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ABSTRACT -

The éoﬁtfﬁC£ionlof.anvapparatus for measuringra ratic g
of constant pressure heat capaclty at high pressure to
constant pressure heat capacity at low pressure atv’ a- glvvﬂ
température_as a function of pressure is described. The

operation of the apparatus was checked using air &% 26 0.. f

With some modification in. design, the apparatus will p. .3

g ' 7 useful in obtaining accurate values of this ratio.
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o . /1h in consideratiph éfnhhéﬁneedgfor aceuféte;thé%igdynémié

;7 | o N o R a | ? data With'which,to check eqﬁé@ibnéof gmaﬁéi s%végﬁihquantifies
" other than pressure, volume, andztempérétufe'data may be
utilized. Such.quantities,must be measurable in the laboratory
¢ «2 “ 2  to a'high degree of éccuracy, particularly in the :igh

ﬂ pressure-low temperature gaseous region where considerable

gas non-ideality is ‘encountered.

3 f vonstant pressure gas heat capacity represents one such

thermoGynamic qﬁantity that may be measured to a precision 3
3 which is usually proportional to the amount of care and ;

'_ refirenent used in constructing the apparatus. In terms ct
pressure, volume, and temperature, the constant pressure he:
i : | é capacity may be given as: - ' ;
o | éi (1) Cop = G~ j\ﬁr ) | ;
:; t % where Ep is the zero pressure heat capacity. It .= f
] interesting to note therefore, that the change of comstant %
? . pressure heat capacity with pressure at constant temperciure is |
“ the second derivative of the molar volume with respect to 1
9 ‘ temperature multiplied by thi negative temperature. |
| \ | e 09 - %)
| This quantlty for an ideal gas is obviously zero. If this

; quantity could be measured experimentally,_it would prov;de-

iu f‘év ' - o . : ; an extremely accurate test of an equatlon of state. @
ii ? 3 o _ _ { beveral methods and a multltude of apparatus have been Q
é T 'v»hﬁﬁti- | o L ST | o h o ] | 'utilized to obtain gas heat capacity. The Tiret magor attempt Z;




Se
%, g o ?“;&‘-. ‘{.“ )'lk? A i o ? | at compiling the data and techniques 1n measurinp gas heat ;
3 3 | ) o vi capacities was accomplished in 1924 with the publi cation of é
é k | | , t" ; - Partington:and b@ill;ng;s The Speclfic‘ﬂeets of Gases (11,. 2
é; | | % This work gave'ewdetaiied account of,vdricus methods and ?
? : | | ié ~ apparatus along with a tabulation of results of a great number ;
¢ «‘ of investigators. Masi (6) in 1954 mentioned brieily, more |
recent.developments_in the determination of gas heat capacity. %
The meﬁhods-of measurement may be devided into two categories, ;
% direct determinations which invOlvee a calorimeter, and é
2 indirect determinations where another variable is reasured f
% which 1s some function of the heat capaclty. i
é ihe most popular method, in that it is the only method of ;
] measuring. directly absclute values of Up, is the flow c&lor- g
E imeter. It-consists of measuring the tempefatUre of a rds ;
| flowing at a constant rate at two points between which, ;
. electrical heat of e known quantity has been addedﬁ fleasurer.snt %
x of pressure, temperature, gas flow rate, and electrical é
% input are necessary to obtain & numerical value of heat.
/ ﬂ capacity. Several apparatus of this type are described by
éi Partingbton and shilling (11). The most sucessful measurements %
%u have been made by wacker, Cheney, and scott (14) at the Natiomal ]
%- 1 Bureau of Standards and by Waddington, Todd, and Huffman (15)
] E at the United states pureau of Mines. The accuaracy of their
% measurements are on the order of 0.1 per cent. several é
, 2 E apparatus of this type ( 7), (9), (13), 1nclud1ng that of f
; t E lWaddington Todd and Huffman ( 15) are ~onstructed of £L48S E




4.

and generally operate at one atmosphere or below. The

National sureau of Standards model has-been used at pressures

of up to 100 atmosphefes (10). More recently, raulkner (2),

at the University of Michigén“in-1959, has’constructédna Slow
calorimeter for use at high-pressures. A -somewhat similar
method of flow calorimetry is used by Brown et. al; (4), (12
at the University of Michigen and by Jenkins and serwaldy at
Linde ( 3). .This method uses a secondary substance such
as cooling water or an evaporating“refrigefant to supply
the required heat removal or input.

hrother direct method for measuring up was devised by
dorks_a (17) and involves the exchange of heat from a flowing
gas ¢t high pressure t0 the throttled gas flowing at low
pressure. Lhe only measurements neceésary aré those of pressure
and temperature, assuming constant gas flow 1s available. &

heat halance between the two gases may be written:

PR
2

\>' IV:l.z').Cpl.P. T’l.p' = Mh.p.uph_p. Th..p.
The nass flow rates however, being identical reduces the
equation to a heat capacity ratio:

L CPh,p,/ “p1.p. 5 ATl»-P-/&Th-.p.

It is obvious'that the heat balance described above'is true
assuminglihere.has been no heat leak to the surroundings and
there has been no pressure drop through the heat exchanger.
To obtain an absolute value for the heat capacity at high |

pressure, the heat capacity atJldw'pressure must_be'knowh to

a gigh_degrée of accuracy.




, . .
N g _Among the. indirect methods the isentropic expansion s i
f e g" perhaps the least involved. ror an 1dea1wgas i /HY i
ii - § a’constant and xhe ‘heat ocapacity ratioYf_ C /Cv can be obtained i
; ] by recording the pressure and temperature before and after an 1
3 isentropio expansion. In the case.of;a real gas the re..tioun f
. ', | | beoomee PT” where 8 may be shown &s:
! | | 1 , Cp :
] - p = T RTz 05207
% | | g where % is the compressibility factor FYV/RT. This me .acd %
E has a reported accuracy of about'bqs per cent (6). ;
% The heat capacity ratioch/cv.is a function of the velccity ;
§ of sound in a gas acoording to the relationship: | i
5 oo ae (25,
Knowledge of an equation of state must be available to precict ;
the change of‘densioy with respect to pressure at constant E
tempcrature. 1
{ | ' % clerk and Katz (1) have devised a method by which the %
: natural frequency of two volumes of gas is determined by ‘
: changing the frequency of vibration of a piston separating % ic
i two volumes until the maximum amplitude is obtained.
; ;? in compering the various methods mentioned above, the flow
?, E calorimeter offers the most direct determination of Cp; | ;
i é The precision of this method depends on the accuracy with €
:? wnieh pressure, temperature, flow rate,'and electrical input i
i. can be_measured. The heat exChange method devised-by Workman f
: ; (17) has the advantage of sfmplicity. Temp:. = .ure
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and pressure are the only requirgd,m%asuremeﬁts, making this
metnod most attradfive. The Leat leaks inheren: *n this
apparatus may also be cancelled as will be shows . .~a:later

section,.

ke e

g = 2
b 3 j:
i i

H
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5QUIBMENT

The’equipment'was desighed to 6ffer aecufaté cqntr6i 
over various portions of the"éyétem in view of the length
of time that WOuld be required to reachlsﬁeady Stateﬂoperation.
The schematic diagram of the apparatus is illustrated in
srigure 1. |

‘‘he compressor, a Worthington'three_stage'angle compressor
(Type v4A3), is capable of delivering approximately 10 SCil
of gas at 3000 psi pressure. ''he first stage after-cooler
is air cooled while the second and third stage after-coolers
are water cooled,

‘'he heat exchanger was designed to operate at 3 sCTM -.
a recycle systen had.to be constructed to divert a major
portion of the gas flow. A stainless steel tank, 12 inches
in dismeter and 24 inches long was incorporated in the
recycle line for a double purpose; 1o opérate-as a surge tank

to les:wn fluctuations in flow rate and secondly, as a ge-

‘gtorus tank to hold a portion of the gas when the system is

not operating. Two needle valves are used in serles to
reduce the pressure between the three stage compressor and
the surge tank.

he gas flowing to the heat exchanger section ot the
aﬁgaratus is first passed through a serles of purifiersf
vhe Tirst, a.steel pipeAz inches in diameter 20 inches in

length, contains small mesh screening and glass wool to

sepérate any eﬁtrained 0il from the high pressure gas. - The
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'~gas then paséés into Anéther 2 inch diametér steel pipe .
W24 incheé~in;lgngthggontaining silica gel to dry the high
pressure gas aﬁd theﬁ to remove any remaining trace of

1 oil, the gas is passed through a. third pipe £illed with

f ' activated charcoai.-»The;gas flow then proceeds to: the conspant

temperaure bath where the gas passes through a 75 foot

coil of 1/8 inch copper tubing in a 6 inch diametsr, 20
inch high stainless steel dewar. ~ Gooling is supslied to
the wath Lliquid oy a secondary coil of 1/4 inch copper

tubing imnersed in the liquid. & Bayley rrecision vempercture

gontrcller, Miodel 237, is employed to regulate ‘tne tempcrature

ﬁ of :ne bath liquid. Heat is supplied by.a 250 watt

i . bayo..et heater connected in series with_a-regstat to the

g : controiler. ‘he bath rluid is agitated by a mixer centrally

4 jocated in the dewar. A shematic diagram of the constant
temperature bath is shown in risure 3.

“he gas then enters the stainless steel dewar coatai:iirg

the heat :rcehanger which is illustrated in #igure 2. the gea:

) entes the dewar through the top via a 5/16 inch stainless
stecl tube, he tube is connected to the 1/2 inch thick
prass top by passing it through én 8 inch long 7/16 inch
diameter stainless steel tube having e wall thickness of
0.006 inches. ‘the thin tupe is soldered to the 5/16 inch
stainless steel tube at both ends and is passed 4 inches
through tpe top Qf the prass plate’Where it.i:-ﬁoldered in

place. ILhis thin tuve allqwéAlitt;e heat to . “ransferred |

R Ly
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from the top plate to the gag anetering the dewar. 'rhe ges

then tlowe oboun o feet through tublng until its temperature

and pressure are meaSurcd.-‘rhe temperature<cn the high
pressure side is measured by neans of two junction coppe -
con.benial tnermocouples which are- strung about 12 inches
along the inside or the tube carrying the gas to prevent
heat leak from the tip or the thermocouples. 'Lhe 24
gauge owuermocouple wires are tuxen out of the high pressure
tubing with the use of midget Conax the_armocouple rlands.
The pressure is measured through a 1/16 inch stainless
stecl tube inserted in the gas 1ine and brought ou. of ..&
line zad the dewar with a combination of tube fittings.
The -ressure on the hich pressure side is then measured
a hunf‘ Bourdon gaufe oertifnnﬂ ;0 better than Sely of
fuL.. range of 300C L., .n?.

Jlie gas.afﬁer passir - the 1...rmocouples an¢ the oressure

tap, outers the heat exchanger corvnsed of a coi. fin -

‘tube nwlaced in the anx.lar siace detvieen two stainless

ste . tuves. The coiled finned tube is made of 1/4 inch
copoer tubing with 1/2 inch diameter fins 20 to ... inch.
The annular space_is formed by an outside stainless steel
tube 3-1/4 inch outside diameter with a 0.095 inch.wail

an inside stainless steel tube 2 ineh outside diameter with

a 0,049 inch wall. The outside tube Vas chosen because of

its inside dimensions and approximatelj 0,07 inches were

machined. off the wall to ne&uqe the quantity of metaLs

i o
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‘The hlgh pressure llne enters the heat exchanger through
‘another 7/16 1nch dzameter stainless steel tube with a

0. 006 ineh wall,; with the purpose of redu01ng any heat
flux between the 1ow pressure measuring position and the
‘high pressure-measurlng positlon. This precaut;on:should
help to create isothermal conditione at these measwring
points. Phe high pressure gas flows in the coiled finned’
tube through sixteen turns down the eight inch exchanger
and exits from the exchanger in the same manner with which
it entered; through four inches.of the thin stainless steel
tube. The temperature and pressure are measured in an
identical manner as the inlet. The gas exits the dewar
enclosing the exchanger again-threugh the thin.stainlees
steel tube arrangement.

‘he dewar is filled with Santocel, a powdered silica
insulation. The dewar is a 6 incn diameter, 22—5/4}inc- DL
flanged stainless steel dewar capable of 50 psi internal
pressure. The brass;plate mentionedtpreViously'may be
bolted te the flange allowing the insulated space around the
heat exchanger to be evacuated.

On exiting from the.deuar, the high pressure gas is passe:
through a series of three needle valves used to reduce the
pressure to a desired level. The 10w-pressure gas then

passes throuvh 90 feet of 1/4 inch low pressure tubing in a
second constant temperature bath controlled in the manner ~

descrlbed previously.‘ ‘The. temperature regulated low pressure



gas passes back 1nto the dewar and then through 2 feet of
5/16 1nch dlameter stainless steel tublng to the- point where'

the temperature and pressure are measured by the same f
| procedure used in the high pressure side. The low pressure

gas passes.through'the shell side of the co-current heat | i
exchanger where it'is forced to take a circuitous path
through the fins by wrappiug.loose cord around the outside }
and inside of the ceiled tube to prevent chanelling along

the walls. This is illustrated in rigure 2. I'he gas

passes out of the heat exchanger where the temperature and
pressure are measured and out of the dewar into a rischer

and torter Flowrator to determine the stability of the

flow. The gas then flows to the inlet of the compressor to

be recycled.

The high pressure fittings are swaglok and Tylok while the
low pressure side makes use of the less expensive Tmperial
compression fittings. To join stainless steel tubing to
copper tubing, brass fittings with stainless steel ferrules
are used. ‘The ferrules are first crimped to the stainless.
steel tube by a stainless steel fitting which is then removed
and g brass‘fitting_substituted. This provided a satisfactory
coupling at a‘reasonaele cost.

The dewar and most of the gas lines were packed in rock

wool insulation.
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" The errors associated with making measurements on a

calorimeter of this type are substantial considering the
degree of accuracy that is desired. The heat exchanger -3
errors may be classified into two categories; the heat

¢ ' leal, ., which will be defined as the net amount of external
| heat leak per weight of gas to both gas streams; and secc:aly
the .oule-Thompson cooling caused by pressure dron throuswn
the exchanger. The temperature change associated with izl
Joule-Thompson cooling or heating will be expresscd as

fol.ows from Workman (17). The heat balance may now be

rrivtien
/"‘, \:/ = CFﬁ.P, L/.\ Tue Al 08 J - C/J_.,. LL\T;JO. ~Allmr 4D ')n-':_/
whewt Jpp D and Cpl 5 are the average value of the heat

capacity over the small temperature intervals ﬂﬂrh.p. and ?
llTl.y. respectively.

To shorten the notation, Cpy, LT, andJLOAlPO, will be
:é | used tror the low pressure properties and unsubscribted
‘ v ‘ | values will be used for the high pressure properties.
1 : bolv1ng for Cp/Cp : ( See Appendixz page 29 for derivation,
ORI R |
;}  ‘ The latter term.may be considered to be a correction term.

If the bath temperatures are now reversed, that is the inlet

low pressure temperature and the co-current inlet high




presSure;ganﬁemperature revefsed, the heat Béléhce mé&"néw
be‘written.a$£ | o | o |
(7)-: G = CFE"A'T rMA'P] - Cko-.[ - AT .4_"4%«,_13&]
SolVing-for cp/CPo: (See Appepdix'page 30 for derivation) -
= R I A
«aP will be quite small as compared toaT, so the second
order term may be neglected. It can be seen by:comparix
Equation (6) and EZquation (8) that only the sign of the
correction term has been/chéﬁged, neglectiﬂéythe second srder
term, when the bath temperatures are reversed.

If two lines of data wou}d be plotted as Cp/Cpo versus

pressure at constant temperature, one with the low pressure

pas inlet temperature lower than the high pressure inlet gas

temperature, and the other With the temperatures reversed, the

average curve would represent CP/Cpogas a function of pressure
independent of heat leak and pressure drop errors. The

average curve should pass through the point, UP/CP&:.l_at

ths pressure where the low pressure gide hasbeen operating.
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. The switch'qonnecting the standard and working cells tbf
the potentiometer wasﬁéldsed at least an hour previous to
collecting data té eliminate the initially large fluctuations.
The ice referencevbath was prepared with ice and cistilled
water in avglass~dewaf flask.

The constant temperature baths were filled with liquid
which for this study was water. The coolant, tap water, was
circulated through the coil provided in the baths and the
controllers and mixers were started.

The cooling water to the three stage Worthington
compressor was turned on, the heat exchanger porrion
closed off (valves 3,4, and 5 in the schematic diagram of
figure 1), and the recycle system open (valves 1 and 2).

The oil in the started compressor was allowed to circulate
before the gas pressure was allowed'to.bu%ld up. v lve . in
the‘schematic diagram was then closed and valve 3 to the hi-gh
pressure side of the heat exchanger and valve 5 were opened.
The gas stored in the gas storage tank was then bled into the
system, controlling the rate of pressure build up on the
high pressure side with valve 1. Vhen the high pressure
reached.approximately thé'required level, the gas storage
“tank was closed off and vélve 5 opened until the desired
flow rateiwas attéined; Fiﬁél‘adjustment on thé.high

pressure, low pressure, and flow Tate we:~ made by valves

[ -
. ;
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1 and 4 énd by contolling the amOunﬁ of géslin,ﬁhé system.

,The_tempgrature controllers were then slowly adjusted to

obtain the desired high and 1ow pfessure inlet temperatures.

The length of time taken for the apparatus tO-achieve_steady
state was'assumed to. be the time necessdry fpr the thermo~ ‘g
couples to equilibrate so that there was less than 2 |
microvolts'change in l5.minutes for all readings.
After equilibrium is reachéd and the data taken, a new
high pressure is selected and the flow'rate'and lovw press.re
are adjusted to their previous conditions. An& necessary
temperature adjustments are made and the system is again
allowed to equilibrate.
A line of uph‘p./upl.P.-data is taken for various press.rss 1
at constant inlet temperature conditions. Anéther“line c’
data is then taken with the temperatures of the inlet low

and high pressure sides reversed. 'he reason lor this being

given in the theory section. .
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DISCUSSION OF RESULTS

Time of leasurement and Equilibrium

The lenéth of time to take one data point appeared to
be on the order of one day. This difficulty lay in three
specific areas. The two inlet gas temperatures had to
be controlled to a predetermined temperature which
necessitated changes in the controller settings Tollowed
by at least an hour wait until the bath reached a new
temperature and the inlet gas temperature responded to the
new bath temperature. At times this proces:s had to be
carried out 5 times for a total of 6 hours.

The second difficulty which has some relation ©o the 7irst
is that small changes in room temperature affected the inlet
gas temperature. This was caused by a length of tubg
leading from the bath to the heat exchanger. The tube was
insulated with rock wool however a short length of a foot
projected from the liquid of the bath into the insulation
and still had some effect on the inlet temperature. The
chenge in room temperature from day to day effecting the
short length of tubing was probably responsible for some of
the small required changes in the controller settings. ‘Ihis
problem was finally overcome during the last two data points
by insulating the air space over the temperature baths.

ihirdly, the heat capacity of the metal in the heat

exchanger, of the copper and stainless steel lines, and of
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the:iﬁéuxﬁéion;ﬁas,la:ga;in comﬁaiisénnyp;%he small héétu
capacitj{éfgthééégs;' The small teppg;atq;chhanges when-
going from one daﬁa point to the next‘aré}dqbompanied by

this large thermal‘lag'which.makeslthe,prediction'of
equilibriUm‘rather,difficﬁlt. The scatter of the data points

is an indication of the fact that equilibrium had not been

atteined.

The data is listed in Table II in the Appendix on paje 3l.

The results are plotted in Figure 4. 'The points at

'110% nsig on the high pressure cooling line deviated.

considerably from their expected value. This may nave ..cn
another manifistation of equilibrium not having been obt. .ned
or on the other nand”the,potentiometer may have beén misread.
Tt is obvious that a stricter criteria of equilibrium is
desired for more accurate results.

Separation of the L.P., Cooling and H.P, cooling Lines

According to the equations developed in the ‘‘heory ¢. zion
for the-up/CpO ratio, a separation should occur between the
lines for high pressure cooling and low pressure cooiing.'rhe
error causing these lines to deviate from the true results
wa.s aétributed to qouledrhompsén cooling and to heat leak.
From the results of rigure 4, the average error appeafs to
be 0,035 in dimensionless’up/cpofunits. From the equation

in the Theory section:

| Mo Q waPsT|[ 1 -
¢ ()3 ; [ '.0 Cf_O AT AT‘ L

ot

il e
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/‘D@ “-‘-‘/ 002 OU/atm

~/
=

A 0.2 %/atm

AR = 1.2 inches Hg. (measured)
AP 4 3 psi (measured)

o« AT=0aToZ5 OC

‘ | ’—‘:‘5‘—‘}:3? is small compared to Zz==
0.0016 compared to 0.2

Ao AP, = -A_e_é/:‘\;,_é_fs which leaves 04,035 :C%ZT

Q = 1.2 BTU/Lb.mole  Gas flow = 0,0046 lb.moles/min
Pherefore: Q=5,5 X 1079 BTU/nin

gilica Aerogel was used as an insulating material and has

an apparent thermal conductivity of 150 microwatts/cm ©x

or 0.1 87U in./hr £t2 Op at the conditions employed. about
1 £t% of heat exchanger area was exposed with an insulating
space of about 1 inch. Consequently a temperature gradient
of 2°F would produce the resulting heat loss.

The x Intercept

The average line drawn between the H.P. cooling and L.P.
cooling lines should obviously pass through the point
;f cp/cpoz 1 at a pressure equal to that used for Cp,. This
| offers an extremely sensitive test of the data and also
serves as a means of finding gany errors inherent in the
heat exchanger. The data taken for air at 26 O; misses by

2% the point Cp/Cpo =] at the pressure of 20.3 psia. This

error of 2 represents a deviation of only 4 microvolts in

any thermocouple and appears to be constant through all the




22

measurements.and may be attributed to three factors.
1) An error in thermocoupie calibration in one or in all
of the thermocouples would account for some of the error
although it is unlikely to be of the 4 microvolt
magnitude.
‘ f 2) Heat leak down the thermocouple wires would cause errors
’ of this magnitude, however the length of wire which
travelled down the gas.stream makes this factor highly
improbable.
3) Cooling errors caused by regions of high pas velocity
were probably the main source of this error. 0.0046
1b.moles/min or 1.6 £t2/min of air was passed from the
,/ . large area in the heat exchanger into a 5/16 inch diameter
stainless steel tube having an inside areé of O.S4lx10'3ft3
This would correspond to an air velocity of 80 ft/sec
in the tube and less than 5 ft/sec in the exchanger. From

the equation:

Ve where the constant
AT 72 Cp 8 J J is a conversion factor,

AT = 0.5 °F = 0,39 which would account for the
4 microvolt ( 0.1 OC) error.

Comparison with Michels' data

Michels' P-V-T air data ( 8) has an accuracy of aoout
% fé 1 part in 10,000 which gives an accuracy of 1 part in 1,000
2 ' for heat capacity values calculated from his data and an

accuracy of 1 part in 100 for the slope of & Cp versus
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pressure ourve at constant temperature. Michels' curve in
Figure 4 has an averagé slope of 0.0001085/psia accurate to
one part in 100 while the experimental data obtained for this
report yields a slope of 0.0001155/psia. The scatter of

the data pointsvis more than enough to account for this error

of 7% in slope.
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RE COMMENDAT TONS

A multi-junction thermopile, using as many as 20 junctions
should be employed for reading temperature differepces. A
temperature differénce of 5 degrees Centigrade would produce
4000 microvolts which may be read to better than 0.D
microvolts on the potentiometer. This multijunction
thermopile would also offer a better means to determine
| equilibrium conditions. Care must be taken in constructing
\&\ ' such a thermopile as mentioned by White (16 ),

To reduce the separation of the H.P. cooling and L.P.
cooling lihes, the heat leak may be reduced by using
radiation~convection shielding in addition to evacuated
powder insulation. Increasing the flow rate-of gas also
has the effect of reducing the separation between the lines.

The low pressure leads to the heat exchanger must be
4 inch in diameter or greater to reduce velocity cooling

errors.,
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CALTBRATION OF THERMOCOUPLES—

The copper constantan thermocouples were calibrated
at the boiling point of water using a Davis boiling point
apparatus. The operation of this piece of equipment is
described by Livingsfon (5 ). |

The apparatus was charged with distilled water and was
insulated by aluminum foil and asbestos. loderate boiling
for about an hour was allowed to attain equilibrium
wherein two readings 25-30 minutes apart were taken. Three
runs, changing the position but not the depth of immersion,
changing the water, and changing the boiling chips, were
made with the results shown in Table .

The deviations of the thermocouples from their average
calibration was generally less than a microvolt. i'wo
observations may be made from the results:

1) The corrections, when applied to the thermocouple
readings, will have a compensating effect when
differences are taken and consequently uncorrected
thermocouple readings may be used to calculate the
ratio Cp/Cp,e

2) The two junction difference thermocouples used in
the high pressure side)when calibrated with all
junctions in the boiling wate:bgave a definite

calibration correction. ''he magnitude of the

correction indicated that the thermocouple deviation

added rather than oancelled.
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TABLE I |
BOILiNG WATER CALIBRATION OF THERMOCQUPLES .

Sl (min.) OAWMMWZS 0‘ 25 0 .30,
~ L,P, out |
S lavolts | 4271.4(4271.4
¢ . iL.P. in ‘
o Levolts 4274, , 914275, 2 427647 4277, 5 4283, 4283,5!
© H.P. in
Arolts 4276 0,4276 o 42771514277,840 4283,0 4283.4
H.P. out : !

| .-~ volts 4-281 0 4280, '7 ..4280,4:4280.5; _4285.4 4286.1
H.p. 2 junc. 1
i diff. NL“_lOPg;
‘Barometric | | ; ;

Prespure . ! {
am Hge 1 791, 5 751, 6} 753,6ww752.72 755,5 785,.,7

Steam-ilater | i | :
O¢ 99 687 99 690s 99 725 99 725; 99.824 99,842

!
|

Y: l’T'me" . e e : PR ,,__,....._,....\ {- g ! R R ‘I' . oo " coT e T
l
; |
i 4272.8! 4275 51 4278.4 4279.0,
|

Y

1oyaimmmm 4.9 4.6, . 5.4 5,3

:ny.Voltsu'mkégﬁg.li4262.4t 4264,0 4264,1  4269.0 4269,6

Y OLT | 2 |
CORRECTION |

b owt” _ e e e
ogolts 1 9e31 9401 848, 9.4 . 9.4 9.4

L.P., in ' o | | i

i golts . 12.8. 12.8| 12,7 13.4 14,1 13,9
H7oLE | | AR Aot dsld L

ovolts. . 18.9] 18,6 _18.3 15,7, 14,0 13.8

—p

. !
!

: : ! ' i ,
o volts . 18.9! 183!  16.4] 16.4|  16.4 1645




calculation of'néat'iéék'and'Joule¥mh§mpséﬁiErrors

Heat-Balanzé; 5 - o .
R = CP AT*"*"AP)* — Cpo (./.\T; "l"MOAPoﬁ
Splving fbrﬂcp/cpof

oo Q/CP + AT, + 4w OP
Cpo | AT+ AP

Expanding:

= ATy — AP AT

-— ’ v <

4 AP e AP AR
AT AT T

[#]

- _CQ’_ — Lo AP Q
Co 8T, AT o

Rearanging terms:
. N )
= - Al . + & — e/ P ATS J

= AT T AR .
- AT_ lea/_\T L\T'Z

(4@,d13ﬁ375 (. )3
\PIAT, - (e ar) ATS
AT3 B4

“+ ¢ o °

- MAP—/U‘: AR <-A~L\P)z :
T T '4_\‘7'7_"“9/-‘[_3- — e v o

= 4P Q 4 (e dp)®
e i

. P = __“_r_?_ o .[-/.Lbo.ﬂfo_q ..rf—c'g—- -AA/(.\PAT:; L | _ e d P
L~ P A 1 '




30,

valculation of Heat Leak and Joule-l'hompson Errors

Q@ = Cp AT e aP) = Cpo (-85 +/LL0AP‘,)
solving for Cp/Cpg: |
Ca . OQ/Cp. = ATa + o B
Cpo - DT +_ A AP
Expanding:
= L '0 + + o
AT AT © AT’

o A D /M_,AP/(XOAP L A P‘)‘;('L"Ai:c).f_ooo
AT ONT AT?

o AP Qo [eaRPr @ 600
Cp, BT AT Coy At o

Rearranging terms:

= “To ‘f‘ —_— /{/{-OA PO — Q ..‘..%APAT::J
AT AT Co, T T aTE

(waPV*AT 4 LwwoRV AT o .o

* AT ATH

; A AP oA Py L AP) Ao AP _ oo

—_— WAP Q_‘ — _CM_AP)L Q — ©@0C ©

AT= Cpo ' atd G
Cp - I:/twAP +— &L\ng [_L_ zu,AP:l
C,g., Cpo




(min) 0
Hi, Press.

(psig) 1828
1o Press.
_{psig) 5.0

- Rotameter
L.P. P
- BYPASS
- Hi Press,
. (psig) 1870
- Surge
- (psig) 54
Lo Press.
- (psig) : o
- L.,P. out
0 104 .. %
. L.P. in '
S 846.0
‘HeP. In
‘ v 1214.4
"HePs out
o 1044.1
-~ H.PsBjunc
difr. 341.9

‘.gpfbﬁo 1.1588 1.1526

_UABLE IT

DATA AND CALCULATEL RESULTS

1045, %

10¥ PRESSURE HEATING —- §£§§;§ﬁ3i~-

0 15
1101 1101
5.75 5.75
26.6  26.6

1150 1150
54 b4

1.0 1.0

11041.6 1041.8

844.‘7 8”?5.3 V

1219.4 1 “v1

1042,7 1045,1

354.7 351.8

1.0 1.1174%

_Lu0r anG

1044.5 1056.3

866.8

DR A

100 Lo 10hY L

363, 3

10530 L0365

27.0

£

0 15
624 625
6.2. 6.2 ..

27 .0 -

1041.5 1041.7
858.3 858D

1 1226.6

*Te



Time
(min)
.H1 Press.
(psig)
Lo Press.
- _(psig)
Rota.

B 'Lo P-o P

~{in Hg)
" BYPASS

 mHi~Press.

. Surge
(psig)

(psig)

L:P. in

-

h'o'-P. ln

“." B.P. out

/?ﬁ;P.Zjunc.

.4

Lo Press. .

o - 15
1818 1825
5.5 5.5
27.0  27.1
1.2 1.2
1850 1850
52 52
0 0

101%.3 1013.5
1211.2 1211.4
854.2 854.2

1015.5 1016.2

TABLE ITI
DATA AND CALCULATED RESULTS
LOW PRESSURE COOLIG -~ HIGH PRESSURE HEATING

15 0 15 0 60

1438 1026 1027 582 589

5.5 5.5 5.5 5.6 5.6

27.0  27.0 27.0  27.0 26.9

1.2 1.2

1438 1070 1070 630 630

52 55 55 56- 56

0 0 0 o 0

1016.2 1024.9 1025,9 1029.4 1026.4
1210.1 1216.5 1218.0 1214.4 1208.6
851.2 856.5 850.0 Or1l.7 871,01
1016.6  1020.1 1020.6 100l.c 2UC7.6
03B.2 GRG0 B3E.9 339.8 Hwa94'

524.0 325.7

1.2216 1.2152

o
1440
5.5

1475
52
0]

1016.4
1211.0

851.2
1016.5

1,10 1.1639

1.08389

1.08°21

A A g A bt AT 505

218

5.5

27.0°

1100
54
0]

15

318

5.4

2.6

1100
54
0o

1032.6 1034.6

1213.8 1215.2

864.9 866.2

1053.4 1035.28
337.0

3373

1.0754 1.070¢

4%
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TABIE IV

TNTFERPOTATED VALUES OF C,, FOR AIR AT 2¢%

p
FROM MICHELS' DATA

Pressure Heat Capacit Cp/Cyq
atm. BTU/1lb.mole

0 64954

10 7.06 1.01%
20 : 7.18 1.030C
30 7430 1.047

40 7e41 1,063

s 50 7,52 1,07¢
f 60 | 7,63 - 1,095
ﬁ? 70 7,75 1.112
Zé 80 7,86 1,127
i 90 7,95 1.141
| 100 8,06 1.156




34,

BIBLIOGRAFHY

1. clerk, A.L., and Katz;yL;, Canadian Jour. of 3es.
Vol. 184; 23, (1940); Vol.2IA, 1, (1943)

2. F-ulkner, Rici,'Ph.d. Thesis, uUniversity of niichigan . 1959)

3, Tenkins, 4.C., and Berwaldt, 0.E., 1&EC Proc. Les. and
.evel, Vol.2, 193,(1963) - —

4, Lindsay, ¢.D. and srown, G.G., I&EC Vol. 27, .7, (193YH)

5, Livingston, R.,"Physiaozchemical Iixperirents, < drd e.
5e.113 , waciillan, n.Y.,(1957) '

4

6. Moci, ..., Trans ASME, 76, 1067, (1954)

7. wcCullough, J.P., et al. , J. Am. Chem. S0C., 75, le..
(.953)

ichels, A., Wasenaar, T., and Wolkers, G.J., 4pplied
L. 1:88., sec A, vol. 5, 121, (1955)

e

9 .OLsL .2y, J.B., and peVries, ., J. Am. Chem. 50C.
64, &%/2, (1942) '

10. O:¢ “orne, .S., Stimson, hH.F., and sligh oTe, “.3.,
DR

S¢ .entific Papers N.3.S., vol 20-503, 119, (1925)

“artington, J.R., and Shilling,l,G., "The Specific
reats of Gases," Earnst Benn Ltd., London, (19%4)

vattee, L,C., and Brown, G.G., IZEC, 26, 511, (1934

Pitzer 4.5., 4. Am. Chem. Soc., 63, 2413, (1941)

Wacker, I’,F',, Cheney, R.K., Scott, K.B., Scientific
Papers li..s.S., 38, 651, (1947) '

waddington, G., Todd, $.5., and Huffman, H.b.,
J. Am. Chem. Soc., 69, 22, (1947) '

white, P.W., J. Am. Chem. Soc., 36, 2292, (1914)

Workmen, k.J.,Physical Review, 36, 1183, (1930);
27, 1345, (19317 |




VITA

, The author was born in Queens, New York, othpril 29,‘194lr
;'the'son of Mr. ahd}Mis.kJack S. Balaban.
H Upon graduation from Richmond Hill High School e Queens;
New York in 1957, he enrolled at the University of méchester
in Rochester, lew York. he graduated from'that.upiversity
in 1961 witl & 3.S. in Chemical Engineering.
He entered the graduate school of Lehigh Unive. ;ty'in
the fall of 1961 and.will receive a degree of Masver of

science in Chemical Engineering in January, 1964.

A i e T Tt 0 e Vi 5



	Lehigh University
	Lehigh Preserve
	1964

	A flow apparatus for measuring the constant pressure specific heats of gases
	Stephen M. Balaban
	Recommended Citation


	tmp.1551471130.pdf.SPoKu

