Lennard-Jones (6-12) potential (43,44) is suitable for the region
of lower densities. Both are based on spherically symmetrical poten—
tials. It was decided to use the results summarized by Hirschfelder
(17) to estimate the equations of state for the various gases used in
this investigation. ’
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Equations of State Used
The virial equation of state as presented by Hirschfelder (17) is

PY *be *p2 : N

S - z - , ¥ B + C blo + 0.2.8‘:q be s o.192.8 bo (AI—5)
RY Y v V3 v

. o 5 °©
and he tabulated B and C* as functions of t* where
»* T
t = == (A1-6)
(k)

Values of the force constante b, and (€ /k) for a number of gases
teken from Hirschfelder have been converted to engineering units and
are shown in Table Al-I, Where there was a choice, values derived
from equation of state data were selected as most applicable.

The equation of state for dense gases based on the 3 shell modi-
fications of the lLennard-Jones and Devonshire equation of state was
presented (17) in tabular form., The compressibility factor Z was

tabulated as a function of t* and (a*)3, where

3
(a¥) = —23%?— Y (41-7)
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A covolume equation of state such as that considered by Corner (38)
has considerable advantage for use in equations of the type developed
in Part III of this thesis, particularly if the covolume remains
approximately constant, It was therefore decided to utilize the co-

volume equation of state

and to determine values of the molal covolume b in accordance with
Hirschfelderts calculations, The covolume is easily obtained from

compressibilities, since

bo |[Zol]y < E- §
= £T =

It is necessary to know covolumes as functions of pressure and
temperature in order to determine the covolume of a mixture, using

the ideal solution assumption. Using this latter assumption

b = ng be | (AI-10)

The procedure used to obtain covolumes for pure gases as functions

of pressure and temperature was in general as outlined below. Special
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points will be mentioned in discussing individual gases.

1.

2.

3.

Using force constants from Table AI-I, compressibility
factors Z were calculated for the lower range of the
reciprocal molal volume at various temperatures by means
of equation (AI-5) and Hirschfelder's B and C*; 2's

at higher values of reciprocal molal volume were ob-
tained for temperatures in the reéion of interest from
the tabular data for the 3 shell modification of the
lennard-Jones and Devonshire equation of state.

Covolumes b were calculated for both sets of data obtained
above by means of equation (AI-9)

Plots of b versus g‘ at constant temperature were made,
with the values from both the virial and the 3 shell equa-
tions of state on one plot., Since the virial equation
was poor at high densities and the 3 shell equation was
poor at lower densities, it was necessary to draw in a
transition curve between the two curves. This step in
some cases left a good deal to the imagination and is
probably the source of considerable uncertainty in these
cases, Figure Al-l shows an example wherein the transi-
tion between the two curves was quite simple and probably
introduces little error beyond that of the two equations
of state in their respective domains. On the other hand

Figure AI-2 shows a case where the proper position of the
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line bridging the gap between the two curves is subject to
considerable uncertainty.

4. The pressure was calculated for various values of recipro-
cal molal volume at constant temperature using the final
smoothed-in curve arrived at in step 3 in each case.
Equation (AI-8) was used for these calculations.,

5. The covolume b was plotted versus log P at constant temper-
ature and smooth curves drawn.

6. The curves of step 5 were used to crossplot b versus log T
at constant pressure.

7. Values of b were read at even temperatures and pressures
and tabulated.

Hydrogen

Covolumes for hydrogen were calculated at temperatures of 1332,
3330, 6660 and 26,640° R. and treated as outlined. The curves of b
versus Sr' vere easily joined for the two lower temperatures, while
those for the upper two temperatures were tending towards the type
shown in Figure AI-2, However, for the latter two cases the pressures
at which the smoothed curves depart from the low density virial equa-
tions of state are in excess of 150,000 pounds per square inch and
are thus out of the range normally used., It i1s believed that little
added uncertainty is introduced by the smoothing between the two
equations of state for hydrogen. The covolumes resulting are shown in

Table AI-II for a temperature range of 1500 to 20,000° R, and pressures
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from zero to 200,000 pounds per square inch absolute. It will be noted
that the covolume for hydrogen varies only from 0.192 to 0,282 cubie
foot per pound mole in this rather large range.
Helium

For helium, the data (17) were so spaced that covolumes were
obtained from the 3 shell modification of the Lennard-Jones and
Devonshire equation of state only at 1840 and 7358° R, Values from
the low density virial equation of state were calculated at 1472,
1840, 3679, 5519 and 7358° R. The smoothing between the two curves
at 1840° R, was over a moderate range while the curves for 7358° R.
are shown in Figure AI-2 as an example in which considerable uncer-
tainty may be introduced. Since it was desired to compute covolumes
over a full range of temperatures and pressure, plots of b versus log
T at constant Sz' were used both for interpolation and extrapolation.
Fortunately these lines were almost straight so interpolation and
extrapolation to 20,000° R. seemed reasonable. However only for temper-
atures less than 7500° R. was it necessary to depart from the curve
for the virial equation of state in order to reach pressures of 200,000
pounds per square inch. Thus the extrapolations to the higher temper-
atures were really merely extrapolations of the virial eqnation‘of
state. It is not known how accurately these extrapolations match
theory. Although Fickett and Wood (41) made calculations for higher
teﬁperatures, their densities were much greater and so these results

are not applicable. In any event the covolumes for helium are small
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and errors in them are of relatively less importance than are errors
in those for the other gases. The covolumes for helium are shown in
Table AI-III for temperatures from 1500 to 20,000° R. and pressures
up to 200,000 pounds per square inch.
n-Hexane |

Covolumes were calculated from the two equations of state for
temperatures of 1487, 2230, 2974 and 3717° R. and handled in the
normal manner, The transition between the two curves was in every
case over a relatively short range. Covolumes are tabulated in
Table AI-IV for the range of 1500 to 4000° R. and pressures up to
200,000 pounds per square inch. The variation in covolumes is large
in this range. Because the n-~hexane molecule is far from spherical,
the covolumes are probably less accurate than for the other gases
considered.
Methane

Covolumes were caleulated at temperatures 1334, 1868, 2668 and
5336° R, The transitions between the curves for the two equations
of state were in all cases over very small ranges. The covolumes
were handled in the established manner and are shown for a range of
1500 to 5000° R. and for pressures up to 200,000 pounds per sqﬁare
inch in Table VI-V,
Nitrogen

Covolumes were calculated at temperatures of 1710, 3420, 8550

and 17,100° R. Transitions between curves were over small ranges in
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all cases and no unusual techniques were used in handling the data,
Covolumes for the range 1500 to 20,000° R. and pressures up to
200,000 pounds per square inch are found in Table AI-VI,
Specific Heat Functions

Two specific heat functions have been defined in Part III of this

thesis. These are

WT"
: | » .
95 = —= Cy d(1nT™) (AT-11)
and
,T.*
‘7/-“ = cedT™ (AI-12)

I

Both equations (AI=-1l) and (AI-12) were derived using an equation of
state for which the specific heat at constant volume is a function of
temperature alone.

Specific heats at constant pressure and infinite attenwation for
hydrogen, n-hexane, methane and nitrogen were taken from Rossini (22).
The specific heat at constant volume of helium was taken as constant
at 3/2 R. The functions ¢ and Vb were calculated by conven-
tional graphical and numerical methods using these specific heats at

infinite attentuation. In most cases values for the functions were
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desired for temperatures higher vthan those for which the specifie
heats were available, and the specific heats were extrapolated on
plots against ™ and against log ™. Smooth curves which used as
asymptotes the values given by Rossini (45) for excitation of all
degrees of freedom were drawn on both plots,

The functions (¢/R’)A and (¥/(1* = 1)R) were selected for
tabulation since (P/R) and (¥/R) are the forms generally used in
calculation, Division of (¥/R) by (T* - 1) makes it more convenient
for tabulation and interpolation, The functions as calculated are
based on a reference temperature of 536.,7° R. (77° F.)

The specific heat functions for hydrogen and nitrogen are shown
in Table AI-VII for T* from 1 to 20, Those for the hydrocarbons,
methane and n-hexane, are shown in Table AI-VIII for ™ from 1 to 10.
The regions of extrapolation of the specific heats are indicated.

Properties of Covolume Equation of State

The equation of state is given by equation (AI-8) as

P(V—-b) = RT (AT1-13)

]

where
b= f(rT) = — :9/\, (AT=14)

The standard derivatives are
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b

<a_\_g_) - R -a-—) (AI-15)
oT Ip P ov /e

dY RT3

<—a_1>—)1— =7 7pr T P)T (41-26)
(aPB o [R+ P(?.‘:_) |

3T IY T vy-b oTv/Y (A1-17)

Thus

(—j——\%—)f = _T(%-\l’\{'_)? B P@—\é)r =T T(%% P %‘t—)" (i-28)

and the change in internal energy due to gas imperfection is

P P
£ -E°= - o b - o b
E-E = f/(m%dp /C)P\po (A1-19)
] [~

when the integration is performed at constant temperature. Differ-
entiation of equation (AI-18) with respect to temperature at constant

gives
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dab 2*b b
*|f<a1' 'P+Té3—‘\5)p * ()P&\)}

For isentropic processes one is interested in

3 n >
(6\53 _ Selarr Tar

0T IS -r(
aT' P
and gince

A

€Ly
Cp - Gu = =T ——"

oV

IPIJT

oY
<é\,’,\ - Sy (_a-P‘)T
hY

T D,

(A1=20)

(AI-21)

(A1-22)

(A1~23)
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Substitution of equations (AI-15) and (AI-16) gives

- -
- BT @ r__)z_:(é.h
(ég) Gvl P GP-Q "Cvl IP/T
= — = — AT~2/,
P oT P 8 R\ OT
The fugacity is useful for chemical reactions
&M-Fo) ] v/ mTVL b
(ap e CREEE (41-25)
so
3 7v1'%}‘ b )
~N o - Al-2
P - RT ( )
and integration from zero pressure at constant temperature gives
o v
i R W
5 = RT. bdP ©, (A1-27)
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An average "b" is useful for tabulation when

P
- §
b = 5 b dP (AI-28)
and
£~ _ Pb y
7nP = ’RT | (A1-29)

Values of b as defined in equation (AI-28) were calculated for
n-hexane and are shown in Table AI-IX., If an ideal solution is
agssumed, the fugacity of a component is calculated by multiplying
the fugacity obtained from equation (AI-27) or (AI-29) by the mole
fraction of the component.,

The Joule~Thomson coefficient is given by

ORY
(&T) _ —Y+T 5‘?’)?
OP/n Cp

(A1-30)
— b +T(—§—:L)p

e

—

The last relationship of equation (AI-30) is obtained by use of
equation (AI-15).

Inspection of Tables AI-II through AI-VI and calculation of
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questionable cases reveals that the Joule-Thomson coefficient, as
given by the data used herein, is negative for hydrogen, helium, and
nitrogen in the ranges covered by the tables, and is negative for
methane except for the low temperature and low pressure portion of
the range. The Joule-Thomson coefficient for n-hexane assumes both
pdéitive and negative values,
Properties for Constant Covolume

If the covolume "b" is constant, it 1s evident that most of the
relationships considered above are markedly simplified. One finds
from equations (AI-15) and (AI-16) that

oY
<—é‘; o = %— (AI=31)
and
oY RY
ov /T = 7 ";;Z’ (41-52)

Equation (AI-18) gives

o%
OP |+ = O (A1-33)
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and equation (AI=20) reduces to

d ¢y
('5? - = ° (A1-34)

l

Equation (AI-24) becomes

Y C.
&T S = - °F> (AI"'35)

and equations (AI-27) and (AI-31) reduce to

§£° _ bP
1n P T mr (41-36)
and
_ = b
Moo= < (A1-37)

Corrections to Specific Heat Functions

The specific heat functions qb and ¥ defined in equations
(A1-11) and (AI-12) were calculated for a reference temperature of
536,7° R, (77° F.). They are however used for initial temperatures
differing slightly from this reference temperature and it is of

interest to estimate the error so introduced. If the reference



temperature of 536.7° R. is designated as T, and the actual initial

temperature by T, one can write

One may actually use at T a value of 95

(A1-38)

or ﬁl’ calculated for T'

when functions are used as functions of T*.

Equation (AI=1l) ean be written as

T
¢ == S d T
T lnT® °
mTy
and
n T
¢ = Cv d 1aT
TwT °
T

Subtracting (AI-40) from (AI-39)

7nT’

(T (9 9) -

TnT-

gvd‘l“T -

InT

(A1=39)
(AI-=40)
InTr
CydInT (A1-41)
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Using average specific heats in small intervals, the error is
'.— - ]“ To ]
#og = [0y - 6 (12

in which the specific heats are those at T and at T, respectively.
The error in ¥ can be obtained somewhat similarly. Equation

(AI~12) can be written as

-
|
e f Gv dT (AI-43)

and
T
¥ = 1rc,rf‘.;v 4T (AT-44)
Subtractings
1
T Tv
I )
Te¥ -To ¥ = ﬁv” - [ §vdT (AT=45)
+

e

Using average specific heats
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T E Ty = (G)e (D) — @) (e - T (AT-46)

Dividing by T, and using equation (AI~38) there is obtained

_‘% W -y = [11'__:4] [(CQ.QTT*— (C;v\v] (AT=47)

If equation (AI-47) is solved for Y~ , and the result is

!
subtracted from Y , the error is obtained:

L e (248

Determination of Polytropic Expansion Exponent for Air

In order to use an equation of the form

PV"™ = constant (AT-49)

for the air acting as a driving gas, the temperature-entropy diagram
given by Williams (46) was used. Upon assumption of perfect gas

behavior and isentropic expansion, the exponent cen be calculated from

? P
kK _ log P,
- - (A1-50)
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Pressure was plotted as a function of temperature on log-log
paper for several initial pressures and an initial temperature of
540° R., and straight lines were obtﬁined. Values for k of 1.404,
1.425, 1.423 and 1,424 were obtained for initial pressures of 440,
1000, 2000 and 3000 pounds per square inch respectively., Neither
the isentropie p#th nor the perfect gas behavior is a good assumption;
however, the value of k used does not influence calculated energy
transfer to the sample gas significantly if corresponding values of
the effective friction F are used. A value for k of 1.424 was

selected for use,



TABIE AT-I. FORCE CONSTANTS FOR VARIOUS GASES?

Gas bg €E/x)
' (Cu.Ft./Lb.Mole) (°r.)
A 0.7977 215.6
Air 0.8828 178.6
ot 1.1238 266.8
Coly, 1.8693 358.6
C2H6 1.2494 437,
;A 3.6201 436,
n"CAHiO 2.4828 535.
N-CiHy o 3.880 621.
n-CgHy 4,169 743.
co 1.0767 180.4
co, 1.8245 340.
H, 0.5073 66.60
He 0.3375 18.40
N, 1.0202 171.09
NO 0.6407 236,
N,0 1.9542 340.
0 0.9250 211.5

& Gonverted from Table 1-A Hirshfelder, Curtis and
Bird (17)
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TABLE AT-VII. SPECIFIC HEAT FUNCTIONS FOR NITROGEN
AND HYDROGEN

2 L ¥

R ™ ~-1 R

T*a i

1 N, Hy N,
1.0 2.169 2,503 2,169 2,503
loS 2.&99 2.515 2;&97 20518
25 2.515 24571 24517 24593
340 2452 2,609 2531 2.6LhL
3.5 2.535  2.6h6 24550 2,697
L0 2.550 2.681 24573 2.7L9
L5 2567 2,713 2,601 24798
560 . 2,585 24743 24631 2.84L
55 2603 24769 2,662 2,885
640 2,622 24793 2.69L 2,922

645 2640 2,814 2,726 24956
70 24658 2483L 2.759 24988

8.0 24693 2.869 2.823 3.0L3

8e5 2.710 288l 2,853 - 3.067
9.0 24726 2.898 2,882 3,089
9.5 2.741 24911 2.910 36110
10.0 2,756 24923 24937 3,128
11.0 2.78L 2,940 2.990 3.162
12.0 24809 24963 3,038 3.192
13,0 2.832 2,980 3.083 3,218
1.0 2.85) 24996 3,122 3.242
15.0 2.874 3,010 3,159 34263
16,0 2.893 3,023 3,195 34283
17.0° 2,912 3,034 3.228 3.301
18.0 24929 30Uk 34261 3.318
1940 294 3.054 34293 34333
20.0 2.958 30063 3.32L 34348

4 Based on reference temperature of 536.7° Rankine
b gpecific heats extrapolated beyond 9000° Re (T = 16.7)



=191~

TABIE AI-VIII., SPECIFIC HEAT FUNCTIONS FOR
METHANE AND n~HEXANE

£ 1Y

T*8 R T =1 R

1.0 3.298 16,21 3.298 16.21
1.2 3.460 17.50 3.465 17.60
1.4 3.630 18,78 3.651 18.94
1.6 3.806 19.94 3.843 20.24
1.8  3.97 21.04 4,040 21.51
2.0 443 22,04 4245 22,74
2.2 4.312 22 .96 4 452 23.88
R LT2 23.80 44655 24,90
2.6 4.620 24,456 4.859 25,90
2.8  4.758 25,27 5.054 26.87

44894 25.93 54247 27.77
5.024 26.55 54432 28.63
5.151 27.13 5.609 29.45
54272 27.68 5.784 30.19
5.388 28.20 5.952 30.93

*

WWwWww\w
.
ROV O

L0  5.500 28.69 6,111  31.66
L2  5.603  29.14 6,265 32,32
Led  5.702  29.57 6.412  32.94
L6 5797 29.98 6,554 33.54
L.8 5.880  30.38  6.692  34.10
5.0 5.977  30.76  6.825  34.65
5,50 6,178 31,61  7.125  35.88
6.0 6.35 32,36  7.402  37.02
6.5 6.520 33,03 7.656 38.00
7.0  6.667  33.62  7.885  38.92
7.5 6.803  34.18  8.092  39.75
8.0 6.926  34.68  8.279  40.50
8.5 7.038  35.15 8,450  41.18
9.0 7.136  35.57 8.607  41.81
9.5 7.229 35,95  8.754  42.39
10.0  7.320 36.31  8.886  42.92

& Based on reference temperature of 536,7° Rankine
b Specific heats extrapolated beyond 2700° R. (T*= 5.0)
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FROPOSITIONS

1. It is concluded in this thesis that the decompositions of hydre-
carbons under conditions reached in the ballistic piston apparatus
are chain reactions which yield many free radicals. It is proposed
that these mechanisms be investigated further by determining the
effects on reaction rates and on products of small amounts of nitrie
oxide or of propylene. These materials act as inhibitors (1,2,3) to

chain reactions at lower temperatures and pressures.

2, Ethylene oxide is said (4) to decompose thermally to give free
radicals which will frequently increase rates of reaction. The
effects on reaction rates and on products of the presence of a small
amount of ethylene oxide or other sensitizer in hydrocarbon mixtures

subjected to ballistic piston conditions should be determined.

3. A heavy piston was used in the tests on n~hexane reported in this
thesis. It would be interesting to make similar tests using a light
piston, thereby reducing the time at high temperature and pressure by
a factor of three or so. The effects on computed reaction rates and

on products should be observed.

4Le The solution for the temperature in a finite slab of thickneas "a",
specific heat "c*, specific weight "< %, and thermometric conductivity

R *, initially at a uniform temperature "T, ", and subjected to an
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instantaneous source of "Q" energy/unit area at the plane x = 0 at
time 6 = 0 is

O

T = a [ 2nsda- ﬂ chux] )
T-Te = VT RS cxp( 7K 6 +ex 2KO

if there is no interchange of energy with the surroundings after the
initial instanteous source is applied. The temperature at the plane

Xx = als

X
2 Q (zn+1] a*
Ta-To = exp|— At &
2T T TeVmKS w( 4RO >

This solution was needed for design of a thermal flux meter and
could not be found in the literature.

5« A covolume equation of state, such as
P(y-b) =RT

with the covolume being a function of pressure and temperature, has
advantages over compressibility factors for use in the region of high

pressures and temperatures.

6, Linear partial differential equations of the type
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= iy 3—3[{—1(3\ %—3—]

may oftentimes be solved rather easily by graphical means similar to
the "Schmidt Method®.

7« The solution of the differential equation

Ke +vK) S ] Uy 95

vhich was performed on an electrical analog computer by Sehlinger

et al. (5) may easily be done by graphical means. é-c, K and u,
are functions of y.k

8. A graphical method for solution of heat conduction problems
involving latent heat as well as specific heat is proposed.

9. A 40 word CUBR entry subroutine for‘searching and interpolating

between tabular data is proposed for use on the Datatron.

10. A method for the solution on an analog computer of a relatively
simple case of reversible chemical reaction in the ballistiec piston
apparatus has been outlined. It requires at least

20 operational amplifiers (summing and integrating)
18 multipliers

6 dividers
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5 squarers
10 function generators
plus numerous factor potentiometers.

Scaling has not been attempted but it is obvious that the
enormous range of variables encountered during a run would make it
necessary to change scale factors several times (probably at least
5 times) during a simulated compression stroke and a similar number
of times duiing the decompression stroke.

It is concluded that digital equipment of reasonable memory,
such as the Datatron, is more suitable for use in analyzing the be~

havior of samples in the ballistic piston apparatus,
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