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ABSTRACT

A ballistic plston apparatus 1is described briefly.
The instruments in the apparatus and the assoclated external
measuring clrcuits are discussed in detail. The differential
equations which describe the energy and materlal transport in
the axially-collapsing cylindrical sample-gas chamber are
derived and solved numerically. Compressibllity factors are
calculated for nitrogen gas employing data obtained from two
tests made on the bpallistic plston apparatus. Temperatures
in this investigation range from 23000 to 3300O R, and pres-

sures from 1000 to 6300 pounds per square inch absolute.
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TABLE OF NOMENCLATURE

A crossectional area of cylinder, sq.ft.
A total wall area exposed to sample gas, sq.ft.
a thickness of thermal flux meter disk, ft.
a distance of side or bottom contact from bottom
face, in, '
a’,b,e’,d’ coefficlents in analytic expression for heat
' capacity

al,bl,cl,dl coefficients in flrst analytic expression
‘ for enthalpy

ag,bg,cz,dz coefficlents in second analytic expression
: for enthalpy

b specific. gas constant, (1b./sq.in.)(cu.ft./1b.)/ °R
c specific heat, Btu/{1b,)(°R)

cp specific heat at constant pressure, Btu/(1b.)(°R)

Cy specific heat at constant volume, Btu/(1b.)(°R)

] constant

d differential operator

E specific internal energy, Btu/lb.

E kinetic energy of piston—(im u 2y, Btu.

P N PP

En total amount of energy between r* =1 and r*=r*, Btu
E& total amount of energy between r* =1 and r*=r*,

1f 0 = gy = const. and E=E, = const. at all points, Btu

Ex total amount of energy between x=0 and x =x, Btu
Ex, total amount of energy between x =0 and x=x, if

= av::eonst. and E:zEav::const. at all points, Btu

exponential of ( )

(1]
8
o~
St
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frictional force acting on piston, 1b.

any function of time and space in sample gas
an arbitrary vector

écceleratiqn due to gravity, ft./sec.?
specific enthalpy, E + PV, Btu/lb,
specific enthalpy obtained from equation 96, Btu/lb,
specific enthalpy obtained from equation 97, Btu/lb,
height above a datum plane, ft.
fraction of critical damping

radial index on finite difference grid
polytropie path exponent

coefficlient defined by equation 109
pressure gauge constant

pressure gauge constant in terms of oscilloscope
deflectlon

coefficlent defined by equation 107
thermal conductivity, Btu/(sec.)(°F)(fs.)

equals[(Kmﬂ,n""km,n)(Tm.n,n"_ m,n)+(Km,n+Km—i,n)(T Tm ,)y,ﬂ
» ¥* ¥
Kj%y, G‘_H"’K‘ln ﬁ‘)(-[ju)n ":5 ) (KJ,n g"'KJ-{,HU—I)( ij -5 H

length of lower chamber, ft.

equals[

initial length of lower chamber, ft,
closgst approach of piston, ft.
natural logarithm of ( )

logarithm to the base 10 of ( )
molecular weight, 1b,/lb.mole

longitudinal direction index on finite difference
grid
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weight, 1b,
weight of piston, 1lb.
welght of gas between r* =1 and r* = p*

weight of gas between r*=1 and r*=r*, if
= gy =const,

welght of gas between x=o0 and x=x

welight of gas between x=o0 and x=x, if d= Uav: const,
time index on finite difference grid

index of summation

pressure, 1lb./sq.in. absolute

atmospheric pressure, 1b./sq.in.

normalized pressure, P/P

pressure calculated using gauge constant given by
Atlantic Researeh Corp., 1b./sq.in. gauge

thermal energy absorbed by system, Btu

total thermal energy loss calculated for conduction,

Btu
thermal loss due to radiation (see equation 107), Btu

thermal energy absorbed by system for an infinitesimal
change, Btu

rate of thermal transfer, Btu/sec,
molal gas comstant, Btu/(1b.mole)(°R)
distance measured radially, ft.
radius of cylinder, f¢.

normalized co-ordinate, r/r,

specifie entropy, Btu/(lb.)(eR)
surface vector, sq.ft.

dimensionless dlstance parameter
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temperature, °R
midpoint temperature of sample gas, g

reference temperature, 536.7 °R‘(77 Op, 25 )

maximum change in temperature between times O, and

e n+l
normalized temperature, T/T,

one-half piston velocity, ft./sec.
particle velocity, ft./sec.

piston velocity at O ¥, f;;./see.
piston velocity, ft./sec.

velocity vector, ft./sec.

specific volume, cu.ft./lb.

excess volume below bottom face, cu.ft.
normalized volume, YB/YBO

work done by system, Btu

one-half distance from piston to bottom face, ft.

normalized co-ordinate, 1~y/Xo

piston position at O *, £6.

distance between face of piston and bottom face, f¢t.

longitudinal co-ordinate, Xoz/X, ft.
osceilloscope deflection, em,

compressibility factor, Pg/RT

distance to particle from center plane of gas space,

fe.

constant

normalized co-volume, }gc/vo



-i e

OL X, regression coefficients

Oéfiajé coefficients in analytic expression for thermal
conductivity ‘

constant

distributed energy source, Btu/(1b.)(sec.)
molal co-volume, cu.ft,/1b.mole

independent variable

galvanometer deflection

difference in

interpolation constant

total specific energy, Btu/(1lb.) or (ft.)
constant defined by equation 85, ft./(sec.)2

O " m OyD> D> §*‘§X)}I)j33

time, sec.

& value of O at last measured value of Py, sec.
O value of 6 at maximum value of Py, sec.
=} arbitrary time, sec.

*

time related to © by an additive constant, sec.
thermometric conductivity, ft.a/éee.

dependent variable

‘temperature-dependent function defined by equation B-9
defined in Appendix A

Qstability ﬁarameter

equals /A B

dimensionless ratio, AQ/(AS) » in Crandall's (23)
stabllity criteria

3.18159265

summation of n terms
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Specific weight, 1b./cu.ft.

s}

C,?5 fC dlhT /lnT Btu/(lb.mole)(oR‘)
Xm temperature parameter
4

Wy

fC de Btu/(1b.mole)(°R)

natural frequency, radlans/sec,

o) partial differential operator
J[ integration operator |
| ‘ absolute value
Subsecripts
o initial value
A pertaining to driving gas
av average value
pertaining to sample gas
value at time G%
summation index
finite difference grid point in r* dimension
a value of O, X, U, P, or dP/de in Data Table used

B ots R My U

in digital computer

k trial value of Tm,n
finite difference grid point in x dimension

n finite difference grid point in O dimension
r¥ value at constant r*; or in r* direction

r value at constant r; or in r direction
-3  taken with respect to reference temperature Tog
v value at constant volume

w value at the wall

x value at constant x: or 1in x direction
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y value at constant y; or in y direction
z value at constant z; or in z direction
e value at constant O

/
General Notation

any specific guantity, per 1b.
any molal quantity, per lb.mole

IR @ @

any total quantity, mG



I. INTRODUCTION

In recent yvears considerable interest has bsen directed
?oward means of obtaining the volumetric propertles of gases
in regions of very high temperatures and pressures. These
efforts have resulted from the need for accurate data in the
design of rocket motors and other high-temperature reactors.
For temperaturés much above 15000 F, the method of using
static cells to obtain the pressure-volume-temperature pro-
perties of a fluld is impractical; therefore, dynamic methods
must be employed.

In general, the experimental approach has been to use a
shock tube or an extremely raplid compressor of the free plston
type. Helfrey (1) cites several references to work which has
been done using the former method, and Sage et al. (2) lists
references in which the latter method was employed. Up to the
date of preparation of this thesis, only Price and Lalos (3)
had published any results for the volumetric properties of
gases obtained from a free-piston compressor. They studied
nitrogen and carbon dioxide and did not attempt to measure or
calculate temperatures but reported conly the pressure-volume
relationships along an assumed isentrople path.

A rather extenéive program was undertaken recently by the
Chemical Engineering Laboratory at the California Institute of
Technology which involved studies on a compressor of the free
piston type. This "ballistic piston apparatus” was utilized
by Longwell (4) to study the reaction kinetics of the decom-

position of methane and n-hexane under conditions of high



temperature and pressure. Helfrey (1) also used this appara-
tus to determine the kinetlcs of the nitrogen-oxygen system
under gimilar conditions. This thesis describes the first
experimental work devoted to the evaluvation of the pressure-
volume-~temperature properties of a gas using the ballistic
piston apparatus. Part II provides a shortidescription of
the apparatus and a rather detalled account of the assoclated
instrumentation, which for the most part was designed and
bullt by the writer.

Originally, the high temperatures within the sample gas
chamber were calculated by assuming that the compression
process was so rapild as to be adiabatic. However, new instru-
mentation incorporated in the apparatus in order to measure
the integrated thermal losses to the walls demonstrated thils
assumption to be false.

In order to evaluate the thermal losses to the walls as
a function of time and to determine temperature distributions
in the sample gas, 1t was necessary to formulate and integrate
the differential equations which describe the conditions in
the sample gas. These differential equations are derived and
expressed in finite difference form in Part III. From the
éolution of these differential equations and the use of addi-
tional instrumentation, it was possible to determine the total
internal energy of the sample gas at any time and’from this
energy to compute the average temperature by employing known
thermodynamic relationships. Since the pressure and volume

of the sample gas are measured directly, it was possible, with
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These temperatures, to calculate the compressibility factors
of the sample gas. The mathematical and thermodynamic rela-
tionships necessary for the calculation are given in Part III;
the method of calculation 1s described in some detail in

Part IV.



IT. APPARATUS

The ballistic piston apparatus utilized in preliminary
studies has been described by Longwell and Sage (5) and by
‘Helfrey (1). Longwell (4) described some of the first instrw
ments used in the apparatus, whereas Sage et al. (2) com-
pleted the description of the apparatus and instrumentation
as 1t existed when the preliminary studies on nitrogen were
made. A much more detailed account of the instrumentation
will be presented in thils thesis. Also, because none of
"these descriptions had been published at the time this thesls
was prepared, a short summary of the essentlal features of
the ballistic piston apparatus will be given here.

Essential Features of the Apparatus

A schematic diagram of the equipment 1s shown,in‘Figure
1. Essentially, the equipment consists of the heavy-walled,
hollow eylinder A, 3.0 inches in 1inside diameter within which
is located the free piston B. The sample is introduced into
C through the valves D and E. Air 1is introduced into the
space F through the valve G and the pressure of this alr may
be measured elther by the gauge H or through the’mercury-oill
U~tube I, by means of the pressure balance H'!'. The initial
pressure in C is of the order of a few pounds per square inch
absolute, whereas the pressure in F is of the order of a
thousand pounds per square Inch, although it may be higher or
lower as conditions dictate. A mechanical vacuum pump J 1is
connected through the valve K to prevent contamination of the

sample in C from possible slow leakage of the air from F'past



the O-ring seals L and L' which are located in grooves on the
piston B.

After all valves are closed, a holding pin is sheared by
rotation of the handle M, thus releasing the piston. Upon
the shearing of the holding pin, the piston accelerates rapidly
downward and compresses the gas in C. This process continues
under normal conditions until the piston has entered the
bottom closure N and the clearance between the lower face of
the piston and the end of the cylinder is from 0.50 to 0.01
inch. Because the total travel of the piston is nearly 100
inches, a rather high volumetric compression ratio is repre-
sented and pressures as high as 4000 to 100,000 pounds per
square inch may be realized at the lower end of the piston
travel, depending on the initial conditions. This high pres-
sure causes the pilston to accelerate rapidly upward and after
some osclllation it assumes a neutral position where the
pressure both above and below it is of the same order. Sig-
nificant mechaniecal friction assoclated with the movement of
the closely fitting piston B in the cylinder A causes the
oscillating motion to attenuate rapidly. As a result of the
rapld rise in pressure in C, a corresponding raplid rise in
temperature occurs. In some cases temperatures higher than
1O,OOOO F may be obtained for a few milliseconds near the end
of the piston travel. The sample is withdrawn from C through
the valve E after piston motion has ceased.

As the piston B passes down the cylinder, an electrical

pulse is obtained from each of the four side contacts P and



P', and the time interval between these pulses 1s used to
determine piston position-time history. Also, contact wires
of varying heights are mounted in holders at Q in the bottom
clogsure N. Electrical pulses obtained from these contact
wires determine the position of the piston as a function of
time for the last four inches or so of travel. A plezoelectric
gauge for measuring pressure and an instrument for measuring
thermal flux also are mounted in the bottom closure.

Lead crusher gauges are used to measure the closest
approach of the piston to the bottom of the chamber. These
take the form of lead shot for approaches of closer than 0.075
inch, whereas taller gauges are used for runs in which tThe
pilston stops at a greater distance from the bottom. These
gauges resemble Inverted cones on a cylindrical pedestal and
are made by casting in split molds. Each gauge is welghed
before use and its volume determined from the density of lead
given in a standard reference (6). The height of the deformed
gauges 18 measured to 0.0001 inch. When two gauges of dif-
ferent heights are used on the same run, they agree.in final
height within the flatness tolerances of the plston head and
bottom closure. It ig believed, therefore, that in most cases
these gauges measure the actual closest approach of the piston
to within 0.0005 inch. Figure 2 1s a photograph of the
several types of lead gauges, before and after use.

A tourmaline piezoelectric gauge made by the Atlantic
Research Corporation 1s used to measure the pressure of the

sample gas as a funection of time., This gauge 1s similar in
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extérnal shape to the bottom contact holder shown in Figure 3
and is mounted in one of the holes Q shown in Figure 4., The
output of the piezoelectric gauge 1s connected to a preampli-
filer with an input impedance of 900 megohms, and to a network
of parallel capacitors. The output impedance of the preampli-
fier 1s matched to the characteristic impedance of the coaxial
cable which carries the signal to a Hewlett-Packard Model
150-A oscilloscope.

A typical oscillogram obtained during a test is presented
in the upper part of Figure 5. One of the two beam traces
shown 1s a reference line obtained with zero input to the
preamplifier, whereas the second is the pressure trace. A
third beam trace, appearing on the negative and consisting of
timing marks from a Berkeley Model 5630-15 time standard,
was too faint for reproduction. The beam is blanked out mo-
mentarily when contact is made with one of the wires in the
apparatus and in this manner the pressure-time and volume-
Time scales are related. The pressure-time relationship
obtained from the record is depicted in the lower part of
Figure 5. The calibration constant used in making this figure
was determined by the Atlantlc Research Corporation.

A calibrated Bourdon tube gauge 1s used to measure fthe
initial pressure in the alr chamber F In Figure 1 with an
uncertainty of the order of one per cent. The determination
of this variable contributes only a small amount to the un-
certainty of predicting the over-all behavior of the system.

Temperature of the air in F is measured by means of a
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mercury-in-glass thermometer with an uncertainty of 0.50 B,
These measurements can easily be refined if greater accuracy
is required to determine the state of the air in F.

The materilial to be investigated is introduced through
the valves D and E of Figure 1 from the apparatus shown in
Figure 6. This glass sample-addition apparatus includes a
McLeod gauge and a mercury-in-glass manometer which is used to
determine the @ressure in the chamber C of Figure 1. The
elevation of mercury in the arms of the manometer 1s measured
with a cathetometer with an uncertainty of 0.010 inch. The
temperature of the sample gas 1is measufed by a mercury-in-
glass thermometer with an uncertainty of 0.1° F.

Fixed Calibrations’

The upper volume of the ballistic piston apparatus is
identified as F in Figure 1. The total volume of this space
(YAO) was calculated from its physical dimensions. The dimen-
slons have been measured with micrometers which can be read
to 0.0001 inch.

The lower volume C consisted for the most part of the
cylindrical space between the face of the piston B and the
face of the bottom closure N. Because the instruments @ were
not exactly flush with the face of the bottom closure, there
was a small additional volume present, identified as V.. The
length of the eylindrical space LZBO) was found by first
méasuring the distance between the shoulders where the top
and bottom closures butt into the tube. A steel tape callbrated

to the nearest 0.0l inch against a steel bar ruler was used



for thls purpose. The distance from the top shoulder to the
face of the piston was measured to the nearest 0.001 inch
using a depth micrometer and Johannsen blocks. The depth of
the bottom clésure cup was found by averaging several readings
made with a depth micrometer and then these three measurements
were combined to obtain JBO, The inside diameter of the tube
was determined, with an inside micrometer, to within 0.001
inch and combined with IBO to give the ecylindrical volume.

The excess volume ye was found by measuring, with a depth
micrometer, the amount that each instrument Q was recessed.

The placement of the slde contacts was determined from
the machine drawing specifications which were followed to
within 0.005 inch when the holes were bored in the tubes of
the apparatus.

The piston was disassembled into four parts for the
purpose of weighing. The welght of the tail stock was deter-
mined to within 0.001 gram and the main body weight to within
0.1 gram using beam balances. The O-rings and the section of
the sheared brasgs pin carried by the tall stock were welghed
to within 0.0001 gram using a chain balance after each run.
The results of the four welght measurements were combined to
yield the weight of the piston with an accuracy of £0.002 pound.

The magnitude of frictional forece acting on the piston
was assumed invarlant du:ing any run and constant from run to
run. In order to determine the friectional force, the pilston
was allowed to make several descents under the influence of

gravity alone. These descents were timed by means of the fow



side contacts, and the measurements combined with Newton's
equation of motion to calculate a value of the foree. An
average value of "F" was found from several sets of measure-
ments, and the variation of the data about this average was
* 2 pounds.

Instruments Within the Apparatus

Figure 7 shows the detalls of one of the side contact
holders, identified as P and P' in Figure 1. The center copper
conductor was made pressure-~tight by means of a séapstone seal
and, except for the portion of the insulation which was exposed
to the inner chamber, was insulated frem the steel body of
the holder by transite insulators. The exposed insulation
was made from soapstone which had been baked first at 400° F
for eight hours, then at 17000 F for one hour. Through this
treatment the soapstone became hardened and much more imper-
meable to contamination by the graphite lubricant.

Four of the above-described holders were sealed in place
at approximately equal intervals along the barrel of the
ballistic pilston apparatus as shown in Figure 1. The neoprene,
unsupported area seals functioned satisfactorily under this
service. The 0.015-inch diameter wire seen in detall in
Figure 7 was made of lead and projected approximately 0.030
inch into the 3-inch bore. A positive potential of about 30
volts was placed on the contact wire by a low impedance source.
When the piston touched the contact wire a negative pulse was
produced. The pulses arising from the grounding of successive

contacts with the piston operated electronic timing circults
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which are described in Appendix C, together with several other
eircuits of loeal design. A continuous electrical circuit
from the piston to ground was provided by a wire coiled in

the form of a tapered helix attached to the plston and to the
top closure. The holders were removed from the barrel after
each run in order to replace the lead wire.

Figure 3 portrays a typical bottom contact holder and a
contact wire., Their placement in the apparatus 1s indicated
by Q@ in Figure 1. The center conductor was sealed Into the
holder in a manner similar to that used in the side contact
holders with insulation provided by transite pleces except
for the baked goapstone plece whiéh was exposed to the chamber.
These holders have required a good deal of serviecing involving
complete replacement of the soapstone and transite parts,
because graphite, which was forced into the pores of the baked
soapstone parts during the large transient pressures expef—

- 1enced in the bottom closure during a run, had destroyed the
electrical insulation. Occasionally the socapstone was frac-
tured and pulverized due to the dynamic loading 1t experienced.

A copper contact wire of either 0.013-inech or 0.023-inch
diameter was Inserted into the holder shown in detall in
Figure 3. The diameter of wire used depended upon its height
above the bottom closure N of Figure 1l; for heights above 0.3
ineh the larger diameter was used. The heights of the bottom
contact wires above the face of the bottom closure were deter

mined with a depth micrometer, The leads from a vacuum tube



-12-

volt-ohmmeter were connected to thé metal closure N (see
Figure 4) and to the center conductor of the contact holder Q
by means of an accessory socket. The base of the depth micro-
meter was placed on the top shoulder of the cup with the probe
directly above the contact wire. When the probe touched the
wire, the ohmmeter indicated a low resistance. The depth
reading was taken when the resistance fell Below 200 ohms.
This reading was then subtracted from that found for the depth
 of the cup to give the height of the wire.

Before a run, a negative potential of about 14 volts was
supplied to each contact wire by individual sources having
internal impedances of 1000 ohms. When the piston touched a
contact wire, a positive pulse was generated and these pulses
were used to control Berkeley Model 5120 time interval meters.
The latter instruments record time intervals with an accuracy
of one microsecond.

The amount of energy transferred to the walls of the
chamber was estimated from measurements made with the thermal
flux meter shown in Figure 8. The measuring element was com-
prised of a copper-platinum-constantan-copper thermocouple
which was soft-soldered to the back of a 0.030-inch diaphragm
of type-302 stainless steel. The arrangement is shown in the
enlarged portion of Figure 8. The upper surface of the dia-
phragm formed a portion of the bottom face of the lower
closure cup because the thermal flux meter was installed in

one of the six locations ¢ shown in Figure 4, Mechanical
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support was afforded the steel dlaphragm by means of a milecarta
insulator; the thermocouple leads passed through a small hole
in this insulator and fthe supporting stainless steel follower.
The cold Junctions were located in the thermal flux meter
housing at the upper end of the two copper rods through which
external connection was made to the instrument. It was assumed
that the cold Jjunctlons remained at fixed témperatures during

a run. It was not necessary that they bve at identical tem-
peratures since only the change in externally obtained voltage
was measured.

The sample gas reaches high temperature for only a very
short time and, compared with the frequency response of the
thermal flux meter, the energy source may be considered as
instantaneous. It has been shown by Longwell (4) that if an
amount of heat "Q" is transferred instantaneously to one face
of an infinite slab of thickness "a”, the temperature rise at
the opposite face is given by

OQ
__ 24 o -len+))a
ogcveme LT ke
N=0

AT (1)

if no energy losg is suffered. For large Times this approaches

the value of temperature rise for uniform temperature:
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In the case of the geometry and physical constants involved
here, the temperature rise reaches 0.95 of that given by
equatlion 2 in about 40 milliseconds.

The diaphragm was not infinlte in extent and there was
somekradial conductive transport. However, with a diaphragnm
diameter of ten times the thickness, this radial conduction
began to affect the thermocouple temperature by an amount
greater than 0.5 per cent only after 150 milliseconds and

therefore dld not interfere with the messurement of interest.
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III. DERIVATION OF MATHEMATICAL EXPRESSIONS

The ballistic piston apparatus described in Part II may
be used to determine the compressiblility factors of some
gases In the temperature range from 2000° to 5000o R and in
the pressure range from 1000 to 10,000 psia. This section is
concerned with the derivation of the equations necessary to
obtain these compressibility factors. Consideration will
fifst be glven to the system as a whole; later, the differ-
ential equations describing the system at a point will be
derived., In determining the compressibility factors it is
asgsumed that there 1s no mass leakage of the sample gas, that
the properties of the gas are uniform with respect to volume
at all times, and that local equilibrium (7) exists during
each run. The assumption of a uniform sample is made only in
the derlvation of the equations describing the macroscopic
conditions and not in the equations describing the point con-
ditions. The driving gas 1s also assumed to have constant
welght and composition and all effects of acceleration of the
gas in both chambers of the apparatus are neglected.

The pressure and volume of the sample gas are obtained
experimentally as described in Part II. The temperature,
however, is not measured and must be found from the internal
energy of the gas by applying known thermodynamlie relationships.
The internal energy can be determined by applying the law of
the conservation of energy to the system, namely the two gases

and the piston. In order that heat capacity data obtained
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from spectroscopic measurements for zero pressure may be used
in the expression for internal energy, it must be assumed that
the degree of ionigzation and dissoclation, and the energy
distribution among the translational, vibrational, and rota-
tional modes in the gas molecule are identiecal to those exist-
ing at infinite attenuation.

Solutlon of the point differential equations yilelds values
for the amount of energy lost by conduction to the walls and
for the temperature distribution in the sample gas chamber as
functions of time. These results can be used directly, or
indirectly with data obtained from the thermal flux meter, to
evaluate the total thermal loss, which is needed to caleculate
the internal energy. Substitution of numerical values in the
expressions derived hereinafter will not be made in this sec-
tion but will be left to the following section titled "Details
of Calculations."

General System Equations

The time rate of change of the momentum of the piston may

be equated to the forces acting on it by

~—-———~:F—mp+(PB-PA)A (3)

Equation 3 describes piston movement in a vertical line where
the positive direction is taken as upward. Because mechanical

friction is always positive and directed opposite to that of
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the piston motion, equation 3 1s seen to apply only to the
downward stroke. The sign of the friction term must neces-
sarily reverse when the piston begins its upward stroke.
Longwell (4) has shown that equation 3 may be written
for an increment of distance dxF,and then combined with an

expression for the first law of thermodynamics to gilve

Mp (g V _
3 updup—-(f—' mP)de+PAd*A+ka deEB (1)

The assumption of constant weight systems was made in Long-
well's derivation., Equation 4 integrates during the downward

gtroke to yield

2
mpAup

2 =(F~mp)Axp+\z_vA+QB—m AE (5)

B B

If we take as a reference state the initial conditions of the

sample gas in chamber B, equation 5 becomes

m_E

_[F_ _ MpYpe
B B_(F mp)Axp+\_/_vA+Q = = (6)

B 29

Equation 6 could be obtained directly by application of the
law of conservation of energy and the first law of thermody-

namics., From experimental data, evaluation of the terms on
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the right-hand side of egquation 6 gives the internal energy
of the sample gas.

Evaluation of Temperature from Internal Energy

Expressing the equation of state of a gas in terms of the
co-volume and its use in this form has met with considerable

success (4,8). The equation may be stated as

Ply-B| =RT (7)

‘The co-volumes for nitrogen, which is the gas of primary
interest in this study, were calculated by Longwell (4) using
two theoretical equations of state presented by Hirschfelder,
Curtiss, and Bird (9). The first was a virial equation of
state in whiQh the second and third virial coefficlents were
calculated from the Lennard-Jones (6-12) potential (10,11);
the second was one using a 3-shell modification of the Lennard-
Jones and Devonshire equations of state (12). The calculation
showed that the co-volume for nitrogen in the temperature .
range of 2000° to 5000° R and in the pressure range of 1000

to 10,000 psila was approximately constant and equal to 0.538
cubic foot per pound-mole, In the following derivations the
co-volume will be assumed constant. Assuming this, it can be

shown (4) that

oE
(gv) =0 | (8)
-
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From the first law of thermodynamics and the definition

of isochoric heat capacity, it is seen (13) that

[3E) _ Sv
\aT)v"' M 2

which, upon application to the sample gas and integration in

the light of equation 8, becomes

T
_
Ex=w [gvdT (10)

T}BO

The function \//(T) is defined by the expression

-
I
: - (11)
w(T) E[%v‘”
To
and WS(T) by
l T
W= | ger 02
og T;s

where TOS is equal to 536.67° R. Values of Sﬂé(T) for nitrogen
obtained by integrating the heat capacity data of Rossinl et
al. (14) are presented in the form %(T}/{—Tf-—l)R for the tem-
perature range 1§T/TOS§ 10 (see Table I). sHelf‘rey (1) has

shown that equations 11 and 12 can be comblined to yield the
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following relationship:

-—l‘*'t

Y11= <2 YalT) = e (7) (13

Combining equations 10, 11, and 13 results in the expression

for internal energy:

£ =22 [yl) - yIr.] i

Thus, if EB is obtained from equation 6 using experimental
data, a corresponding value of temperature may be found by an
iterative process from equation 14,

In equation 14, use of the yﬁ functions, which are cal-
culated using heat capacity data for infinite attenuation,
agsumes first that equilibrium exists between the external
degrees of freedom, the rotational and translational modes,
and the internal degrees of freedom, the vibrational modes of
the gas molecules. A second implication 1s that the fraction
of the gas which is dissociated or ionized is elther negligible
or independent of pressure. Blackman (15) measured the re-
~ laxation times for the vibrational mode of nitrogen. Extrapo-
lation of his data to 3600° R (the upper temperature limit of
the investigation descfibed herein) gives a relaxation time

for nitrogen at 1000 psia of approximately 2 microseconds.
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According to theory (16), relaxation time is inversely pro-
portional to pressure. Thus, the relaxation time at 3600° R
would be about 0.3 microsecond at 6500 psia (the highest
pressure of interest here). The rate of temperature change
in the sample gas chamber ig, at most, 0.6° R per microsecond;
therefore, the error in the calculated temperature due to
nonequilibrium between the internél and external degrees of
freedom is probably not more than 1.5O R.

Until recently there was uncertainty as to whether the
dissociation energy .of nitrogen was 7.385 ev or 9.756 ev.
The two values give markedly different amounts of dissociation
at a given temperature. For example, at 34500 K and a pres;
sure of 1 millimeter of mercury, the higher value gives 0.5
per cent dissociation whereas.the lower value gives 20 per
cent. It has been shown (17,18) that the higher value is
valid, and equilibrium consténts for the dissociation of nitro-
gen have been calculated (19) using this energy. The fraction
‘of nitrogen dissoclated at 36000 R and 1000 psia has been

10, which is negligible.

calculated to be about 1 x 10
The ilonization potential of nitrogen was measured by
Millikan and Bowen (20). They reported a value of 29.56 volts,
from which the calculated fraction of nitrogen lonized at
3600o R and 1000 psia would be considerably less than that

found for the dissociation dilscussed above, Thus it is seen

that the assumptlons used in deriving equation 14 are justified.
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Evaluation of the Termsg in the System Energy Balance

In evaluating the internal energy of the sample gas (see
equation 6), the kinetic energy, the potential energy, and the
frictional loss terms are obtained directly by experiment as
described in Part II. The work done by the driving gas,
which in this case was high-pressure air, and the amount of
thermal losses to the walls must be obtained indirectly by
caleculation. In order to simplify computation, it was assumed
that a polytropic path adequately described the expansion of

the high-pressure air:

v ¢ = CONSTANT (15)

Assuming a constant weight system, the work done by the

expansion of the driving air along thils polytropic path is

given by
[-K , -
PAo ¥ Ya
W, = —2—2 - | (16)
o

where the total volume y¢ is found from the geometry of the

apparatus and related to the piston displacement by

X, X) (17)

4
\.ZA - _\_/AO+ 27Trzp
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The ﬁalues of K used here were computed by Helfrey (1)
for a typilcal volumetric expansion ratio of 21.3 for several
different initial air pressures. Helfrey assumed that the
alr expanded isentroplcally; he then graphically determined
the work and substituted this value in equation 16 to find K.
He also demonstrated that the calculated value of K is rela-
tively independent of the volumetric expansion ratio and that

the error in W, evaluated by this method for a typical run

A
is about one-half the error in K-1. Inspection of his results
shows that the error in K-1 is probably no more than 2 per
cent and the error in W, about 1 per cent., Admittedly the
evaluation of EA by this method leaves something to be
desired. However, with the experimental data now being
obtained with the ballistic piston apparatus, little else can
be done. Some suggestions are made in the section titled
"Conclusions and Recommendations" as to how this problem can
be eliminated with increased instrumentation.

The thermal flux meter described in Part II measured
only the integrated thermal losses to the bottom face of the
apparatus for one complete cycle of the piston. In order to

derive from equation 6 the internal energy of the sample gas

at any point during a run it 1s necessary to know the amount

of thermai loss up to that pocint. Because experimental
meaénrement of the instantaneous rate of thermal transfer
was not made, it had to be calculated. If one assumed the

method of transfer to be by conduction alone, the point
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differential equations which describe the conditions in the
sample gas can be formulated and inﬁegrated for boundary and
initial conditions to yleld the thermal losses and temperature
distributions as functlons of time. An estimation of the
error introduced by assumption of a uniform sample in the
derivation of the macroscopic equations may then be made. It
is easily seen that the temperature distribution in the case
in which conduction alone is important would be the farthest
from uniform, as compared for instance to the case in which
radiation also 1s important. After completing the solution
of the differential equations, corrections aré applied to the
calculated values of thermal transfer so as to make the com-
plete integral agree with the thermal flux meter reading.

General Energy and Material Balance

If the energy of a material is considered to consist of
internal energy, kinetic energy, and potential energy, the

total energy per unit weight is
€=E+—+h (18)

Application of the conservation of energy principle to a volume
element dV of a material having a surface area dS results

in

,_j[[-wn OeT+PVOT)dS :fffv[;é(@)_ dﬁ}dv (19)

S
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in which the surface integral contains all the energy fluxes,
while the volume Iintegral contains the energy arising from a
distributed source £3 and the term corresponding to the accu-
mulation of energy. The reader is referred to the Table of
Nomenclature for explanation of the symbols used.

From the divergence theorem (21),

]fs F.d5 :ﬁfvv-? av (20)

which, when applied to equatlion 19, glves

fﬂ[ﬁ%(de)-dﬁ+v-{-KVT+dea+ PVUCL)JdV =0  (21)
v

As this expression 1s true for all values of V, equation 21

becomes
V'KVT—V‘[(6+PV)O’L1]+U,8= -a%(cre) (22)

By a similar approach, the continuity equation may be derived.

_ 80 _
VﬂlL+§5-—O (23)

Equation 22 may be expanded to yileld
’ v — € ,.90 ,
v-KVT-9|€+PV)-00-|e+PV|v-0TU+TB = O aa‘é' re2g (em
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Now, since

3 P P Plad
‘dé'é(a“) BEC a’(é‘é‘) (25)
and

g = (26)

|
V
a combination of equations 18, 23, 25, and 26 with equation 24
and the definition of specific enthalpy (13) yields the gen-

eral energy equation
vk-v T-|0T)- V[H+———+h)+ . +O’,Q d [H+—-—-+h) O (27)

This expression may be simplifled by neglecting kinetic,
potential, and any distributed source energies including losses

due to viscous dlssipation to give

oP oH

VKVT~-OUWH + — -0 — = O (28)
36 26

If momentum considerations are neglected, the pressure P be-

comes a sole function of B and equation 28 becomes
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dP IH

V'KVT—du-VH+a—é——— 35 O (29)

System of Co-ordinates

The volume containing the sample gas in the ballistic
piston apparatus may be represented schematically as shown in
Figure 9. Cylindrical co~ordinates are chosen to represent
the position of a gas particle in this space., The plane mid-
way between the face of the piston and the face of the bottom
closure is taken as the reference plane for the =z co-ordinate.
The position of this plane is not fixed in absolute space
wlth respect to time but moves with one-half the piston velo-
city. However, the boundaries of the system with respect to
this plane are located at z=+X and move at a veloclity U.

- If radial symmetry 1ls assumed, equation 29 may be expres-

sed in this co-ordinate system as

| 3 3T} , 8 (. aT| _ oH
Fé—l’:(Kr_é_l;) J“a; Kaz) duz 2z
8,z y er e,
(30)
OH dpP oH
-ffur(z;?) 36 = 938
6,Z Gz

and equation 23 may be written as
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| O 3 a0
F5lrou]| + |52 (ou *(55) - ° o
r,z .

z,0 e

The presence of moving boundariesg in this system of co-
ordinates greatly complicates the solution of the describing
differential equations for any glven boundary conditions,
However, the following change of variable greatly simplifiles

the problem. Let

X
[ 2
Z-—XOY (32)

from which, at constant e s

[oy), = 22oz), (33)

It 1s readlly seen from equation 32 that the longltudinal
boundaries are located at y=+X, and are statlonary.
The gas particle velocities are defined in thelr respec-

tive co-ordinate systems as

dz dy
’U‘Z:;@ u>,= a—“é' (34)

Differentiation of equation 32 with respect to time gives

dzZ _ _L_ dy U
36 " x,|%ae " (35)
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which, when combined with equation 34, becomes

‘“Z';Slc“ [y X+ 7V (36)

o
In order tc express the continulty equation and the con-
servation of energy equation (equations 30 and 31) in terms of
the new co-ordinate y, the relationship between (SG/Qe)Zrand
(BG/BGJ‘ s where G is any funetion of the space and tin)le

nr
co-ordinates, must be found. It is obvious that

G=G[zr6l=G[yr,0] (37)

Implicit differentiation of equation 37 gives

3G\ 40
56,

Z

_8_@"_) dz +
oz |
re

ég—;dr—f-

ze

aG
:(—-) dy +- dr +
ayne ar%e)

dG =

(38)

——

oG\
1S

(?E_)rde

2

Since y is a function only of z and 8 ,

aG) ~
arz@

Using equation 33, we find that

3G
———) (39)

v
3 »,@
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(40)

‘{aG) :(aG) (ay)

Bz loy/ |6z

36\ Xo
ay) X

re he r,e

Dividing equation 38 by dB and substituting equations 40,

39, and 36 in the resulting equation yields

3G G| yU oG (41)
89 a@ X ayre '

The new continuity equation may now be obtained by com-

bining equations 41, 36, and 32 with equation 31.

+[Blrou] « | 2lou) -5 +[22 |0 oo

The new conservation of energy equation may be similarly
obtained:

2
dP | |9 aT XM o[ aT
'5—%[3 WWH (X)[SV(KSJ,.Q

aH AH\
-Ju ( r)y)e duy(ay) d(gé-)w— O

In view of the assumptions made in the derivation of equations
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b2 and 43, it is evident that the dependent variables are
symmetrical about the plane y =0,

t is useful to normalize the y and r eco-ordinates. Let

-d - u

szl—ji dX=~Ji Uy = -z (4k)

XO Xo XO

and let

r ar L
l’"*—‘— — dl’"*: — Liﬁk—: _r (1!-5)

s r r

o) o

Substitution of equations 44 and 45 into equations 42 and 43

yields the desired normalized equations.

| \ U (aa) »
r*[ar*( ou )L P(duXﬂ X (ae) . (46)
dP | ) x0T | 3 3T
a6 rEr [ar (Kr ar*ﬂjx{ax KS?)LQ
| g (47)
oH oH aH\
—dur*(g—r— *xe— s ax) {%)rfx—

The center plane corresponding to z=0 is now located at x =1,

and the radial and longitudinal boundaries are now at r=1 and
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x=0, respectively.

If the amount of material in the sample gas chamber en-
closed by the above-mentioned boundaries remains constant,
the welght of the material at any time, 69, may be given by

equation 48,
Xrg
2
m=m_= 27Tffdrdrdx =Try X gy (48)
00

When transformed to the normalized co-ordinates, equation 48

becomes

N
m=m_= zﬁer[fdr*dr*ax (45)
00

Solution of the describing differential equations reqguires
a knowledge of an equation of state and the temperature and
pressure dependence of the thermal conductivity and specifie
enthalpy for the sample gas. Slince the determination of wvolu-
metric properties of nitrogen is the ultimate aim of this
thesis, an assumption must be made at this point in order to
compute the thermal losses. Data 1is available for the thermal
conductivity and heat capacity of nitrogen near the tempera-
tures of interest. This problem will be treated in greater
detail in Part IV,

If local equilibrium is assumed, an equation of state for
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the gas sample may be applied at any point. Thus,
J=dlp,T) (50)

Because the specific enthalpy of a gas is solely a function

of its state, it 1s also true at any point that

H = H[P,T] (51)

The thermal conductivity, if isotroplec, can be expressed in

the following manner:
K = k(P,T) (52)

For a typical test on the ballistic piston apparatus, the

iniﬁial conditions in the gas space may be expressed as

9;0
X=X, T=T
L © Bo O=r¥=|
By B, OSX = |

.uX:O ur*:O

If the walls of the apparatus remain isothermal during a test,

the boundary conditions for the problem are

Tg=T AT r¥=| FOR O=x=|
@)

T, = = O=r=|
TBOT AT x=0 FOR (54)

‘ oT _ *_
:UQZOATrEOJ;gﬁfO/M—F~C

Uy =0 AT X=0,1; S-=0 AT x =1
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The assumption of isocthermal boundar;es is, of course,
not correct if even a small amount of energy is transferred
out of the gas chamber. However, the temperature rise of the
order of 150 F at the bbundary is relatively small compared
with the temperature rise of about BOOOo F in the gas sample.

If the variation of X with O is obtained elther experi-
mentally or by some other means, the problem is now completely
specified and the simultaneous solution of equations 47, 46,
énd Lg may be undertaken using the initial conditionsg of
equation 53 and the boundary conditions of equation 54, The
results will yield temperature, and hence all state variables,
as a function of posgition and time.

It is difficult, if not impossible, to solve the differ-
entialyequations by analytical methods without grossly over-
simplifying the problem. Therefore, numerlcal methods have
been employed.. The presence of two space dimensions in the
differential egyuations greatly complicates any numerical
method. Hence, the problem was attacked in two stages.
Assuming corner effects to be negligible, one could solve the
equations with no error first in the longitudinal direction
by eliminating all radially-dependent terms, then in the radial
direction by eliminating all longitudinally-dependent terms.
These two solutions would be exact (within the limits of the
method) along the axls of the ecylinder and in the plane x= 0,
respectively. Extending the resulting solutions to the whole

field in order to calculate the main variable of interest
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(namely, the amount of energy transferred to the boundaries
by conduction) provably would not cause too large an error in
this variable. The magnitude of this error will be considered
in a later section.

Elimination of the terms dependent on r* from equations

46 and 47, respectively, results in

) uo nYe}
[é—;(—(dux]+ = —a_é) =0 (55)
rie x,r¥
and
2
V(2 3T\ _ oo PH) , P BHY _ 4 -
Xl lax  ax Xlax|  de sol 56)
e r*e r{x

Eliminating the terms dependent on x from equations 46 and 47

gives

[jé-(rﬁClerx

ar 56

. , Yo [ac
r*

% +——-—) :*O (57)
X,r

g

and

I [a %O 1 - [9H dP oH
\ - — | — « = gl = 8

o 2}

H )
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Solution of equations 55 and 56 permits calculation of the
amount of energy transferred to the end of the cylindrical gas

space up to time B from
(59)

The energy transferred to the boundary r=1 in time 6 can be
determined from
6
Qy = 477’fo %;*) dé (60)
0 ew

Thus, an expression for the total thermal loss by conduction
to the boundaries may be found by summing equations 59 and
60. This could be used as an estimate for Qp in equation 6.
However, in comparing the value calculated from equation 59
for the thermal transfer to the ends of the chamber for an
entire cycle with that found from the experimental thermal
flux meter reading, 1t was concluded that this estimate was
in gross error and that energy was beling transferred to the
boundaries by other means. Pfriem (22) made approximate
analytlc solutions to the conductlion equation for conditions
simiiar to those in this study; his solutions also indicated
the energy transferred out of the system to be greater than

that which would be expected by conductlon alone. Rough



_37...

estimates of the errors introduced by the assumptlions made in
the derivation of equations 59 and 60 indicate that the cal-
culated value of thermal loss by conduction would be 1in error
by not more than 5 per cent. Heating of the boundary layer
by radliation from the main body of the gas sample was not
considered in this estimate.

The numerical results obtained by solutlon of the various
equations discussed in the last few paragraphs are presented
in detail in the section titled "Detaills of‘Calculations."

Finite Difference Expressions

In order to apply numerical methods of solution to the
differential equations derived above, they must be expressed
approximately in finite difference form, Consider the two
finite difference grids shown graphically in Figure 10. In
this figure 1t 1is seen that the subscript n is ascribed to
time, m to the x dimension, and j to the r¥3dimension. The
grid points are spaced at equal increments of Ax and A ™
in/the x and r*directions. However,[§€>is not constant and
its value 1s necessarily determined by stabllity criteria as
wlll be éxplained later.

The equations of continuity, the equations for the con-
servation of energy, the over-all material balances, and the
expressions for the thermal losses are approximated by finite
difference equations. The finite difference representation

of equation 55 1s
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dm’num)h"dm—l,hUrn—l,h +E_) d + O/m)n—‘dm,n—l =0 (61)
A X X| NS
which may be rearranged to give
Crn-in U) AX Omyn-i
. =00 g S AX - == ] - =2 (62)
Wpn J,. . Ui X, AB qunh
The energy balance, equation 56, becomes‘
d P _ dm,n H _ H _ dm,h vum,n H -_Hm_'
do AG m N+t mn 2AX m+;n LN
n
o ~
N | KmentK ( _ ) (63)
+XHAX[ 2AX Tm+l)n Tm)n .
K n+Km- |
) ngA)n: - m,n_Tm—'m }=O
from which is obtained
AG [dP W, AO (
H = H + | T Ao Ftn+ln—'khn—5h
m,n+i 4 m,n dmn(de)h ZAX )
(64)

A8
+ T, K
2 (BX)'XE O, { m*"”(K'“*"”+ ””J”)

~%Thwgn

J

|

Km,n"'Km-z,n) _Tm,n (Km+ |,h+|'<m—s n 2Km,h
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The integral equation 59 which gives the thermal loss becomes

a summatlion:

N
_ 2 | |Kw +Ki,n- Kw+ K, 6,76 =
Qe ) e i, o | Kfn(r, o | 88
(o]
If
2} ﬂréa(Kw + Kl,h
'q/n: Xh A X ( ! h—TO) (66)

equation 65 may be written in a somewhat simpler form:

n o
| :§ Yn+t Gn-i
o

The expression giving the over-all material balance, equation

g}

6, — en_,) (67)

Lo, may also be written as a summation:

m-|

morﬁrfxnz dm;dm" AX (68)

O

The rollowing finite difference expressions are obtained
from the equations which are dependent only on the r* dimen-

sion. From equation 57 the continuity equation may be
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derived:
| [ Cnin = Crinl, O

Gt G rnthon ] (V) gy D= g gy
_* * X Jn - 9
U Ar n AB

from which, by rearrangement, the veloclty of a gas particle

may be found.

Ui n= *ij u —(—Q)Ar*— Ar r - d"m) (70)
g, X T ae a.
The energy equation 1s obtained from equation 58,
dP\ _ Gin i Wi
(d@ - AD H\j,nﬂ"Hj,n)" _‘z‘“A‘F;Z HJH)V)_‘HJ“‘,H
n
|
T2Ar T UKJ“"J“W (TJ*' ) =
o J
* x
_(KJ,V‘G +‘KJ‘~t)h 5:—) )h ()n}
which becomes
Ly .08 [dP) _s8Wp
<HJ',YH-I - J;n+dJJn de . 2Ar~* J+In
86 (72)
* 2(arfFrio; {K‘”' i (TJ U
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The thermal loss to the boundary may be determined by writing

the finite difference expression corresponding to equation 60

as
N o o
V4
0
where
° _ 277}{;'1 %
= e [ e ()

The rate of energy loss obtalned from equatlion 74 corresponds
to an average of the rates of thermal transport into and out
of a cylinder located halfway between the first grid point
and theAwall. From equation 49 we may obtain the over-all

material balance.

d‘ i +d'+1nr+|
m_= ZWQZXHZ JonJ . Jthn Ar* (75)

In addition to the inite difference expressions for the
differential equations, analytic expressions in terms of
pressure and temperature are needed for the equation of state
of the gas, 1ts thermal conductivity, and 1ts specific enthalpy.
In the case of nitrogen, a co-volume equation of state was

assumed; the thermal conductivity and specific enthalpy were
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expressed in terms of polynomials in temperature. These par-
ticular equations are derived in Part IV of this thesis.

Method of Numerical Solution

It was thought that a better solution to the heat conduc-
tion problem could be obtained 1f experimental pressure data
were substituted as a describing equation replacing the over-
all material balances of equations 75 and 68. The pressure
data was expressed 1in tabular form, for each run, along with
data for X at intervals of O ;

A typical numerical solution to the finite difference
equations might proceed as follows. Take, for example, the
expressions dependent only on x. Beginning with the initial
conditions of equation 53, the enthalpy at time n+1 is evalw
ated for all m's from equation 64, Using equation 51, the
new temperature fileld 1s determined. Employing this and the
tabulated pressure data, the thermal conductivity and specifiec
welght are calculated at each m from equations 50 and 52.
Equation 62 is then used to find the new value of Uy, after
which the enthalpy at the next succeeding time 1s calculated
from equation 64, and the whole process repeated. From each
temperature field the thermal loss to the walls up to that
time is determined from equation 67.

The limiting size of the time increment A O was deter-
mined by employing criteria similar to that described by
Crandall (23). In his analysis, the finite difference equation

for heat conduction in solids is expressed as
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,O:

fX_‘SX)ﬁzxﬁtn“2%Wn+Xmmw_Xﬁmfxm%%)
d9s* 36 [AS)Z AB

where X 18 a temperature-dependent function and s and 6 are
defined as dimensionless distance- and time-dependent variables.

2
Defining § as equal to A@/(AS), equation 76 becomes

'Xm,ml = §Xm~:)n+( b= 2§)Xm>n+ ng-an (77)

Crandall demonstrates that in order that an explicit solutlon
to equation 77 be stable,~§ must be less than 0.5, and should
be less than 0.25 to insure that none of the components of

the solution oscillate.

The following assumptions are made for the purpose of
establishing criteria of stabllity in the solution of equation
64

1) The sample gas behaves ideally.

2) The thermal conductivity of the gas is equal to

the midstream value for all grid points at time n.

3) The heat capacity of the gas 1s constant and equal

to its initial value,

With these assumptlons equation 64 may be written as
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Inspection of equation 73 shows that V corresponds directly
to Crandall's § . Hence the criteria for stablillity here re-
quire that 2 be less than 0.25 for midstream conditions.

Using this value, AE may be calculated at time n from

Cp, PnXnlax)?
bT. K,

AB=0.25 {80)

A similar expression can be derived from equation 72 for the

radial casge:

Co Pnls (ar™)?
AB=0.25 ° (81)
bTh Ky,

The heat conduction problem in the sample gas chamber
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was solved, using these criteria, by the procedure outlined
above; an Electrodata "Datatron" electronic digital computer
was utillzed in the solution. Numerilcal results and inter-
mediate calculations are discussed in detail in Part IV of
this thesls and the computer program used 1s considered in

Appendix A.
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IV. DETAILS OF CALCULATIONS

The primary cbjective of thilis section is the numerical
evaluation of the equations derived in Part III utilizing the
experimental data obtained from two tests made with the bal-
listic piston apparatus (Tests 273 and 276). The ultimate
aim was to compute numerical values for the compressibility
factors of gaseous niltrogen.

The calculations undertaken are outlined brilefly as
follows:

1} A new plezoelectric gauge calibration constant was

determined from the position-time measurements.

2) This constant was then used to compute the pressures
and volumes of the sample gas as a function of time
for the reglon near maximum conditions.

3) In the region where they were not measured, pres-
sures and volumes were calculated from an assumed
path for use in the solution of the heat conduction
equations.

LY The heat conduction eduations were solved and the
resulting temperature distributions and heat losses
presented.

5) Making a suitable assumption, the thermal losses by
conduction were calculated at any point after the
time of the last experimental pressure measurement.

6) Corrections were applied to the calculated values of
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thermal loss by conduection in order to make the total
calculated loss during a complete cycle agree with
that indicated by the thermal flux meter.

7) The internal energies were then computed using equa-
tion 6 and the temperatures were determined from
these energies by an iterative process'using equa-
tion 14,

8) The compressibility factors were calculated from
these temperatures and the pressures and volumes
determined in step No. 2 above. The final results
are presented graphically in Figures 11 and 12. Each
of these figures corresponds to two different assump-
tions as to how the additional thermal losses
occurred, l.e., losses above those calculated for
conduction alone.

Calculation of a New Pressure Gauge Constant

The Atlantic Research Corporation originally calibrated
the plezoelectric gauge by subjecting it to a step pressure
function and measuring, on a ballistic galvanometer, the eleo-
tric charge generated by the gauge. The average calibration
constant found for the pressure range of 0 to 20,000 psia was
0.42 micromicrocoulombs per'psia. By applying Newton's equation
of motion to the piston, its position-time history could be
caléulated from the pressure measurements on any gilven run.
Comparison of the calculated results with those obtained from

the contact-timing data indicated that the original gauge
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constant was in error due either to incorrect calibration or
to a change from 1ts initial value through extended use of the
gauge. It was therefore declided to calibrate the gauge on
each run in the manner described below.

Let P*¥* equal the gauge pressure of the sample gas which
was calculated using the calibration constant found by the
Atlantiec Research Corporation. Then the true absolute pres-

sure in the sample gas 1s given by

-k P (82)
Py=K P+ P

Expressing equation 3 for a constant piston weight and com-

bining the result with equation 82 yields

| d2X[0 3¢
ngﬁEZF—mp+ P K+ R - PA A (83)

Rearrangement and integration of equation 83, assuming PA to

be constant, gilves

9%
pr AgKG o+ K * - ¥
'up:de*: e P Tde +€9—60)+ U, (84)
A
in which € is defined as
e=2 [ Fom_PAP A (85)
= A .
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Integration of equation 84 gives the relation for the piston

position as a funection of time.

o g
ot [ras v fo-ar ) Slo-dfen o
¥ ¥
eO 9O

The time variable e*Tempioyed in the above equations is some-
what arbiltrary in that its zero value occurs at the first
discernible timing mark on an individual pressure record.
However, é;*differs from the piston position-time scale only
by an additive constant which can be evaluated by using the
timing break in the pressure record (see Figure 5).

If equation 86 is written for the four piston positions
for whiech bottom contact timing information is obtained, all
terms in each expression may be evaluated, excepting the
pressure gauge constant KG and the two integration constants

u, and X,. In equation 86, P, is calculated at x, (which,

o
with fair accuracy, can be found initially from any three of
the above-mentioned equations neglecting PA) using equations
15 and 17.

Since there are four equations available and only tThree
unknowns, there is one redundant equation. This redundancy

is eliminated if a regression analysis is employed. Equation

86 can be written as

-A(G*) = O, * O(\%(Q*) + 0L, (9*) (87)
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The terms in equation 87 are identified with those in equation

86 by
6 =2
)\:Xp"_z— 9*"9) O(.O:Xo
* %

Ag (6,6,

Y= [ Praedet o =k (88)
"ge

.’);:Q*—e: 'O(Z =Llo

A regression analysils when applied to equation 87 yields the

following normal equations:
4

2
|

4 4 4 4

-}:l;% = OQ,Z%'. +O<IZZ: +O{ZZZI 72‘, (89b)

l l l |

I

4xX, + O('Z A o(zz 7. (8% )

4 4 4

4
YAk = Gy ko) T rey K G
l

I ! |

The three unknown coefficlents, K,, u_, and x (Cxl, X,, and
CXO) were evaluated for Tests 273 and 276 using equations 89
and the information in Table II, and the values found are pre-

sented in Table III. A gauge calibration constant in terms
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of the oscilloscope deflection was determined for Test 276

where

Y, =K-P (90)

The values of xp calculated by substituting the coef-
ficients back into equation 86 are compared in Table III with
the experihentally determined values and are found to agree
very well. Table III also compares the experimental and the
calculated values of .132; 1%2 denotes the closest approach
of the piston to the bottom face of the sample chamber and
was not used in the determination of the unknown coeffilcients.
‘ZBg was calculated by first setting u, equal to zero in
equation 84 and solving for 6% in equation 86 to find the
minimum value of xp. It is seen that, in both runs, the cal-
culated value of,@B2 agrees with the experimentally measured
value within 0.001 inch. It is evident from the excellent
agreement between the experimental and calculated minimum
values of Xy that the calculated coefficients are accurate.

The sample gas pressure was determined as a function of
: Q*fimm equation 82 using the calculated pressure gauge con-

stants. The kinetic energy of the piston was computed from

its mass and from its veloecity which 1s found from equation 84,

The position of the piston was determined in terms of the
variable X (which equals 0.5 xp) employing equation 86, The

results of these calculations are presented in Table IV for



52~

Test 273 and in Table V for Test 276. The relationship of Py
and X to 8" 1is presented graphically for Test 273 in Figure 13
and for Test 276 in Figure 14,

The amount of work transferred to the piston by the ex-
panding air behind it is also given in Tables IV and V. As
was explained in Part fII, this work was computed,utilizing
equations 16 and 17, by assuming that the expansion occurred
along a polytropic path. The values of the polytropic expo-
nents, K, were obtained from Helfrey (l). For Test 273, K
was taken equal to 1.4261; for Test 276, K was taken equal to
1.4394,

Position of the Piston as a Function of Time

In soiving the heat conduction équations derived in
Part III, 1t is necessary to know the position of the piston
as a function of time throughout the complete compression of
the sample gas. Experimental position-time data is available
from the point xp= ay to the point of maximum compression,
X, = ZBE’ In the ensuing discussion, Test 276 is used as an
example of how this experimental data was employed to obtain
the complete position-time history of the piston. An identical
procedure was undertaken in the case of Test 273.

The avallable data was plotted on a large plece of graph
paper with the first point (xp==a1) placed at 0.040 sec. on an
arbitrary time scale,fal. A smooth curve was drawn through

the data pointsg and extrapolated to the point corresponding

to the initial position of the piston. Numerous points read
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from this plot were used to fit two quadratic polynomials to
the data, the first extending from 9l= 0.015 sec. to o'= 0.086
sec., and the second extending from O'= 0.084 sec. to 8'=0.112
sec. The value of 0 at the point xp=.lBO (9; } was determined
from the first equation; then substitution of the relation
6'=6 +9’O was made in both equations. (9'0 was found to be
equal to 0.01544543 gsec.) The two resulting expressions were
agsumed to represent the exact position of the piliston at any
time, © . Ppiston positions and velocities were calculated

from the first equation up to the point at which 6 was equal
to 70.6 milliseconds, and the second equation was utilized up
to the point at which © was equal to 0.10813556 sec. This
latter point corresponds to that of the first pressure measure-

" .
ment and a value of 6 equal to 50 microseconds. It is readily

seen that for Test 276 we then have the following relationship:

o= 6" + 010808556 sec. (91)

The corresponding expression for Test 273 is

6 =6 +0.11877818 sec. - (92)

Calculation of Pressures Which Were Not Measured

During any run on the ballistic piston apparatus, the
pressure in the sample gas chamber was not measured when it

was below 1000 psia. Therefore, in order to solve the heat
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conduction equations in this region, an assumption was made as
to what thermodynamic path the sample gas followed between

the initial conditions and the point at which the pressure

was first measured. In this case it was assumed that the
specific entropy of the sample gas was a particular function

of the absolute temperature.

%2

T -1

2 (93)

T*
.§ = OL+/B‘—2—IHT*_

The relationships among temperature, pressure, and volume for
this assumed path are derived in Appendix B.

Substitution of experimental and calculated data obtained
from the pressure measurements and the initial conditions of
the sample gas into equations B-12 and B-2 yielded several
values of j8 for each run. The co-volumes obtained from the
work of Longwell (4) and given in Table II were employed to
calculate the temperatures from equation B-2. Substituting
the various values of /8 in equation B-16 gave the pressure
derivatives at the same points. The value of /8 which gave a
calculated pressure derivative closest to that measured
experimentally was then chosen for the thermodynamic path.

The value of ;8 chosen for Test 273 was -0.04763; for Test 273
it was -0.04500.

Pressures were then computed for increments of T¥* equal
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to 0.0125 f;om equations B-1ll and B-12 for each test up to the
pressure from which }8 was originally calculated. The piston
positions (xp) corresponding to the pressures were evaluated
from equations B-11 and B-14, and 6 was determined at each
value of xp with The aid of the two quadratic polynomials
described above. The piston velocities were computed using
the first derivatives of these polynomials and then substi-
tuted in equation B-16 to obtain the pressure derivatives,

In this manner a table comprised of approximately 300 entries
each of 6 s P, dP/dQ s, X and U was consgstructed for use in

the digital computer solution of the heat conduction equations.
An additional 100 entries for each of the variables were
obtained from experimentally measured pressures. Values of
the four variables dependent on 8 were evaluated during the
digital computation by linearly interpolating between any

two of the 400 entries in the table. The values of X and PB
presented in the second and third columns of Tables VI, VIT,
VIII, and IX were obtained by this method, and they were
printed out with other results determined for the time, 6 .

Analytic Expressions for State and Transport Functions

Solution of the heat conduction problem requires that
the density of the sample gas, its specific enthalpy, and its
thermal conductivity be known at every grid point as a function
of pfessure and temperature. In other words, analytlc expres-
sions are needed for eguations 50, 51, and 52. A co-volume

equation of state was assumed to be valid for nitrogen and
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the co-vblumes given in Table II (4) were used in the solution.

Using this equation of state it can be shown (13) that

oH
55 =0 (ok)
T
Therefore, the specific enthalpy of nitrogen in this case may
be expressed in terms of a polynomiai in temperature alone,
Heat capacity data given by Rossini (14) for nitrogen in

the ideal gas state was employed to obtaih analytic expres-

sions for enthalpy. Two expressions of the form
2 I3

Cp = a +BT + T5+dT (95)
were fitted by least squares fTechnigues to the heat capacilty
data. The first expression covered the temperature range of
200° to 1100° K, and the second the range of 1100° to 5000O K.
The heat capacities calculated from these expressions agreed
at each data point with the experimental values within 0.5 per

cent. These two expressions were integrated with respect to

temperature and the desired relationships for enthalpy resulted.

il

H = aT+bl +cl+dT’ (96)

H, = a,T + b1T2+ CZT3+d2T4+ AH, g0 (97)
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The additive constant Z&HllBO appearing in equation 97 is
equal to the difference 1in enthalpies calculated at 1150O K
by equations 96 and 97 (without the constant).

Rearranging equations 96 and 97 in the following form

| 2 3 4
T=g|H-bT% - aT] (98)

!
'T:E;

,,50) (99)

(Hy= b, T e TP~ dT *~AH
permits the temperature of the sample gas at any point on the
grid to be computed by an iterative process from the specific
enthalpy determined at that point from either equation 64 or
72. Equation 98 is employed for temperatures up to 1150° K,
and equation 99 beyond that polnt. Numerical values of thev
coefficients in equations 98 and 99 are presented in Table X.
The thermal conductivity of gaseous nitrogen has been
fairly well determined for pressures less than 150 atm. and
temperatures less than 800° K (24,25,26,27,28). Hilsenrath
et al. (27) tabulated values of thermal conductivity for
nitrogen at 1 atm. up to 1200° K. These values were calculated
from theoretical considerations formulated by Stops (29), and
were found to deviate from the experimental data cited in the

above references by less than 2 per cent. The thermal
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conductivities of several gases were correlated by Comings
and Nathan (30), using reduced pressure and temperature plots.
In all cases where data was available, nitrogen followed this
correlation very well (30,31). Inspection of the plots re-
veals that for the range of temperatures which would be
encountered in the solution of the heat conduction equations,
the pressure variation of thermal conductivity of nitrogen is
negligible.

The values of thermal conductivity given in reference 27
were plotted versus the logarithm of the absolute temperature
and were extrapolated to 3500° K (6300° R). An equation of

the form

K=o +ﬂT+7Ti 51° (100)

was fitted by least squares techniques to the resulting curve.
The coefficients thus obtained may be found in Table X.

Solution of the Heat Conduction Equations

A "Datatron" digital computer was utilized in the numer-
ical solution of the differential equations for the transfer
of thermal energy out of the sample gas by heat conduction.
The program used is described in detall in Appendix A; a
brief resume of the procedure used in the program may be
found in Part III under the heading "Method of Numerical
Solution."

The information pertaining to a particular test was fed
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into the computer in two sections. First the 400-entry table
described earlier was stored in "main memory" and then the
data tape was read in. The information given to the machine
by this tape is presented in Table A-III and consists mainly
of the coefficients of the analytic expressions obtained for
specific enthalpy and thermal conductivity of the sample gas.
The following infdrmation was also given on the tape: 1) whe-
ther to treat the radial or the longitudinal case; 2) the
grid spacing in the space dimension; 3) the initial value of
AB ; 4) other miscellaneous items.
Grid spacings of Ar*=0.01 in the radial case and

Ax= 0,002 in the longitudinal case were used. Inspection of
the calculated temperature distributions obtained with these
spacings indicates that the finite difference approximations
to the first derivatives of temperature with respect to the
space co-ordinates were accurate within a few per cent. The
longitudinal temperature distributions obtained using three
different grid spacings (Ax=0.01, 0.002, 0.001) differed by
no more than 2.5 per cent at any point. The corresponding
thermal losses calculated from these temperature distributions
for times near maximum compression differed by less than 1 per
cent. Thus, 1t was thought that the results obtained with the
grid spacings mentioned above were valid and useful.

| The calculated thermal losses by conduction are presented
for the longitudinal and radial cases, respectively, in Tables

VI and VII (Test 276) and Tables VIII and IX (Test 273). The
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results are tabulated with respect to the variable © and as
mentioned earlier the corresponding values of PB and X are
also given. Figures 15 and 16 give graphical representations
of the variation of thermal loss with respect to time, e . It
1s noted upon Inspectlon of these figures that the longitu-
dinal losses resemble a step function when plotted on this
time scale. The assumption of a step function for this vari-
able made in the derivation of equation 1, and hence in the
design of -the thermal flux meter, was thus Justified.

The column headed "Tmid” in Tables VI, VII, VIII, and IX
gives values of the midpoint ftemperature calculated at © from
either equation 64 or 72. Since the temperature-distance
derivatives are zero in the region near the midpoint, the
temperatures given are found directly from the time integral
of dP/d€9. The discrepancy in the midpoint temperatures cal-
culated at a given & for the longitudinal and radial cases
results from the fact that AO's were different along the path
of integration, and from the fact that dP/dE9 at a point n was
uged to calculate the value of T at n+1. Actually, the
average of dP/d€> at the two points n and n+l would have been
a much better approximation to the intégrated average of
dP/d6O over this range of © , but this method was not readily
adaptable to the programmed computational procedure.

| Also shown in Tables VI through IX 1s the weight of the
sample gas which was calculated for each value of e . Equa-

tions 75 or 68 could'have been used in either radial or
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longitudinal solutions, respectively, as a restraining condi-
tion but were not used because it was preferable to use
experimentally determined pressures. However, by calculation
of my at each point and by comparison of the value obtained
with mg_ s somekinsight was gained as to: 1) how well the
assumed varlation of specific entropy with temperature repre-
sented the path of the sample gas up to the point at which the
first pressure measurement was made; 2) the reliability of
the equation of state used; 3) the amount of leakage of the
sample gas; 4) the amount of error introduced by calculating
temperature from integration of dP/Hé?. The variation of My
about 1ts initial value was about * 7 per cent in both the
longitudinal and radial cases. The varilation was somewhat
less in the region where pressure was not measured; this would
seem to indlcate tThat the gssumed path was satisfactory. The
steady decreagse of mp in the region of measured pressures in
Test 276 as compared to the fairly constant value of My in
the case of Test 273 seemed to indicate that there was leak-
age from the sample gas in Test 276. However, these conclu-
sions are very qualitative and subject to error in the light
of items 2 and & above.

Tables XI and XII present radial temperature distributions
existing at those values of & which are marked with an
asterisk (#) in Tables VII and IX; Figures 17 and 18 portray
these distributions graphically. The longitudinal temperature

distributions at the value of 6 marked in Tableg VI and VIII
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are given in Tables XITII and XIV and plotted in Figures 19
and 20. From these figures 1t 1s seen that the temperature
is essentially uniform for x=0.04 in the longitudinal case,
and uniform in the radial case for r* =0.85., These distri-
butions represent the widest deviation from a uniform tempera-
ture distribution that could occur in the ballistic piston
apparatus during any run which reached approximately the same
maximum conditions as those in the runs discussed here. It
is readily apparent that 1f, besides conduction, radiation
and convection also played an important role in the method by
which energy was lost, the boundary layer would be heated
much more and although the energy loss would be greater, the
temperature distribution would be flatter. Any endothermic
reaction ocecurring in the sample gas would also flatten the
distribution.

The density and specific internal energy distributions
corresponding to each of the aforementlioned temperature distri-
butions are also recorded in Tables XI through XIV in terms of
dimensionless ratios. Equation 7 and the co-volumes given in
Table II were used to calculate the densities. The specific
internal energies were computed by using equation 14 and the
specific heat functions gilven in Table I.

It is interesting to compare the total mass and energy
distfibutions to those which would exlst ifl average conditions
(Cfav and Eav) existed at every polnt throughopt the sample

gas space. These comparisons show in & somewhat clearer manner
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how greatly the sample gas deviates from uniformity, espe-
cially in the radial case 1in which the total distributions
are parabolic for constant point values. Thus, the total

mass distributions for the longitudinal case are compared by

X
X

Mx _ ﬁrjx/‘;d ° = -Lf g d X (101)
Mix 7T’23}{/*C5 dx X Cav

av o

o]
and for the radial case are compared by
r¥ r*
*
277@2xfdr*dr zf O pgrt
mr i | dav
~ = r¥ = 2 (102)
M ,
4 27Tro"'xfcfav r*dr’® S
i

The total energy distributions are compared in the longlitudinal

case by

X
Tr*X | CE dx X
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T

and in the radial case by
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The results obtained from equations 101 and 103 are
presented with their corresponding point values in Tables
XIIT and XIV. The results found from equations 102 and 104
for the radial case are given in Tables XI and XII. Upon
inspection of the five cases shown in any one of the four
tables, 1t is evident that the variation of the dimension-
less variables from case to case is small for a given value
of r* and x. Therefore only the case nearest maximum pres-
sure was selected from each of the tables for graphical
presentation. Figures 21, 22, 23, and 24 are plots of the
dimensionless variables which are found in Tables XI-c, XIII-c,
XII-¢, and XIV-Q, respectively,

Thermal Loss After Last Calculated Temperature Field

The solution of the heat conduction equations Was made
only up to the time Qf.corresponding to the last experimental
pressure measurement. In order that a comparison might be
made between the calculated thermal loss by conduction to the
end of the c¢ylindrical gas space and the thermal loss which
was determined from the thermal flux meter, the calculated
loss had to be known for times subseguent to €9f, Because
there was no experimental data avallable in this region,
several assumptlions had to be made in order to compute the
thermal loss after the tTime E}f. Thesgse assumptions were:

1) X varies with 6 in the same manner on both sides

of B, , 1i.e., X(6)=x(6-6_).

2) The temperature at the grid point nearest the wall
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(T1 n) may be calculated from the polytropic path as
N

given by

_ -K -K
-T"n = V"ﬂc = X —-— ﬂCmBo (105)
Ts V, X, 2mrZX,

where K is evaluated by substituting the values of
Tl,n and X, into equation 105.
3) The finite difference expression given in equation 65
for Qg is valid in the region subsequent to E%.

The intermediate and final results of this calculation
for Test 276 are presented in Table XV along with the final
results for Test 273. Comparison of the final calculated
‘values with the experimentally determined values given in
Table II indicates that the total energy loss is almost four
times larger than the loss by conduction alone in both tests.

Obviously, other mechanisms of thermal transport are important.

Additional Energy Losses and Calculation of Compressibility
Factors

The energy loss from the sample gas exceeding that cal-
culated for conduction is probably due to radiation. Becéuse
there is no experimental data available for the emissivity
coefficients of nitrogen in the range of temperatures and
- pressures of interest here, an average emplirical emissivity
coefficient was determined from the thermal flux meter data

and used to calculate the total thermal loss by conduction
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and by radiation up to any time © . It was thus assumed that

'QB::QC + QY‘ (106)

in which ge is the total thermal loss calculated from the

solution of the heat conduction equations and Qp is given by

6
Q, = K, f A (T4 - T‘;)de (107)
O
in which
A= 2T + 21X (108)

The temperatures in equation 107 were computed by using a
co-volume equation of state, the co-volumes given in Table II,
and pressures and volumes obtained from the 400-entry table
which was discussed earlier. The integral in eqhation 107 was
evaluated for a complete cycle of the piston. The value of
the integral between €9f and the point at which X=X, agaln
was assumed to be equal to the value between O = 0 and the
point at which X =Xp on the downstroke. Equation 107 was sub-
stituted in equation 106 and the resulting equation restricted
to the energy transferred to the ends of the cylinder. K, was
then evaluated by substltuting numerical values of Q, and Qp

obtained from Tables XV and II, respectively. For Test 273,
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K, was found to be 2.3946 x 1073 and for Test 276, K, was
3.4787 x 10713 Btu/ft2 oRnsec. These values of K, correspond
to average gas emissivity coefficients of 0.477 and 0.724,
respectively.

These values of K, were substituted in equation 107 along
with the calculated temperatures to obtain 9, as a function
of B and hence O . Q, was established at even intervals of
9* by interpolating linearly between the tabulated values of
longitudinal and radial losses given in Tables VI through IX.
The resulting values of Q, are presented in Tables XVI and
XVII. The total thermal loss Qg was then evaluated from equa-
tion 106 and this value substituted into equation 6 along with
the corresponding previously determined piston energy, work
done by the expanding alr, and the friction and potential
energy terms. The total internal energies determined from
equation 6 and the total thermal losses found from equation
106 are presented in Tables XVIII and XIX for Tests 276 and
273, respectively. Assuming the mass of the sample gas to be
congtant, the temperatures were calculated by an iterative
'process from the internal ehergies, employing equation 14,
Since the pressure, volume, and temperature of the sample gas
were then known, the compressibllity factors Z were calculated.
The temperatures’and compregsibility factors obtained are also
preSented in Tables XVIIT and XIX. Figure 25 plots Z (for the

assumed additional loss given by equation 107) as a function

of PB for both tests.
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The additional thermal loss over that calculated for con-
duction alone could be accounted for simply by multlplying the
calculated value by a constant to make the total value for one
complete cycle agree with the value measured from the thermal

flux meter. Thus,

Q=K Qc (109)

KC ls determined from the information given in Tables II and
XV. For Test 273, K, = 3.6653 and for Test 276, KC==H.0309.
The method of using the values of Qp calculated from equation
109 to determine internal energlies, temperature, and compres-
glbility factors 1s identlical to that which was described in
the foregoing paragraph. The results are presented in Tables
XX and XXI for Test 276 and 273, respectively. The compres-
sibility factors which were found by this method ave plotted
versus pressure for both tests in Figure 26.

Values for the compressibility factors of nitrogen at
several temperatures are presented as a function of pressure
in Figures 11 and 12, These figures were obtalned from Figures
25 and 26, respectively, by drawing straight lines from the
point Z =1 at zero preésure to the point corresgsponding to the
average of the values at the designated temperature on Tests
273 and 276. The linear inferpolation between the two above-
mentioned points was Jjustified on the basis that compressibility
factors which have been calculated for nitrogen from theoretical

considerations (32) are very nearly linear in pressure ab
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constant temperature.

The compressibility factors of gaseous nitrogen at 800O F
(33) are included in Figures 25 and 26, The compressibility
factors at 3100° R, calculated by Woolley (32) from theoretical
considerations, were extrapolated linearly into the high-pres-
sure region shown in Figures 25 and 26. Comparison of these
two plots with the results obtained in this study seems to
indicate that the calculated values of the compressibility
factor obtained from the downstroke were somewhat high; the
compressibility factors calculated for the upstroke indicate
that there may have been some sample leakage occurring during
this portion of the cycle.

Comparison of Adigbatic and Calculated Temperatures

The temperatures which were computed by setting @B egual
to Q,, and the adlabatic temperatures (Qp= 0) are compared in
Tables XVI and XVII. Corresponding internal energies are also
presented in these tables. The four temperatures found by
regpectively setting @B equal to zero, equal to @o’ equal to
Kc@c, and equal to @C+ QT, are plotted versus éyein Figures
27 and 28, It is interesting to note that, in spite of widely
differing methods of calculation, these four temperatures
differ in all instances by lesgs than 3400 R. The actual aver-
age temperature of the sample gas is probably bracketed in
appfoximately a 70-degree range between the two temperatures

labeled in Figures 27 and 28 as "Radiation" and "Conduction”.
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Error in Compressibility Factor Due to Nonuniform Sample

In the determination of the compressibility factors by
the method which was previously described, the error due to
a nonuniform sample was estimated by assuming a co-volume
equation of state for the sample gas. The co-volumes given
in Table II were used and Test 276 was taken as a representative
sample., The Information given in Table XI-¢ was considered
typical for the radial density and energy distributions in
the reglon of interest. It should be remembered that the
variation of these two normalized distributions in this region
was small,

An average temperature of 3&03.70 R was calculated from
the average specific internal energy given in Table XI-c, and
the average density and pressure (also given in Table XI-c)
were then used to calculate a compressibility factor of 1.0883,
This value was compared with that determined from the co-volume
eguation of state for the same temperature and pressure
(Z=1.0933) and the error was found to be‘O.#6 per cent. A
similar procedure was applied to the longitudinal distribu-
tions given 1in Tab1e>XIII—c, in which case the error in Z was
found to be 0.07 per cent. The total error in Z 1z thus

approximately 0.6 per cent.
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V. DISCUSSION OF ERRORS, CONCLUSIONS AND RECOMMENDATIONS

Inspection of Figure 25 or 26 reveals that the compres-
8lbility factors calculated for the upstroke are quite incom-
patible with those calculated for the downstroke. The
difference in the value of Z at a given pressure seems to be
almost independent of the method by which the thermal losses
were computed. The decrease in the magnitude of Z during
most of the cycle would seem to indicate that this difference
is possibly due to leakage of the sample gas. If this is the
case, the effect of leakage on the calculated value of 2
would be difficult to estimate since the variation of mass
with time was not known. The mass loss would have to be
approximately 25 per cent to explain the difference observed
in Test'é76. However, measurements made after the completion
of a test demonstraﬁed that the net loss of mass from the
sample gas chamber was less than 1.5 per cent, Thus, 1f there
were mass leakage 1t must be assuméd that the gas leaked into
the annular space between the piston and the wall during the
time when the pressure was hlgh in the sample chamber: then
the gas flowed back when the pressure was low. Price and
Lalos (3) attributed the time difference observed bétween the
minimum volume and maximum pressure to this phenomenon. (Such
a time difference is seen in Figure 13 for Test 273.) However,
this time difference could be attributed also to the effect
ofAenergy losses, which Price and Lalos discounted as being

negligible.
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Some rough calculations were made to determine the
maximum possible mass loss. It was assumed that: 1) for all
times during a cycle, sonlc flow existed in the annulus be-
tween the piston head and the walls; 2) this process was
adiabatic; 3) the leaking gas expanded into an infinite
volume. The results indilicated that the maximum leakage could
be as high as 30 per cent for a run such as Test 273. However,
the process definitely i1s not adiabatic and the downstream
volume (consisting of the annular space and perhaps some of
the O-ring groove) is very much smaller than the sample volume.
Therefore, 1f any leakage occﬁrred, the downstream pressure
would rapidly increase and the flow would no longer be sonic.
It is probable then that a mass loss of 30 per cent would
never occur; however, this figure may be taken to be the
absolute upper 1limit of leakage.

The possibility of a gross error in the assumed method of
thermal energy transfer from the sample gas also might cause
the large decrease in Z with advancing position along the
cycle. However, the small variation in the average temperature
of the sample gas with the assumed mechanism of energy transfer
(see Figures 27 and 28) indicates this possibility to be
doubtful.

The assumed polytropic path of the driving gas gave Wa
within an error of 1 per cent. The magnitude of this error,
determined by Helfrey (1) and discussed in Part III, could be

substantially reduced 1f the upper volume were increased such
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that the thermodynamic path of the driving gas approached an
isobaric path.

The effect of a nonuniform sample gas contributed an
error of less than 0.6 per cent in the determination of Z.
The method of determining the magnitude of this error was dis-
cussed in Part IV,

The error introduced by neglecting the effects of disso-
clation and lonization 1s completely negligible as polinted out

8

in Part III. Gaseous nitrogen was only 1 x 10~ per cent
dissociated at 3600O R and 1000 psia, and the percentage of
ionization was less than this figure.

As indicated in Part III, nonequlilibrium between the
energies corresponding to the external and internal degrees of
freedom would lead to a méximum error of 1.50 R in the deter-
mination of the sample gas temperature. Thils error was cal-
culated for the maximum rate of temperature change wlith time
experienced in either Test 276 or 273; the error would then
be somewhat less than this during most of the test. An error
in the caleulation of Z resulting from this cause would be
about 0.05 per cent based on a sample gas temperature of 30000

Finally, we must consider the valldity of the assumption
that the internal energy of the sample gas 1s not a function
of pressure. If it is assumed that Woolley's data (17) can
be extrapolated as 1s done in Figures 25 and 26, this infor-
mation can be used to determine the variatlon of Internal

energy with pressure at 3100O R. Then, this information might
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be used To find the error which was Introduced into the tem-
perature calculation by neglecting pressure effects on internal
energy. At a pressure of 6000 psia this error was computed to
be about 2 per cent for the 31000 R temperature. This error
can, of course, be eliminated by applying an iterative process
in determining Z.

Since the magnitude of all errors discussed above igs small,
the decrease in Z probably can be attributed to leakage of the
sample gas. Most of these errors could be reduced in magnitude
elther by modifying the experimental equipment or by altering
the calculation procedure. However, the effort in making the
necessary refinements does not seem warranted until the leak-
age problem is solved.

Conclusions

1) The ballistic piston apparatus offers a convenient
and useful tool for the determination of the pressure-volume-
temperature properties of a gaseous sample. A range of
temperatures up to 10,0000 R and pressures up to 10,000 psila
may be covered. However, because the initilial sample volume is
fixed and the range of initlal sample pressures is restricted
by practical considerations, the range of pressures which may
be gtudied gt a given temperature 1s limited. This limitation
is not encountered when gaseous reactions are being investigated
because a nonreactive gas such as helium may be added to ex-
tend the range of maximum conditions.

2) The leakage of sample gas during a test must be made
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negligible 1f the volumetric properties of the gas are to be
determined with an error of less than 5 per cent. Although

the net leakage of the sample has been found to be less than
1.5 per cent for most tests, because of reasong discussed in

an earlier section 1t 1s belileved that the gas leaks from the
sample chamber during high pressures (to an amount greater than
5 per cent) and then returns when low pressure are present,

3} The temperature distribution in the sample gas 1is
essentlally uniform throughout 90 per cent or more of the
sample volume at any time during a test. The temperature dis-
tribution deviates most from uniformity in cases in which
conduction is the sole means of thermal transport and there
is no reaction occurring. The presence of radiation and/or
convection, or the occurrence of an endothermic reaction will
make the temperature distribution much more uniform.

4) In determining the pressure-volume-temperature proper-
tles of a sample gas, the nonuniform sample contributes probably
no more than 0.6 per cent error in the volumetric data which is
obtained.

5) Employing only the data obtained from the ballistic
piston apparatus for this study, the average sample gas tem-
perature can be determined within approximately 700 R by the
methods described in detall in this manuscript. However, it
must be assumed that leakage 1is negligible.

6) Because the values for the compressibility factors

of nitrogen calculated for the downstrokes of Tests 273 and 276
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agree at a gilven temperature within 5 per cent, for either of
two differing assumptions as to the mechanism of thermal loss,
it is cuoncluded that the ballistic piston apparatus may be

used with the present amount of instrumentation to obtain values
of Z for a gas within 5 per cent in the temperature range of
from 2000° to SOOOO R and the pressure range of from 1000 to
10,000 psia. If the recommendations given in this thesis are
followed, 1t will probably be possible to determine the com-
pressibility factors within 1 per cent.

Recommendations

1) The sample gas pressure should be measured at all
points during the compression stroke. This information could
then be used to calculate directly the work done on the sample
gas.

2) The upper chamber containing the driving gas should be
made as large as 1is practical. The smaller the change of
pressure in this volume, the smaller will be the error in deter
mining the work done on the piston by the driving gas.

3) The light piston (3.2 1bs.) which is now beilng used to
study reaction kinetlcs of some gaseous systemsg should also be
used in the studles directed toward determining the volumetric
properties of gases.‘ Because the length of time during which
the sample is subjected to conditions above a given temperature
would be reduced (by approximately the factorib/VTﬁ), the
thermalulosses would also be reduced. Hence, the temperature

distribution in the sample would be more uniform.
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LY Several additional thermal flux meters should be
placed at intervals along the side of the cylindrical tube s0
that thermal losses to the walls could be measured directly.
Since these meters would be exposed to the sample gas for a
certain length of time and then cut off from the sample by
the plston, the thermal losses could be determined as a function
of time and piston position. It is possible that from this
information the mechanism of thermal transfer could be found.

5) The leakage of the sample gas might be substantially
reduced by placing a tight-fitting teflon ring (or some other
suitable material) on the front edge of the piston head. Some
problems might arise: the ring would probably come off the
piston head during the upstroke and the frictional force would
probably vary on the compression stroke due to the compression
of the ring by the forces acting upon it. However, if Recom-
mendation No. 1 were 1ncorporated and only the data obtained
from the compression stroke were used, these two difficulties
would be ingignificant.

It is believed that, until all these recommendations
(except No. 2) are carried out, it will not be possibie to
determine wilth the ballistic pilston apparatus the volumetric
properties of a sample gas with an accuracy better than 10

per cent.
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TABLE I

SPECIFIC HEAT AND TEMPERATURE FUNCTIONS FOR NITROGEN

_T_

TOS

1.0 2
1.5 2
2.0 2
2.5 2
3.0 2
3.5 2
k.0 2
k.5 2
5.0 2
5.5 2
6.0 2
6.5 2
7.0 2
7.5 2
8.0 2
8.5 2
9.0 2
9.5 2
10.0 )

To ™ 536.7° R.=

.503
.515
.538
571

.609
646
681
.713
.743

769
793
814
.834
.853

.869
.884
.898
911
.923

25° ¢, =77

LWWWWwWw WP RPN PN

.503
.518
.548

.593

644
.69

.T49
.798
.8ul

.885
.922
.956
.988
.016

.043
067
.089
.110
.128

fmt
ocCWwW~NoMW FWwoHH 0O00QO

| >

.000
178
462
852

.385
.953
665
485
514

453
601
0859
.227
704

.293
.992
.802
722
L7554



Initial Air Conditions

ITEM

-84

Pressure (PAO)

Volume (VA )

Temperature (TA )
Initial Sample Gondltions

- Pressure (PB )

Volume (YB )

Temperature (TBO)

Weight (mBo)

Length Lower Vol.
Piston Weight (mp)
Excess Volume (ye)

Lead Gauge Volume
Frictional Force (F)

Contact

Heights

Side
Side
Side
Side

Bottom (1) (a )
Bottom (2) (a )

Bottom (3) (37)
Bottom (%) (ag)

(1) (87)
(2) (32)
(3) (a3)
(%) (84)

Elapsed Times

(31)
(al)
(aq)
(al)
(ag)
(22)
(35)

o o

to (ag)
£o (a3)
to (ay)
to (ag)
to (ag)
to (a7)
to (ag)

o e e s

*See following page for footnote.

TABLE II
TEST DATA
TEST
273 376
614,3 861 .4
0.018665 0.018665
77.90 78.08
2.8717 3.8557
0.407023 0.407023
533.63 531.65
5.718%x10"3  7.706x1073
8.291 8.291
32.0852 32.0863
19.188x10“6 19.188x10“6
17.296x10‘6 17.M95x10‘6
35.26 35.26
78.934 78.93k
57.934 57 .934
37.894 37.894
17.894 17.894
0.7087 0.7587
0.6035 0.5960
0.5004 0.5467
0.4023% 0.4155%
26.7 23,2
50.4 hi 1
73.8 64.9
96.4 84 .6
257 352
558 by
984 959

UNITS

psia
cu.ft.

psia
cu.ft.

1b.
ft.
1b.
cu.ft.

cu.ft.
1b.

in.
in.
in.
in.
in.
in,

in.
in.

millisec.
millisec.
mlillisec.
millisec.
microsec.
microsea.
mierosec.
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TABLE II,Cont.

ITEM TEST
273 276
Closest Approach (fBo) "0.3726 0.3913
T.F.M. Thermocouple Temp. 14,26 i5.11
Thermal Loss to Ends 0.2041 0.2163
Atmospheric Pressure (Py) 14,3192 14,3192
Calculated Co-volume 0.539 0.540

- . - D oo

¥*
Contact from which oscllloscope beam was blanked.

UNITS

in.

Btu.
1b/sq.in.

cu.ft./
1b.mole



K (Polytropiec Path
Exponent )

(Calculated at
Point &)

Ag /my,

e

@*

@«m

9" -6, ()

A G

x5 (Experimental)
Xom £ € (9= 05" (N

Py

9% g~
Agfrg, S JS.r PTAEAE )

o8,

Bfm\sm %m“ * dord et

G Y

7 -3
NQ X 10

X, (Caleculated)
.Nmm (Experimental)

.@mm (Calculated, :@uov
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TABLE III

CALCULATION OF PRESSURE GAUGE CONSTANT

TEST 273
. ¢mwsm at moHﬁw L
1.4394
7.396
84,9629
626.37
150
1066 1323 1624 2050
916 1173 1474 1900
.000263 .000431 .000680 .001131
.7082 .6035 .5004 .ho23
.707937 .603069 .k9g720 401169
.0560373 .0989900 .1715130 .3264970
1.170073
-559.578
.901294
.708269 .603338 .500518 402275
.3726
.372447

TEST 276
Value gt Folnt
1 2 3 4
1.4394
10.35
84.9599
375.37
50
562 914 1036 1521
512 864 986 1471
.000049 .000140 .000182 .000406
7587 .5960 5467 4155
.758651 .595860 .546518 415004
.169328 .539700 .732381 1.925472
1.047350
-608.827
1.367305
.758832 .595257 .547368 15442
.3913
.390388

OUnits

psia
Hs,w\wu.mmom
us.\mmam
microsec.
microsec,
microsec.
in,

in,

in.

in.

H:.woa.\wd.

in.
in./sec.
1b./in% em.
in.

in.

in.



10t0*

(sec.)

Pg
(psia)

1180.
1261,
1348,
1448,
1560.
1682,
1816.
1964,
2129,
2313,
2516.
2727.
2954 ,
3198,
3450,
3696,
3940,
4181,
hiy7,
4619,
4770,
4877.
4937,
hghl
1867,
7ok,
4515,
bo86,
ho25,
3758,
3484,
3213,
2955,
2712,
2h89g,
2286,
2097.
1927.
1773.
1635,
1511.
1398,
1300.
1209,

FROWRFUEFARONOUOOANOYONRFEWRHOENDOEOAH~IJWH O N & .2 0W—J\0 0 &EwW
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TABLE IV

E

(Btg)

1
1
1
1
1
1
1

1.
1.
1

.3706
.3201
2672
.2116
.1532
.0919
L0276
.9603
.8900
8167
LT405
6621
.5820
L5011
A204
3415
.2663
.1966
.1342
.0815
L0405
.0132
.0007
.0038
.0224
L0554
1011
.1575
.2221
.2926
.3669
A431
.5196
.5953
6692
L7408
.8098
8757
.9387

.9986
0554
1095

.1607

1.2094

102X
(rt.)

759
.530
.306
.086
871
662
459
0262
.072
.890
716
.550
.395
.2h9
115
.99k
.885
.790
.710
.6u6
.598
567
.553
.556
BTT
615
670
.ThO
.826
.926
.039
.165
.302
kg
606
772
0946
.127
.315
.509
.709
.915
.125
L340

SAMPLE PRESSURE, PISTON ENERGY, PISTON POSITION
AND WORK DONE BY AIR FOR TEST 273

Wy

(Btu)

.6596
.6599
.6602
.6605
6607
.6610
.6613
.6615



SAMPLE PRESSURE, PISTON ENERGY, PISTON POSITION
AND WORK DONE BY AIR FOR TEST 276

10%6*

(sec.)

Py
(psia)

2637
2893
3157
3455
3779
hi23
Lh76
K842
5194
5533
5835
6064
6228
6280
6300
6292
6262
6102
5835
5506
5130
h7hy
4359
3970
3610
3290
2988
2708
2456
2234
2043
1876
1726
1591
1464
1348
1246
1155
1074

998

928

867

-88-

TABLE V

Ep
(Btu)

1.2305
1.1229
1.0109
.8953
L7768
.6568
.5379
4223
.3138
.2151
.1309
. 0650
.0209
L0079
.0010
.0006
.0065
L0367
.0893
L1603
.2hsg
L3417
b7
L5484
.6535
L7573
.8583
9557
1.0479
.1358
.2193
2977
L3726
Ah36
.5100
5716
.6306
6867
L7384
.7882
.8345
8787

e

O\\N\ﬁ\ﬂ\ﬂ-ﬁ’-‘#-ﬁ'#‘www'wwi\)ml\)!\DMMHHHHHHHHHHHHHH!\)MMNI\JI\)WU&

2
(rt.)

.296
.081
BT77
685
. 504
.337
.184
.048
.928
.827
.T45
.684
645
.633
0627
627
632
.659
.708
77
.865
972
.095
.234
.387
.553
.730
.918
.116
.322
.536
.758
.986
.220
460
.705
.955
.209
468
.730
.996
.265

Wp

(Btu)

(SZRNI AN RGACRCIAT AN A ARG IR RO R0 RO RO AN AN RO R AW R RE: A A R RN RO AW AE RG A RO R0 RE: LN RO A6 : R0 A0 A6 : R+

.0518
L0522
. 0525
.0528
L0532
.0535
.0537
.0540
L0542
054k
L0545
L0546
L0847
.0547
0547
.OBU7
L0547
L0547
L0546
054l
.0543
L0541
.0539
.0536
.0534
.0531
,0528
.0525
.0521
L0817
L0514
L0510
.0506
. 0502
.0kog7
,0493
.0489
.oh8lL
L0480
.0475
0470
.0li66
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TABLE VI

RESULTS OF FINITE DIFFERENCE CALCULATIONS
FOR TEST 276 ~ LONGITUDINAL CASE

10%6 X Py 0%, 103x my/2 T4,
(sec.) (£t.) (psia)  (Btw)  (1b.)  (CR)
0.0 b 1457 3.8557  0.0000 3.853 531.
10.0 3.8031 4.3581  0.0005 3.856 550
20,0 3.4498 h,9901 0.0021 3.858 571
30.0 3.0858 5.8318 0.0051 3.861 597
ho.o 2.7110 6.9908 0.0101 3.865 628,
50.0 2.3255 8.6621  0.0179 3.870 666,
60.0 1.9292 11.244 0.0302 3.877 716.
70.0 1.5225 15.641 0.0501 3.886 785
80.0 1.1193 23.985 0.0847 3.895 883
90.0 0.72501 3,732 0.1521 3.919 1036.
99.7728 0.35245 117.01 0.3188 3.967 1330.
104 ,6865 0.16989 310.45 0.5646 3.967 1695,
106.,7680 0.09351 680.41 0.8370 3.939 2047,
107.8913 0.05253 1439.6 1.1748 3.960 2390,
108.4410 0.03622 2323.9 1.5064 3.919 2660.
108.5429%  0,03390 2537.2 1.5869 3.896 2721,
108.6400 0.03178 277h .5 1.6705 3.894 2782,
108.7299 0.02990 3007.3 1.7546 3.880 2840,
108.9292 0.02605 3592.8 1.9657 3.834 2971,
105.0982%  0.02317 b4167.5 2,1741 3.788 3084,
109.2460 0.02100 L4697 .2 2.3796 3.732 3179.
109.3770 0.01938 5164,7 2.5793 3.679 3257.
109.4962 0.01818 5566.7 2.7736 3.633 3321,
109.6064 0.01731 5888.5 2.9619 3.596 3369,
109.7106 0.01672 6110.1 3.1445 3.563 3403,
109.8107 0.01638 6258.1 3.3211 3.548 LI
109.9088*  0,01627 6297.2 3.4h027 3.536 3432,
110.0066 0.01636 6239.3 3.6589 3.534 3424,
110.1057 0.01667 6056.2 3.8192 3.528 3401,
110.2075 0.01721 5766 .6 3.9728 3.520 3361.
110.3136 ©.01800 5402 .2 b 1187 3.520 3307.
110.4264 0.01907 ho69.,1 4.2573 3.517 3240,
110.5477 0.02047 §506.0 L 3877 3.529 3160,
110.6812 0.02228 3987.0 L ,5105 3.524 3067.
110.8289 0.02458 3466.0 L .6235 3.523 2961,
- 110.9970 0.02752 2955.2 b 7277 3.527 2842,
111.1896%  0.03124 2446 .8 L 8211 3.500 2710,
11.4150 0.03601 1992.3 k,9037 3.484 2572,
111.6822 0.0kh212 1595.4 h,9757 3.473 2431,
112.0080 0.05012 1225 .4 5,0371 3,414 2274 ,
112.4043 0.06046 916.0 5,0859 3.335 2110,
112.6895%  0,06822 776 .6 5,1098 3.346 2017.

DO W O OV O FW] GO~ O N0 O~ OV~ OUTW OV OV O 1 O) 0O I 1 OO0 PO 1 NG g
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TABLE VII

RESULTS OF FINITE DIFFERENCE CALCULATIONS
FOR TEST 276 - RADIAL CASE

1038 X Py 10%g, 10%x mg/2 T,
(sec.) (£t.) (psia)  (Btu) (1.} (GR)
0.0 b,14587 3.8557  0.0000 3.853 531.
10.0 3.8031 L 3541 ©.0938 3.859 550.
20.0 3.4498 4.9501 0.,2933 3.868 572.
30.0 3.0858 5.8318 0.5741 3.879 598.
4o.0 2.7110 6.9908 0.9316 3.894 629,
50.0 2.3255 8.6621  1.3667 3.910 669.
60.0 1.9292 11.244 1.8837 3.929 720.
70.0 1.5225 15.641 2.4887 3.949 790.
80.0 1.1193 23,985 3.186%3 3.966 892,
89.5 0.74441 ho,167 33,9249 3.989 1044,
92.0 0.6L47TL 51.057 b 1294 3.993 1100,
94 .5 0.55190 63.579 L ,3368 3.997 1168,
97.0 0.45687 82,285 L 5457 4,000 1253,
99.5 0.36268 112.57 L 7538 4,002 1362,
102.0 0.26930 168.05 b.,9573 k.000 1514,
104,0195 0.19448 259.49 5.1139 3.992 1695,
105.3576 0.14520 382 .02 5.2111 3.975 1872,
106 .3041 0.11048 547,11 5.2749 3.960 2047,
107 .0095 0.08469 T77h .25 5.3188 3.953 2219,
107 .5492 0.06499 1092.6 5.3496 3.956 2390,
107.9931 0.04883 1583.,1 5.3726 3.970 2570.
108.4324 0.03641  2313.1 - 5,3929 3.924 2806 .
108.8718 0.02711 3411.9 5,4111 3.861 3094,
109.3111 0.02016 kg3l 0 5.4269 3.726 3394,
109.7505 0.01656 6178.4 5.4408 3.563 3610.
109.8383 0.01633 6281.6 5,443, 3.549 3629,
110.2759 0.01769 5538.9 5.4567 3.500 3546,
110.5887 0.02099 L3h6 6 5. 4667 3.501 3344,
110.8594 0.02509 3370.5 5,4760 3.493 3141,
111.1279 0.03001 1 2597.0 5.,4858 3.469 2942,
111.3964 0.03560 2024 .3 5.4959 3.440 2763,
111.6649 0.04172 1618.2 5.5065 3.426 2612,
111.9334 0.04824 1299.2 5.5174 3.374 2473,
112,2019 0.05510 1061.2 5.5285 3.325 2349,
112.4704 0.06224 875.8 5.5397 3.260 2239,
0.06959 758.7 5.5509 3.283 2156,

112.7389
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109,
114,
116.

117.73

118,
118.
119,
119,
119,
119.
120,

120.¢
120.4

120.
120.
120.
120,
120.
120.
121,
121,
121,

121.¢

121.
121.
121.

121.¢

121.
121.
121,
121,
i21.
122.
122,
122.

c.)

CO0COOQOOCOCOOOOODOCOVRLLOUCCOOOOOOOCHFNNWW I

TABLE VIIT

_9]_-

RESULTS OF FINITE DIFFERENCE CALCULATIONS

FOR TEST 273 - LONGITUDINAL CASE

X
(£t.)

1457

.8071

3979

.9853

4301

.8689

.0158

.35594
.19653
.12065
. 09450
07258
. 05687
L0609
.03840
.03195
.02681
. 02263
.02057
.01986
.01904
.01829
.01763
.01706
.01657
.01618
.01589
.01569
.01558
.01554
.01561
01575
.01599
.01631
.01673
.01727
.01794
.01870
.01968
.02085
.02222
.02335

s

(psia)

wqmmwobbmmmwﬂbomwmﬂwﬂowmwkmwog'

8717
.2534
8147
.5630
L0643
7506
RiF-1-
.796
.81

2

10 @W

(Btu)

z#rrn:zrwwwwwwwwwmmmmmmmmr—w—u—sn-u—*oooooooooooo

.0000
. 0005
.0024
. 0061
L0153
.0323
.0953
. 299k
.4883
L6951
.8184
.9673
L1215
2799
4508
B717
.0084
.1868
.3849
4621
.5623
6664
L7742
.8852
.9990
.1129
L2245
.3341
Ah18
.5480
6525
7560
.8575
.9563
.0528
1470
.2389
.3280
143
L4976
5771
.6530

103% QB/?

(1b.)

.859
876
.882
.883
.884
.900
<937
.994
.995
.978
.964
.ou5
.920
876
875
867
.854
817
.782
L3 766
® 7”‘6
727
709
.696
684
B70
660
.655
654
657
667
676
BTT
682
697
.713
.728
737
.756
® 773
.786
.798

mmmr\)mmmmmmmmmmmmmmmmmmmmmwmmmmmmmmwmmmmmmm

Thia

(°r)

533.6



10

(sec.)

122
122
122
122
123
123
123

3h45%
4816
6354
.8076
.0042*
.2288
.3284

COOO0OOCOO
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TABLE VIII, Cont.

Py
(psia)

2578,
2300,
2015.
1747,
1494,
1265,
1176.

QOUT OO CONO 1O =

2

10
(203

&

VT o e

L7249
-T917
.8542
.9113
.9634
.0099
.0270

U110 o3 OV =



1036

(se

10.
22,
3}4“
50.
66.
78.
90.

101.
104,
106.
108.
110.
111,
113.
114,
115,
116,
116.
117.
117.
117.
118.
118,
119.
120.
120.
120.
120.
120,
121,
121.
121,
122,
122,
122,
122,
123.
123,

OCDC)O(DC)C)QED

c.)

TABLE IX

i

RESULTS OF FINITE DIFFERENCE CALCULATIONS

COOCO0O0OOOCOOCOOUCOOCOCOOLOOOOCOCOCOOOOrH-HNIWW I

FOR TEST 273 ~ RADIAL CASE

X
(re.)

1457

8071

.3979

.9853

4301

.8689

JAlLho

L0158

.73504
.60935
.51130
43299
.36971
.31723
266938
.21884
.18001
.14988
.12596
.10685
. 09262
0842k
07947
LO0BT71T
.04868
.03466
.02352
.01958
.01805
.01686
.01604
.01561
.01559
01787
.02119
.02503
.02951
.03455
.04000
0L573

Py
(psia)

508.

575
620

771

1167.
1832,
2050,
3807 .
L182.
4533,
4796,
hos52,
k990,
k211,
3376.
2694 ,
2146,
1719.
1396,
1151,

8717
.2534
L8147
.5630
L0643
L7505
.536
Jioo
.929
L300
481
.803
511
.18
2h
.57
.20
JAh
.oh
070
93
BT
.73
27

~} OO +~ OO ORU OOy 3

e

10 Qy

(Btu)

(S R0 R0 R0 ARG AU RN ROIRC AT RT I ARG A0 A0 2 -t g o g o S et gl g g g o gy SO AU S AT IS R el e S RO R e R e

.0000
.0830
.2937
.5929
L1179
.7882
3946
L0971
6187
.8658
L0644
2267
.3600
L7158
.5785
.6805
L7615
.8229
8701
L9064
.9325
OhTh
9557
.9796
L0352
.0575
071k
L0756
0797
.0837
0877
.1001
.1092
L1177
L1265
.1358
L1453
L1551

103x @B/é
(1v.)

2.859
2.879
2.892
2,902
2.920
2.952
2.980
3,011
3.034
3.045
3.052
3.057
3.061
3.063
3,063
3.063
3.060
3
3
3
3
3
3
3
2
2
2
2
2
2
2
2
2
2
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TABLE X

COEFFICIENTS OF ANALYTIC EXPRESSIONS FOR
SPECIFIC ENTHALPY AND THERMAL CONDUCTIVITY
OF NITROGEN

Coefficient Value Units
Specific
Enthalpy
a, 0.25821490 (Btu)/(1b.)(°R)
by -2.1720822 x 1077 (Btu)/(1b.)(°R)?
ey 1.7385348 x 10°C (Btu)/(1b.)(°R)>
a -2.9966158 x 10712 (Btu)/(1b.)(OR)"
as 0.22791964 (Btu)/(1b.)(°R)
b, 1.8898130 x 107 (Btu)/(1b.)(°R)Z
¢y ~1.7866848 x 1072 (Btu)/(1b.)(°Rr)3
dy 6.5634495 x 10 1% (Btu)/(1b.)(°R)*
AHllSOK 2.489992¢g (Btu)/(1v.)
Thermal
Conduetivity
o 8.7517578 x 107° (Btu)/(sec.)(£t.)(°R)
/8 7.0416328 x 1077 (Btu)/(sec.)(ft.)(°R)®
¥ ~1.1334911 x 10718 (Btu)/(sec.)(ft.)(°R)>
5 7.5417905 x 10717 (Btu)/(sec.)(rt.)(°R)*



6=0.1079931 szec.
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TABLE XI-a
RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS

FOR TEST 276

Pg= 1583.1 psia

Ogy= L.65643 1b./cu.ft.

l"*

1.00
.99
.98
97
.96

.95
.9k
.93
.92
.91

.90
.89
.88
.87
.86

.85
.84
.83
.82
.81

.80
.76
.72
.68
.64

0.0

T (°R)

531.
1667.
1973.
2147,
2261,

2340,
2398,
b4y,
2473,
ko7,

2516.
2529.
2540,
2548,
2554,

2558.
2562,
2564 ,
2566 .
2567 .

2568,
2570,
2570.
2570.
2570.

2570.

= EFEOOW FHFON WWEROO ~NEwui O N U

o /o

e

.

av

.0815
L4279
2152
.1204
.0659

.0308
.0068
.9897

9773
.9681

L9612
L9561
.9523
.94gh
9473

.45

.9khs
.9436
L9430
9426

.9le2
Oh1T
915
.9l15
.9l15

L9415

E/Egvy

Pl et b b ped e e e bt

et el et e

-

.0000
.5690
.7385
.8377
.9035

.9501
.9842
.0094
.0284
.0428

.0537
L0620
.0683
.0730
.0765

.0792
L0811
.0826
.0836
L0844

.0849

.0859
.0861
.0862
.0862

.0862

X= 0.04883 ft.

Egy= 375.948 Btu/1b.

mr/ﬁf

el el el e e e e i el el e T R S e R

e

et

.082
.761
LoLg
756
.593

486
410
353
.309
273

.2uh
.219
.198
.180
.165

152
140
.129
.120
L111

.104
.080
.063
.050
.040

.000

Ey/ Ep

.0000
Loh2
.6283
7239
L7797

8172
.84l5
.8653
.8818
.8952

.9062
9155
.9234
.9302
.9361

.9459
9499
.9536
.9568

9597
.9756
.9805
.9843

1.0000



6=0.1088718 sec.

-06-

TABLE XI-b

RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS

FOR TEST 276

Pg= 3411.9 psia

Ogy = 2.90136 1b./cu.ft.

r ¥*

1.00
.99
.98
97
.96

.95
.94
.93
.92
91

.90
.89
.88
.87
.86

.85
.84
.83
.82
.81

.80
.76
.72
.68
64

0.0

T (°R)

531.
2018.
2386.
2592,
2727.

2821,
2890.
2041,
2979.
3008.

3030.
3046,
3059.
3068.
3075.

3080.
3084,
3087.
3089.
3091.

3092.
3094 .
3094,
3094,
3094,

3094,

HWHMPDOY HWwwWw D

-~ ~NOWIHN =0\ W\ EOWMO

o/bév

pob el e

e

.3649
L4018
.2001
.1107
.05380

.0256
.0026
.9863
9743
9655

.9589
.9540
.9503
L9L75
L9454

.9439
.9428
L9420
L9413
.9409

.9406
L9400
.9399
.9399
.9399

.9399

E/E

av

.0000
.5912
7562
.8509
L9137

9578
.9902

1.0142

b b el gl e et e et )

el

H

.0322
.0458

.0561
L0640
.0699
Neyg.t
LO7TT

.0802
.0821
.0834
.0844
L0851

.0856
.0866
.0868
.0868
.0868

.0868

X=0.02711 ft.

Eny= 485.732 Btu/lb.

3
H

R el e o = N I S S I B I W R W S AP R O

e et e

‘,_J

=N b

=4

r

.365
.891
.100
.789
615

.503
a2k
364
.318
.281

.251
.225
.20k
.186
.170

156
L14d
.133
.123
11k

.107
.082
.065
.052
.oh2

.000



6= 0,1098383 sec.
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TABLE XI-¢

RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS

FOR TEST 276

Pp= 6281.6 psia

0,y = B.U2727 1b./cu.ft.

1"*

1.00
.99
.98
.97
.96

.95
.94
.93
.92
.91

.90
.89
.88
'87
.86

.85
.84
.83
.82
.81

.80
.76
072
.68
.64

0.0

T (°R)

531.
2324,
2769.
3009.
3167.

3279.
3362,
3hoy
3472,
3508,

3536.
3558,
3575.
3588,

3598.

3606,
3612,
3616.
3620,
3622,

3624,
3628,
3629,
3629,
3629.

3629 °

Y OAJITRDWWYT O =IPRW OOWIONMm OO O ~IWUO—~3~J

o/o.

e =

e

av

.3694
L4026
.2005
.1138
.0632

.0300
.0069
.9902
9778
.9685

L9614
.9560
.9518
.9u86
9462

L9443
9429
.9418
9410
.9kok

9400
.9391
.9388
.9388

.9388

E/E

B b e e e e e 2 et e e

—t

av

.0000
.5896
L1557
84Tk
.9083

.9518
.9839
.0081
.0268
L0411

.0522
.0607
L0674
0725
L0765

.0795
.0819
.0836
L0850
L0860

.0867
.0882
.0886
.0887
.0887

.0887

X=0.01633 ft.

Eyy = 599.849 Btu/1b.

m,/f.,

el I S S S S S J S A S T O T I

ot et e ped

'._l

.369
.893
.102
.790
.618

.506
27
.367
.321
.284

.254
.228
207
.188
172

.158
.146
135
.125
117

.109
. 08}4
. 066
.053
.Ok2

.000

Er/ E.l”

.0000
4114
.6380
7329
7875

.8238
.8501
.8701
.8859
.8987

.9093
.9182
.9258
.9323
.9380

L9430
LO4T7h
9513
9548
.9580

.9608
.9698
.9762
.9810
L9847

1.0000



=0
Cav

®

Ig*

1.00
.99
.98
.97
.96

.95
.94
.93
.92
91

.90
.89
.88
.87
.86

.85
.84
.83
.82
.81

.80
.76
.72
.68
.64

0.0

-98-

TABLE XI-d

RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS

.1113
:1.9

964 sec.

FOR TEST 276

Pg= 2024.3 psia

682296 1b./cu.ft.

T (°R

531.
1737.
2084,
2273.
2397.

2486,
2551 .
2600,

2637.
2666 .

2688.
2706.
2719.
2730.
2738.

27hh
2749,
2752,
2755.
2757.

2759.
2762,
2763 .
2763,
2763.

2763.

~ ~NOWITUE ONOWUT RHE~IND Ul OO ~—

c/c

-

—

av

.2383
4504
.2278
.1302
.0Th0

L0374
.0120
9937
.9801
.9699

.9621 |

.9562
.9516
.oh81
L9455k

.9433
ol
L9405
.9396
.9389

.9384
L9374
.9371
.9370
.9370

9370

et
* »

pod e et ot b e el et ped
. L] * ® » L] L] 3 » *

T [ S A
® . * L) - £ 3

X =0.03560 ft.

E,,= 413.830 Btu/lb.

mr/mr

Pt b e et b e e e b R e e e e RO PO

e

ft

.238
.856
.10k
.799
627

515
436
.376
.329
.291

.260
234
.212
194
L1777

.163
.150
139
.129
.120

112
.086
.068
.054
Neli?H

.000

Er/ Er

.0000
L4006
.6240
. 7199
L7760

.8136
8410
.8619
8786
.8921

.9033
.9128
.9208
.9278
.9338

9392
.9439
.9U80
.9518
.9551

9581
L9677
.9746
9797
.9836

1.0000



6=0.1
Oy

P*

1.00
.99
.98

97
.96

.95
.9k
.93
.92
.91

.90
.89
.88
.87
.86

.85
.84
.83
.82
81

.80
.76
.72
.68
64

0.0

-99 -

TABLE XI-e

RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS

127
0.9

389 sec.
.961172 1b./cu.ft.

T (°R)

531.
1309.
1591.
1744,
1845,

1917.
1970,
2011.
2043,
2067 .

2086
2101,
2113.
2123,
2130.

2136,
2141,
2144,
2147,
2149,

2151,
2155,
2156.
2156,
2156 Ll

2156,

O ViEFE-FOE OO@mPDOY WO UoOhww ~Noodh~N—

B W

e

FOR TEST 276

P =758.7 psia

c/0,y
.6164
.5288
2644

L1557
.0938

.0536
.0256

.0053

.9902
.9786

.9698
.9629
9575
9534
.9501

L9475
L9455
L9440
.9428
0419

L9411
.9391
.9390
.9389

.9389

E/Bay

s

N = = I = =y S

T = S

’_.J

.0000
4929
6852
.7932
.8655

9176
.9566
.9865
.0096
.0278

.0h21
.0534
.0623
L0604
L0749

.0793
.0827
.0854
.0875
.0891

. 0904
.0930
-0939
.0941
.09k2

.09h2

X=0.06959 ft.

E,y = 289.671 Btu/lb.

m,,/fi,

616
.578
.9901
.733
.583

sk
A1z
357
314
.278

= S = I S Iy S e U B S S S [ O R S R Y |

ot et e b

fod

.2h9
.225
204
.186
171

157
L1845
.134
.125
.116

.108
.083
.066

.053
.oh2

.000

E./ Ep

.0000
L3749
.5912
.6903
.ThHoT

7902
.8201
.8431
.8615
8765

.8891
.8997
.9088
.9167
.9236

.9297
.9350

.9398
.9480

9515
.9626
.9705
L9764
.9810

1.0000



6=0.1189375 sec.

-100-

TABLE XII-a

RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS
FOR TEST 273

Pg=1167.7 psia

oav::1.2H916 1b./cu.ft.

¥

1.00
.99
.98
97
.96

.95
.94
.93
.92
.91

.90
-89
.88
.87
.86

.85
.84
.83
.82
.81

.80
.76
.72
.68
.64

0.0

T (°R)

533.
1573.
1879.
2055.
2172,

2257,
2321.
2371,
2409.
2439,

2464,
2483,
2498,
2510,
2520,

2528,
2534.
2539.
2542,
2545,

2548,
2553.
2555.
2555.
2555.

2555.

® OO WN WVWOWHNF WOHEHO WUHWOWYW OO O

/o

Y
1
1
1
1

ol pd b

av

.1204
A4gslh
.2589
.1546
.0936

.0534
.0251
.00k
.9888
9767

Reloygt
.9601
.o544
L9499
.9463

L9434
9412
.9395
.9381
9370

.9362
.9343
.9337
.9335
.9335

.9335

E/E

P e e e e e ped e el e

=t et et s

-t

av

.0000
.5280
.6993
.8003
.8694

-9197
9578
.9873
.0105
.0288

L0433
.0549
.0642
.0716
0775

.0822

.0859
.0889
.0912
.0930

.094kL

L0975
.0986

.0989
.0990

.0990

X=0.04868 ft.

E,,= 368.229 Btu/lb.

mr/fﬁr

e el el R T il ol = S I S S RSN PR O C R

b et et e

i

.815
.100
.805
.638

527
448
.388
341
.303

271
.245
.222
.203
.186

171
.158
L146
.136
.126

.118
.091
072
.057
.Ok6

.000

E/ &,

.0000
.3928
6127
L7082
L7646

.8028
.8308
.8524
.8696
.8837

.8955
.9054
9140
.9214

.9279

.9336
.9386
L9472
.9508

L9541
.0646
9721
9777
.9820

1.,0000



6=0.1202055 sec.

-101~

TABLE XII-b

RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS
FOR TEST 273

Pp= 3050.7 psia

O,y =2.53060 1b./cu.ft.

r ¥

1.00
.99
.98
97
.96

.95
.9k
.93
.92
.91

.90
.89
.88
.87
.86

.85
.84
.83
.82
.81

.80
.76

072

.68

.64
0.0

T (°R)

533.
1985,
2375.

2593,
2740,

286,
2927.
2989,
3038.
3077.

3108.
3133.
315k,
3170.
3183,

3193.
3202.
3208.
3214,
3218.

3222.
3229,
3232.
3233.
3233.

3233.

~N NWEFOO OMRWVWN~N PN OO® ~NNNEO OO O

o/C,

4

e S

e

av

.5820
4712
.2hL6

L1457
.0876

.0489
.0215
.0013
.9860
L9741

.9648
L9574
.9516
9470
9433

L9403
.9379
.9361
.9346

-.9334

.9324
.9303
.9296
.9293
.9292

9292

E/E

Bt et et fed fed ped e e ped

bt e e

-

av

.0000
.5513
L7179
.8139
.8793

.9270
.9634
.9915
.0136

.0313

.0455
.0569
L0661
.0735
.0795

.0843
.0882
.0913
.0938
.0957

.0973
.1008
.1020
.1025
.1026

.1026

X=0.02352 ft.

E = 507.727 Btu/1b.

g/

P e e R e e e e RO

N =N

et b ol et

[

.582
.034
.201
.869
.684

.563
478
413
.363
.322

° 288
.260
.236
.215
.198

.182
.168
155
L1444
.134

.125
.097
.076
.061
.0kg

.000



0=0.1212695 sec.

-102-

TABLE XII-c

RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS
FOR TEST 273

Pp= 4990.5 psia

Tgv = 3.58271 1b./cu.ft.

*
r

1.00
.99
.98
97
.96

.95
.94
.93
.92
.91

.90
.89
.88
.87
.86

.85
.84
.83
.82
.81

.80
.76
.72
.68
.64

0.0

T (°R)

533.
2227.
2676.
2923.
3089.

3210.
3302.
3374,
3431,
3476.

3513.
3543.
3568,
3587.
3604,

3617.
3628,
3636.
3643,
3649,

3654,
3665.
3669.

3671.
3672,

3672.

R - O

HWOWW ~NWOWOHW HOoOoOOy 10O

‘_.J

°7bév

T N =3

.6366
4676
2422
L1457
.0888

.0507
.0235
.0032
9877
9756

.9660
.9584
9523
9473
.9434

.9401
9375
.9354
.9337
.9323

.9312
.9286

.9276
.9272
.9270

.9270

Pt b e b el et et el e e

e

=

E/Bay

.0000
.5536
.7207
.8143
8779

L9247
.960k4
.9884
.0106
.0286

L0431
.0548
L0644
.0723
L0787

.0839
.0881

.0916
.094h
.0967

.0985
.1029
.10k46
L1052

.1056

mr/'mr

O R e W

e e e

e

=

.637
.060
.212
.876
.689

.568
482
A7
.366
.325

.292
.263
.239
.218
.200

.184
.170
.158
.146
.136

127
.098
077
.061
.0k9

.000

X=0.01559 ft.

E,,= 599.507 Btu/1b.

E./ E,

.0000
Jhok2
6278
L7223
LT769

.8135
8401
.8605
8767
.8899

.9009
.9103
.9183
.9252
.9313

.9367
Oh14
LOU5T
.9495
.9529

.9561
.9660
.9732
.9786
.9827

1.0000



6=0.1222969 sec.

-103-

TABLE XII-d

RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS

FOR TEST 273

Pgp= 2694 .8 psia

Oy = 2.32054 1b./cu.ft.

I'*

1.00
.99
.98
.97
.96

.95
091'1'
.93
.92
91

.90
.89
.88
.87
.86

.85
.84
.83
.82
81

.80
.76
.72
.68
64

0.0

T (°R

533.
1918,
2296,
2508,
2650,

2754,
2831.
2892,
2939.
2977.

3006,
3031.
3050.
3065.
3078.

3088,
3096,
3102.
3107.
3111.

3114,
3122,
3124,
3125,
3125,

3125.

A OMWUITOW ~NNOMNN PDOWOoOW oOkFHWO ~INDNOOY ~

U/Oév

b

e et

et e

5317
YEL
L2467
L1467
.0881

.0lg92
.0217
.0013
.9860
L9741

.9648
9575
L9517
9470

.9405
-9381
.9363
.9348
.9337

9327
.9307
.9300
.9298
.9297

.9297

5/Eay

B R T = S S S A U R

S el =

-t

.0000
54Th
- 7153
.8123
.8784

.9266
.9631
.9915
.0139
L0317

L0458
L0572
.0663
L0737
L0796

.0844
.0882
.0912
.0936
.0956

L0971
.1005
L1017
.1020
.1022

.1022

X=0.02503 ft.

E.,= 485.135 Btu/lb.

-

o b b e et e el e e e e e
- . L] ® » £ ] > - - L] - . ®

ped b ottt
- L]

.181

.125

.000

Er/ Ep

.0000
4020
.6248
L7194
LTTh6

.8117
.8387
.8595
.8759
.8894

.9006
9101
.9182
9252
.9314

.9368
9416
9459
9497
9532

.9563
.9663
L9734
.9787
.0828

1.0000



6=0.1233583 sec.

-104-

TABLE XII-e

RADIAL TEMPERATURE, ENERGY, AND DENSITY DISTRIBUTIONS

FOR TEST 273

Pg=1151.7 psia

Ogy = 1.26998 1b./cu.ft,

#*
r

1.00
.99
.98
.97
.96

.95
.94
.93
.92
.91

.90
.89
.88
.87
.86

.85
.84
.83
.82
.81

.80
.76
.72
.68
.64

0.0

T (°R)

533.
1499,
1805.
1977.
2093.

2177.
2240,
2289.
2328,
2358.

2383,
2402,
2418,
2431,
UL |

olilg
2456 .,
o461,
2465,
2468,

2h71.
2477,
2479,
2480,
2480.

2480.

W Wowmpw ~NEFEPoUuT WHE~NF -~ N300

c/bav

b

e e

.0027
.5199
.2703
.1629
.1004

.0591
.0299
.0085
.9922
9797

.9699
.9622
.9561
.9512
9473

.ohk2
.9418
.9398
.9383
9370

.9361
.9339
.9331
.9329
.9328

.9328

E/E

f—l

av

. 0000
.5103
.6872
.7900
.8603

.9118
.9508
.9813
.0053

1.0245

Bt b g el R e e e

IS

—

.0398
.0522
.0621
.0701
L0765

L0817
.0858
.0891
L0917
.0938

.0955
.0992
.1005
.1010
.1011

1011

X=0,04573 ft.

Egy = 352.186 Btu/1b.

mr/ﬁr

il el SR SIS S S S S S SV I T i U PR S Y

[ S

-

.003
.768
.085
<799
.635

.526
448
.38

342
.304

.273
LTS
.22k
204
.187

172
.159
147
137
.128

119
.092
.072
.058
.0h7

. OOO

E./ E,

.0000
.3859
.6039
.7002
NCYC

7964
.8250
8471
8647
8792

.8913
.9015
.9104
.9180
L9247

.9306
.9359
.9406
L9448
.9486

.9520
.9629
.9708
.9766
.9812

1.0000



9=0.1
Oav=2

X

.000
.002
.00k
.006
.008

.010
012
014
.016
.018

.020
.022
.024
.026
.028

.030
.032
.034
.036
.038

.040
.048
.056
. 064
072

1.000

-105-

TABLE XIII-a

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY

085429 sec,

DISTRIBUTIONS FOB TEST 276

Pg=2537.2 psia

.34138 1b./cu.ft.

T (°R)

531.
1hok,
1853,
2144,
2342,

2476,
2566,
2626,
2664,
2688,

2702,
2711.
2716.
2718,
2720,

2721.
2721,
2721.
2721.
2721.

2721,
2721.
2721.
2721,
2721,

2721,

~N NN~ OO EOC WOPWoO PNDOoOOW W~loWwW—

o /o,

ot e e e e e

av

.2907
4282
2449
L1453

.0863
.0lkg9
.0273
.0132
.0046

-9995
.9965
9947
.9938

.9931
.9930
.9929
.9929
.9929

.9929
.9929
.9929
.9929
.9929

.9929

E/E

.0000
.3678
5755
L717h
.8158

.8838
.9298
.9604
.9802
.9926

.0000
.ooll
. 0069
.0083
.0091

e sl ol =l S S S RS g R

e e e

b

av

.0094
.0096
.0097
.0097
.0097

0097
0097
.0097
.0097
.0097

0097

mX/ ﬁiX

el RN Rl o = = I = S PSP O O Y

et

-

.291
.069
.353
.01k
.809

671
570
Lol
U435
.388

349
317
.290
.267
.248

.231
.216
.203
.191
.181

172
142
.120
.105
.109

L] OOO

= 0.03390 ft.
E,y= 438.281 Btu/lb.

Ey/ Ex

.0000
.3396
5451
6493
L7154

L7617
L7961
.8226
8435
.8604

8742
.8856
.8953
.9035
.9105

.9167
.9220
.9268
.9310
9347

.9381
.9489
-9565
.9623
.9668

1.0000



0 =0.1090982 sec.

-106-

TABLE XIII-b

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY

DISTRIBUTIONS FOR TEST 276

Py = 4167.5 psia

Ogv = 3.32992 1b./cu.ft.

.000
.002
. 004
. 006
.008

.010
.012
014
.016
.018

.020
.022
.024
.026
.028

.030
.032
.034
.036
.038

040
048
.056
064
072

1.000

T (°R)

531.
1465,
1963.
2300.
2539.

2710.
2831,
2916,
2975,
3014,

3040.
3057.
3068,
3075.
3079.

3081.
3082,
3083.
3083,
3083.

3084,
308k,
3084,
3084,
3084,

3084,

s HE QO WOWW oMWW OO OO Fuiw o0&l

et

Tl =l S

i

qﬂyav
L0711
.9U499
.5034
.3014
.1883

.1188
L0743
L0451
.0259
.0133

.0051
-9999
.9966
9947
.9935

.9928
.9924
.9922
.9920
.9920

.9919
9919
9919
.9919
9919

9919

E/E

o b e et e

ot ped et s

 amd

av

.0000
.3335
.5301
.6703
LT72h

8466
8995
.9369
.9803

.9918
9994
.00k0o
.0070
.0087

.0097
.0103
.0106
.0108
.0109

.0109
.0110
.0110
.0110
.0110

.0110

X=0.,02317 ft.

E ¢~ 519.760 Btu/lb.

mx/rTxX

Jhot
179
453
.103
.888

L7841
.634
552
487
435

.393
357
.327
.302
.280

e el el I S S o R Sy S = SN 1T

bt et el

ot

.261
.okl
.229
.216
.204

.194
.160
,136
.118
.104

.000

Ex/ Ex

.0000
.3252
J5ahh
.6278
6946

LThoo
L7780
.8058
.8280
8461

.8610
8734
.8840
.8930
.9008

.9076
.9135
.9187
.0234
.9276

.9313
9433
.9518
.9582
.9631

1.0000



B=o0.
Oy =

.000

.002

.004
.006
.008

010
.012
014
.016
.018

.020
.022
.024
.026
.028

.030
.032
.034
.036
.038

.040
.048
.056
.064
072

1.000

1
h

~107-

TABLE XIII-c

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY

099088 sec.

DISTRIBUTIONS FOR TEST 276

Pp= 6297.2 psia

42897 1v./cu.ft.

T (°R)

531.
1408,
1920.
2291,
2572.

2788,
2954,
3080.
3177.
3249,

3302.
3341,
3369.
3389.
3hk03.

3413,
3420,
3424,
3427,
3429,

3430.
3431,
3431,
3431,
3432,

3432,

N W

&) OWO~NN OFOWUM WOVWO~N~N NHEYH

Q/U‘

R e R e e e DD BT

e

av

3745
L1512
.6591
A232
2847

L1954
.1348
.0924
. 0623
.04o8

.0254
L0145
L0067
.0013
.9976

.9950
.9933
.9921
.9914
.9909

.9906
.9902
.9901
.9901
.9901

.9901

E/E

1

Bt et e

1
1
1
1
1

1

av

.0000
.2708
JAhs2
5787
.6832

. 7648
.8283
L8770
9142
.9423

.9630
.9783
.9893
9971
.0025

.0063
.0089
.0106
L0117
L0124

.0129
.0135
.0135
.0135
0135

.0135

X=0.01627 ft.

E,,= 598.348 Btu/1b.

=]
™

HEHES DD OWE

O E el o = B S S S U

e et e

o

'~

X

=

375
.263
.584
.236
.016

.86

745
.655
.582
.523

JATh
¢
.368
341

.318
.298
.280
.264
.250

.237
1166
1hh
.127
. 000

Ey/ Ey

. 0000
L2913
760
STTT
6459

.6959
.T345
.7651
.7901
.8107

.8281
.8428
.8554
.8663
.8758

8842
.8915
.8980
.9039
9091

9138
.9287
.9394
olTh
9537

1.0000



-108-

TABLE XIII-d

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY
DISTRIBUTIONS FOR TEST 276

©=0.1111896 sec. Py = 2446.8 psia X=0.03124 ft.
O,y = 2.28254 1b./cu.ft. Egv = 432.620 Btu/1b.
x  T(R) oo, BE,  w/ B/
.000 531.7 i 2740 .0000 b oTh .0000
.002 1011.9 2. 4656 .2001 3.370 2466
. 004 1368.9 1.8756 - .3566 2.770 4138
.006 1648 .4 1.5796 485l 2,423 L5152
.008 1871.4 1.4030 .5920 2.190 .5860
.010 2050 .4 1.2875 6797 2.021 630k
.012 2194 .2 1.2076 L7515 1.892 6814
.014 2309.6 1.1503 .8098 1.790 L7154
.016 2401 .6 1.1084 .8569 1.708 L7436
.018 2h7h |5 1.0773 .8943 1.639 L7673
.020 2531.8 1.0540 .9239 1.582 L7874
.022 2576.5 1.0366 o471 1.533 .8o47
.024 2611.0 1.0235 .9651 1.491 .8197
.026 2637.3 1.0137 .9789 1.455 .8328
,028 2657 .2 1.0065 .0893 1.423 8443
.030 2672.1 1.0011 .9971 1.395 .8545
.032 2683.,1 .9973 1.0003 1.370 .8636
.034 2691.1 .994L 1.0070 1.348 .8716
.036 2696 .9 .9924 1.0101 1.329 .8789
.038 2701.1 .9909 1.0122 1.311 .88s5h
.0ko 2704,0 .9899 1.0138 1.295 .8913
.048 2709.0 .0881 1.0164 1,244 L9101
.086 2710.0 .9878 1.0169 1.207 .9235
L064 2710.2 .9877 1.0170 1.180 .9337
072 2710.3 L9877 1.0170 1.159 9415
1.000 2710.3 L9877 1.0170 1.000 1,0000



0=
Uav

.000
.002
.00k
.006
.008

.010
012
014
.016
.018

.020
.022
.024
.026
.028

.030
.032
.034

.038

.040
.048
.056
.064
072

1.000

~-109-

TABLE XIII-e

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY

0.1126895 sec.
= 0.999192 1b./cu.ft.

T (°R)

531.7

738.
957.
1147,
1307.

1440,
1551,
1643,
1718.
1779.

1830.
1870.
1903,
1929,
1949,

1966,
1978.
1988,

1996,
2001.

2006.
2014,
2017.
2017.
2017.

2017.

W YOO N WO+ WNOPDUIO WWOoOhW OO

DISTRIBUTIONS FOR TEST 276

o/0.

P b e e e e e e e ) O W

=

Py= 776.6 psia

av

5551
6112
.0356
L7095
.5066

.3709
2755
.2061
.1545
L1154

.0855
L0624
.0k46
.0308
.0201

.0118
.0054
.0006
.9969
L9941

.9920
.9878
.9867
.9865
.9864

.0864

BBy

e

1

T

fod

.0000
.1307
2721
3974
.5058

.5983
6765
7421
.7968
8419

.8790
.9091
.9335
.9530
.9685

.9807
.9903
L9977
.0034
L0077

0110
0175
.0193

0197
.0198

.0198

X=0.,06822 ft.

E,,= 281.501 Btu/lb.

mx/ﬁiX

= DD P PO PO WL

ot et b e et e e e ped

=

i

555
.083
.703
26
221

.065
.9h2
841

L7159
.690

.631
.580
.536
498
Lok

A3y
408
.384
.362
.343

.326
270
.229
.199
175

.000

E..x/ E_x

.0000
L1706
.3091
h116
L4889

.5493
.5980
.6382
.6718
. 7005

7251
JTh65
7651
7816
L7961

.8091
.8206
.8310
.8403
.8488

.8565
.8811
.8989
.9122
.9227

1.0000



B=0.1190491 sec.

=110~

TABLE XIV-a

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY

DISTRIBUTIONS FOR TEST 273

Pp=1248.0 psia

0, = 1.27133 1b./cu.ft.

X

.000
.002
.004
.006
.008

.010
.012
L014
.016
.018

.020
.022
.024
.026
.028

.030
.032
.034
.036
.038

.040
.0o48
.056
064
072

1.000

T (°R)

533.
1241,

1627.
1889.
2075.

2208.
2304,
2373.
2le2,
2h55,

2478,
2holy |
2504,
2511.
2515,

2517.
2519.
2520.
2520,
2520.

2521.
2521.
2521.
2521.
2521.

2521.

O OOCOO0O0 VWO U0 WO~ OoOnN—~lwo

o0,

e

Fd o e e e (e

av

2977
.9653
.5160
.3129
.1088

.1282
.0518
.0313
L0175

.0083
.0022
.9983
.9957
L9941

.9932
.9926
.9922
.9920
.9919

.9919
9919
9919
9919
.9919

.9919

E/Eav

-

.0000
.3294
.5233
6610
L7616

.8353
.8890
.9276
.9551
L9781

.9872
.9960
.0017
.0054

1.0078

el el =R

e

l._J

.0092
.0100
.0106
.0109
.0110

0111
L0111
L0111
L0111
0111

L0111

E

av= 3

mx/f‘n’X

P b bt e gt b e ped b e el el e R RO 4

b

(=

.298
.132
436
.096
.886

LTH
.635
.554
190
1438

.396
.360
.330
.305
.283

.263
.2U6
.231
.218
.206

.196
.162
.137
.119
.105

.000

X=0.04609 ft.

92.550 Btu/1b.

Ey/ Ex

.0000
.3237
.5220
6249

.6913

.7386
L7742
.8020
.8243
.8l25

.8576
.8703
.8810
.8902
.8982

.9051
9112
L9166
.9213
.9256

.9295
.ol17
.9505
.9570
.9621

1.0000



8=0.1202673 sec.

~111~

TABLE XIV-b

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY
DISTRIBUTIONS FOR TEST 273

Pg= 3201.3 psia

Opy = 2.53596 1b./cu.ft.

X

.000
.002
.004
.006
.008

.010
.012
.014
.016
.018

.020
.022
.024
.026
.028

.030
.032
.034
.036
.038

.040
.048
.056
. 064
072

1.000

T (°R)

533.
1352.
1818,
2150,
2koo,

2591.
2737.
2849,
2935.
2999.

3047.
3083.
3109.
3128,
3141,

3150.
3157.
3161.
3164,
3166,

3167.
3169,
3169,
3169,
3169 -

3169.

= OO WEWOWUT WoWwWFE®w ~NHOOANN VWO O

’._.J

g/o;

ol il e B SRS

e

av

TUs7
771
.6648
Jhoss
. 2866

L1974
.1370
L0946
L0644
.Ok27

.0271
.0158
00T
.0020
.9980

.9952
.9933
.9920
.9912
.9905

.9902
.9897
.9897
9897
.9897

.9897

E/Eay

o e e

1
1
1
1
1

1

.0000
.2806
L4554
.5869
.6887

.7680
.8296
8771
.9136
9411

L9617
.9769
.0881
.9961
.0018

.0058
.0086
.0105
L0117
.0126

.0130
. 0138
0139
.0139
.0139

,0139

X=0.02263 ft,

Eyy= 537.366 Btu/lb.

mx/r?fX

el el NP W

O e = I T T S S e A A

.

‘_J

746
JA61
691
.309
.071

.905
.782
687
611

549

.4o8
Jash
JA18
.386
.358

.334
.313
.294
27T
.262

.24g
.205
175
.152
.134

.000

Ey/ Ex

.0000
3055
1950
.5958
.6622

L7104
LThT72
L7764
.8002
.8198

.8363
.8503
.8622
.8726
.8816

.8896
.8966
.9028
.9083
.9133

.9178
.9320
.9h22
.9k499
.9558

1.0000



6=0.1212136 sec.

-112-

TABLE XIV-c

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY

DISTRIBUTIONS FOR TEST 273

PB= 4990,7 psia

Opy = 3.48199 1b./cu.ft.

X

.000
.002
.00k
.006
.008

.010
012
.014
.016
.018

.020
022
.024
.026
.028

.030
.032
.034
.036
.038

.0h0
.0L8
.056
.064
072

1.000

T (°R)

533.
1302,
1774,
2130.
2h11.

2638.
2821.
2970.
3091.
3189.

3267.

3330.

3379.
418

3

3448

3471,
3489,
3502,
3513,
3520,

3526,
3536.
3539.
3539.
3539.

3539.

O Woooodhr OOWVFON WHEOO FOMOU~NO VWO

s

S

Pt el e pe et e et

-

7709
4098
LBhTh
<5715
hos5

.2953
.2178
L1614
L1194
L0877

L0635
.0lkg
.0307
.0198
L0115

.0052
.000k
9969
.9942
.9922

.9907
.9880
.9872
.9872
.9872

.9872

E/Eay

bt b b e el

et

.0000
L2271
.3795
.5009
.6001

.6819
L7490
.8ok1
.848g
.8853

9146
.9380
.9566
9712
.9827

.9915
.0033
.0072
.0100

.0121
.0161
.0173
L0173
L0173

.0173

X=0.01554 ft.

Egy = 620.748 Btu/l1b.

=]
>

[l el e 3% ] NN PPW

o e e e e e

e

'._I

=

X

7L
.590
.860
V(S
.229

.053
.921
.816
.732
662

.603
553
.510
A73
440

12
386
363
1343
.324

.308
255
.217
.188
.166

.000

Ey/ By

.0000
.2736
L4489
5473
L6143

L6641
.7031
. 7345
. 760k
7822

.8008
.8168
.8306
.8428
.8534

.8629
.8713
.8789
.8856
.8917

.8973
.9150
9277
.9373
.ohht

1.0000



0=0.1223445 sec.
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TABLE XIV-d

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY

DISTRIBUTIONS FOR TEST 273

PB:: 2578.“ pSia

0,y = 2.21127 1b./cu.ft.

X

.000
.002
.00k
.006
.008

.010
.012
.014
.016
.018

.020
.022
024
.026
.028

.030
.032
.034
.036
.038

NeL10)
.048
.056
.064
072

1.000

T (°R)

533.
1027.
1389,
1678.
1913,

2107,
2267.
2400,
2510.
2600.

2674,
2734,
2783.
2822,
2853,

2878,
2897,
2913.
2924 |
2933,

2940.
2954 ,
2958,
2959.
2959.

2959.

o EFpDWE ONOoOWVUl NUIENE O EHRWEO DO OO

O'/O_

e el = I R S S S S T S Y S I =7

I

av

.5904
6315
.0035
6840
JAg01

.3610
.2699
.2032
.1532
.1150

.0856
L0627
.0450
.0311
.0203

.0119
.0055
.0005
.9967
.9938

.9916
9871
.9859
.9855
.9855

.9855

E/Eav

1

e N

H

.0000
.1829
.3246
L4430
5434

.6283
6999
.7601
.8103
.8520

.8864
L9144
.9370
.9553
9700

.9816
.9907
.9979
L0034
.0076

.0108
L0174
.0192
0197
.0198

.0198

X=0.02579 ft.

Egy= 486.855 Btu/1b.

'~

=1
"
=

RN DN NDW

RS e b e e e e

Bt et e

]

X

611
.06k

.591
.340

<157
017
.905
814
.739

675
.620-
573
.532
496

ek
R
410
0387
.367

.348
.288
245
.213
.187

.000



0=0.1230042 sec.
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TABLE XIV-e

LONGITUDINAL TEMPERATURE, ENERGY, AND DENSITY

DISTRIBUTIONS FOR TEST 273

Pp=1494.8 psia

Ogy= 1.50617 1b./cu.ft.

X

.000
.002
.00k
.006
.008

.010
012
.014
.016
.018

.020
.022
.024
.026
.028

.030
.032
.034
.036
.038

.040
.048
.056
.064
072

1.000

T (°R)

533.
879.
1170.
1411,
1612,

1779.
1918.
2035.
2132,
2219.

2279.
2334,
2378.
2415,
24hh

2467.
2486 .
2501,
2512.
2521,

2528,
2542,
2547,
2548,
2549,

2556,

o OV I UIVIOW~N WOoO@mHE WOWEEFON OO0

0/,

a0 IV I =

P b b e el e e e

e g

av

.2565
L7141
0795
.Th26
5357

.3972
2993
.2276
L1737
1324

.1004
L0754
.0558
NolTel
.0284

.0189
.0115
.0057
.0012
9978

9952
9897
.9880
.9876
.9874

9847

E/Eay

1

.0000
L1564
.2924
4095
.5102

5967
6704
7329
.7856
.8296

.8662
.8966
.9215
9k19
.9582

L9714
.9818
.9901
.9966
.0016

.0055

L0137
.0162

.0169
0172

.0212

X=0,03814 ft,

Eny = 396.375 Btu/1b.

=
=

[l el el A N 2 [REAC RS RUS I8 o

e i =l S R S S A

T = e

l_.J

S

X

257
485
941
.598
.358

.180
041
.930
-839
.763

.698
643
.595
.553
.516

483
L5l
A2t
4ok
.383

.363
.301
257
.223

197
.000

EX/ —E—X

.0000
2122
.3642
4631
.5345

.5893
.6332
6692
6994
L7251

LThT2
L7665
.7833
.7982
.8113

.8231
.8336
.8431
.8516
.8594

.8664
.8890
.9054
L9177
L9274

1.0000
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10%e*
(sec.)
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TABLE XVI

INTERNAL ENERGIES AND TEMPERATURES FOUND FOR THE
CALCULATED THERMAL LOSS BY CONDUCTION AND FOR
THE ADIABATIC CASE - TEST 276

Calculated Thermal Loss

-Q
(BTu)

.07023
07117
.07221
.07331
L07L50
LO757T
.07718
.07866
.08023
.08189
.08362
.08539
.08719
.08808
.08897
.08984
.09071
.09238
.09394

09537

.09667
.09784
.09889
.09984
.10064
.10136
.10201
.10255
.10307
.10348
.10388
.10422
.1o453
.10484
.10507
.10529
.10552
.10570
.10587
.10603
.10620
.10633

E
(BTu)

JI175
.8246
.9358
.0507
.1683
.2873
L4050
.5193
6265
L7237
.8063
8705
.9129
.9251
.9310
.9306
.0238
.8919
8377
L7650
6781
.5809
LT7TT
.3718
.2656
.1609
.0589
L9606
8675
L7789
L6946
.6155
.5399
L1683
4012
.3389
.2793
2226
.1703
.1199
.0730
.0282

T
(°R)

2806,
2957.
3020.
3084,
3150.
3217.
3282,
3346,
3406,
3459,
3505,
3540,
3563.
3570.
3573.
3573.
3569.
3552.
3522,
3482,
3434,
3380.
3323.
3264,
3205,
3146,
3089,
3034,
2981,
2931,
2883,
2838,
2795.
2754 ,
2716,
2680.
2646,
2614,
2584 |
2554 ,
2527,
2501,

QOOW O OV OVEW OWOW~WUJ = UT OO U1 O U1TW\0 WO OWO OvH YO OO + Q0D+ 1 —3

Adiabatic

E T
(Btu) (°R)
3.7877 2936.
3.8957 2997.
L ,0080 3060,
L 1240 3126,
b ol28 3192.
4 .3630 3259,
L 482p 3326,
L ,5980 3390.
4 7067 3450,
4 ,8056 3504,
i ,9559 3587,
5,0001 3611,
5,0132 3619,
5.0200 3622,
5,0204 3622,
5.0145 3619,
b 9832 3603.
4 ,9316 3574,
L 8604 3535,
L 7748 3487,
h.6788 3434,
L 5766 3378.
h h716 3320.
L 3662 3261.
L o622 3203,
b .,1609 3146,
L, 0632 3091.
3.9706 3039,
33,8824 2989,
3.7985 29k2,
3.7197 2897.
3.6445 2855,
3.5731 2814,
3.5063 2776,
3. 4442 2741,
3.3848 2707.
3.3283 2674,
3.2762 2644
3.,2260 2616,
3.1792 2589.
3.1345 2563.

WHO~_NNOH OOW O O0OW~NWH OO N -0~ O UIW~IW N OJIHW O\ W
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TABLE XVII

INTERNAL ENERGIES AND TEMPERATURES FOUND FOR THE

CALCULATED THERMAL LOSS BY CONDUCTION AND FOR

Calculated Thermal Loss

(é%u)

.06262
.06310
.06366
.06h22
06478
.06546
.06616
.06686
.06767
. 06854
.06941
.O70hL
.07151
.07260
.07389
.07520
07657
.07801
.07950
.08105
.08262
.08421
.08579
.08734
.08884
.09026
.09159
.09280
.09392
.09hgl
.09585
.09667
.09739
.00804
.09862
.09914
.09958
.09999
.10036
.10068
.10098
.10123
.10148
.10171

)
(BTu)

.1929
2432
.2959
.3511
Log2
4701
.5340
.6008
6705
.7Th32
.8187
.8963
9755
.0555
.1351
.2128
.2868
.3552
JA162
4675
.5069
.5326
5436
.5389
.5188
.h8h3
4372
.3795
.oho1
L1667
.0895
.0121
.9357
.8610
.7886
.7190
.6524
.5284
4710
A165
.3647
.3155

T
(°Rr)

ol62,
2501 .
2542,
2585 °
2630.
2677 .
2727.
2778.
2832.
2887.
2945,
3004,
3064,
3125.
3185,
3243,
3299.
3351.
3396.
I43h
3464 ,
3483.
3491,
3487,
3472,
3447,
3412,
3369.
3319.
3266,
3209,
3151.
3092.
3034,

2977.

2022,
2869.
2818,
2769,
2722,
2678,
2636,
2596,

2557 .

WU EEEOOH H OW N NWY 0N - O~JU1 O OWNO U0 VW oW —3 OW OOV O

MR NDORDRRWWWWUWWLWWWWWWWWWWWWWWWRD DR NN NN

THE ADIABATIC CASE - TEST 273

Adiabatic

E T
(BTu) (°R)
.2555 2511.
.3063 2550,
.3595 2592,
RISEI 2635,
ATho 2680,
.5356 2728,
6001 2778.
6676 2830,
.7382 288l ,
8117 2940,
.8881 2998,
.9668 3058,
LOlL70 3119,
.1281 3180,
.2090 3241,
.2880 3300,
.3634 3357.
4332 3409,
4957 3455,
.5485 4ol
.5895 3525,
6169 3545,
.6293 3555.
6263 3552,
6076 3538,
5746 3514,
.5288 3480,
A7e3 3438,
.ho76 3390,
.3370 3337.
2625 3281,
.1862 3223,
.1095 3166,
.0337 3109.
.9596 3052,
.8877 2998,
.8186 29l ,
L7524 289k |
6892 2846,
.6291 2800.
5720 2756.
5177 o714,
662 2674,
Ai172 2636,

OV EFEANONOCON@FWND PWWO OF OUIO~NINHFAOONEHENDWO O HUIJITW — 0o
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TABLE XVIII

RESULTS OBTAINED ASSUMING ADDITIONAL THERMAL LOSS
BY RADIATION - TEST 276

104g*

-Q E T Z

(sec.) (Btu) (BTu) (°R)

5 .3924 3.3953 2713.0 1.066
6 .3965 3.4992 2772.6 1.070
7 1008 3.6072 2834 .1 1.067
8 Jbosh 3.7186 2897.3 1.065
9 A101 3.8326 2061.7 1.063
10 L1151 3.9478 3026.9 1.059
11 2ok Lk 0618 3091.1 1.053
12 .h258 b, 1722 3153.,0 1,047
13 k4313 4 2754 3210.5 1.038
1k L4370 i 3686 3262.6 1,031
15 RiviE=Yg L hh7o 3306.5 1.025
16 4485 k 5074 3340.0 1.018
17 Jsho 4 5458 3361.3 1.015
17.5 As71 4 ,5560 3367.0 1.014
18 B600 4 ,5600 3369.2 1.013
18.5 4628 k 5576 3367.9 1.012
19 L6587 b 5489 3363,0 1.012
20 A712 k .5131 3343,1 1.008
21 4765 i hss2 3310.9 1.002
22 AB815 k. 3790 3268.4 .996
23 U861 L, 2887 3217.9 .990
ol JAlgoh 4.1883 3162.,0 .984
25 - hois k0821 3102.5 .980
26 .ho82 3.9734 3041 .4 L971
27 .5015 3.8647 2979.8 .063
28 L5046 3.7576 2919.3 .958
29 5075 3.6534 2860.4 .949
30 .5100 3.5531 2803.4 .938
31 5124 3.4582 27h9 .1 .926
32 5145 3.3679 2697 .2 .916
33 5165 3.2821 2648 .1 .908
34 .5182 3.2015 2601.9 .902
35 .5199 3.1245 2557 .6 .895
36 .5215 3.0517 2515.4 .888
37 .5229 2.9834 2h75.7 .878
38 5242 2.9200 21438, 7 .865
39 .5254 2.8594 2403.3 .855
Lo .5265 2.8018 2369.6 845
by 5276 2,7486 2338.4 .835
ho .5285 2.6974 2308.3 .824
43 .5294 2.6497 2280.1 .812
bk .5302 2.6043 2253,2 .802
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TABLE XIX

RESULTS OBTAINED ASSUMING ADDITIONAL THERMAL LOSS
BY RADIATION - TEST 273

b %

1076 -Q E T Z
(sec.) (Btu) (BTu) (oR)
2 .3070 1.9485 2268.6 1.110
3 .3091 1.9972 2307 .4 1,111
b L3114 2.0481 2347.8 1.109
5 .3137 2.1016 2390.1 1.111
6 .3161 2.1579 2u3h i 1,113
7 .3188 2.,2168 2480.8 1.114
8 .3215 2.2786 2529 .2 1.114
9 L3244 2.3433 2579.6 1.114
10 .3274 2.4108 2631.8 1.115
11 .3307 2.4810 2685.9 1,116
12 3341 2.5540 2742 .5 1,117
13 .3378 2.6290 2800.4 1.114
14 3416 2.7054 2859.0 1.110
15 .3456 2.7825 2917.8 1,106
16 .3499 2.8591 2976 .2 1.100
17 .3542 2.9338 3033.2 1.090
18 .3586 3.0048 3087.1 1,079
19 .3631 3.0701 3136.5 1.071
20 3677 3.1279 3180.0 1.066
21 L3724 3.1761 3216.2 1.061
22 3771 3.2124 3243.,6 1.055
23 .3818 3.2350 3260.7 1.052
2k .3866 3.2427 3266.5 1,053
25 .3913 3.2349 3260.6 1.059
26 .3961 33,2115 3242.9 1.062
27 hoo7 3.1738 3214.5 1.061
28 Bos2 3.1236 3176.8 1.065
29 4096 3.0628 3131.0 1.069
30 Ah137 2.9940 3078.9 1.071
31 4176 2.9194 3022,2 1.074
32 4213 2.8412 2962 .4 1.076
33 JAohg 2.7614 2901.7 1.076
34 281 2.,6814 2840.6 1.074
35 4312 2.6025 2780.0 1,072
36 A43h0 2.5256 2720.6 1.070
37 .h4366 2.4512 2662.9 1.067
38 14390 2.3796 2607 .7 1.063
39 Ahi2 2,3112 2854 .6 1.058
ko 4433 2.,2459 2503.6 1.053
k1 4453 2.1839 o4l 9 1.048
ho LAlT71 2.1249 2808 .4 1.044
h3 A4u87 2.0690 2364 .3 1.038
il 4503 2,0159 2322.,3 1.036
hg 4518 1.9655 2282.,1 1.031
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TABLE XX

RESULTS OBTAINED ASSUMING ADDITIONAL THERMAL LOSS3
BY CONDUCTION - TEST 276

~Q
c.) (Btu)

.2831
.2869
L2911
.2955
.3003
.3054
.3111
L3171
.3234
.3301
.3371
‘3245
.3514
05 '3550
.3586
.5 .3622
.3656
3724
.3786
.384h
.3897
.3944
.3986
Jaosh
LosT
4086
A112
JA13h
4155
A1T71
4187
4201
A213
L2226
Ah23s
JAeoh
4253
o6l
26T
Lotk
L2811
L1286

OO ODWWWWWWWWWWWW rr e P FWWWWW

E
(BTu)

L5049
6087
L7164
.8276
L9413
L0561
L1695
L2792
.3818
4736
.5509
6097
6465
6560
.6593
6562
6U69
6100
.5511
A7k
.3835
.2832
1770
L0681
L9597
.8531
6500
h659
.3811
.3010
.2251
.1533
.0859
L0224
L9626
.9065
.8535
.8035
L7564
7121

—
O
o -3

2775.
2835,
2896,
2959.
3023.
3088,
3152,
3213,
3270.
3322,
3365.
3397.
3418,
3423,
3425,
3423,
3418,
3397.
3365.
3322,
3271.
3156.
3095.
3034,
2973.
2914,
2858,
2804,
2753.
2704,
2658,
2614,
2572,
2533.
oho6,
2461
2428,
2397.
2367,
2339,
2313.

WO U1 OO\O & OV + 1+ PO U1 B0 ANV W 1O AU COTWIND £ OV D 08 B2 L9 00 OV ~J\0 L (R - —] N

P et e e e ped et

.Ol2
.OU6
.olh
.0l3
L0l2
.038
.032
.027
.019
.013
.008
.001
.998
.998
.997
.996
.995
992
.086
.980
OT7h
.968
.963
.954
.9l5
. 9“’0
.931
.920
.908
.897
.889
.882
.876
.868
.858
.845
.834
.824
.815
.803
.791
.781
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TABLE XXI

RESULTS OBTAINED ASSUMING ADDITIONAL THERMAL LOSS
BY CONDUCTION - TEST 273

4 %

106 -Q E T 7z
(sec.) (BTu). (BTu) (°R)
2 L2295 2.,0260 2330.3 1,081
3 .2312 2.,0750 2369,1 1.082
il .2333 2.1262 2409 .4 1,081
5 .2354 2.1800 2451 .8 1.083
6 .237h 2.2366 2496 .3 1.085
7 .2399 2.2956 o542 .5 1.087
8 L2405 2.3576 2590.7 1.088
9 2451 2.4206 2640.9 1.088
10 .2480 2.4902 2693.1 1.089
11 2512 2.5605 2747 .6 1.091
12 .25kl 2.6337 2804 ,0 1.093
13 .2582 2,7086 2861 .4 1.091
1k .2621 2.7849 2919.6 1.087
15 L2661 2.8620 2978.4 1.084
16 .2708 2.9382 3036.5 1.078
17 L2756 3.0124 3092.8 1,069
18 .2806 3.0827 3146.0 1.059
19 .2859 3.1473 3194 .6 1.051
20 L2014 33,2043 3237 .4 1.047
21 L2971 3.2514 3273.0 1.042
22 .3028 3.2866 3299.5 1.037
23 .3087 3.3082 3315.7 1.034
2k L3144 3.3149 3320.8 1.036
25 3201 3.3061 3314 .2 1.042
26 .3286 3.2820 3296.0 1.045
27 .3308 3.2437 3267.2 1,044
28 .3357 3.1931 3229.0 1.048
29 .3h01 3.1322 3183.2 1.051
30 L3440 3.0634 3131.4 1.053
31 .3480 2.9890 3075.1 1.056
32 .3513 2.9112 . 3015.9 1.057
33 .3543 2.8319 2955.3 1.056
34 .3570 2.7526 2895.0 1.054
35 .3593 2.6744 2835.2 1.051
36 .3615 2.5981 2776 .6 1.048
37 .3634 2.,5244 2719.6 1.045
38 .3650 2.4536 2664 .8 1.040
39 .3665 2.3859 2612.,6 1.035
4o ' .3678 2.3214 2562.5 1.029
41 .3690 2.2601 2814 ,7 1.023
L2 .3701 2,2019 2469.0 1,018
b3 L3711 2.1467 olizs .5 1.012
b .3719 2.0943 2384 .3 1.009
2.0445 234k .9 1.003

45 .3728
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APPENDIX A

DATATRON PROGRAM

The complete program which was developed to solve numer-
ically the finite difference expressions derived in Part III
employing Electrodata Type 205 "Datatron" digital computer,
is presented in Table AfI. The flow diagram of the code
which presents the computational procedure in detail is shown
schematically in Figures A-1 through A-7. The location in
"main memory" of the major sections of the program, the neces-
sary tabular data, and the area used for working storage, are
given in Table A-IT,

The data is fed intc the machine in two ways. Flrst, a
table in floating point notation of &, X, U, P, and dP/dO 1is
stored in cells 1000 to 2999. This table does not need 400
words for each variable as indlcated in Table A-II; 1t is only
necessary that the number of words for each variable be an
even multiple of 20. Also, the twentieth and twenty-first
words, "modulo 20", must be identical,.

Second, a data tape set up according to Table A-III must
be used. Most of the items in this table are self-explanatory;
some of them, however, need more explanation, as follows:

Cell 4084: The Ax or Ar* given here 1s selected accord-

ing to the criteria explained in Part IV and
must be less than 0.01 in absolute magnitude.

The computer calculates the temperature at



Cell 4087:

Cell L49o88:

Cell 4689:

Cell 500L:

Cell 5005:

-153-

100 grid points proceeding from the wall;

subsequent temperatures are taken to be con-

stant up to the midpoint. A r* must be

negative.

This value of AT will be the maximum midpoint

temperature change between any two successive

passes.

This number, which must be less than 1.000=--,

is the factor by which A B will be multiplied

if the value A T exceeds that given in cell

ho87.

The address portion of this word gives the

location of the last value of € in the data

table. If the table is L0O words long, XXXX

should be 1399,

an should be given here only if the radial

problem is to be solved; otherwise, put

05220000000 in this cell.

If it is necessary to stop/the computation

and re-initiate it after the computer has been

used for other purposes, the following pro-

cedure should be used:

1) Using the "skip switch" as described
below, stop the computation.

2) Insert a "STOP" command into cell 0692,

The computer will stop after the next
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printout.
3) Print out the information in cells 0795
to 0839 and in cells 3100 to 3999, using
a standard program "dump" tape.
L) Inspect and record the address portion of
the word in cell 0184,
5) Modify the data tape by placing a number 1
in cell 5005 and a number 1 in cell 5006
1f necessary.
The computation may be stopped for the purpose of inspect-
ing the contents of various cells by the following procedure:
1) Press the "STOP" button.
2) Step the computer to the "feteh'" ecycle.
3) Turn on the "skip switeh".

" pbutton.

4y  Press "continuous
The computer will stop with a 08 9999 in the control register
after 1t completes any intervening computation. It 1is then
safe to inspect the contents of any cells. The computation
is begun again by inserting CUB 0134 into the control register
and pressing the "continuous" button.

"Initially, the computation procedure 1s begun by reading
in the program tape, the table tape, the data tape, and the
word 6 0000 CUB 0700 from the keyboard. The re-entry procedure
at a later state of computation is similar except that the tape

which was dumped from cells 0795 to 0839 and from 3100 to 3999

ig read in after The data tape.
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TABLE A-I
DATATRON PROGRAM

Cell Sign Spare Order Address
0000 0 3B 7015
0001 1 CAD k000
0002 0 0001 FSU 6039
0003 0 0SGD 7001
oook 0 CCB 0040
0005 1 CSU 5000
0006 0 0001 FM 7019
0007 0 F3U 7018
0008 1 0001 FM 5000
0009 0 FSU 7017
0010 1 M 5000
0011 1 FM 5000
o012 1 FAD L0000
0013 0 0003 FM 7016
0014 0 816) 6020
0015 0 0000 00 0019
0016 0 0000 00 0G0o0
0017 0 0000 00 0000
0018 0 0000 00 0000
0019 0 0000 OO0 0000
0020 0 ST 6038
0021 1 FSU 5000
0022 0 EX 6037
0023 0 FDIV 6038
0024 0 FSU 6036
0025 0 08GD 6025
0026 0 ce 6030
0027 0 CA 6038
0028 1 0001 8T 5000
0029 0 Cu 7001
0030 0 CAD 6038
0031 1 0003 8T 5000
0032 0 CUBR - 0176
0033 0 STOP 0000
0034 0 0000 00 . 0000
0035 0 0000 00 0000
0036 O 41550 00 0000
0037 0 1111 11 1111
0038 0 0000 00 0000
0039 0 0000 00 0000
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0040 0 cyU 7005
ookl 1 CAD hooo
ook2 0O 0001 FsU €039
0043 0 0SGD 7000
oo4L 0 CCB 0001
0045 0 FAD 6035
0046 0O 0001 8T 7000
oOh47 1 CsU 5000
o048 0O 0001 FM 6034
0049 0 FSU 7059
0050 1 0001 FM 5000
0051 0 FSU 7058
0052 1 FM 5000
0053 1 FM 5000
0054 0 FAD 7000
0055 0 0003 FM 7057
0056 0 CcU 6020
0057 0O 0000 00 0000
0058 0O 0000 00 0000
0059 O 0000 00 0000
0060 0 BT4 3800
0061 0 SB 7017
0062 1 CAD 5000
0063 0 FM 7018
0064 0 FAD 7017
0065 1 0001 FM 5000
0066 0 FAD 7016
0067 1 FM 5000
0068 0 FAD 7015
0069 1 FM Looo
0070 1 0001 8T 6000
0071 0 DB 7002
0072 0 BF6 3400
0073 ) BF5 3900
0074 0 CUB 0080
0075 0O 0000 00 0000
0076 0O 0000 00 0000
0077 0O 0000 00 0000
0078 0O 0000 00 0000
0079 0 0000 00 0019
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0080 0 SB 0079
0081 0 CAD 7097
0082 1 FM 5000
0083 0 FAD 7096
0084 1 ST 5000
0085 0 FM 7099
0086 1 0001 ST 6000
0087 1 CAD k000
0088 1 FDIV 5000
0089 1 ST 5000
0090 0 CAD 7089
0091 1 FDIV 5000
0092 0 ce 0174
0093 1 sT Looo
0094 0 DB 7001
0095 O 0003 CUB 0100
0096 0O 0000 00 0000
0097 0O 0000 00 0000
0098 0O 0000 00 0000
0099 0 0000 00 0000
0100 0 9500 BF6 3200
0101 0 BFI 3300
0102 0O 0001 BF5 3500
0103 o} CAD 7000
0104 0 AD 7019
0105 0 CCB 0139
0106 0O 0001 ST 7000
0107 0 CAD 7001
0108 0 AD 7019
0109 0O 0001 ST 7001
0110 0] CAD 7002
0111 0 AD 7019
ol12 0 0001 8T 7002
011 0 BF7 0100
011 0 BT6 0060
0115 0 CAD 6000
0116 0 AD 7019
0117 0O 0001 ST 6000
0118 0 CUB 0120
0119 0 0100 00 0020
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0120 0 CAD 6072
0121 0 AD 7018
0122 0O 0001 8T 6072
0123 0 CAD 6073
o124 0 AD 7018
0125 O 0001 ST 6073
0126 0 BF6 0060
0127 0 cAD 7035
0128 0 AD 7018
0129 0 0001 8T 7035
0130 0 CAD 7036
0131 0 AD 7018
0132 0 0003 8T 7036
0133 0 BF7 0120
0134 0 BTG 0020
0135 0 BTS 3900
0136 0 BTH 3700
0137 0 CUB 0060
0138 0O 0000 00 0020
0139 0 BT6 0060
0140 0 CAD 7014
0141 0 ST 6000
o142 0 CAD 7018
0143 0 ST 6072
O1k44 0 CAD 7017
0145 0 ST 6073
0146 0 BF6 0060
o147 0 0001 BTH 0100
0148 0 CcAD 7016
0149 0 ST 6100
0150 0 CAD 7015
0151 0 8T 6101
0152 0 BF6 0100
0153 0 CUB 0159
0154 o) BT4 3800
0155 0 BFE 3300
0156 0 9500 BFb 3200
0157 0 BF§ 3900
0158 0 BF6 3400
0159 o} BTG 0120
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TABLE A-I, Cont,.

Cell Sign Spare Order Address
0160 0. CAD 7070
0161 0 sT 6035
0162 0 CAD 7071
0163 0 sT 6036
0164 0 0003 BFQ 0120
0165 0 CAD 7072
0166 0 ST 0137
0167 0 CAD 7073
0168 0 3T 0167
0169 0 CuB 0237
0170 0 BTS 3300
0171 0 BTE 3700
0172 0 CUB 0000
0173 0 0007 CUB 0180
0174 1 STC hooo
0175 0 Cu 7093
0176 1 3T 4999
0177 0 DB 7079
0178 0 CcuB 0965
0179 0 CUB 0001
0180 0 BT§ 0200
0181 0 CAD 6036
0182 0 FDIV 6035
. 0183 0 c003 ST 6035
0184 0 3500 BTE 3600
0185 0 BT5 3500
0186 O SB 6029
0187 1 CsUu 4000
0188 1 0001 FDIV 5000
0189 0 cc 7015
0190 0 0001 FAD 6036
0191 0 M 6035
0182 0 FAD 6034
0193 0 M 7019
0154 1 0003 ST 4000
0195 0 DB 7007
0196 0 SB 6028
0197 0 CAD 6037
0198 0 cu 6020
0199 0 0000 00 0000
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0200 1 0001 FDIV 5000
0201 0 CcC 0258
0202 0 FM 6038
0203 1 FSU Looo
0204 1 0003 a7 K000
0205 0 sT 6038
0206 1 CAD 5000
0207 0 ST 6037
0208 0 IB 0000
0209 0 BA 0019
0210 0O 0001 8U 6039
0211 0 CNZ 7017
0212 0 0007 BT5 0220
0213 0 CU 5040
0214 0 0000 00 0000
0215 0 0000 00 0000
0216 0 5110 00 0000
0217 0 5050 00 0000
0218 0 0000 00 0000
0219 0 0000 00 0020
0220 Cc 9600 BF4 3100
0221 0 CAD 5040
0222 0 AD 5055
0223 0 cc 5052
o224 0 0001 ST 0220
0225 0 CAD 7004
0226 0 AD 5055
0227 0 0001 ST 7004
0228 0 CAD 7005
0229 0 AD 5055
0230 0 0003 ST 7005
0231 0 ) 7004
0232 0 CAD 5056
0233 0 ST 0220
0234 6} CUB o241
0235 0 0100 0020 0000
0236 0 9600 BF& 3100
0237 0 STC 7057
0238 0 SB 0257
0239 1 0001 3T 3100
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TABLE A-I, Cont,.

Cell Sign Spare Order Address
0240 0 DB 7059
0241 0 CAD 0184
o242 0 SU 7075
0243 0 0001 ST 0184
o2kh 0 CAD 0185
0245 0 AD 7075
0246 0 0001 ST 0185
o247 0 CAD 7076
0248 0 AD 7075
0249 0 ST 0102
0250 0 ST 0256
0251 0 CSU 7075
0252 0 ST 0255
0253 0 CUB 0780
0254 0 0000 00 0100
0255 0 0000 00 0100
0256 0 BF5 3500
0257 0 0000 00 0099
0258 6] CAD 0218
0259 0 cu 6o2kh
0260 0 ST 0522
0261 0 SB 0719
0262 1 CAD hoi2
0263 1 ST 0016
0264 1 CAD 5000
0265 1 ST 0075
0266 0 DB 7002
0267 0 0001 SB 0758
0268 1 CAD k016
0269 1 ST 0057
0270 0 DB 7008
0271 0 CAD ho19
0272 0 3T 0034
0273 0 CAD hoio
027k 0 ST 0039
0275 0 CAD 4o11
0276 0] ST 0035
0277 0 CAD Loo9
0278 0 0001 ST 0829
0279 G CUB 0280
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0280 0 CAD 7019
0281 0 FM 1006
0282 0 FM 4006
0283 0O 0001 8T 6000
0284 0 CADA  hook
0285 0 3T 6001
0286 0 FM 7018
0287 0 ST 6002
0288 0 CAD 0736
0289 0 FSU 6002
0290 0 FDIV 6001
0291 0O 0001 ST 0960
0292 0 CAD k000
0293, 0O 0003 CNZ 7017
029k 0 CAD 0960
0295 0 FM 0737
0296 0 CUB 0300
0297 0 CUB 0320
0298 0 5310 00 0000
0299 0 5131 41 5927
0300 0 ST 0960
0301 0 CAD 0522
0302 0 FDIV 4004
0303 0 ST 0859
0304 0 CAD 0522
0305 0 FM 6000
0306 O 0001 8T 0856
0307 0 FM hook
0308 0 FM Look
0309 0 ST 0576
0310 0 SB 0337
0311 0 CAD 0736
0312 1 ST 5000
0313 0 DB 7012
0314 0 9501 BF5 3800
0315 6] CAD 7014
0316 0 AD 0339
0317 0 CCB 0926
0318 0 ST 7014
0319 0 cu 7014



Cell

0320
0321
0322
0323
032k
0325
0326
0327
0328
0329
0330
0331
0332
0333
0331
0335
0336
0337
0338
0339

0340
0341
0342
0343
0344
0345
0346
0347
0348
0349
0350
0351
0352
0353
0354
0355
0356
0357
0358
0359
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TABLE A-I, Cont.

Sign Spare Order Address
0 CAD 0299
0 FDIV 6001
0 ST 0856
0 CAD 6000
0 FM 6001
0 0001 8T 0576
0 CAD 0522
0 FDIV  4ook
0 FDIV Y4006
0 FDIV 4006
O 0001 87T 0098
0 SB 7018
0 CSU 6001
0 FM 0298
0 FAD 0736
0 CUB 0961
0 STOP 0000
0 0000 00 0019
0O 0000 00 0099
0 0100 00 0020
0 SB 6039
0 CAD 6038
1 FAD 5001
0O 0001 8T 6036
0 FM 6037
0 0003 8T 6037
1 CAD 5000
1 FAD 5001
0O 0001 ST 6035
1 FM 4000
0 FAD 6037
0O 0003 ST 7000
1 CAD kool
0 0001 8T 6037
1 CAD 5001
0O 0001 8T 6038
0 CcSU 6036
0 FSU 6035
0O 0001 FM 6037
0 cU 6020
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0360 0 FAD 7000
0361 1 0003 ST Kool
0362 0 DB 7001
0363 0 3000 CAD 3479
0364 0 FAD 5000
0365 0O 0001 8T 6035
0366 0 9000 FM 3979
0367 0 0003 ST 6036
0368 0] CAD 6038
0369 0 0001 FAD 5000
0370 0 CUB 0380
0371 6] 1000 00 0020
0372 0 3000 BTE 3980
0373 0 G000 BTS5 3480
0374 0 CUB 0340
0375 O 0000 00 0000
0376 0 0000 00 0000
0377 0 0000 00 Q000
0378 0 0000 00 0000
0379 0 0000 00 0018
0380 0 M 6037
0381 9] FAD 6036
0382 0 0001 ST 7000
0383 0 CAD L4000
0384 e 3T 6037
0385 0 CAD 5000
0386 0 3T 6038
0387 0 CSU 6035
0388 0 FSU 5000
0389 0 0001 FSU 5001
0390 0 0003 M 6037
0391 0 FAD 7000
0392 0 0007 ST 4000
0393 0 L4000 BF4 3480
0394 0 CAD 7053
0395 0 0001 38U 6031
0396 0 03GD 7056
0397 0 CCB oh33
0398 0 ST 0393
0399 0 CUB 0400
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TABLE A-I, Cont.

Cell Sign Spare Order Address
ok0o 0 CAD 6032
o401 o} 3U 6031
oko2 0O 0001 8T 6032
oLo3 0 CAD 6033
olol 0 sU 6031
oLos 0O 0001 8T 6033
o406 0 CAD 6023
oko7 0O 0001 8sU 6031
0408 0 0SGD 7068
ok0o9 0 ce 7075
oh10 0 3T 6023
ok11 0 CAD 6026
obiz 0 SU 6031
0h13 0 ST 6026
ob1i 0O 0001 CU 6032
o415 0 CAD o420
oh16 0 0001 8T 6023
oh17 0 CAD ok21
0418 O 0003 8T 6026
ol19 0 cuU 6032
o420 0 CAD o423
olh21 0 FM oh22
ol22 0O 0000 00 0000
o423 0 0000 00 0000
oh24 0 BT6 0360
o425 0 CAD 3998
ol26 0 ST 6037
oliz27 0 CAD 3498
0428 0 ST 6038
oh29 0 CAD 7092
ol30 0 ST . 0393
o431 0 cU 6032
o432 0 4000 BF4 3480
o433 0 ‘ STC 7093
oL3h 0 ST 3199
o435 0 CUB 0508
0436 0 0000 00 0000
o437 0O 0000 00 0000
0438 0 0000 00 0000
0439 0O 0000 00 0000
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Cell Sign Spare Order Address
ohlo 0 SB 7019
okl 0 csu 6039
ohh2 1 0001 FAD Looo
olL3 1 FM 5001
obhh 0O 0001 FM 7018
okhs 1 FAD Lool
olL6 1 0003 8T 5001
obh7 1 CsU Loo1
okh8 0 DB 7002
ohlLg 0 0301 FAD 3779
oks0 0 FM 5000
obs1 O 0001 FM 7018
ohs2 0 FAD Looo
oL53 0 0003 8T 5000
obsl 0 CAD 4000
okss 0 0001 8T 6039
oLs6 o} cu 6000
ohs7 0O 0000 00 0019
ohs8 0 0000 00 0000
0459 0O 0000 00 0018
ok60 0 SB 7017
oh61 0O 0401 BTA 3280
o462 1 CAD 5000
0463 0O 0001 FM 6038
obeh 1 FAD 5000
ok6s 1 0003 ST 5000
oLe6 O 0007 DB 6022
oh67 0 SB 7017
oL68 0 9001 BT4 3380
ok69 0O 9001 BT7 3480
oh70 1 CAD Looo
ok71 1 FM 7000
oh72 O 0001 FM 6038
oL73 1 FAD = 5000
oh7h 1 0003 ST 5000
OUT5 0 DB 6030 -
ok76 0 9007 BF5 3780
ol77 0 CUB o480
oL78 0O 0000 00 0000
o479 0 0000 00 0000
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Cell Sign Spare Order Address
0880 0 CAD 6021
o481 0 SU 7059
0482 0 0SGD 7042
0483 0 CCB 0523
ou8h 0O 0001 8T 6021
o485 0 CAD 6028
0486 0 SU 7059
o487 0O 0001 8T 6028
o488 0 CAD 6029
0489 0 SU 7059
oh9o 0 0001 ST 6029
oho1 0 CAD 0514
olo2 0 SU 7059
0k493 0 0001 8T 0514
olgh 0 CAD 0515
0495 0 SU 7059
0ho6 0O 0001 8T 0515
oug7t 0 csuU 7059
0498 o CUB 0500
0499 0O 0100 00 0020
0500 0 AD 6036
0501 0O 0001 8T 6036
0502 0 CAD ohhg
0503 0 SU olgg
0504 0 0SGD 7064
0505 0 ce 7077
0506 0 0001 8T ohhg
0507 o cuU 7074
0508 0 BT6 0460
0509 0 CAD 3798
0510 0O 0001 8T 6039
0511 0 CAD 6038
0512 0 FM 0522
0513 0 0001 8T 0458
0514 0 9001 BT 3780
0515 0 9001 BT5 3180
0516 0 CUB olho
0517 0 CAD 0520
0518 0 0001 8T ohhg
0519 0 cU 7074
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0520 0 FAD 0521
0521 0 0000 00 0000
0522 0O 0000 00 0000
0523 0 CAD 7092
0524 0 0001 ST ollg
0525 0 CAD 7093
0526 0O 0001 ST 0514
0527 0 CAD 7094
0528 O 0001 ST 0515
0529 0 CAD 7095
0530 0O 0001 8T o478
0531 0 CcU 7096
0532 O 0301 FAD 3779
0533 0 9001 BT4 3780
0534 0O 9001 BT 3180
0535 0O 0000 00 0000
0536 0 CAD 3798
0537 0 ST 3799
0538 0O 0009 CUB 0134
0539 o STOP 9999
0540 0 BT6 0560
o541 0 CAD 6034
0542 o} ST 0800
0543 0 CAD 6035
oshL 0 FM 6036
0545 0 0001 8T 6036
0546 0 CAD oho2
0547 0 FM 0097
o548 0 FAD 0096
0549 0 0003 8T 6035
0550 0 CAD 6037
0551 0 FDIV 6035
0552 0O 0007 8T 6035
0553 0 CAD 0184
0554 0 STC 7015
0555 0 STOP 0000
0556 0 SB 6038
0557 1 FAD 4000
0558 o} DB 7017
0559 0 cu 6000
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TABLE A-I, Cont,

Cell Sign Spare Order Address

0560 0 0001 8T 6037
0561 0 CAD 7015
0562 0 AD 6039
0563 0 ce 6027
0564 0 STC 7015
0565 0 CAD 6037
0566 0 CU 7015
0567 O 0003 CAD 6037
0568 0 FM 0580
0569 0 FSU hoig
0570 0O 0003 FAD 6035
0571 0 FM 6036
0572 0 0007 8T 0637
0573 0 CUB 0954
0574 O 9500 CAD 7020
0575 0 0000 00 0000
0576 0 0000 00 0000
0577 0 5110 00 0000
0578 0 0000 00 0019
0579 0 0100 00 0020
0580 0 5120 00 0000
0581 0 PTWF 0500
0582 0 CAD 7060
0583 0 PTW o410
0584 0 CAD 7057
0585 0 PTW ol06
0586 0 CAD 0839
0587 0 PTW 0010
0588 0O 0003 CAD 7059
0589 0 PTW ohk10
0590 0 CAD 7058
0591 0 PTW olt10
0592 0 CAD 7056
0593 0 PTW olLo6
0594 0 0007 CAD 0575
0595 0 CUB 0601
0596 0 3hk2h 27 0000
0597 0 2427 34 0000
0598 0 0505 05 3055
0599 0O 3422 64 6232
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0600 0O 4oor 25 3430
0601 0 PTW 0310
0602 0 CAD 7080
0603 0 PTW ok10
0604 0 CAD 7079
0605 0 PTW ok10
0606 0 CAD 0838
0607 0 FDIV 0097
0608 0 PTW 0310
0609 O 0003 CAD 7078
0610 0 PTW ok10
0611 0 CAD 7077
0612 0 PTW ok10
0613 9) CAD 7076
0614 0O 0007 PTW ok06
0615 0 CUB 0621
0616 0 2434 27 0000
0617 0 3234 30 7734
0618 0O 3476 22 7020
0619 0O 3076 34 2ho7
0620 0 3465 23 3234
0621 0 CAD 0797
0622 0 PTW 0010
0623 0 CAD 7100
0624 0 PTW o410
0625 0 CAD 7099
0626 0 PTW oh10
0627 0O 0003 CAD 7098
0628 0 PTW o408
0629 0 CAD 7097
0630 o} PTW 0010
0631 0 CAD 7096
0632 0 PTW o410
0633 O 0007 CAD 7095
0634 0 CUB o641
0635 0 0505 05 3434
0636 0 3436 61 2232
0637 O 0000 00 0000
0638 0o 2434 27 3400
0639 0 5234 30 7334



Cell

0640
0641
o6k2
0643
o6Lh
0645
o646
0647
0648
06l49
0650
0651
0652
0653
0654
0655
0656
0657
0658
0659

0660
0661
0662
0663
0664
0665
0666
0667
0668
0669
0670
0671
0672
0673
0674
0675
0676
0677
0678
0679
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TABLE A-I, Cont.

Sign Spare Order Address
0O 3430 61 2723
0 PTW 0410
0 CAD 7020
0 PTW oh10
0 CAD 7019
0 PTW ok10
0 PTWF 0500
0 0003 BT6 0661
0 BT 3900
0 SB 6024
0 CAD 7018
0 AD 7017
0 ST 7018
0 PTW 0800
0 PTW 0202
0 PTWF 0600
0O 0007 (€U 6021
0 0100 00 0000
0O 0000 00 0000
0 3023 27 0505
0O 5504 34 3434
1 CAD 4000
0 PTW 0010
0 PTWF 0500
0 IB 0000
0 BA 0000
0 SU 6040
o} CNZ 7010
0 0003 PTWF 0500
0 BT7 0681
0 9600 BTH 3920
0 SB 7153
0 PTWF 0800
0 CAD 7141
0 AD 7153
0 ST 7141
0 SL 0008
0 CuU 7155
0 PTWF 0600
0 cuU . 7141



Cell

0680
0681
0682
0683
0684
0685
0686
0687
0688
0689
0690
0691
0692
0693
0694
0695
0696
0697
0698
0699

0700
0701
0702
0703
oygell
0705
0706
o707
0708
G709
0710
0711
0712
0713
0714
0715
0716
o717
0718
0719
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TABLE A-I, Cont.

Sign Spare Order Address
0 0000 00 0020
0 CAD 4o19
) PTW 0010
0 PTWF 0500
0 DB 6032
0 PTWF 0500
0O 0003 CAD 6030
0 AD 7154
0 ce 7151
0 ST 6030
0 cu 6030
0O 0007 PTWF Q700
0 CUB o804
0 0000 00 0004
0 0100 00 0020
0 AD 7159
0 ce 7187
0 PTW 0202
0 Cyu 6038
0 0100 00 0000
0 CAD Loo3
0 ST 0838
0 FDIV 2200
0 ST 0097

0 FM kool
0 FAD koo2
0O 0001 S8TC 6000
0 SB 7019
0 FM hoo1
1 FAD 5000
0 DB 7008
o ST 0795
0 0001 ST oli23
0 FM 6000
0 M Loos
0 FDIV  4ook
0 FDIV  dool
0 0001 8T 6000
0 CUB 3042
0 0000 00 0003
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0720 0 CAD 7016
0721 0 FDIV 4012
0722 0 ST 6001
0723 0 CAD 4013
0724 0 FM 7017
0725 0 ST 6002
0726 0 CAD Lo1h
o727 0 FM 7018
0728 0O 0001 8T 6003
0729 0 CAD 4015
0730 0 FM 7019
0731 0 SB 0758
0732 0 FM Loo1
0733 1 FAD 6001
0734 0 DB 7012
0735 0 CUB 0740
0736 0 5110 00 0000
o737 0 5120 00 0000
0738 0 5130 00 0000
0739 0o 5140 00 0000
0740 0 0001 8T 0818
o741 0 CAD Looo
0742 0 CNZ 7012
o743 0 CAD 6000
o7hL 0 FDIV 0818
o745 0 FDIV 1400
o746 O 0001 FDIV 1400
OTHT 0 FSU 7017
o748 0 08GD 0733
0749 0 ce 7019
0750 0 CAD kool
0751 0 CUB 0760
0752 0 CAD 6000
0753 4] FDIV 0818
o754 0 FDIV  HOO6
0755 0O 0001 FDIV 4006
0756 0 cU 7007
0757 C 5050 00 0000
0758 0 0000 00 0002
0759 0 sTop 8888
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TABLE A-I, Cont.

Cell Sign 8Spare Order Address
0760 0 ST 0799
0761 0 STC oh22
0762 0 3B 0758
0763 1 FAD ko113
0764 0 FM hool
0765 0 DB 7003
0766 0 FAD 6001
0767 0 FM hoo1
0768 0O 0001 ST 0521
0769 0 CAD hoo2
0770 0 ST 0096
0771 0 - CAD kool
o772 0 ST 0199
0773 0 CAD Loot
o7T7h 0 ST 0817
o775 0 CAD hoo8
o776 0 ST 0815
o777 0 CAD 0757
0778 0 0001 FDIV  4ook
0779 0 CUB 0260
0780 0 CAD 3900
0781 0 FSU 7019
0782 0 0001 ST 7000
0783 0 CAD 3400
o784 0 0001 FAD 7015
0785 0 FM 7000
0786 0O 0003 FM 7016
0787 0 ST 7000
0788 0O 0001 FAD 7018
0789 0 0003 FM 0816
0790 0 FAD 7017
0791 0O 0007 8T 0797
0792 0 CAD 7000
0793 0 ST 0798
o794 0 CUB 0800
0795 0O 0000 00 0000
0796 0 5110 00 0000
0797 0O 0000 00 0000
0798 0O 0000 00 0000
0799 0O 0000 00 0000



Cell

0800
0801
0802
0803
0804
0805
0806
0807
0808
0809
0810
0811
0812
0813
0814
0815
0816
0817
0818
0819

0820
0821
0822
0823
0824
0825
0826
0827
0828
0829
0830
0831
0832
0833
0834
0835
0836
0837
0838
0839
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TABLE A-I, Cont.

Sign Spare Order Address
O 9400 CAD 7020
0 AD 7039
0 CCB 0540
0 ST 0800
0 BT4 0820
0 CADA 3299
0 FDIV 7038
0 ST 7000
0 FM 7036
0 FSU 7037
0 0SGD 7030
0 ce hoksy
0 CAD 7036
0 FM 7035
0 cU holo
0 0000 00 0000
0O 0000 00 0000
0O 0000 00 0000
0 0000 00 0000
0O 0100 00 0000
0 ST 7036
0 FM 7000
0 cU 7029
O 0007 CAD 7036
0 CUB 3000
0 ST 0215
0 ST 0478
0 FAD 4059
0 ST Los9
0 STOP 3333
0 FSU 059
0 0s¢Gp  boz1
0 CCB 0894
0 CAD 4059
0 ST 0839
0 CUB 08L0
0 0000 00 0000
0 5018 50 5291
0O 0000 00 0000
0 0000 00 0000
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TABLE A-I, Cont.

Cell Sign Spare Order Address
o840 0 ST 7040
0841 0O 1000 FSU 1019
0842 0 0SGD 7042
o843 0 ce 7049
o84k 0 CAD 7041
o845 0 AD 7057
o846 0O 0001 8T 7041
o847 0 CAD 7040
0848 0 cu 7041
0849 0 CAD TOL1
0850 0 SR 0006
0851 0 ST 4036
0852 0 AD 7054
0853 O 0003 8T 7054
0854 0 BT5 0000
0855 0 CUB 0860
0856 0O 0000 00 0000
0857 0O 0020 00 0020
0858 0 0000 00 0019
0859 0 0000 00 0000
0860 0 SB 0858
0861 0 CAD Lorg
0862 0 ST 7060
0863 0 CAD 7060
0864 1 0001 FSU 5000
0865 0 08GD 7064
0866 0 ce 7068
0867 0 DB 7063
0868 0 ST 7061
0869 1 CAD 5001
0870 1 FSU 5000
0871 0 ST 7062
0872 0 CAD 7061
0873 0 FDIV 7062
0874 0 0001 ST K000
0875 0 CAD K036
0876 0 AD 7079
0877 0 ST 0884
0878 0 CUB 0880
0879 0 9500 BT6 0000
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0880 0 CAD 7084
0881 O 0001 AD 7099
0882 0 CCB 0900
0883 0 ST 7084
088L 0 STOP 6666
0885 1 CAD 6001
0886 1 FSU 6000
0887 0 FM kooo
0888 1 FAD 6000
0889 0O 0001 8T kool
0890 0 CAD 7089
0891 0 AD 7098
0892 0 sT 7089
0893 0 CU 7080
0894 0 CAD 7097
0895 0 ST 0692
0896 O 0007 CUB 0540
0897 0 STOP 5555
0898 0 0000 00 0001
0899 0 0100 00 0400
0900 0 CAD 4os8
0901 0 FDIV  Loo3
0902 0O 0001 8T 0097
0903 0 CAD hook
0904 0 FM hosT
0905 0O 0001 ST 0099
0906 0 CAD 0856
0907 0 FDIV  hoo1l
0908 0O 0001 8T 0796
0909 0 CAD 0859
0910 ) FDIV  Lool
0911 0 FDIV kool
0912 0O 0001 ST 0098
0913 0 CAD koo2
0914 0 FDIV 4001
0915 O 0001 8T 0214
0916 0 CAD kool
0917 0 ST 0575
0918 0O 0007 CUB ohah
0919 0 sToP  TTTT



~178-

TABLE A-I, Cont.

Cell Sign Spare Order Address
0920 0 CAD 7019
0921 0 ST 0907
0922 0 CAD 7018
0923 0 ST 0909
092l 0 CAD 7017
0925 0 ST 0660
0926 0O 0007 CAD Loos
0927 0 ST 0816
0928 0 0001 8T o478
0929 0 CAD 2600
0930 ¢ FM 0837
0931 0 ST 0099
0932 0 SB 0337
0933 0 CAD 4001
0934 1 ST 5000
0935 0 DB 7014
0936 0O 0001 CUB 0940
0937 0 2104 34 3434
0938 0 cU 7013
0939 0 FM ool
0940 0 SB 0337
0941 o CAD 0521
0942 1 ST 6000
0943 0 DB 7002
o9l 0 9501 BF5 3900
0945 0 BF6 3700
o9h6 0 CAD 7004
0947 ¢ AD 0339
ooL8 0 CCB 0134
0949 0 0001 ST 7004
0950 0 CAD 7005
0951 0 AD 0339
0952 0 ST 7005
0953 0 cU 7004
0954 0 CAD 4019
0955 0 FM 6036
0956 0 FM 7060
0957 0 FAD 0637
0958 0 ST 0637
0959 0 CUB 0581
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TABLE A-I, Cont.

Cell Sign Spare Order Address
0960 0 0000 00 0000
0961 1 ST 3800
0962 0 FAD 6001
0963 O 0001 DB 7001
0964 0 CUB 3034
0965 0 SB 0758
0966 1 CAD 5017
0967 1 FSU 5016
0968 1 FDIV 5017
0969 0 0001 EX 0037
0970 0 FSU 7084
0971 0 03GD  T067
0972 0 CCB 0060
0973 0 DB 7066
0974 0O 0001 CAD 0073
0975 0 SU 7083
0976 0 CNZ 7078
0977 0 CUB 0060
0978 0 AD 7082
0979 ¢ 0001 8T 0988
0980 0 SB 0015
0981 0 CUB 0985
0982 0 0001 BF4 1000
0983 0 BF5 3980
0984 0 4610 00 0000
0985 0 CAD 5018
0986 1 ST K000
0987 0 DB 7086
0988 0 STOP 0000
0989 0O 0001 CAD 7088
0990 0 AD 0138
0991 0 ST 7088
0992 0O 0001 8U 0982
0993 0 CNZ 7088
0994 0 CAD 7096
0995 0 ST 0137
0996 0 0001 CUB 0060
0997 0O 0000 00 0000
0998 0 0000 00 0000
0999 0 0000 00 0000



Cell

3000
3001
3002
3003
3004
3005
3006
3007
3008
3009
3010
3011
3012
3013
3014
3015
3016
3017
3018
3019

3020
3021
3022
3023
3024
3025
3026
3027
3028
3029
3030
3031
3032
3033
3034
3035
3036
3037
3038
3039
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Slgn Spare Order Address
0 ST 0816
0 CAD 3580
0 M 0818
0 M 0199
0 FM 0199
0 FM 0575
0 FM 0575
0 0001 3T 7001
0 CAD 3480
0 FDIV 7001
0 ST 7001
0 0001 FM 0816
6] FSU 3020
0 0SGD 7013
0 ccC 7018
0 CAD 3020
0] FDIV 7001
0 ST 0816
0 CAD 0816
0 0003 CUB 3021
0 5025 00 0000
0 FAD 0839
0 FSU 7032
0 OSGD 0733
0 cC 7027
0 CAD 0816
0 CU 5005
0 CAD 7033
0 ST 3011
0 CAD 7026
0 3T 3019
0 Cu 7025
0 0000 00 0000
0 cuU 7015
0 CAD 4006
0 ST 3040
0 CAD 7041
0 ST 3005
0 ST 3006
0 CUB 0920
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TABLE A-I, Cont,.

Cell Sign Spare Order Address
3040 0 0000 00 0000
3041 0 FM 3040
3042 0 CAD 5004
3043 0 ST 3032
3044 0 CAD 1400
3045 O 8T 0575
3046 0 CAD 5005
3047 0 CNZ 7061
3048 0 CAD 0173
3049 0 ST 0167
3050 0 CAD olT72
3051 0 ST 0137
3082 0 CAD 5006
3053 0 CNZ 7059
3054 0 CAD 3063
3055 0 ST 0253
3056 0 CUB o241
3057 0 CAD 7062
3058 0 ST 0253
3059 0 CAD 3064
3060 0 ST 0926
3061 0 CuB - 0720
3062 ¢ CUB 0780
3063 0 CcuB 3057
3064 0 0007 CuB 0804
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TABLE A-IT
LOCATION OF DATA AND PROGRAM IN MAIN MEMORY

Word Location Program (P Description of Use
First Last or Data (D
0000 0179 P Caleculate Tm,n: km,n’ Gﬁ,n’

o -1
Vi, n(dP/d8) [2(ax)“x? Gﬁ,n]

or Tj’n, kj’n, Gﬁ,n’ Vj,n(dP/dG)n,

2 % %42 -1
[Qro r (ar™) Gﬁ,n]

0180 0259 P Calculate uy , Or Uy .

0260 0339 P Entry routine - Part II

0340 o435 P calculate (kAT) or (krAT)

oklo 0539 P Calculate Hm,n+1 or Hj,n+1

0540 0699 P Print out routine

0700 o779 P Entry routine - Part I

0780 0919 P Calculate Q, NG, B, P, dP/46 ,
X, U

0920 0953 P Entry routine - Part III

0954 0964 P Program corrections

0965 0996 P Check on midstream uniformity

of Tm,n or Tj,n

1000 1399 D Table of O's
1400 1799 D Table of X's
1800 2199 D Table of U's
2200 2599 D Table of P's
2600 2999 D Table of dP/d8 's
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TABLE A-II, Cont.

Word Location Program in Description of Use

First Last or Data (D

3000 3033 P Calculation of 7/ and 40 modification
3034 3060 P Program corrections

3100 3199 D Working storage; um,n or uj,n

3200 3299 D Working storage; Vm’n(dP/dB)n

or Vj,n(dP/dG)n

3300 3399 D Working storage; [e(Ax)gxgch’H]“l
Kpp *12 -1
or [Qrorj (ar™) G},n]

3400 3499 D Working storage; (1) k, , or k,
R . m,n J,n
and (2) (kAT) or (krAT)

*
3500 3509 D | Working storage; Gﬁ,n or G},nrj

#*
3600 3699 D Working storage; Gﬁ,n or Gg’nrj
3700 3799 D Working storage; Hm,n+1 or Hj,n+1

*

3800 3899 D Working storage; ry or 1's

3900 3999 D Working storage; T or TJ

m,n ,n



Cell

4980
4981

ho82 -

4983
- ho8lL

4985
h986
Lo87
Eo88
4989

4990
1991
Lg92
4993
Lool

hoos
4996
hogT
4998
4999

5000
5001
5002
5003
5004

5005
5006
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TABLE A-III

INFORMATION REQUIRED ON DATA TAPE

(1) or (0)
T

0
A

b
AX or ar*

aNC]
r

o

o
A Tmax

/(J
XXXX

H, (1150°K)
Ho(1150°K)
1/a,

by
¢1
dy
1/8.2

information Reqguired

(1) if radial case; (0) if longitudinal

- (°r)

- Location of 6%

(cu.tt.)/(1b.)
(1b./sq.in.)(cu.ft./1b.)/(°R)

(sec.)
(rt.)
(°R)

o e

as 0 0000 64 xxxx

(Btu)/(1v.)
(Btu)/(1b.)
(Btu)/(1b.)(°R)
(Btu)/(1b.)(°R)Z
(Btu)/(1v.)(°R)3

(Eycu)/('.u.).)(OR)LL
(Btu)/(1b.)(°R)

(Btu)/(1v.
(Btu)/(1%.
(Btu)/(1b.

(Btu)/(sec.)
(Btu)/(sec.)
(Btu)/(sec.)
(Btu)/(sec.)
(sec.)

(1) if first pass; (0) if later pass

(0) if cell 0184 should be 0 9500 34 3500
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TABLE A-IV

SYMBOLS USED IN FIGURES A-1 TO A-7

Symbol
XXXX
(xxxx)
[xxxx ]
(a)

()
Lh’ LS, L6, L7

— XXXX

Ly, — [xxxx]

[xxxx] —>1,

XXXX

XXXX

Meaning
Address of a cell in memory

B - modified address

Block of 20 cells beginning with XXXX
"A" register

"B" register

Twenty words in the 4000, 5000, 6000,
or 7000 high-speed loop

Store in XXXX

Bloeck transfer the contents of the
4000 1loop to 20 consecutive main
storage cells beginning with XXXX
Block tfansfer the contents of 20 con-

secutive main storage cells beginning
with XXXX to the 4000 loop

A block of operations or calculations
carried out during the program

Entry command into block
Address of first command in the block
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APPENDIX B
RELATIONSHIPS FOR ASSUMED PATH OF ENTROPY
AS A FUNCTION OF TEMPERATURE
In this appendix the relationships among temperature,
pressure, and volume are derived for an assumed thermodynamic
path in which the molal entropy of a gas varies with the nor-

malized temperature Iin the following manner:

#2 2

§=o¢+/8(:2r~!nT*_——T4_l (B-1)

This expression was used as a result of an error made in an
original derivation in whlch 1t was assumed that the molal
entropy varied linearly with temperature. The path assumed
for the region in which pressures were not measured is arbi-
trary, and the sole justification for the assumption of any
path is that the calculated mass of the gas remain congtant
throughout the numerical solution of the heat conduction
equations. Because the calculated mass of the gas did remain
constant within a few percent, and because the pressures cal-
culated from this path for a given volume differed by less than
3 per cent from those calculated from the path of entropy
linear in temperature, it was decided that to repeat the entire
calculation assuming a different path was not warranted.

The equation of state for the sample gas was assumed to Dbe
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P(\g—ﬂ)=RT (B-2)

in which fgc was a constant.
The first and second laws of thermodynamics may be com=-

bined to give

,dfg‘,:(ag) d\g+(2$ dT =TdS -PdV  (s-3)

V
o s v

It has been found (4) that as a result of equation B-2,

Sk |

N [} = —Ll.

(av) 0 (B-4)
o

and it is easily shown (13) that

ok
(___9_1.:) foed gv (B"B)
° v

[+

Combination of eguations B-1 through B-5 results in

RT
Y"Vgi

C,dT =TAT In TdT"- dv (B-6)

which may be written as
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¢y dinT =BT InT d T Rdln V' ac) (B-7)

It is useful to define two functions of temperature as

follows:
T*
| ¥
¢: |n7_x_ fg\/d,h—r (B"B)
l
2 ’*2
T T-
A7 T zrﬂ (3:9)

Tablé I presents values of these functions calculated for
nitrogen. Integration of equations B-7 and substitution of

equations B-8 and B-9 yields

(B~10)

[¢-B)InT" <RI (v*-o(c

in which it is assumed that C(C<?:1. Equation B-10 may be

rewritten as



-196-

Ve o = [T*} R (3-11)

An expression for pressure may be obtained 1if equations B-11

and B-1 are combined.

, [ T('W-ﬁ/\
P = \/._o(C (B-12)

Equation B-12 may be differentiated with respect to time to gilve

R
_(2+-__._)
.f—.. | + R Voo ¢*ﬁA—P*InT*d‘h(¢_/BA)(B-:LS)
46 b —BX ¢ d6
From the definition of V¥,
2
roX +V
v*:‘g-@- = 2o X * Ve (B-14)
Vg Vg
which, upon differentiating, becomes
£ MRV
dVv _ ) (5-15)
46 Vg

O
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Combining equations B-~15 and B-13 yields

R
_(24--*ij‘—‘}
= - o |+ ——— || V- (B-16)
4o Ve P-BA

The last term on the right of equation B-13 was dropped in
deriving equation B-~16 because it was difficult to evaluate

numerically and was never greater than 0.07 per cent of

dp/d 6 .
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APPENDIX C
ASSOCIATED INSTRUMENTS AND CIRCUITRY

Voltage Source for Side Contacts

The low impedance voltage source for the side contacts
1s shown schematically in Figure C-1. The circult consists
of four voltage divider networks, four coupling capacitors,
and an indicator neon. The center tap of the divider is
connected through a coaxial jack and a 3-foot coaxial Jumper
to the side contact holder. Thus, when a contact is grounded,
a negative pulse 1s presented at the corresponding output
Jack. The binding posts shown in the figure are used pri-
marily to measure the contact voltage before each run. Due
to the aging of the battery these voltages willl decrease with
time and will eventually fall below a certain critical value.
This value is determined by the triggering voltage of the
instrument which is being controlled by the outgoing pulses.
Here the contact potential is maintained somewhere above 28
volts although the critical value i1s approximately 18 volts.

Voltage Source for Bottom Contacts

The schematic dilagram of the bottom contact voltage source,
shown in Figure C-2, is very similar to that of the side con-
taets. This unit is connected to the bottom contacts through
a Cannon plug and socket, a 6-wlre cable two feet long, and a
second plug and socket. The contact voltage is set at minus
14 volts although the Berkeley time interval meters will trig-

ger on a 5-volt pulse with a rise time of 0.05 microsecond.
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However, should ionization oceur in the sample gas during a
run when the potential on the contact wire was initially 5
volts, the pulse occurring when the contact was grounded
would be below the minimum allowable trigger voltage. By a
trial-and-error method, the minus 1lld-volt potential was found
to be satisfactory for all runs in which ilonizatlon occurred.
In determining the Internal impedance of both the side
and bottom contact voltage sources, two things must be con-
sidered. First, the value of resistance-divider must be
large enough so that the battery supplying the unit will last
& reasonable length of time. Second, the internal impedance
of the unit must be small enough so that if ionization does
occur in the sample gas, the contact potentlal will remain
relatively unchanged. Compromise values of approximately 1000
ohms for the bottom contact voltage source and 650 ohms for
the side contact unlt were used and have proved satisfactory.

Gating Cilrcult for Controlling Preset Counters

The output negative pulses from the side contact voltage
divider are connected through coaxial cables to an electronie
gating circuit of local design shown schematically in Figure
C-3. The output of this clrcuit controls Berkeley Model 5424
and U424-8 preset counters which record time intervals., A
portion of the circuilt dlagram of the counter shown in Figure
c-4 illustrates the modifications necessary in converting the
counter to a time interval measuring device. Such modifications

consist mainly of bringing the suppressor grid of the gate
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tube to the external accessory Cannon plug, pin E. A negative
potential of 28 volts blocks the gate tube and prevents any
signal from being received by the decade counting units.
Counting may be initiated by grounding this grid. Thus, if
the decades are reset to zero and a square wave rising from
minus 45 volts to zero volts is received at pin E, the elapsed
time interval will be displayed in units of 0.0001 second on
the decades. The electronic gating circuilt to be desecribed
accomplishes the conversion of the input negative pulses to
the required square wave and can be used to control four
preset counters of the above-mentioned type.

The circuilt shown in Figure C-3 is reset by momentarily
closing the Y4-pole single-throw switeh. This operation places
all the binary circuits in the "reset" position and as a
result causes the cathodes of the 6AH6 vacuum tubes to be
minus 45 volts with respect to ground. A negative pulse of
approximately 28 volts in the "start" channel then causes the
"start" binary to change state and in turn causes the control
binaries to change states. The 6H6-type diode in the "start”
channel prevents any spurious positive pulses from returning
the "start" binary to its initial state. When the control
binary circuits change state, the plate to which the grid of
the 6AH6 vacuum tube is connected by a voltage divider net-
work rises in potential and the cathode of the G6AH6 follows
it up proportionally. The l-megehm potentiometer in the power
supply is so set that after fThe transition the cathode voltage

is at approximately ground potential. A negative pulse in
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any one of the "stop" channels will veturn its control binary
to the initial state and thus returns the 6AH6 cathode voltage
to minus 45 volts. The 6H6-type diodes in the "stop" channels
serve the same purpose as above; that is, They eliminate any
spurious positive pulses. When the "start" binary is in the
"run" position there is no chance that another negative pulse
in the "start" channel will start the operation over again.
The experimentally measured rise time of the resultant out-
put square wave is less than 0.1 microsecond when the unit is
connected to a 90-ohm coaxial cable,

The power supply for the unit is of a standard type (34).
Electronic regulation was used to insure that no coupling
between the four channels occurred through the power supply
and to minimize the effect of line voltage surges. The poten-
tiometer controlling the bias on the 6SJ7 vacuum tube was set
so that the potential between Points A and D is 200 volts.
Bias voltage was obtalned from an external 45-volt battery.

The small amplifier shown in Figure C-3 amplifies and
inverts a positive pulse from one of the bottom contacts so
that it may be used to operate one of the "stop" channels in
the gating circuit. It consists of a cathode-follower stage
driven by a cathode-feedback-amplifier stage. The grid poten-
tial of the second stage 1s elevated so as not to be driven
to cutoff by the negative pulse 1t receives.

Connection of Contacts to Auxilliary Circuits

Filgure C—5'shows a typical wiring hookup connecting the
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side contacts to the gating circuit. Normally, side contact
No. 1 1s connected to the '"start" channel, No. 2 to the first
"stop" channel, etc. The last "stop" channel is wired to the
No. 2 bottom contact (always the second-highest bottom contact)
through the small amplifier shown in Figure C-3. All the
intermediate connections shown in Figure C-5 are included only
to make the clrcult diagram rigorously correct.

Also shown in Figure C-5 i1s a typical hookup for the
bottom contact circuit. The No. 1 bottom contact normally is
used to start the three Berkeley time interval meters and the
other three contacts are used to stop the meters in sequence.
With the present number of side and bottom contacts, measure-
ment of the piston position as a functlon of time 1s possible
at only eight discrete points on the initial downstroke.
However, application of Newton's equation to the piston motion
and use of the data obtained from the pressure gauge allow
calculation of the position-time history of the piston at all
points near maximum conditions. The calculation procedure
followed is described in the section labeled Details of
Calculations.

The block labeled "Test Grounding Switeh" in Figure C-5
shows the circult used to test the operation of the timing
circuitry before each run. After all units are reset, the
rotof of the switch 1s grounded by closing the indicated
toggle switch. Then, from a neutral position the rotor is

moved as qulekly as possible through Positions 1 to 9. All
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the preset counters and time interval meters are then checked
to see whether the readings are reasonable. The time interval
meters are perlodiecally checked agalnst one another for con-
sistency. The electronie gating circuit operation is checked
by comparing the reading on a controlled preset counter with
that on a time interval meter which is operated by ﬁhe same
start and stop pulse.

Measurement of Thermal Flux Meter Voltage

As indicated in Figure C-5, the thermal flux meter output
voltage is measured with a sensitive galvanometer unit mounted
in a type-H Miller oscillograph. The connection to the gal-
vanometer is made through a 200-ohm wire-wound preclsion
resistor and several feet of shielded cable. The Miller
instrument 1s electrically isolated from ground so that the
only connection to ground in this circuit is made by the ther-
mocouple in the housing described above and shown in Figure 8.
However, the shielding is grounded at several points. The
galvanometer unit yields a deflection of one inch at the
record for about 2.37 microamperes and has a natural frequency
of about 10 cycles per second.

The manufacturer of the galvanometer recommended that
1000 ohms external resistance, which gives 60 per cent critical
damping, be employed to obtain the best frequency response for
the unit (35). However, the voltage sensitivity of the cir-
cuit using this resistance was too small to be practical for

use with the thermocouple in the fthermal flux meter, In order
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to choo§e the resistance giving\an acceptgble voltage sensi-
tivity éﬁ& éﬁ'acceptable frequency response,xit was necessary
that the fractién eritical damping as a function of external
resistance be known. |

| Let W, be the natural frequency of the galvanometer
in radians per second, and hxbe the fraction of critical damping
present in the system; the deflection of the galvanometer as a

function of time 1is given by‘equétioﬁ c-1 for a step input (35).

t‘h+Vhﬁ4
2Vhe-|

+ 2 ;/'H;;‘ exp{*wn (h+ W)e]

A=

exp [wn(h-VFE=T1 | 6]

(c-1)

Thé response of a galvanometer with a natural frequency
of 10 cycles per second was balcalated, fbr severai values of
h, for & =0,0700 second and a plot of h versus O was made.
The galvanometer wés subjécted to é step voltage input with
‘sevefal‘different external damping resistances and its résponse
recorded by the oscillograph. The fraction of the final re- |
Sponse was measured for B =0,0700 second and the fraction of
Qritical damping determined from the above-mentioned plbt.

The variation of h with ekternal resistance 1s presented 1n
Table C-I and plotted in Figure C-6.
For the runs on the nitrogen system in the ballistic

piston apparatus, an external resistance of 263 ohms was
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selected; this consisted of the aforementioned 200-ohm
resistor and 63 ohms resistance in the connecting lines,

which gave a value for h of 1.51, and a system sensitivity

of 732 mierovolts per inch at the record. The deflectlon at
150 milliseconds was 97 per cent of its final value. For
other systems having greater amounts of heat transfer, larger
resistances were used. In the case of the hydrogen-n-hexane
system a 411-ohm external resistor was used. Results from a
typical recording for the thermal flux meter obtained from a
run on this system are shown in Flgure C-7. The ultimate tem-
perature rise corresponds to an energy transfer of 4,55 Btu per
square foot to the ends of the ballistic plston cylinder.
Calibration of Galvanometer in Miller Oscillograph

Before each run with the ballistic pistgn apparatus,
the sensitivity of the measuring galvanometer in the Miller
oscillograph and the total resistance of the thermal flux meter
circuit are determined. The circuit is broken at Points F-49
and F-50 in the Chemical Engineering Laboratory's Instrument
Bench No. 2 (see Figure C-5). Then a 1.5-volt dry cell bat-
tery 1ls connected through a resistance of several hundred
thousand ohms and a standard 100-ohm resistance to the galva-
nometer circuit. The current flowing through the galvanometer
is found by measuring, with a White-type potentiometer, the
poteﬁtial drop across the standard resistof. The pqtential
drop across the galvanomeﬁer circuilt ls then measured and its

registance determined from Ohm's Law. The deflection of the
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galvanometer due to the measured current 1s recorded by the
oscillograph and the record developed at a later date. At
that time the galvanometer current sensitivity 1s found by
measuring the recorded deflection. After the reslistance of
the galvanometer circuit 1s determined, the resistance of the
remainder of the circuit -- including the lines, the 200-ohm
resistor, and the thermal flux meter -- 18 determined in a
similar manner. From the galvanometer current sensitivity
and the total circult resistance, the voltage sensitivity is
found. Use of the thermal flux meter thermocouple calibration
then givéﬁ the temperature rise of the thin disk.

Timing Pulse Amplifiler

A typicalkrecord obtained from the Miller oscilllograph
contains three galvanometer traces and an array of equally-
spaced vertical lines corréSponding to 10-millisecond time
increments. One galvanométer trace is the record obtailned
from the thermal flux meter; the second trace is used as a
reference base line, The third trace is from a gélvanometer
connected to the timing pulse amplifier shcwn in Figure C-8.
The input to this amplifier is seen to be connected to the
output of the No. 4 side contact voltage divider (see Figure
C-5). A negative pulse presented at the input to the amplifier
will,éause the multivibrator to change states. The output of
this stage 1is taken from the plate opposite the dfiven grid
and hence 1s a negative-going pulse of about one millisécond

width. This signal is divided and fed into the power amplifier.
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Finally, the amplifier output is taken from the secondary of

a plate to voice-coil transformér. Thus, tThe deflegtion of the
third galVanométer 1dentifiés on the record the time at which
the pistbn passed the No. 4 side contact.

Preamplifier for Piezoelectric Pressure Gauge

As indicated in ﬁigure C-9, the output of the pilezo-
electric pressure gauge is connected to the swamping capacitors
and preamplifier shoﬁn,in Figure C-10. Because the gauge puts
out an electric chargé proport1ona1 to the rate of change of
pressure with time, 1t is necessary to integrate the signal
with swampling capacltors to obtain a voltage directly propor-
tional to pressure. In order to realize maximum voltage on
each‘run having different maximum pressures, the capacltance
is made variable in steps of 100 micromicrofarads from 100 to
10,000 micromicrofarads. The input capacitance of the network
was calibrated er each position of the two rotary switches
with an Esi Model 250-C1 impedance bridge. The uncertainty of
measurement was * 0.1 micromicrofarad for each position.

A long time constant is obtained for the integrator by
using polystyrene capacitors with insulation resistances in
excess of 50,000 megohms and a preamplifier having two cathode
followers in tandem which give a very high input lmpedance and
a low output impedance (36). The first stage uses a 6SF5 vacuum
tube with the grid resistor returned to a tap in the cathode
load, which gives a value of input impedance equal to approxi-

mately 900 megohms. In the second stage a 6ACT pentode with
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triode connection is employed. The preamplifier has capacitive
coupling for input but for output and between stages the coup-
ling is direct. The standard-type power supply shown in
Figure C-11 provides the heater and plate voltages for the

preamplifier.

Circultry Associated with Oscilloscope_
The signal obtained at the cathéde of the 6ACT7 vacuum

tube is carried by Amphenol type RG-62/U coaxial cable to a
Hewlett—fackard Model 150-A oscilloscope. This signal is at
most 1.2 volts in magnitude and would require a sensitivity
setting on the osgilloscope of 0.2 ?ol% per centlimeter to
realize the maximum permissible deflection. If the output of
the preamplifier were direct-coupled to the oscilloscope, the
beam would be deflected so much that, using'tﬁis sensitivity,
its return to the zero-line by means of the vertical control
would‘be impossible. This results from the fact that the
quiescent operating potential on the 6AC7 cathode is -about 65
volts d.c. .For this reason a l0-microfarad coupling condenser
was inserted in the coaxial line. With this capacitance and
the l-megohm input impédance to the oscilloscope, less than
0.05 per cent droop will occur after 0,005 second. Five milli-
seconds is the maximum amount of time which has elapsed during
any one of the oscillograms which have been recorded to date.

| Figure C-12 deplcts schematically the circuit employed
to convert the positive pulse from one of the bottom contacts

to a plus 20-volt pulse of 20 microseconds width which 1s
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required to blank the electron beam (37). The first stage of
the unit is a bloeking osciliétor, the circuilt of which 1s
that recommended by the Triad Transformer Co. for use with
their type PL6 transformer. The blocking oscillator tube is
blased below cutoff by the resistance divider network. The
incoming positive pulse drives the grid momentarily positive,
and thus iInitiates the blocking oselllator action. The oscil-
lator goes through one cycle and awaits the next triggering
pulse.

The pulse-shaping network following the osclllator is
very similar in design to that described by Edwards (36). The
erystal diode IN63 and the potential dividers clip off the
rounded upper part of the blocking oscillator output to give
the input signal to the cathode follower. The cathode follewer
squares off the top of the waveform and then the signal is
amplified and inverted by the 6AC7 amplifier. Finally, the
pulse is fed to the 6AH6 cathode follower whose output impe-
dance matches the RG-62/U coaxial cable. As shown in Figure
C-9, connection is made by eoaxial cable to the "external Z"
Jjack on the oscllloscope.

The circuit in Figure C-12 could also be used with a
suitable input as a means of callbrating the sweep time on any
given osclllogram. This could be accomplished by connecting
thevoutput of a Berkeley Model 5630-15 time standard to the
beam blanking circult, firing the sweep once, and photographing
the resulting trace on the same osclllogram as was used for a

data record.
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The power supply depicted in Figure C-1l1 provides the
plate, fllament, and bias voltages for the preamplifier and
beam blanking circults described above. It is practically
identieal in all major respects to that used by Edwards (36).
This supply furnishes 310 volts positive and 105 volts negative
to the beam blanking circult and suppllies 210 volts positive
to the preamplifier circuit which is stabilized by two VR105
tubes in series. The preamplifier filament current 1s rec-
tifled by a bridge selenium rectifier and filtered to minimlze
60-cycle pickup in the preamplifier. The power supply and
oscllloscope both are powered by a stabillized line voltage
transformer in order to minimize base line shifts due to line
voltage surges.

Variations in the magnetic field in the Chemical Engil-
neering Laboratory, or other unknown phenomena, caused the
base line of the oscllloscope to shift as mueh as 0.05 centl-
meter at the graticule. Because these éhifts occurred over
a 30-second perliod 1t was thought that 1f the base line céuld
be recorded on an csciilogram within a few miiliseconds before
‘a data record ﬁas obtalned, the error arising from the shift
wguld be small. The circult shown in Figure C-13 was designed
to do this, It accepts a minus 28-volt pulse from a side con-
tact or other source, which causes the trigger tube to change
states. The positive pulse taken from the opposite grid of
the trigger is fed to a 6AH6 cathode follower which operates

into a coaxial line connected ﬁo the external synchronization



-211-

Jack on the»bscilloseope. This pulse will flire the sweep oOn
the oscilloscope 1f the sweep circult is armed. The cathode
follower serves the dual purpose of 1lsolating the trigger
circuit from any external signals‘and of matching the charac-
teristic impedance of the coaxlal line,

The trigger tube plate controlled by the input grid is
connected té the grid of another 6AH6 cathode follower. The
field coil of a sensitive relay comprises part of the load for
the tube. Thus, when the trigger changes states, the grid of
the 6AH6 rises in potentlal, bringing the cathode with it, and
the relay then closes, However, about 8 milliseconds elapses
between the time the input pulse 1s recelved and the time the
contacts on the relay make. In this interval the sweep eireult
in the oscilloscope has completed its cycle and when the relay
econtacts make, a pulse is presented at the "reset" jack which
will rearm the sweep. A sigﬁal now presented at the vertical
input to the oscilloscope will cause the sweep to fire again
and a data record will be obtalned.

Astigmatism Correction for Oscllloscope

Inspection of theitypical oscilloscope record shown Iin
Figure 5 (4) reveals a problem of calibration which must be
resolved before the desired accuraecy in pressuré measurement
can be obtalned. Note that the reference trace is curved and
tilted with respect to the graticule, even though it was
}photographed with a zero signal Input to the oscllloscope,

The degree of curvature variés as the trace 1s moved up the
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face of the cathode ray tube. The trace was photographed,

with a zero input, in several positions with respect to the
graticule. The 21 x 3i-inch negatives were‘theh read on a
comparator using 100-power magnification. The two co-ordinates
of the photographed gratiéule ﬁéré aligned as closely as
possible with those of the comparator. With an abeissa read-
ing set on the comparator the positions of the upper and lower
edges of the trace were rgad and averaged. Then the upper and
lower edges of the nearest gréticule grid lines above and below
the trace were read‘and averaged. The right and left edges of
all the vertical grid llines were read as near as possible to
the traée. All positions measured were determined with an
uncertainty of apprcximately_0.000? ineh., From the data obtained
the co-ordinates of any point on the trace with respect to the
graticule grid could be found. With the information from

11 oscilloscope records photographed with the trace in as many
positions, curves could be drawn which would allow correction
of any ordinate reading back to the center vertical graticule
grid line. These correction curves were used henceforth when
any data record from a run on the ballistic piston apparatus
was read.

Voitage Calibration of Preamplifier and Oscilloscope

The voltage‘sensitivity of the preamplifler and oscil-
loscope combination is calibrated in the following manner
before each run, The preamplifier 1s connected to the oscil-

loscope (see Figure C-9) and the oscilloscope controls
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positioned for the run. The coaxial Jumper shown in the center
of Filgure C-10 is connected from the left upper Jack to the
preamplifier, and the zero sweep pulse circult also shown in
Figure C-10 1is connedted to the zero line trigger and reset
circuit.éhown in Figure C-13., Power 1s supplied to all units
and the DPST switch in the calibration circuit (Figure C-10)
closed., A sultable callbration voltage 1ls set with the Helipot,
its magnitude read on a type-K potentiometer and the DPST
switch opened. The oscllloscope sweep circult and the circult
(Pigure 8-13) are armed and the oscilloscope-camera shutter is
opened on time exposure. The zero reference line and the
calibration trace are then photographed by momentarlily closing
the push-button éwitches in the zero sweep pulse cirecult and
the calibration circuit (Figure C-10) in rapid succession.

The shutter is then closed and the graticule photographed at
1/50 second.

Four such calibratlons were made for each firing. The_"
data record and the callbration records were read in the same
manner as 1s described above for the astigmatism correction.
The information obtained was used in conJunction with the
swamplng capacitor calibration and the pressure gauge calibra-~
tion supplied by the Atlantie Reseaﬁch Corporation to obtaln
the curve shown in Figure 5.

 The bloek diagrams presented in Figures C-5 and Cc-9
111ustrate schematically a typical hookup ;f all instruments

and all aésociated instruments utilized during a run on the
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ballistic piston apparatus. Figure C-5 shows the instruments
which measure the time-dlsplacement history of the piston and
the thermal losses from the sample., Figure C-9 depicts the
plezoelectric gauge and all its assoclated instruments, The
details of the hookup have been discussed, along with the

description of the individual imstrumenés.
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TABLE C-I
GALVANOMETER DAMPING

External Fraction of Fraction of
Resistance Ultimate Galv. Critical
(ohms) Deflection Damping
(£t=0.070 sec.) (h)

50 0.375 L .65

100 0.490 3.25

200 0.678 1.94

koo 0.890 1,13

800 1.050 0.72

1000 1.087 0.63

1400 1.118 0.55
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PROPOSITIONS

At present, plezoelectric pressure transducers are
calibrated in most instances by subjecting the transducer
to a pressure change which approximates a step function,
and by measuring the electronic charge which is generated
on a ballistic galvanometer. Calibration of such & trans-
ducer by utilizing a balllistic piston apparatus’will give
much more accufate{reﬁults.

In the air-caustic sweetening of gasoline, recently
investligated by the Shell 01l Company, the rapid decrease
in activity of the~KOH catalyst was probably due to
poisoning by potassium phenoclates,

The determination of the true alir temperatures in a
spherical temperature field from the thermocouple tempera-
tures has presented many broblems {(1). The study of a
direet electric analogy using a conducting aqueous solution,
a probe for measuring point potentials, and a potential-
measuring probe similar in physical construction to the
thermocouple, might give an indication as to how these
problems can be solved.

Use of the mathematical transformatlions presented by
Pfriem (2) may markedly simplify the solution of the dif-
ferential eqﬁations which describe heat conduction in the

sample gas in the ballistic piston apparatus.
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The design of an electronically controlled, quick-
opening valve 1is suggested for use as a safety valve for
moderate pressures up to 1000 psia.

A simple electronic circuit which employs two vacuum
tubes and a sensitive relay is proposed as a replacement
for the cam and microswitches which are presently used in
the print-out circuit of the supersaturation apparatus
located in the Chemical Engineering Laboratory.

The low v&ltages employed 1n an all-transistor digital
computer preclude the use of the standard neon indicator
light. The recently-described electroluminescent lamps (3)
might be used in this application.

The stability eriteria described by Crandall (&) for
use in the numerical solution of the pafabolic«type
différential equations which describe heat conduction, may
be extended to cases in which conduction accounts for less
than 5 per cent of the temperature change at a grid point.

Colloidal particles of the graphite lubricant sus-
pended in the sampie gas of the ballistie piston apparatus
may account for large thermal iosses by radiation which
would not otherwise be expected. A few tests shculd be
made without lubricant in order to investigate this possi-
bility,
| The following suggestions are offered in the interest
of alleviating the unfavorable parking situation in the
vicinitquf the California Instituﬁe of Technology:
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a) Construct parking facilities beneath the proposed
new student houses.

b) Construet a multilevel parking facility in Tournament
Park,

¢) Make it mandatory that students who live on campus
park in the lot on the south side of the athletic
field.
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