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ABSTRAC"T‘ o

e , Accurate\enthalpies of fluid mixtures over wi e\wange of prquure

Avand temperature are directly useful in design and Prqvide an improved SR L

basis for the theories of fluids, improvement of methods of prediction,h

~ ’ ~

~'and for derivation of other thermodynamic properties.- The purposes of = vif

'this work are.‘ AT jlé“ P L s \v;\;.‘
1)1 Tb construct a calorimeter for the existing recycle system ‘to S

N s Vo ~

'allow measurements on the isothermal effect of pressure Zp enthalpy L

o 2) To obtain accurate data on the effect of pressu e on enthalpy

jfor mixtures of methane with carbon dioxide with carbon dioxide and

dnitrogen, with carbon dioxide and ethane, and with carbon dioxide nitrogen .fj”u_o

“and Ethane. 'f - ‘1' = .', _1 o f‘,;‘.'°i'

3) To evaluate the available methods of prediction and to extend and .~¥”h‘
A improve the methods of prediction for the enthalpy of fluid mixtures.

- -An isothermal throttling calorimeter was chosen for measuring
f:the effect of pressure on enthalpy In common With several other throttling ,1..f L

.calorimeters, a capillary tube is used to cause the pressure drop. :Anf . d;*:'
' insulated'Nichrome wire which passes inside the capillary for its entire ; ‘] <

-length serves to- supply electrical energy., This arrangemént makes the S
o enpansion essentially isothermal The pressure dr0p across the calorimeter SN

1s 1 measured by a differential pressure transducer and any temperature S 'ff L

. . L
difference between the inlet and outlet is indicated by a calibrated L
themOPiIEv » 2 s . .v B ; A‘.(-‘,y K ’ . o - : e e (. !

. v
‘w’ c B : B . k PR LON . . .

4 Measurements were made with nitrogen as a test gas ‘at. four‘_

different temperatures from 273 15 to 374 lS_K, .and’ at\pressures from 14
‘ :to 140 bar., The data are in good agreement withcvaluds from the litera— f};'.“

- ture. . Measurements ‘wete made on the following six systems at pressures N
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from 14 to 140 har. a) . 14 5 mole percent of methane in carbon dioxide at h<
‘-temperatures of 0 lO 20,.40 60 and 90°C, b)‘AZ é,mole percent of v;lﬁ;

- M

methane in carbon dioxide at temperatures of 0, 40,.60 and 90°C, c) o R

4 Y
" .

Equimolal mixture oj methane, nitrogen and carbon dioxide at temperatures

e

of —30 —10 and- 10°C, d) Equimolal mixture of methane, carbon dioxide

E -and ethane at temperatures of —10 0, 20 40 60 and 90° Cr e) methane rich
mixture with carbon dioxide and ethane at temperatures of —th O, 20 40, |
60 and 90° C and f) Equimolal mixture of methane; carbon dioxide, nit;ogen,

— ,

and ethane at temperatures of —30, 10 lO 30 and 60°

. . - . P
. ,._:‘é.,.,. 4
g,

Two enthalpy tables and diagrams for the two- mixtuEESaoinmethane ““}f;:'~'

Lo and carbon dioxide were constructed which are based on this experimental

work and that of B shnoi ' Z"jﬁ‘f IR T’f ‘._“-[\ '; . O v-ﬂéiliﬂ'F

" }fi’i-.z The availability of more accurate enthalpy data based on, \_" 7_f‘f,4"”

, calorimetric determiﬂations provides an improved basis for comparison of

L

available methods of prediction and the testing of the mixing rules. , |
Nine enthalpy correlations were evaluated ahd compared.v Three of the"SJ

o correlations used equations of state and six of the correlations usedfv'

S the corresponding states method of. Curl and Pitzer with six differentq.[;

. \

mixing rules. The six different mixing rules are'-zl) Method of Barnerif:'"

R and Quinlan, 2) Proposed.Method 3) Modified Qethod of Gunn, 4) MEthpd

?‘nF Exauanitz_and_ﬁunnJ,S) Method of Joffe—Stewart, Burkhardt and Voo, and

\

6) Method of Leland and Mneller. The three equations ‘of state are ;

Starling—BWR, Soave—Redlich—Kwong and Mark V correlation.: It was found
B that the equation of state of Starling-BWR, Soave—Redlich—Kwong, Mark V

and the corresponding states correlation with pseudocritical parameters

' ,estimated by method 2, ‘are. the most accurate of the nine enthalpy

correlations tested + BRI S "a 'va':' : «:‘fﬁi'.l"r_fii’r
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?’ R o .,‘._IIVTRODUCTIOIV PR .

S f i_lb . A’ knbwledge of sthe. enth)lpies of fluid mixtures over a wide

e

Drange of pressure and temperature 1is necessary for engineering designs

”gih’~ and calculations of thermal proces;es.; In the past, enthalpies used in
ij{--;\.process design were. obtained principally from P-V-T data, either directly
J‘. USing thermodynamic relations or indirectly usid; equarions of state.

The proc:ss 6% generating enthalpies from compressibility data involves ¢

D

- differentiation with attendant -loss in accuracy of at least one order of

A . ,.v,:",

magnitude. In a region where the derivatives‘are changing rapidly, such
A . ) - K "V B
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\ E

. @s the critical region, the error may be very large. In;addition, L

accurate volumetric data for mixtures is still rather scarce, and the
I T . R

determination of . enthalpy changes across the two—phase region involves

‘;E" the use of not only volumetric data and their derivatives, but also

.'3"h‘ ' vapor-liquid equilibrium datalgnd derivatives. For this reason it is .

T

‘desirahle to, have dﬂrect experimentdl determinations of the enthalpy

e L RN /

behavior of fluid mixtured under pressure. These data are quite scarce ,f'

N ¢
- - - T

in the literature. RS

. . . ) 2 . ot

RV et The goal of this work was to constrdct a flqw type calorimeter
-.~_. o - ’ /"» /
-in a recycle system for the measurement of the isothermal effect of
v

3}:‘ o pressure on enthalpy. The isobaric effect of temperature -on two
Ijbinﬁry{mixtures of carbon dioxide and methane'had been investigateﬂbby {'q?-°
< Bishnoi 9'4 A specific purpose o’,the research has been to- measure the

’ isot al effect of pressure on enthalpy of these two mixtures, 80’ that' "“iéf

A d

”:;‘ YT it provides a tﬁermodynamic consistency check and allbws the construction

of«enthalpylﬁables for these two mixtures based on experimental data..‘In f” oL

s s P - S e

addition, eﬁperimental data of the isothermal effect of: pressure on ' '. e

‘,‘_"-A_\' ,. o . : . .

uaenthalpy were obtained for the following four systems' a) Equimolaf)e@rbopf_;//fé'




'
by

dioxide—methane—nitrogen, (b) Equimolal carbon dioxide—methane—ethane,
(c) methane-rich carbon dioxide~methane—ethane and (d) Equimolal carbon

dioxide—methane—nitrogenwethane. o o ‘ E f ‘ -

7

There are‘meny different methods of prediction which have been

.!)

proposed fpr enthalpies ijfl?id mixtures. A comparative study has been
L (Ve

made by Natural Gas Processors Association79 on these numerous enthalpyf'

’ Y
w

correlations " The availability of more accurate enthalpy data based on -

»

calorimetric determinations provides an improved basis for comparison of

available methodu : )rediction and the testing of the~mixing rules.'

To . reiterate, the specific goals of . the present researqh were

’

(l) to construct a calorimeter for obtaining the isothermal effett of ~
pressure on’ enthalpy, (2) to make experimental enthalpy determinationsvﬂ

on’ two carbon dioxide—methane mixtures, one carbon dioxide—methane-

‘nitrogen mixture, two carbon dioxide-methane—ethane mixtures and one *

~

carbon dioxide—methane—nitrogen—ethine mixture; (3) to evaluate the

available methods of. prediction and (4) to extend and improve the methodf

D

- of prediction for the enthalpy of fluid mixtures.:h.. ' ) ’;-_f

o : . . °
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. s)géjgam T z,w'VAM.-CONSIDERAHUNS |
)/%.In this sectdon, 4 di.cuysioon of flow calorimetry and the
necessary equations for ¢ f"vr\ applied, and a discussion of ¢ data

in- the 11terature are presented. '//} i
- - ," ' R i
fiow“éulorimeter : 3 4"_ _.2/*

- R Measurements of the enthalpy of fluids atfelevated pressures.
have been made by a number of . methods._ A review of experimental methods
was presented by Barieau 4'. Flowﬂcalorimeters have many advantages and
have been used widely." The calorimeter may be designed to oper!te in a
inumger’of differing modes depending upon the type of enthalpy data A

- aebifed. _' S S | ‘ |

. f;‘b The fi%%t law of thermodynamics, apﬁiied to a flow calorimeter

with negligible potential and kinetic energy effects, is } o .;ff'
[HT 2, —HT'V,P‘-IIX - f _' T w

1y

f7wheremQ i5 the rate of the heat transfer, W the rate of electrical energy

transfer,"‘d F is the mass £l rate}‘ In the isobaric mode of operation, 2

§ N
the pressure difference P2-P1 is. made small and the fluid is heated to "

/

change-its temperature. Equation (l) ggcomes'“‘ 5:,

- ,

' where the integral term is a sma]ﬂ.cqtrection for the fact that the o

. ”pressure is not co?stant, and Q is assumed to be negligible.:

’ru';ﬁ/:;; isenthalpic mode no energy is added to the system and the

‘f,heat leak 1s made negligible. Fbr this case Equation (l) reduces to

[H ' y_ =0 SRR ,



imposed on the fluid and energy is added so that the outlet temperature
‘is equal to the inlet temperature.i It is practical to utilize this scﬂeme
only when the Joule-Thomson coefficient is positive, iwe. when the fluid.

"fcools upon expansion. For an isothermal operation, Equation (1) becomes:

L g L o Ei_ 2 . ) . .lv‘ L ‘ P -
o, Bkt w -, f Gl [OR
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where Q is assumed negligible and the integral corrects for any mismatch

ﬁ—\

.between the inlet and outlet temperatures. In this operation, a knowledge -

of the flow rate, the energy input and pressure drop are needed to~determine

the isothermal effect o% pressure on enthalpy. TR R

o

energy_to equalizejthe inlet and outlet"temperatures;v The first 17%;0f:‘ .

‘thermodynamics for. this calorimeter reduces to: o -,i

i{l{mix]Tz B, _[?r“l.ﬂi*"zﬂz]rlkpl R Of

Corrections can be made for the differences in pressure and temperature

'between the inlet and outlet The excess enthalpy or heat of mixipg can 'j ?r
be determined by ; - RE
, L i v

v B [Emix.‘;xrlﬂ_lf‘f —zlp T e (6 |

o Themadynmic‘ Re Zatiohs |

enthalpy. These integral data in a single phase region may be interpreted

:jr\yield the derivative properties.» gp{nt values of the isothermsl

SRS L N



'throttling coefficient ¢ are estimated from the integral values by

>

. .application of the following relation frpm Equation (4),

.(E.H..) = 11m' -P—————-—EP 7y
T V9P T,x P +P1 =P Tx I ‘-',_‘-_‘().'

-5
H

2 P2 =R .\

. @; - The isothermal throttling coefficient can be estimated from NS

v

o

}known values of‘pther tbermzdynamic properties. Thus,*in making.use of 7

: P—V—T data the following id ntity applies

¢ -y :r( ) o e B (8)

s

y T Ihe identity involving u, the Joule-Thomson coefficient and C

/the isobaric heat capacity, provides another method of calculating ¢

-

ature are: f’v_t_[. o SRR SRR - \;< .
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(;%) r” ~GPg (31%)1,:._-

;Ipe_virialvequation_of‘state:is.a¢power series in density: ;v
CmogaBie L
CRETIHgr At e L

The terme B C,_...,are known as the.second, third, . virial coefficients

f;. and they are related by the statistical theory of imperfect gases to the

interactions of molecules in pairs, triplets, etc. f-' ‘ é]

The functional relations betwaen tne/éﬁthalpy, the pressure and the tempér-§ o



- '-integration of Equation (lﬁ)

' A similar péwer series is @n expansion in pressure:’
. - . t - . . L S , i .. . [N

o .fl- 1+ B'P. + ¢ P+ o, Tl an

i;Thegcoefficiedts of::heitWOjserieé e:e;relatedfbon i
B RT '.v,i’ S I VT TS
RS B S ayy
- (RT) LI, h s
: VUSing Equatiow (3), (10), (11) and (12), ¢«eﬂn be expressed as. :'vi'

. | ""' . . ’
¢ = 2 dB' p dc 4 \?‘/

[dT dT

G

4 G -;’.'T_@G i&'" + 2 (mz 2 > + <2° T)P +,-~<13>; S

‘ifThe zero—pressure value of the isothermal throttling coefficientd-{;fif
',w\ o

’."'/ EEA A

‘”fié‘fini;e and depends only on B. fffff'{_f"fii‘ﬂnv“ff};frd,‘fzn:'bl

I A o R T e e
SRR A -T(dr,)" R AT (14) ;

L:dEkperimental values of ¢°'can be used to derive changes in B upon

,| S Doe

_ ’.o, _f'T : “7' o "':f{ﬂi' ??fﬁfif.» fffd””ﬁff3fifj£;of‘;'
B Tz'-U # ‘”‘“ ¥ BT 1] S L ;-‘?5" i

d:Where t”u'l/T{ffzc =

‘.o

: ental values of ¢° Can be compared with values of

¢ calculated from virial coefficients obtained from other type of

'*experiments. For mixturea, B 13 of the ?orm~{ﬁf
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. here3B " -and Bjj are the pure component secondtvirial

B, 4 oefficients,and'

i is the interaction second virial coefficient.' It: follows.that the

. d rivative of B is} f[ _ ' . Co
mix ) : SRR : .

mix . ij. R S S .
Tt EiMy G s an

1E&eb¢ou3 E&permmental Data fbr ¢

All of the above methods have been used to’ obtﬂin thermal data'j’

Y

Sy

‘ components. A recent review of available pure components and mixtures

Table I presents a listing of the exper%mental determinations of thermal

-.f}fpropertie§ under pressure by isothermal calorimeter, suppiementing that

57 :

'the need for more data to test methous of prediction and improve __fhe3

1 . . . °

-correlations remains. SRR SR ‘*._ R SR S

‘data at elevated pressures have been presented by Mather 57\ and Yesavage

:of fluids at elevated pressures.' Most of the results have been for pure_fﬁ

o3

»*of Mather v‘ . Although an increased amount of enthalpy data are available,‘
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" Recent References to Isothermal Effect of . .

TABLE 1

Pressure onlEntHalpy‘of Fluid Under ?ressure L I

N ° . .’ - .. ,. . o LA y
s ~ : , . : o ¥

Sy

. Year o »stﬁem L v .. Author. L _References

:1967° _ : _Nitrbgen.f'

Propane-methane. . Mather et al. =~ 57, 583 59
o o L e . fb - ST |
1968 ., .. Propane’ R
o Prppaneﬁméthane - :: ' . YESévage éﬁ_él.’97; 98;j99, 100l"'
.1968_ L Methane*biopa;e\ - “Dillard et al. - 22+ .ﬂ‘. 

. . . . e R ) . . L E 3

86, 87, 88

)

1969;76 Carbon dioxide | o Vukéiovich EEﬁill

~
i

1970 -“ . Methané-ethane:‘_ : At“: Alkasab ;_:  ',':i 2

1970 '1%bthanefetﬁaﬁefpropane'. .“furtadé-ggugl;“; = 2&;%{w

' S T e A
1972 - Y7Car5qn diokidefnitroggﬁ '.'vVukalévithef_él._ 89 ¢
1973 Ethane. ., . Miyazaki_ - - 6la -
1974 jri - Methaﬁé—éarboq.diOXide’
) ) Méthaﬁe4caf56h}diqxide—ethéne'?f' 5

i Cafbpn dioxide - ;Péte%éOn-& Wilson .. 68

| - : . S
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: SECTION II.— THE CALORLMETER AND THE FLOW SYSTEM
A review of the previous work employing isothermal throttling

calorimeters is presented here. The design.of a. new throttling calorimeter

and the experimental equtpment arendiSéussed in this section
o . e .

Buckground on Isothermal Throttlzng C&Zorumetry

:needle valve wasg’ used as the throttling unit.

g
Allcmethods for measuring the isothermal effect of pressure on

'enthalpy involve some device to cause the pressure drop and a source of

o

: energy to compensate for the cooling effect resulting from the pressure

_drop. So, the methods are suitable only when ¢ is negative and- no
_isothermal calorimeters have bee1 designed to extract energy 1f the

’ fluid warms on . expansion.

.h.‘

>

; A review of the development in isothermal throttling calorimetry

“had been presented by Mather 57‘ -In general ra porous media, ‘a needle

~ N

valve or-a. capill/%y tube is used to cause the\pressure drop, and the

'electric heating coil is used as a source of. energy. v

" The calorimeter designed by Mather w37 consists of a capillary

coil to cause the pressure drop and the insulated heating wire is placed

‘inside the capillary._ MeaSurements were made on nitrogen and a mixture

of- propane and methane in the temperature range/from -140 F to 200 F and

in the pressure range from 100 to 2000 psia YeSavage‘97' used the samell

.'equipment to make measurements on propane and propane—methane mixtures.

Vukalov1ch et al 86 87 re.orted the measurements on: carbon’

' dioxide by nsing adjustable needle valve with preﬁpure drop up to 50 atm.‘v

8
Later on, Vukalovich e l : designed a differﬁnt type of calorimeter

-—._

: ,f in which the throttling unit is pressure~relieved Again the{adjustable'



| ‘ 10°
"Alkasab L designed an adjustable needle valve to study the L

isothermal throttling effect of methane—ethane mixtures..
Peterson and Wilson6§ constructed an integral isothermal throttling
. C . ) :
calorimeter by udbgg throttling valve to cause the pressure drop. Méasure~” p-N

ments were made on pure carbon dioxide, and mixtures of equimolal methane—

-~

carbon dioxide, equimolal methane-ethane-carbon dioxide : l"” : ; ¥ , TZBI

b <

Eakin and DeVaney 25 designed a calorimeter which permits 74"

measurement of the Joule—Thomson coefficient, the isothermal enthalpy_hh&sNN\

»r’\ ‘-*. .

change on throttling and the isobaric enthalpy change. The idea of <

e

_-tubing packed with powder ‘was: used to. cause the pressure drop.- This L

-
t

‘_idea was first used for Joule-Thomson experiments by Dawe and SnowdonZl’ e

4

:".C R I

-~

ﬁvDequn of‘IsothermaZ Zhrottlzng Culorzmeter

The first requirement in the design ofq!he calorimeter was thaq

it should operate over a wide range of temperatureSnfrom —lOO°C to 200°

,and at any pressure in this temperature range from 100 to 2000 psia.

ﬁStainless steel was seIEcted as the material of construction because of ’

" Y

. anticipated subsequent experimental work with corrosive gases and itszmr

N

strength at low temperature.-',af”

q

Since the design ‘Was’ to allow for the possibility of measuring

1sothermal enthalpy changes across a two—phase region, the use of throt-.

ltllng valve was abandoned because the instability of: two—phase flow

througﬁha valve caused by alternate slugs of liquid and‘vapor prevents; o

; accurate thermodynamic measurements._;a‘g

j:throttle because the expansion is smooth and if energy is added to the

A capillary was considered to be the best configuration for the

fluid during expansion, the process will be. almost isothermal.' Since:iljgfmﬁf,ff;f

o




1

' enthalpy 1s a point function,_it is not necessary for the expansion to

2y

isothermalqﬁ However, by making the path ‘as nearly isothermal as possible,

ig

heat leakage from the surroundings to\the system is minimized . ,4l Sy
\ S

’The disadvantage of capillary throttle is thatnit 18 not

\

‘ possible to vary flow rate and pressure drop independently. The disadvan—

tage can be overcome by making the capillary removable 80" that various t_¥»

\75,_u

"combinations of presSure drop and flow rate may be obtained

The heater of the present calorimeter is an insulated Nichrome

o wire which passes inside the capillary for" itg entire length Two coﬁper

:power leads are connected to the heater wire at the ends 3 the/capillary.

In order to minimize the " power losses through the leads the current must

_be kept low. The combination of heater size and capillary size allows -\y
. N

different pressure drop and power input relations With this arrangement, '

cu;rents were kept below two amperes. ‘ S DRI B

'Descrﬂptioh dfftheerZorimeter o .h ‘ii"'}- l“,’li ,i*’? } L

The isothermal throttling calorimeter of this work is shown in }L o

' Figure l The fluid enters thecvaeuum jacket frOm the constant temperature‘ T

‘bath The pressure tap at the inlet portion of the calorimeter serves tov
measure the inlet pressure and a differential thermocouple 1is used to checkuﬁ"
.-the temperature between the inlet portion of the'calorimeter and the bath

.Then the fluid passes through the throttling portion.i A removable\; ‘

'outlet temperature of the fluid is brought back tio the inlet temperature

-Hd'be applying power to the Nichrome wire, which is placed inside the

' ﬂ-capillary. In this work three different capillary sizes ‘are employed of T

715 BNG, 16 BWG and 17 ch B hypodermic tubing, all about ten feet in

Le
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‘length. ,Two different sizes of Ni\hrome wire, 36\and 40 gauge, ‘are used
A five junction differential thermopile is used to determinesthe equaiity ’

K of inlet and outlet temperature.' The preSSure drop is determined by the i"?u 4

‘f ) e:\'

44“- differential pressure transducer. As shown in {agure l all the

ne pressure : and temperature measurements are at the ame elevation. The T
. K "\ ' \ S
LY

‘: o lead wires of the heater and the therm0p$%% .are. wrapped arou d: a massive
o ’“ﬁ’ - " . o, P . h {;‘ I ][ »
' ' aluminum thermal equalization block The heater wire leads

from the vacuum jacket into both ends of’the capillary by Conax connectors.-

e brought lﬁ“ﬁjth.

- - The detail drawing of this portion is shown/in Figure 2 L :ff". ’.f'fﬁ'p Lo
T e.Other efforts were made to. reduce heat transfer to the surround-v

: _ings. A radiation shield completely enclose$ the capillary coil The‘

E~ IR power leads and thermOpile leads are brought into contact with the

‘vacuum jacket. The entire jacket is eVacuated to less than five microns

" ; ol T

f- s through the vacuum line.._

‘Experinenta] Eqiipent - T T e

S0 R e ":'

l

L S b.:f pji The calorimeter is part of°a recycle system, the evolution of

*n

which can be traced in the thesis of Bishnoi 9. . The recyqle ! stem
e .userves to bring the/fluid under investigation to the desired cdnditions
| 'hl‘of pressure and temperatur# for meaSurements ’ A schematic diagram of the 1ff¢iﬁm:

N flow system is shown in Figure 3, The fluid deliyered by the compressor
o g,], S T
e '_ goes to the high pressure storage tanks bne of which is connected to the T

1ow pressure surge tank through the by-paJs control valve BP _The;g*fj_} _ Tra*

t '. R

fluid leaving the surge tanks goes to a hand'valve and the high pressure

control valve HPQV The fluid passes through a 1ong cooling coil before

it entérs the calorimeter., The~%ﬁf:

jing coil and the calorimeter are in f'~ii¢;;‘

) : T J“~;“.:j?/
the same bath.‘ The pressure at the-inlet of the calorimeter is governed

N
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N e ST e " x . .
";."ALEG”END S e
B Inlet tubmg for the Calonmeter- - 12. Hand Valve '
. 2. Isothermal Calonmeter ... .+ 13. Orifice Meter . - o -
& i .43, ,Caprlléry Tubing el LT 14, Temperature Bath for the Flow Nater
- 4. Liquid Nitrogen Coolmg e 15, Low Pressure Tank , '
__‘5.’Controlled Heat lnput o' .., .. *16. Storage Tank . - :
+ 6. Stirremy T 2. 17. Corblin Diaphragm Compressor o
" 47. Platinuf Thermometer ST 18, By-pass Control Valve .
] 8. Sensor for-Heatlnput Controller -, .19, High Pressure Tank - _
‘4 9. Temperature Bath for the Calorlmeter . 20. High' Pressure Control Valve
0. Joule Thomson Control Valve . 21. Feed Valve - -
11 Water Coolmg . «.. 22 Discharge Valve - - -
: FIGURE 3. _ Fiow Diagram of the Apparatus . = .
i o SRS SR S L




e AumzZzary Equipment

V.

by the set point of the&high pressure contrdIler The Sutlet stream of .

‘the calorimeter goes through a‘hand valve and the control valve JTCV The .

‘f/opening of JTCY, manipulated manuall§: gives the desired mass flow ratei"
| of the fluid through the - calorimeter The fluid ig” then passed through |

' the flow meter The constant inlet pressure of the flow meter is controlled

o by the BPCV valve which is. governed by the set point of the controller. d'

;; Then the fluid passes through atlow pressureustorage tank before returning :

£o the: intake of ‘the compressor..'":;;,l. S
s e o S , _

L .
s

R e o
1. Cbntrol Valves and Pressure dbntrol .’
i h;‘ It was necessary to control the pressure of fluid entering the -

, calorimeter and the" flow meter. For flexibility, the low pressure control

scheme should be such that it could maintain the preSSure anywhere in the

€a

- range of 10 to 50 psig.' The high pressure control scheme was required
to maintain any pressure up to about 3000 psig. Both the schemes should

also be able to handle flow rates ranging from one’ to four standard cubic

¢

feet per minute for different gases such as methane,rnitrogen, carbon

T

. dioxide, eth: e or’ their/mixtures.,z

‘Figure 23 gives the location of HPCV, the high pressure control

vhlve, JTCV, the pressure reducing control valve and BPCV, the by-passﬂ‘f.,-.

control valve. These valves were sized by the standard method of C

T

(valve flow coefficient) calculations.’ The Valves used are-ﬁ;.-,

R
I -
A

ST ,"_.‘Ahandle fluids from —400 to 750°F. :

',Annin valve model 9460 trim size O 903 air-to-open,.

o dTev
can handle gluids from -400 to 750°F

" HPCV B .’Annin valve model 9460 trim size 0 02 air—to-close, can;f”

¥

L

RS
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2. Mhterzal RthreuZatzng Devtce N tls._’

- flexible pipes

T : ’ !

BPdV[ lr! vAnnin valve ‘model 5061 "Wee—Willie",‘trim size "A" -
range 0. 0001 to 0. Ol field reversible, can&handle fluids
from -zoo to 465 Fo . | | |

The valves had‘pneumatic positioners and stainless steel type

-~ [N

316 bodies

. For- both HPCV and BPCV, single feed back control loops having a

[

. contro-ler with a proportional constant and an {nteé;al constant were

Cn —

used Foxboro controllers with built—in power supplies were used for the~

cow

'high and 1ow pressdre controls. High and low pressures were measured at

the locations shown in Figure 3 'by Foxboro pressure transmitters mddelg‘
"611 GH and 611 GM respectively " The current to pressure conVerters”used

“in the pressure control loop are Fisher type 546 electro—pneumatic trans—

ducers 'a»v B :‘f_ S 'ir‘. I f"” f:r:;' - -:\ ﬁ

' 'f" . . . . B . T Ce

- The resistance of the valve JTCV was adjusted to gihe the

- desired flow rate by manually setting F potentiometer which supplied a

‘f current signal to- the current—to-pressure converter, giving an. air

I

pressure to the valve positioner. Since .the upstream pressure of JTCV

o

" vand its resistance remained constant and the flow through the valve was

' sonic, this scheme gives constant mass flow rate through the calorimeter. -

[
(I
' .

A two—stage diaphragm compressor was used to develop the

‘ ~_capacity of 3 5 scfm at a suction pressure of 14.7 psia.: The inlet and

-delivery lines of the compressor were connected to the tanks by means of

v

_ nmecessary pressure and to circulate the fluids. It was a COrblin AZCVZSOg,"’ o

b'which was. rated for a discharge pressure of un to 3700 psig~witH #~flow ‘f"-A



heater was used to - compensate the cooling effect due to the pressure-

'Measuring Instruhénts‘

E Canada."" f" R - I s_‘ L

~.In order to maintain the steady-state operation, the control

l

‘valves HPCV BPCV and JTCV were maintained at constant opening., The‘

preSSure drop across the "HPCV" Valve ranged from 50 to 400 psi and a strip

B : v

xBPCV‘and JTCV ranged from 300 to 2000 psi, steam heaters were used to

\

'heat the fluid before it passed through the valves.

i S

g 'TémperatureJCbntroZZer fr;‘

o The calorimeter bath temperatures were controlled within 0. 01 C

by a Hallikainen Thermotrol temperature controller model 1053

Ty - ,‘~'

1. The temperature of the: bath was determined by using a- Leeds and

i'Northrup platinum resistance thermometer, model number 8163 and it‘was

practical temperature scale of 1968 by National Research Council of l

'be equal to the bath temperature and a one-junction Eugper—constantan

[

differential thermocouple was used to check the measurement. The

temperature difference between inlet and outlet was measured by a

five—junction copper-constantan differential thermopile. Both the e

k

for.: the zero reading at boiling and ice temperatures of water, and the.t :

'3'melting temperature of dry ice. A d—c null voltmeter was used to read

; e S ST T
3. ‘Gas*Heaters_é' ‘ R . b : .

'”:drop. Since cooling effect is large becauae of pressure drop across thejfkﬁiz

'calibrated for use in the range 90 188 K < T < 773 15 K on the International S,

~"¢2i The inlet"temperature of the fluid to the calorimeter was - assumed to

Loy e

'one~junction thermocouple and the five—junction thermopile were calibrated :c),



e S -._‘1‘9;_

theinull point for the thermopile. ‘Thebaccuracy'of‘theLtemperaEurer

- measurement is about'tb or°c. - “7‘fa o S

5 . [N

;3 .The inlet pressure was measured by a Heise gauge and ghe pressure drop

N acrOSS the calorimeter wag determined by a Validyne differential pressure o

' transducer Both Heise gauge and pressure transducer ‘were calibrated

- by the Ruska dead weight tester The accuracy of the gauge is O 1

percent of the full scale. f"', SRS ”.'-,'v;: \ -‘“f.‘ '_;-

percent of full scale, and the accuracy of the pressure transducer is 0 5

&

' 34.‘ The electrical energy input to the calorimeter was supplied by Kepco

.DC power supply and was measured by a Hewlett—Packard model 3450

. 5. Inothe early stage of this work a Nupro'"F" inline fiﬁ;er was used

e

asﬁ

1mu1tifunction meter with the six-digit display

o

a’

off meter. The mass- flow rate for nitrogen and 42.37 methane in:

carbon dioxide mixture was determined from the inlet pressure and the

pressure drop across the filter toge@er with t:he constant temperature at

I

' “the element. These data were used to solve the calibration equation. L

fZUvF TOSARBLNEL o fe *'.,'-(18)-'

g ffor the mass flow rate F. The constants A and B were obtained from a

H

least square fit of the calibraqiou data obtained by'the gasometer,

where Pl'and P2 are\the inlet and outlet pressure of the flow meter which

. are given by pressure transducers., u N Z and M are the viscosity, ,ﬂz;

compressibility and molecular weight of the gas reSpectively.;,_‘_ﬁjf

1

During the data taking of the 42 37 methane in carbon dioxide

-

.hmixture, it was found that the solid contamination in the flow meter '

\element-causes the changing of the calibration curve. The flow meter ]f

'_,was recalibrated and after obtaining the experimental data of the mixture,v



'VQIfunction meter by a multi—junction selection switch

o a0l

the flow meter was recalibrated again. It was found that the twO calibra-"

©

tion curves disagreed by 0 8 percent._ So, the filter w. s abandoned as

' device for the flow measurement., The average mass flow rate calculated by

the two calibration curves was used to reduce the experimental data of
L o . o .

this miiture R o

T : : oo DT e s 3 v

A square—edged orifice was then used for the flow measurement.__,i

The orifice had a diameter of : 0. 16 in. and it was located in a 1/2 dn.
tube ; ‘an inside diameter of 0. 429 in. The inlet pressure was nlv
'maintained constant by the BPCV control valve, and was determined by a e Ei‘;i,

I Validyne pressure transducer. The pressure drop across the orifice was ~h'
| measured by a Foxboro d/p cellxtransmitter type 613 M The accuracy of o

~the pressure transducer and d/p cell is 0. 5 percent of the full sca&e

The orifice was . calibrated using pure nitrogen, methane, ethane and carbon f
.,dioxide and argon by the gasometer.’ The- o?ifice was calibrated at . thehh
completion of the‘experiments odievery mixture using the gas mixture‘

.'itself. The overall stapdard deviation of the flow rate is about O 5

. percent The cali ration of the‘orifice is given in Appendix é

A .

All the output 31gnals of the presure transducers, d/p cell ..;"

'transmitter, platinum resistance thermometer, power to the calorimeter

“a

:_'and thermopile were connected to a Hewlett-Packard model 3450 multi-,l

Figure 4 shows the electric circuits of platinum resistance

:fvthermometer and the calorimeter heater.s
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1 k ohm .
adjustable
resistor.

flatinom résistaﬁéé, v

thefmometer ' .

. On-off

l 'switoh

fPlatinqm{ReeisﬁancefIhermometer_Circu?c~r'

0.1 ohm
| standard |
|- resistor

Calorime;er*
heater

" DC power

‘Calgrimetérfﬁearer Cirouit' =

S

'.iﬁiggre 4‘

Wiring Diagram of Platinum R531stance Thermometer and .‘V

Calorimeter Heater Circuits 2




_i and a summary of the techniques used in interpreting the experimental :

.lcarbon dioxide and nitrogen, and a mixture of methane, carbon dioxide,

SE%TTBN‘III EXPERIMENTAL REBUZﬂS AND DISCUSSYON \<¥’f
ials

In this section, the experimental procedure, the mater

.;data obtained in this investigation are presented The experimental

results of ¢ of nitrogen, two mixturei’of methane and carbon dioxide, twoi T

- \

&

e ;'nitrogen and ethane at varioué’temperatures are also preaented. R

:'Procedhre qf the Ebperzmental Measurements SRR

,.'f:'voltage gupplied o the calorimeter heater wire was adjusted manually

“il?si y
<, B

oy ) : ' O

R RTE

o The fldid under study was brOught to the desired state of

-v;system shoWn in Figure 3. A pressure drop of 60 to 250 psi was obtained

lliflow rate was adjusted by control valve JTCV, manipulated manually.; The

'rmicrovolts (0 Ol C) When steady state was reached, as. indicated by

- the constancy of the pressure drop and the zero temperature difference'.f’“

"i'across the calorimeter, the values of the variables were recorded. The

‘time of approach to steady state was of the order of half to one hour.:f;

in Table AL . The gases were used withouyl

‘Materials Used

Y e

..

B mixtures of methane, carbOn dioxide and ethane, one mixture of methan ,‘f‘-

1“pressure ano temperature at the inlet to the calorimeter with the recycle o
‘ by adjustment of the flow of fluid through the calorimeter section. The. ,fwl”u
‘ﬂ-ﬁf-f:mh

:livuntil the temperature difference between the inlet and outlet of the ﬁg~‘ﬁ?x’

7?calorimeter, indicated by the differential thermopiles was less than tWO =

i': ﬁihe source and purity of the gases‘used in this work are given ffdi"'ffrh



.23

.

=i TaBLETI |

.

'Sugglier-:

v N;trdgen.' o J'Consumer's'WEIdins Co." 7::";"  s .99a9932 PRI

. Methane - Matheson Gas Products . = - .- 99.97 % |
”.Carbbn”dioxidef--‘ Canadian'LiqUidiAirfCow'Ltd,'7‘-f: o B 99{95 Zl;_éi_,f ?i

C;:*';Maﬁheéoq GaS-PrOductsw'. y JAi‘~?: o 99,9blsz.?’

¢

Ethane




‘ CbmpbsitionTZEfennination'

- The comp051tion of the mixtures in this study was determined

A

chromatographically. 'I‘he calibrations for the gas chromatograph are

presented in' Appendix A. The precision of the composition determinations

was approximately +0 2 mole percent as was checked by~making several runs

o

for each isotherm

*”-fslhterpretatzon of Data : - . v _ '.,:r“‘

!

g'q ' The basic data were recorded in terms of quantities that’ can

‘ be readily measured such as microvolts and. height of a. fluid These

.A,

' quantities were converted to: temperature, pressure, pressure drop, power .,?.
f} input ‘and flow rate. In the single phase region, the isothermal throttling
.coeffic1ent ¢ which is shown in’ Equation (7) is obtained from the i -
"integral data by several techniques.- Both graphical and computer reduction
”] methods were used\ o ! |

- _Graphicd'l xntemretati'c‘m. S . R | . -

S

]

. One may consider determining ¢ at conptant temperature as a
"vvfunction of pressure. 'The éxperimental data were reported as sets of T,

- -

over a wide range of temperature. Fbr anyhonev~>

(‘19.):;




'rate.; The result of actual measurements is the mean ¢, ¢m ; q/(P - P

“dn pressure over a limited range

{ where ¢T is the mean isothermal throttling coefficient between P and P

1 2°

Values of ¢ were - plotted as horizontal lines are: shown in Figures 5 and ;f*

m
107 The smooth ¢T curve was obtained by satisfying Equation (19) ‘e;

area under the horizontal line segments, ¢ *(P - P, ),‘should equal the
Th

'area under the smooth isothermal throttling coefficient curve.

.ComDuter'Rédhction 2 ’Q; o
... The above graphical procedures are extremely time consuming

- and in addition ‘the equal area construction can easily lesd to errors.,'

- Therefore, a. computer program was developed for interpretation of integralg

idata. The true isothermal throttling coefficient is given by,v‘A

h

©-
i

"where q %-is the rate of electrical energy transfer per unit mass- flow

_1)v’_I

) jassociated with the mean pressure of the interval P (P + P )/2

'-Deviation from linearity of the ¢ versus P curve will therefore require

“adjustment of the mean/isothermal throttling coefficient by a curvature: A

- kN

correction to yield ‘the true ispthermal throttling coefficient at P

The curvature correction can be determined by considering the

‘-c~’

. B V .
o isothermal throttling coefficient to be represented by a cubic equation TR

: n3.

then: =~ o .
S, L :
a'= [ 2 gar ~
" Pll'



A respect to P.-‘d.u: .

. 72,3 .3 354 b
)+ (Pz,f Pl) fté (P2 ’,Pl)

R e S N1
"3

ih—}fl) + 5 - By

='a_ (P

of

énd:the mean'¢1is,‘ o Lo . -

s

S o

a + ——{P +P ) 32(P2 + PZPl + P )

W

T

+ P )

'_H . : : St e

. B _ : ., N : L
4g§%gifference between the”true ¢ and the mean ¢m at Pm'is;i7 L

2
-(Pz l)
24

vav .YVA : -
S 3.2 2
L (P + PZPl + P2P1

8_.vv

[2a + 3a3(P + P )]
i o

BN N
BT

c—i—)u= Za F 3a (P + P )
p2 | 3‘ o8

| the true dsothermal throttling coefficient is, "t.

(P2 ’“P )

24

¢=4>

"7

2
' (3‘1’2) <26)

S
3" '

h -
.l"' '

values Of (—iia ‘Wwere obtained by considering the mean isothermal to be3g w

BP

<
b

mean isothermal throttling coeffic@ént and its second derivatiye with

RS

e R S, e e . et R

: I%e Emtendéd SbZLne Fit Mbthod RS sj‘ﬂi T - ‘i,=fi,iﬂ

The spline fit technique has been discussed by Landis and

41 '

'Nileon . This nethod puts a. different cubic between every two

e

ey

The extended Spline fit technique was used to obtain‘a smooth-‘d?“

1




- 5V data point andwthaf the firstitwoxﬁzrivatives of the curve on the right

o - 27

" : ' L .'q\.":.' .

the curve passes exactly through each

successige data points such tha&;
fe‘ °

G

,,‘«:&wg

Jw‘l,‘; i

’? derivatives -of the curve on the left@hand side of the data point, all

derivatives evaluated at the data point. . N |
' %f‘”' If instead of defining the interval boundaries to pass.

-

: through every data poiht, interval boundaries are. determined arbitrarily o

Y

- such that each interval may contain a number of data points, the method

; can be extended to provide

‘18 200 psia,

smoothing of the data. The’details#of this';_lf

‘7,method are discusged”by Klaus and Van Nessg39'.7f':ﬁy - y'ﬁf S " oL

-

-' ' . . e

N

-fEmtenszon to Low Pressure o S '%";f": o L e

v BT I
Sinde the lower limit in preSSure of the recycle flow system

data from the literature are used in extending the enthalpy

results to zero pressure. The experimental isothermal throttling

o~ B
‘.

g “coefficieﬁtifobtained at elevated[pressures should extrapolate to'the R

h'l_zero pressure values derived from 2he experimental second virial

L
v L
, .
.
3§
"fﬂf‘
e
- .o
i
[y
a3
.
&

7'determine the effect of pressuré>on enthalpy at 1oé/pressurés. j

v

-coefficients using Equation (14) The resulting curve was intégrated to

s
. i . -~
. RS . s
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L U //,.# . .
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Experzmental Results h%th Nztroqen R

The experimental data ‘were taken for nitrogen on the isothermal L

' (,throttling calorimeter at four different temperatures from 273 15 to ;;; ';g

374, .15 K,'and the pressure up to’ 2400 psia. Figure 5 shows the isothermal .;ﬁfi

throttling coefficient ¢ at 273.15: K plotted as a function of pressure.

4
o

An equal area’ curve passing through the bars obtained point values of ¢ e

mip

v

B S,

. The ‘agreement between this work and Mathers? is, less than l Oé. Figure
, ©

6 and 7 show the comp%tisoﬁ of two different temperatures with other'

» .o . ' o

o experimental results. $The experimental baﬁd indicates the precision‘of

3

' about 31 /24 for this experiment.- The data of Ishkin and Kaganer33nare‘.fifg
believed to be high by as'much as’ 5/ (see Matherss)s“i Qf .

———. i 5

—— N . T

~*¥¥- The values of ¢ can be calculated/ﬁrom an. equation :
.. h

<<state -

quentiy USed R
"‘T"\‘“?—r

using Equation (8) sse Benedict—Webb-Rubin——equetion is fre

]. for ca1Culation df thermodynamic properties.ﬂ For nitrogen, two sets of

fconstants for this~equation are available, those of Stotler and Benedict83

l

and those of Bloémer and Raol‘ (}sothermal throttling coefficients were"'ﬁuiiﬂ

,,,, _ R also calculated from the equation of state for nitrogen from the U S

Bureau ‘of Minesgi: The results of equation of state calculation vere wﬁfi'*]_ﬁ "
LA RS ' . ' B

compared with the experimental data in Figure 8 and 9.

'

- Table III presents the smoothed experimental measurements of ¢
by this work : £ S _.;':}gmﬁ e S ii,.-:""f- Coe “ij
| S Enthalpy dEpartures were calculated'from the experlmental data»f”

.o

by integration of ¢ with respect to pressure. The results for the three,“

isotherms of this work were compared with other experimental calorimetric co
results in Table IV.- The present data WEre 4a very;good agreement with C fﬁfnf

b

the most recent experlmentai values in: the 1iterature.;”='T’;f-‘_:ﬁ LT

[ : . "'\Q . : . "



B 7’ . i . ..,I . TABLE III , . " . ~
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#. ISOTHERMAL THROTTLING COEFFICIENTS FOR
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TABLE W , S
COMPARISON OF EXPERIMENTAL'ENTHALPY DEPARTURES

FOR NITROGEI\L WITH OTHER EXPERIMENTAL WORKS

AT ."(H;,-.?Hv.)i;".‘,. 3 mol 1 . L .
| TEMPERAIURE PRESSURE e QR R LT 570
' (K) . (bar) - -This Work Mather .- . Dawe & Snowdon” R

° 27315 g 146;631‘-f,-filazgj}_”';:' o148 T

s 4 2870 - 200 20 =
60 w202 a2 as
100 . . 662.4 " 660 T 7 B N

303.15 .20 - 1164 B TR s TV o
RN T ;-"-227 2 ;¢4 _,-j, T 230 .

Waels 200 g L g
B R - % E I 252 . o
B R

.




.-Emyerzmental Results W%%h Mbthane - Carbon Dooxzdb sztures ,

The measurements of the isothermal throttling coefficient were

Tk

c made on 42 3 mole percent of methane in carbon dioxide at four isotherms,

S ws ,

. 0, 40 60 and 90° The pressure ranged from 400 to 2000 psia. Measure*, -

"»”_ments were also made at’ six isotherms and the same preésure range for

'14 5 mole percent of methane in carbon diOXide, The six isotherms were

o

,.0 10 - 20, 40, 60 and 90°C..

Typical isothermal data are presented in Figure 10 Average ! 74,;_
P

'values of ¢ (AH/AP) were plotted as horizontal lines and the computer

'freduction method was used to determine point values of ¢ f(P) as.

'illustrated by the solid curve. In extrapolating the reSults of the |

B | R

experimental investigation to zero pressure, it -was necessary to use
"rEquation (14) for ¢ in terms of second virial coefficient.f Values of ¢

'5: were calculated from the virial coefficients given by Dymond and Smith 4 n

_ =and Ng63. The calculation of ¢° is shown in Appendix C. o '.frf

Tables of ¢ values of all of the experimental isotherms are

\

'presented in Table V and VI. Figure ll and 12 present the plot of ¢ as a o

- it

’f.function of temperature at different isobars for the two mixtures.' s

_-Cbmpartsbn of Results '

o

G . : : , 3
Since the isothermal experimental data on’ the carbon dioxide— S

f

imethane mixtures with same compositions are not"available in the literature,'
"comparisonhcannot be—made. However, the isothermal-throttling coefficients :f
Tof two mixtures at each isotherm and at a pressure up to 2000 psia can be
- calculated by using BWR equation of state and Bishnoi and Robinsonllfn

T

mixing rules. The parameters of carbon dioxide and methane,‘reported by

aBishnoi and Robinsonlo were«utilized in the above calculations.;ji‘;“7ﬁ’

- [ - . N

.’,A
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Mole Fractlon COZ 0855 L
‘Mole Fraction CH4 0. 145 ' S
: Temperature 40° o '

B n il

/ °° g0 :'99: 5 -:".1'__295
PRESSURE bar

i v_ , VF,IG_L_J_R'E ‘10 Isothermal Throttlmg Coe)fflcnent for the 14 5 percent CH4

L m COZ Mlxture at 40°C
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TABLE V
ISOTHERMAL THROTTLING CQEFFICIENTS FOR :
S
THE 42 3 }“}LE PERCENT METHANE IN CARBON DIOXIDE

S L mol "L ™ )

-Temperature °C.
. . Ve

o emmssoe - 0 a0 B
o (ba?')' b - R o
ok 32,59'i'x ‘ | 24,19“_‘{_'7'v‘521,3o _xf\ff,' ;8;2qﬁ~;l;f;;“
‘16.”'{;H‘v~ o 54.42_ 2495 g1.gy Bl h
200 37.10° . 25,95 2258
30 40070 o 27,09—Jﬁ 23,28

0w agay 2395

50 _"' 5215 B "‘--29;48 o 7>‘_24.60  |
 -50'_' ’i '_ " 62.64  L T30.76 } ? 28, 20"_ f.f.ff%f1§;83,“
| 0 IS AT w05 25.76 s 20001
8o E =1 ;v ;67}75); o 1 ’3$,24‘. ':v . 26. 274--*;.37"; 20413 =
90 ff,f'~,”1",i85.}7 [ 3.23  ";@‘U]26 69 20017
o100 .:.;1.63;7f  W T T - . 95:,'”“ Ufléb;17’_
a0 o 743.5§ ;;.' : L3497 ,27 oo,’” P 41f20,12 f' '
120 ’ . :36;04'.; s g 76( '%»,,v: ﬁéo;do o
Bo ?'-fzi.ss L 3l  26.17 _'3':i; 5 19,75
7 17,78 'fél;iQT"‘jf"f ;25.53;3; ‘51'7 ) 19.43 e
- dB



100

f;%lé]l’

(bar)

TABLE VI

ISOTHERMAL THROTTLING COEFFICIENTS FOR 3

THE 14 5 MDLE PERCENT METHANE IN CARBON DIOXIDE

' I| 10

- 44.23 .

49.61

| .57.46

»f_“agsaé’

40

70

80

110

120

50 -,

130

 45.64

51, so"jf
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'QL60 15

’l_73ﬂ79

¥
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20090
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l 3]
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20
g.j ’ 36}79.'
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- In general, the deviations are larger at the*loWer pressures of -

¢

the lower temperature. The comparison of the experimental data and the'
_ . [~ }...“v o
.c lculated values from BWR equation of state for 42 3 percent methane in IR
“ S

carbon dioxide at 0°c and 14 5/ mixture at- 90°C 4dre shown in'Figurefl3""

i . ) .
N . e ’_,_\“

and 14 respectively. p”r.* o _ Tj{‘?f~f_ P 3“ .

APeterson an@ WilsonGS reported results of isothermal enthalpy {ﬁ“f
departure from isothermal throttling experiments for equimolal methane—”

carbon dioxide mixture at preSSure from 20 to 2000 ps{"and temperature

-
Ny

5ni . - from -50 F to 300 F Isothermal enthalpy departures of the twWo mixtures'[,'

« ' of this work were calculated by integration with respect to Pressure,
T Sl

The results were then interpolated to' lOO°F and 150°F at pressure of 800
1200 1600 and 2000 psia. The final results were plotted at’ constant

’ pressure and temperature as a funct wn of mole fraction.' Enthalpy

IR Py . Ve

departure of pure methane Sﬂi‘carbon diox1de were obtained'from modified

E

BWR equation pr0posed by Starling (BWRS)50 78 -with the parameters from"

Starling 'Figure 15 shows the comparison of the results between this

S

D L) ; s

v work and that of Peterson and Wilson68 .at lOO F The comparison,aE—iﬁﬁ F

is also in good agreement. {., ""5 =;.;'. 7 ﬁ;?. ‘.'s,cgpﬂ_:H}"Pwlf;'vﬂﬂﬁ}f"

' Ehthalpy Zubles and nggrams :“, ',7g~jrf‘_ ,; ',t:z "®‘l¢~ ‘ aglv“:.'“

Jo.lt

' The experimental data on the effect of pressure on enthalpy by "'J'fifyi‘
o ' ! t

this work and the effect of eemperature on enthalpy by Bishnoig for the fxw:ff;,

e methane - carbon dioxide mixtures have been used to, prepare skeleton ;~f;££f

“,' 1

. R bl
. et

- -”'enthalpy tables and diagrams.' Tables and diagram99are presented for 14 5

42 3 mole percent methane in carbon dioxide mixtures. Comparisons

“were made with eXcess enthalpy data from the literature.=, ?_" ","ff“‘

. . L. . c LN
S R S PP SR A S ARV
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1_meznal 14. 5 Percent Mbthane in Chrbon Dzomidb Ahxture

1.

A skeleton enthalpy table and a pressure~enthalpy-temperature

" diagram for this mixture have been prepared which are baSed entirely on
'experimental calorimetric data. -The following procedure was used in ':‘.'p‘
preparing the diagram and table. o -

1 [

Reference state of 0 J/mole were taken to be—the pure components

b, as perfect crystaIs under zero pressure at absolute Zero temperature.,;c'

2.

The enthalpy of pure methane as a gas at zero Jressure and 0 K

B -,-’«

was calculated ‘using. the enthalpy of methane (saturated vapor) at f’i;'r'

100 X reported by Dinzé; the B~W~< equation ofustate with parameters Ty
o . cea
from Bishnoi and Robinaonlo to _ecrrect from 0. 344 atm to zero g )
o pre sure, and value of the ideal 5as enqhalpies from McBride et al61 ‘

: 'the ollowing results were obtained*‘d",

et
¥ o

- N - B ".“ —_ .~ .
Enthalpy of methane at 100 K andwif:t; th\ff;_.'i,_ ‘
0. 344 atm Eif’ . uut_‘-,. ,_‘ ﬁd';;+12.4775.-;-5"'
L \f qurected to ideal gas (O 344 to 0 éfﬂ ' o
e atm) R v,i-'“‘f; :l~‘ + 0. 05535 55; R
o Ideal gas enthalpy change from 100 ?,. v

v took R T ;'~-3um'a
f"so, the enthalpy of pure methane from perfect crystal at 0 K to any,d
- temperature at zero pressure is, . | : | ';;

HT 9 22025 + (HT - H°) kJ mo1” -1 f‘ffsfg‘[“iyz_p‘

where (HT - H ) is the ideal gas enthalpy changé rgp5£tédfs§iaf;:]ti,_“

’ Y

T
Dl 7



i - B Y
. McBrideret a16l | R

»

3. The enthalpy of’ pure carbon dioxide as a gas at zero pressure and .

any temperature is reported by Vukalovich and Altunin85 as follows;

-

Hy = 2. 2235 + (HT - H ) KJ mol 14

..','J’.

}_where (HT - HP) is. the ideal gas enthalpy change reported by

.‘McBride et a161 R g}- g
4 The enthalpy of methane-car&on dioxide mixture at zero. pressure
'and any temperature T K was calculated assuming zero heat of -'j ¥

mixing under these conditions i

R

= 23, 7580 + 0. 145(HT - H° Cﬁ + o 855(H° )CO kJ mol’

Cs, ‘d The isothermal effect é& pressure on. enthalpy at’ 293 15

313 15, 333 15 and 363 lS K was obtained from the integral ¢ data o

of this work from 0 to. 13§?bar.- Fbr temperatures at 283 15 and

C

P273. 15§ the isotherma_l effect. ofv‘pressure- on enthalp_y.'was'

L

“0 made with values calculated from eQuations of state._ BWR equatlon,l

with Bishnoi and Robinsonl mixing rules predicts higher departures, -

i while Soave-Redlich--Kwong76 equation with the interaction constant

LY

j from Peng66 is seen to predict lower departures.w BWRS equation

with parameters of Hopke agd Lin gives better predictions

:w. ’ o

6. The isobaric heat capacity data of Bishnoig, at 312 86 333 7l
363.6 and.423 75 K was used to determine the isobaric eiiect of
R




;”temperature on enthalpyr Since enthalpy is a property,ichanges inh o
s fenthalpy are independent of the path chosen -and the consistency ofji
bthe experimental data can be tested by making loop checks. A grid»
hgconsisting of 8 loops which is- shown in Figure 34 was constructed
"?and the enthalpy change around each loop evaluated The actual
| 'fsum divided by the ‘sum. of the absoluue values of the enthalpy
'differences in the loop, 7 . |

(R

S mam, _ T
o i v-i 100 L G -
Y % deviation ~T——*T X S @
o _ o o ,:i%AHi__ o ‘fn_",,hNV» Y Sl

\\

1provides a good measure of the consistency of the data8. The

.ﬁmaximum percentage deviation of each loop is lese than 0 37 percent'”

VAdjustments were made on individual values of AHi as h'_fi*f‘h

. required to make 2 AH = 0 for all loops. These adjustments were'j;tcA
,e__—~made‘within—thE‘limits of precision of the basic data. :Ihe_<
*accuracy of the heat capacity data is within +0 SZ e Error '

The‘accuracy of

'“lthe isothermal throttling coefficient is within +l OA.V]Ihe_amount"l.”
__of the adjustments are presented in’ Figure 34.-__{ i;,gﬁp;'
}i'7;vj7» A smooth plot of the results was ﬁrepared and is shown in R

5,

',‘fFigure 17 The values of enthalpy are given in Table VII

o - e e ﬁV . '-\:_.U‘ e tg// “3

IVommaZ 42 3 Percent Mez‘:hane in C’arbon Dw.mde Mucture

A skeleton enthalpy table and a pressure—enthalpy diagram for

this mixture have been prepared

L2
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D Mole Fractnon CH4 = 0145 = S ‘
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, . 5 e :
The isothermal effect of pressure on' enthalpy at 273 15” 3La 15

o .“ &4 a.

and 333 15K was obtained from the integrated b data of this work from 0
2 to 138 bar. e ._;',f i Y e T
LR : SR S . : . .

The isobaric heat capacity data Of Bishnoig‘at-3l3'07 3C

1

and 363. 45K was uced to determine the isobaric effec% of temperature on
',,g.‘\ R

. ‘enthalpy. S .; e ,':’ - ,"

L - ’ SO '}:'u’ ) .
‘P
A grid consisting of B loops i:ﬁ constructed and enthalpy change

o
» )
‘o

around each loop evaluated. Figuré 35 shows the 1ocation ané enthaIpy

changes of the loops” In all closure the percentage dev&ation is less f

v, s

than 0. 3 percent and the percentage deviation of each loop is shown in -

Teble WOVIIL L C

ca

: - . . o

AdJustments were made to make I AHi =0 for all loops and the

R ‘, 4 .‘i I 'A‘p ’ ) -
amount of adjustment is presented in Figure 35 ' ~~'q.-‘;j'

w

‘-
9 -

A smooth plot of the results was prepared and is: shown in Figuré“

ii,18.' The values of enthalpy are: given ih Table VIII "'v'i

2

. e . . T

\g_,/ . -

3

Comparzson Of M@tha1e - Carbon Dioxzdé sztures Enthalpy'Data ﬁi

T

The heat of mixing or excess enthalpy for the tw} mixtures was l

a

calculated a; various pressures from the dana of Table VII and VIII .

e .-
together with the methane data ‘of Din23 and carbon dioxide data of

Vukolovich et a185.° The results were compared with the excess enthalpy

D Lony

data-of Lee and“Mather4 .ﬂirectly determined u31ng a flow calorimeter.;

T,The comparison is shown 1n Figure 19 and 20 The agreement is generally

goody , . ;> _ e hhd - ta g e ‘"f;; -LW

= *
f
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Egpemmental Results M,th E'qm,molal Methane - Carbon Dwmde - .. L

" Nitrogen thure

The measurements of the isothermal throttling coefficient were'

d made on an equimolal mixture of methane, carbon dioxide and nitrogen. The -
‘pfessure range of the measurements was from 300 to 2000 psia -and the three'
"temperatures were 10 -10 and —30QC‘ vThe composition of the mixture ‘was
rdetermined by. the gas chromatograph and is given in Table IX._.J'

The smoothed zlothermal data is tabulated at Table X and is'v

shown in Figure 21 Values of ¢ at zero. pressure were calculated from

vh ethe viria1~7oefficients given by Dymond and Smithzé and Ng63 :The

E calculation of ¢ is shown in Appendix C >
TABLE IX.
Composition of Equimolal Methane —l
u‘} - : L Carbgn Dioxide;ﬁ Nitrogen’Mixture‘
'?Comgosition-” -~'__';‘A ‘ -1:vl'4Mblevaaction_‘
L'Methane* T e 0. 333
Nitrogen .i' fv-vV“”'_."-w.‘- L h'lb 0. 333 j.

Carbon dioxide T C 0.3

SN ‘.v < - : @ e : .D'.:
N - »' K o r\?"& S ST :
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" TABLE x 3

ISOTHERMAL THROTTLING COEFFICIENTS FOR

THE‘EQUIMDLAL.MI _REVQF‘b027- cﬁa';fNZ o
| "¢ ( moi-]f bar-l) , 7

Temp.érature", °¢

- PRESSURE - . g9 - S a0 o

(bar) - " ' : . R . '

o - ',i9w09 R ."":J 22u8Q- | ",2s.d3fi |

io - ;9.soﬂ e " a3 - Rt 27,55
'--30v o - ,”Zb;65 L 'ﬁ.-_23.31 e sn30

“ - 2117 Lk - A2'6'/‘.171 T ;33_:;./;.2’,} -

50 a0 S 27,06 3659

60 T gles L3 s

0 om0 2888 C41.97°

|  ,80A‘xn e é2.54ﬁ,.{_f, - L 2o S ,v43,01; vf

;4  jii?‘ 7:¥ gq‘if, e ‘/,322_27 IR 29,25;:' S w3

28.50 - 37.68"

110 | 2128 3215
rsiéojgg_.fﬂﬁ@Lfﬂ1;kgq,54 Fggf_f;:jf’{}s; 25054 O ;26,72

1950 o 239 S 22000

Caast 19.19
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7 and l‘H°,H° are ‘olal enthalpy at zero pressure of i and j- resp
S S |

.ﬁThe molal enthalpy departure of the equimolal ternary ﬁixture can be

e

63

Comparison of Experimental Results = - - ~

'Isothermal enthalpy @eparturesbfor'the mixture were calciulated
by integration”of>isothermal throttling COefficients with respect to -

pressure " The. results were used to study the possibility of predicting

ternary or’ multicomponent mixtures by using ‘the binary experimental data.

The exPerimental binary excess . enthalpy data are from Lee and Mathera? 45

for carbon dioxide—methane system and " nitrogen—carbon dioxide system. The

vfnexperimental excess . enthalpy data of nitrogen—methane system ate frqm Klein

"et al, 40 Pure component enthalpy data of nltrogen and methane are from

>

Din23 and carbon dioxide is from Vukaloviqh ana Altunings. : ; f,' Y
S b Due to the limitation of the experimental excess enthalpy data
available, the comparison is made only on isotherm of lO° .‘ The enthalpy

departure of each equimolal binary system at - 10 C and sevefal different

i

'fpressures was calculated from data of*experimental excess enthalpy of the :

S 1 - - !: Vvo- o o ‘
*zﬁ%ﬁ_j?. oW A

Pl

B where AEiJ ivLmolal enthalpy departure of equimolal mixtur

F—fj is molal excess enthalpy of equimolal mixture d%f.

caIculated as follows‘
T, 3(AH F g+ AHlB)T P 29

The molal enthalpy departure of the equimolal ternary mixture of methane, J

"carbon dioxide and nitrogen was. also: calculated by using BWR equation of

N & . L e e




0, 20 40 60 and 9o°c.

- R . . i RS

Experimental Results With EquimoZgZ‘Mbthane‘; Carbon Diowide - ‘j

Ethane Mizture . " l" R : co T /' 3

. . L R '
. Data of isothermal throttling coefficients were obtained at- six

— -

isotherms.for'the equimolal mixtufe The comp031£}on of the mixture e

4

VAwhich was determined by gas chromatograph is given in. Table XI;% The

&l

»pressure range was from 250 to 2000 p51a ‘and the six 1sotherms are —lO

O

NP o ‘TABﬁE X R
o S o Comp081t10n of Equimolal Methane -

Carbon D10x1de - Ethane Mixturetd'

;j’v E@Eﬁgiiggﬂl,: ‘.. P .. . . Mole Fraction

| 1Methane, o SRR, ’ " 0.340 R
‘Etliane e 032
: Carbon dioxide . . 0.335
‘ 2

The raw experimental data was treated by computer reduction

j”'method and the smooth isothermal throttling coefficients are tabulated in

v

jj_é@?l o (:_-”_}_v : ‘1'1_”' .

64
state_wi!‘ .ishnot and Robinson.mixing -ules.and‘narametetsll,

- The c:mparison between experi‘ental resnlta of this work and.;,l
values lculated from binary deta is-: ..0own in Figute 22.. The prediction
hy BWR muztion of state is seen to J inkenoellentdagreenent_nith thesel
ekpetimen_a; re alts. The'lackﬂoi téreementmbetween this expetimental F”
data and the vea'lues calcul, wom binatyfdatafmay be due to not taking ’

' ae;ountvozgternary 11 JCLLOHS}\“ o ‘
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7:;very good.vg;’

: XI’II

u'The calculation of ¢ is shown in Appendix Ct>

Cbmpdrison'of;ReeuZte‘ : e D ! vv;,j' - '_ ' "v, ?l*

and Ethane thu.re :

_'pressure from 250 to 2

,‘determined by gas chromatograph and the compositions are.given-in«Table'

<

a’,
A

o : |
”-.Z} Peterson.and Wilson reported isothermal enthalpy departure from :

;20 to 2000 psia for this mixture at temperature from -50°F to 300°

Enthalpy departures were c@iculated from ‘the experimental iaothermal

throttling data which are listed in Table XII by ir egration with respe@t
”,to pressure.. The values obtained were plotted as v ction of temperature

T at constant preseurg.; Figure 24 shows the comparison between experimental

i S . p
)

R

,-ﬂgpermmental Results wzth 50 Peraent Mbthane zn Chrbon Dzoxtde

T

Isothermal throttling coefficient determinations of this mixture'i"fJ”.

were obtained in the gageous region at . temperatures from--lO to 90 C <at
¢]

0 psia.. The composition of this mixture'was

A

' 'data of Peterson and Wilson68 and thi§ work | The agreement is ‘seen’ to. be f“
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- TABLE XII | -

| ISOTHERMAL THROTTLING COEFFICIENTS FOR mE
I SE EQUIMOLAL co, -:cg#. C,H, MIXTURE
’ ) ":,'

"—¢ @ mol™t part

TemperatUre, °C.." L
 PRESSURE >10.0" 0w o2 4060 . 90
(bar) e S R . o L

o ' " S O% T 41,80 _‘-4d;éd"j'i 34,60 7';30.Aq'7 2.0 22.60
R 7ilp w  46.83 42:87 . 36.39 - _3l;35z, »“ 27}55 | 3 22<92'j3f" |
TR 52.83 47.40 : .?‘38;59' 32.96 28.46 23Q41 

30 63_32A.¥;§4.1§;”. ‘f:42.18“ QEVRRV 29.55  23.93
V‘38_  ' 'A 77529 el ;;_ ; :vi :.‘: B  wf t‘ %_ v >‘; ”_. :u

o 40 - ;;;' eh.ss v¢46.22.5_,“'36.66' | .30;67"g a2

e s . 80.96 5150 39,01 s -11 24,86

60 A5 0 58,09 - 4l.ehc 32, 97 25.25

»b' 70 _ ‘14§.2! D es.o4 "'44 fﬁ%f::' 34.06 | 25.59'5’
80 - f.-'9§;01i;;'f¥ j0.61 " 46 13 3.0 ,”.;-25lé3;'"

S 90 - ' "48§36' ‘gf1'}o.55_'_ 47 7o 35.3 25,90

""f‘”fvf-' 100 R i29s7 60.75 . 4676 35.19 CT2sa7

| 5119 . -7.3"—,'_i_;:i9.1§ 4650 44 34:N~‘:H34.46  ¢ﬂ{ 2%;$5"
120 - o ;v‘v.la,sdf S 34,92 ~f' 39. 75f_1 f§33?29fﬂff’i24 89, .

| i307'3 a i ;f' ‘lo;%4 - ;f12§,25 3 [_34;36' : _f31.3357_.5 24, 15
1370 L ggs fél}67 © 3083 . 2931 ﬁ_”23;521;gf
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) "Equimo!él éO‘z’ - CH4 - Cz'ﬁe

‘a 0°C

b 20°C . .
"p 40°c

d' 60°C *
& 90°C".
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]OO f_5120,'

»«bcr

| FIGURE 23 Isothermal Throttlm\gCoeffncoent for- the Equnmolal Mmt,ure
e of Methane Carbon Dloxlde and. Ethane T
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© TABLE XIIT

Composition of 50 Percent’Methane'in‘CarbOn

. Dioxide and Ethane Mixture

Composition‘l a ) o R Mole Fraction
‘Methane L , - - 0.514°
. Ethane G 00242
L Carbon Diokide ) L . 0.244

Isothermal throttling coefficients derived'from'the expefim,ntai
_data by computer reduction method are tabulated in Table XIV A plottof
- the isothermal throttling coefficient\at constant pressure as-a function

@ g L

- of temperature is shown in Flgure 25

&

Expermmental Results wzth Eauzmolal Methane - Curbon Dtoxzde -

Nztroqen - Ethane Mtxture o o _f{?,ﬂJ’fU R . ',_ -

IsotHErmal throttling coefficient determlnations of this mixture
L . ! : .
were obtained 1n the gaseous region at temperatures from —30 to 60 C, at
ot : i
preSSure from 250 to 2000 p31a._ The composition of thlS mixture was

‘determined by the gas chromatograph and the compOSitions are given 1n

1

‘Table gv, *‘f R



PRESSURE
. (bar)

O0*x

10
"~ 20
30

A

10C

119

130

137

*

"‘IABLE XIV

50 PERCENT CH IN CO

s

- -10
436,20
4183
46.%6
53.62

64.00

1 79.37

94
" 90.
61

37

18.
13:35

11.45

- Fp o qdB

dT

38.62

.81

.03

.67
73.

.32

~

30-.

~58.01

4 2

-¢ (3 mol *

32.80
35.15 |
37.85.

41.24

145,52

S 5T.0L

66.39
170.53
64,51,
- 52.58"

39.36

27.82;

20.13

17.41

Temperature,
20

30.25
31.67;
33.26
35.31

3777

—~'_40Lsg;

42,60
44.28
44,89
43.74
s 40.45

’.35.70

— \.,}

+30.33°

26.67

28.80

- @9°ﬁ-r7

ISOTHEBMAL’THROTTLING COEFFICIENTS FOR THE

- C.H, MIXTURE '

2%
_1)_

oC°

’ 33 09

- . .y-‘ 32 85v .
1‘*31 96' :
30 3

L
28 15“-~

- 26.47

. 25.86 -
25,12
34.05 - -

23.08.

.

90

19.12

19.39

119.67
' 19.95
20.21°
‘20;4b -

20,49
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FIGURE 25
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‘ TABLE XV | i
R »Composition of’ Equimolal Methane.— Carbon I
Dioxi&e’ Nitrogen - Ethane ‘Mixture
- . .CompositiOn- S, MbleaFraction
( ©Methame . . .0.2535
IR Carbon‘Dio:{ide _ ) : | " 0.2555
’ Etha’ne S . 0.2365
' lNitrogen o o ::Vvlhv VJF: b‘_.r,O.254$ik
' Smooth isothermal throttling coefficient of thisfmixture by S S

this experiment are tabulated at Table XVI. A plot of the isothermal

throttling coefficients at constant temperature as function of presBure

‘is shown in Figure 26 Zero pressure isothermal throttling coefficientsv

were caICulated from second virial coefficients 20,24, 27 31 64 79 101 _y:;_"\*r’“

. \

Equation (14) and the calculation of ¢ is shown in Appendix C
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TABLE XVI
. ISOTHERMAL THRDTTLING COEFFICIENTS FOR THE ° . o
EQUIMOLAL C0, - CH, - N, - C2H6_MIXTURE

»

' - (J molf;'bar-l)

Temperature,°C

..PRESSURE " | -30 .- . g S 10 .. 30 :'} 80

0% s, 90 3140 'h27.2o;f; 2360 . 19.50 -
g . ' A P e -
B L 38.00 32.50, - 27.96 24.08 . 19,62
20 43 o %hA0 T 2890 g478 J19.87 !
27 ulse | | _
30, IR T 37.47 30,29 25.47 20.12"
. - . N . " V‘ ' / . .. ) - . . .
.40 . - 41.35° 7 3 81 26.26°  20.43
{50 ' - 45.46 33 8 26.93 20.70
60 ST L w27 L 34,00, 27.47. 20.84
70 - = sho3 ©36.13 127.91  20.88 -
80 - s e "36,73;-. 28.07  20.80"
90 B - 0 50.28 36.41 - 28 07. 20.60-
93 . a7 T AECUE o
‘00 27.7Z N 96 35,08 - 27,51 . 20,28
110 e Lo 19.4 s, 30 © 32075 6.4 19.85 |
S1200 7 43 26.88 . 29159 25.25;1'»f19.@9,f?ﬂ
130 - - 11,05 21.19- 25.86  23.69 18.54.

137 99 19 23.55 22,13 17.gg
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SECTION Iv - EVALUATION AND EWUTMEUUN OF MFTHUDS OF PRLDICTION

N Y

This section presents a review of the methods of prediction of
thermodynamic properties and particularly enthalpy of mixtures 'Twofnew
me+ o de are proposed for the enthalpy pred1ction~

To calculate the thermodynamic properties ok_a fluid or, fluld ‘ ::_-~ o

ANITIN from a knowledge of molecular parameters by directly solving the

equations of statistical mechanics, requires very detailed mathematical -

calculations as well as knowledge of the interactions between many L

particles “Fbr this reason, no satisfactory solution has been achieved

-~ 3]

for all regions of enthalpy prediction Statistical mechanics has been

EE . N

vvapplled with some success in this endeavor especia ly with respect to the . o 1{

behavior of gases containing relatlvely simple molecules.' a

Although advances have been made in the area’ of predicting
\

macroscopic properties, it appears that for some time to come Jless .

"sophisticated methods of prediction must play an 1mportant role. To obtain

';quantitative representation of thermodynamic properties, assumptions are -, .
‘required which make . use of experimental data and certain parameters or e
’functional forms having no direct fundamental 51gn1ficance. These

.‘approaches and other methods developed from‘correlating thermodynamic

" data will be discussed : \\'.’d:>w

r/. “ )

S, : . Co - N S
[ . . .

Méthod of Predzctzon Bhsed on I%ermodynamtc Data _ ' “_“ ‘ﬁ;

B

A recent review of the available methods qﬂ predfction of

: .enthalpieg\of fluid mlxture at. elevated pressure was made by NathanGg,'

: .Mather574and Yesavagegz.' The main groups 1nto which the methods can. be iétﬁ

dlvided are:
1. Estimation of partial_enthalpies

°



2. Equivalent pure component method

- 3. Appllcation of PVT data o~
Sk, Applicatlon of. equations of state

5. Generalized corresponding states correlations

b
A

- -

Z. Estimation‘ofvportial Ehthalpies'

The enthalpy per mole of a mixture, Em, can be determined
exactly from a knowledge of the partial molal enthalpies of the- 1ndividual

-components Hi’ by application of the expgegsion

U e

H =g
- i

The: partial molal enth&py of a compone(i‘t is generally a function
of composibion.- For’ gases at zero pressure, the assumption that the
enthalpy of a component in a mixture is the same as the enthalpy of the
pure component is an acturate one. Therefore Equatlon (30) can be applied-'
'b‘rigqrously to establish the enthalpy of gaseous mixtures at zero pressure

In genefﬁl however, partial molal data are not abundant, and’therefore,

several methods of estimation have been suggested . dg

Very often the assumption is made that since hydrocarbons in ‘a

©

homologous series, are chemically simllar, their solutions are’ ideal

ﬂwHence to compute a mixture properties, the sum pf the property of each

of the pure components (at the same temperature and ‘total pressure) is

>

taken in jﬁoportion to the quantity of the components present This":~ﬁ :
A
assumptior! may give good results at moderate pressures and relatively high

(1

1ptemperatures. Hdwever, extreme~care must. be taken when. applying this

procedure 31nce as Mathers7 has shown extreme values of the heat of
1} KY ‘ ;
. mlxing do exist, espec1ally in critlcal regions. aCharts for the pure

~ .



. . : 78 -
compohent'enthalpies'are given by ﬁaxwelIGO, Peters67 and Scheibel and - .
'Jenny75.‘ A difficulty arises in using these charts because it is not
C always possible to obtain the enthalpy data for. the pure component for the
conditions of temperature and pressure under which the mixture exists
'Peters “has derived auxiliary curves for estimation of partial enthalpies
/under those conditions and MaQWell used an extension of the vapor pressure
- curve for the partial enthalpy of a low—boiling component in a liquld
mixture. In eneral, ‘the plots presented by Peters were limited to'a
‘temperature range between =260 to +420 F at pressure up to 600 - psia.
Similarily, Maxwell 8 plots extend between =200 and +200°F at pressure

i

! below 150 atm. | ey

\\‘\

A major drawback of this method is® the fact that an enthalpy »
diagram musr be available for every component present in.a mixture._

2. .Eqnivdlent Pure Cbmponent Méthod

7

Several methods have been developed in which a new parameter is

!. .

introduced to allow for the effect of composition. The data are usually

\

presented as a series of enthalpy temperature plots, there being a separ-
" ate one for each pressure, with lines of this constant parameter. The
: forms that this parameter takes are most commonly the molal average boiling

égﬁ’point,‘the average. molecular weight or the mixture specific gravity

v

Scheibel and Jenny75 presented monographs based on the average '

molecular weight of a hydrocarbon mixture.

- } ‘ Papadopoulos et al65 showed that the molal average boiling point»

of a mixture defined as , -
, & M.A.B.P; = Ix (B.p.), - A S 31y -
. = 1 i NS S : . . o .

e L
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sy

' calculated from an equation of state. At: the same time Canjar and-

I

LY

4-

Edmister13 employed tﬁe same correlation

wuc

Jemploying a numerical technique for differentiation,

¥

'molal enthalpies for lighter hydrocarbons.

'r

-200 to 500° F ae pressures below 1500 psia for

"average boiling ppints from -270 to 190°F.

'_‘, . R
=3 -

-

cmixtures with molal

to the temperature range ’

using the fugacity coerficients,

and derived partial

! ' 3f ’épplicatiOnvof’P:ZLT Data B " ‘f ':pﬁ o ‘.IT'.’“,j,Q,‘f C e

Accurate'Pfy—T data can be used to calculate the effect of .

Qpressure on enthalpy of fluids and'fluid mixtures. If the volumetric

. data are available, the en:halpy"can be calculated by use of the relation,

Rt I 32,
wher *H(I,O),fthe1enthalpy'at zero pressure,'can be determined for most e

4 . RIS

31mple flu1ds."5%§isf evaluated from ideal gas enthalpies .of pure fluids

4

either from statistical mechanics or from measured data.v‘The ideal T

v ' mixture ehthalpy_is determined,by;applyingiEquatidn (30).‘- o _“,;

- The‘term 1n brackets of Equation (32) under the integral sign

o

involves the difference between two terms, one of which includes ai. »

derivative. As a result, extremely accurate volumetric data y;e required -
.- % > Jq( N

- to y1e1d reliable eetimates of the effect of preSSure’on enthalpy. AJ'

"y
|

reduction bf accuracy of one order of magnitude 1s to be expected

‘o . . . . . - . ‘ ' ‘,
B X ﬁ? o B
. . R S . L

s ! "
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N ;\
o

- Volumetric data for mixtures‘of‘the required curacy-are available but: o -
AN . o - . ’ R . o
very rare. . f-i - _ ' "

e

T A large number of equations of state have been proposed but only

. &

a few have been used for extensive calculations of enthalpies. In general*
‘ ,"K . N s ! ) .
Sk most equations of state serve to relate pressure P as the dependent variable

to temperature T, and specific Volume V‘as independent variables. As a

R ‘ . . . .
* s - P

H(T,) - _g(r;_v)- - & —.'wasf @ - 12 )Y]dYT '(\53')1‘

The virial equation of state has a sound theoretical foundation and is

free~of arbitrary assumptions.‘ The relations between virial coeffi&ients

‘ and intermolecular potential functions can be derived from statlstical

_ mechanics and the compbsition dependence of the coeff1c1ents is own

exactly. this equation iS’restricted'to vapors since the power series

‘ Relatively s1mple equations like the Redlich—Kwon% 73 equation of

= state have been used for enthalpy predictions.< Sevegal modifications
91

]

' had been attempted to improve the prediction, such as those by Wilson
jSoave?6 and Chaudron, Asselineau and Renonl7. More complex.equations
such as the Benedict-webb Rubin6 and Martln—Hou56 have also been used to

predict thermodynamic properties, 1ncluding enthalpy. New m1x1ng rules

. which were proposed by Bishn01fand R.obinsonll for the BWR parameters are

‘ claimed to\improve the ai:uracy of sudh predictions fhe modlficatlon '

- \
of BWR equation by Starl 32,50,77, 78

: N
esgecially am lower temperaturé regions.. Other modifications of BWR type

S o \‘ N . % i ) L ‘”l :
B . ! . ‘ . . \ ‘—k. " ) ' !

E R

<7

_ 1s claimed to improye the predietion»:f

result, it is convenient to transform Equation (32) to, ' . -‘_/f‘f”ff</f/;
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" of equations OE'State, such as that Bender7 and McCarty53ahave,also‘been-

‘»consiste cy of all type® of data o 'y.v

s

'j'proposed Recently parameters for BWR7 2 32 20,53,77 have been“"\{m’,

B
)

determined by multiproperties regre551ng on volumetric data, vapor

@

/ "
pressure data, enthalpy and k—value data.; This ensures thermodynamic

Vo
0o
B 1

Unfortunately neither accurate thermodynamfn data nor - :5“”

!

,parameters for equation of state such as BWR which heed large amounts of

'fprineiple have been presented by Stiel81 and Leland and Chapipelear47

B
experlmental data are available for many components .

i ‘ - . T
AT P - = ¢

o . v S
i Yo
L

5. Generalzzed Cbrrespondbnq<3tates CbrreZatzons ' , "'“:.

o~

Recently reviews of the application of the corresponding statesaj

'These methods are based on the theory of correSponding states first put

‘ have the same. compressibiliﬁy“factor when measured at the sahe (reduced -

o8 . 1 L 3 o . -

forward»by van der'Waals62 1n which he stated that all pure ases‘would

-1 iy

’ ST
”;condition of) temperature and pressure., The law of corresponding states A

e

. reduced temperatureifﬁ‘ T, /T and reduced pressure P

‘can ‘be stated mathematidally “h.{ b."' - ‘(l_ e

[

?i(TRi’PRi)_= wj(?Ru ThRpFRST R L ey

where the symbols w , and w represent corresponding dlmen51onless grou_

, >

properties of two fluids "1" and ”J" given as function of their reSpec ive

P /P
. . 1 ‘ l /. Ri c ’ Z
A ThlS statement of principle has become known -as Tw —Par ter

Law of corresponding state becaUSe one muste?ave knowledge ofﬂthe’/7

parameters (T and P ) in order to apply it and must’” assume that theretareia_nvyv
PR S e

. only two adJustable parameters in, the 1ntermolecular potentﬂal in order b

to derive 1t from statistical mechanics.;.

- .
. [
v ; . + . L . .

, Ty
c R - . RV . A | Y
c e S . ;
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.»Awgti,:;' Lyderseu, Greenkorn and Hougen (LGH) correlated . the

k h,where the bracketed terms

Vo

: b
. t y
o N
-
9
»
'
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EN
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.
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S
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o and Greenkornls recently extended the Curl°

. to the shape of the reduced ‘vapor, pressure curve -

Fggnic properties of pure compounds based on a modi ied cor

. in "principle. This principle Stated that pure compound with the -
samefcriticalrcompressibility_%C'values,.the dimensioniessfgroups of
AN . R S - '." P ? | L . . «

properties of two pure compoundsfhave the same numerical values at

5 -
corresponding reduced cbndition. The correlation of LGH has the form

respond-

o * . k‘% . EEEN ) ; ) R } s , . -
| : s . O P T :
L H(T 0> - H(T p) Hfi._ g . N 5
o e s e R CRR ) anpl o sy
A <, . T.pv / L. ‘ e A
SR w8 S R N

‘are presented as generaiized‘functionsxﬁn -

tabularrform by the aq;hors. ihe cond}tion covered 1nc1ude PR < 30 for

0.5 < T ¢ 15r Yen and Alexander 'and Yen and Garcia~Range19§ 1mproved
3

the correlati

v i)

W1th the aid of reliable 1iterhture data. .° T 'wv¥ RN

AJ S‘ Pitzer et al19 employed the acentric factor Wy which is related

8

['.

~as the third parameter.'
x‘\

The correlation of burl and Pitzerl9

‘ ‘:‘,’ _;gﬁ' : B >" v ' : ‘ o

< S
“ . !

B oy,
RN a . - B

. EN L . LT »".,' . - ’\;\‘
- . Coe L8

.

gg)pf the isothermal ef%bcts on enthalpies for pure compoUnds'

1s given in; the form, ‘ N

i

¢

',H=('£ 0) ~ H(T p)’* H (9) Q) - L |
. ‘ RTCX [ﬂ RT lj RT ﬂ] “ ‘ Nj‘ " (36) .

where the bracketed terms are soﬁééﬁﬁl different generalized function -

presented in tabular form by the authors.

of pressure for P < 9 for 0. 8 s TR“< 4.

These tables cover the range

Rev1sion of - the original

'correlations which incorporated enthalpy data at elevated pressure in o

N
.;N

addition to PVT data have been presented recently (Yarborough9 ) Chao'

@ »r.

and Pltzer correlation temperaﬁ

S
7 p‘,"
4

o
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Ve ture range down to TR = 0. §§ fThe extended enthalpy corrélation was

f

.obtalued upon differentiation -of the generalized fugacity function

Pre. . sly developed by Chao et aly, 6 -and upon combining with calorime}ric

\x ", -data in the,literature. o : ’ e T S .
‘ : ~ : ' ' o kS
’ Leach and Leland42 43 extended the.two parameter law of
{corresponding Eates to include fluids which have structural dissimilarity.
Mblecular shape factors were introduced which modified the critical
éemperature and critical volume of fluids whose molecular structures were'
} K - .
dissimilar ‘to those of a fluid for which thermodynamic data were
: . N f L o E . T .
. available. e, ' ; .‘ P "' T
Molecular shape factors (8 13 and\v ) of a fluid "i" relative to /
N fluid "j" are defined mathematically ‘by “equations f'f i'”;l‘;l':k'\\\y S
BE A PR
( = G, SR T e (38).
C j_ RTC J . o | o . ] . .
* ‘atbcorfeSponding modifiedireduced conditions,“' S ) Ce X
Mo 5 > ‘ Ti ) e T- H,“_ o K : : o L . ,"‘ o _
PP e e e O < D B
o " - T e f ' e
\ Vi 'V} .f3 > ;i'u31rf: N
\ — =‘2fo : - Lo (40)
v., V SV L
13 ¢ c. . ; N
. y o . . \ g
where Z is the compressibility factor of the two fluids. v
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‘methane as ‘a reference. Watson and Rowlinson andéﬁhnning and -
™~

. Rowlinson29 used the same correlation for non—hydrocarbbn systems. The

s .

molecular shape factor can be extended to predict therquynamic properties

a

P

'f of the mixtures. ,The mixing rules'have been suggested by Leach43 _
\ L ' L
B e, e . » ? q ‘. ) : ) o ' Lo

plzcatton of Generalzzed Cbrrespondznq States Cbrrelatzons to M%xturea

In applying the above correlation to mixtures, it is assumed
\

’that thecreduced functions for a mixture behave 1n the same manner as .

.__fthose for a pure component. It 1s necessary to establish values of the ,

¢

_three parameters for mixture. The concept of pseudocritical properties

D was first suggested by Kay38,- The' suggested linear form are: - . .
. S “' i . .\\\ " x e 7 . oo .
. ~ N ‘ j .
= - 2 .
To g /.E x;Te . . PR, (41) _ \
‘{ a m .‘li‘- ’ ',1 ) - \\
To T ExP o ) :
> ) m k4 1 El .
: . - o T
..pand'
\ . B S o . ! v' f'\

R

e e re-are severai other mixing rules which have been proposed in the

.

llterature.k The procedure and the original background*of the derivation”

L :', ' of the mixing rules is presented. »5

L

_ 'L) Mez’:hod of Pztzer and Huthrenw S '_ f",' o B .a IR

(I

Pitzer and Hultgren had extended the three parameter acentric

LN

R factor corresponding state theory to binary gas. mixtures, using the S
.‘,‘v . b%( RPN
S pseudocritical concept. By studying the experimental volumetric data,




. , =1z |
PP N ; oo A :

- L ~— [N
it - u

. - . ‘ v - P
1t was found that simpie quAdratic formulas could be used to represent :

A

the composition dependence/%f the three pseudoproperties ofﬁgaph mixture. e
/ .

~ Applied to the multicomponent mixture, the equations of the’ mixing rule

Qe ‘ SR
‘are: I - o T Sy

‘ / ¢ ’ . ;e

S

/ / . v : o B -y B . . - ' T :

.

xiijCij o (45

“m © z\z “ixj‘”ij - P

Q

(46)”"

‘The constants T ;:P* and le (i#j), must .be evaluated from data on’

i ij CiJ [ g N a7

binary mixtuzesu; These mixing rules reduces £o Kay s . rules when the-

“« s

constant! TC 1, Pcfv_and miﬂ are taken as’ arithmetric average of the pute ‘

constantsi_ Voo vy Lo

N

zz) Method df Joffé—Stewart Burkhardt and Vbo?4 35 82

. gSI.‘he equations of the mixing rules are given as,_f,v;QZ.O'ii

5 el

L
s N

o (‘Jp";

L R T e R T DU "
TheSe;rules were‘originailyLSuggesteg-bY»the»mixing rules‘forgthesconstan

L
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Since the van der Waals equation is a two parameter equation, the strict

development is limited to mutually coé%ormal substances. However, ‘the

»

rules can be applied to other mixtures by assuming a linear variation in

1 o 3\ -

2 .

' tHh third parameter. PRI I f;” ‘ c (‘ ;‘~

zzz) Mbthod qf LeZand and Mueller46,_

- . T
«

The problem of defining pseudocritical values for a multicompo—

nent phase is analogous to the. problem of writing the virial coefficients

I

for the pure components.' The second virial coefficient for an m—component

é&hﬁﬁxture is related ta- the pure component virials by'""

,virial coefficient expression for mixtur with_those SE

and making appropriate simplifying assumptions. .The”pseudocriticalf

constants are given as

16
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this method is not only function of components of. mixture but also

:function of temperature and pressure. Again the third parameter is

1

' _iassumed to be linear variation for the mixture

- _w) Method of Prausmtz and Gunnn., |

4
. Ty
& oo
ta o

‘relations for the second virial coefficient of conformal substances
'vThese rules are given as: - ;lin wth' y o ’&.hfg>-£f

*,fand is tabulated by the authors The pseudocritical constant obtained by

- . gy_"..;.‘

The mixing rules of Prausnitz and Gunn are also suggested from i

< : ’:‘v , ~z<..‘f ‘.J \: BRI '_s"“
e B +\/Bz Frvey.
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where the A terms are. small correction;teﬂms dgpgnding on
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P, =ty 7 A . - - €65).
Ty v Vil | L ,
&“ Do whefe.agein_zcvvis given bnyquation (60). s .
- . 'i; “ ' ' , . . . . \.l )
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") Method of Barmer_and Quih‘Za‘nS

. .

Barner and Quinlan suggested the mixing rules based on a modi-

R 1 .
g 'rfied fp{é of Redlich—KWOng equation of state’ (Chueh and Prausnitzls) ‘The

mlxing rules for the two'constants of -the equation of state is given by

Joffe and.Zudkevitch36 as,_f

I " ='i’§'yi'}"331j'- B L D . ',(66? ,

afﬁ“Iheﬁseggested'pseedqeritiéal constant of the mixture is given by -

.‘894
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T, = (T T, ) 12) - S (69)
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) | ?ij Ci' C.' ) ’ ' : . ’ - s »
. / b . . .
o , J3.3 ‘ . . .
| e - B )
.\/‘/. - S J : ) . .
The interac:ic. ants Kij ar cabulzzed by the authors. 'KijAhaye been .
‘generalized as a Fan- ion of /v, an::are;also given by the authors. o
L : ~
e = 7 :
vi) Modified Mzthod of Gunn _///

Gunn'28 deve uped a x« espoﬂ@ang states theory for fluid mixture.

The pseudocr1tica1 temperature 1s obtained by uqﬁng generallzed equabion.,'

vfor second virial coeffic1ent of Curl and Pitzer7q‘and the mixing rule for

Second virialvcoefficient. 14 S BT Lo _
! C . M o . .'- L - )
B = %I y y Yoo e T - (53)
ooy j 173 iJ e . RS
‘ _ . . { .
B
PR OTY T BR T tegBy - SR S 400
- m c m m . ) . e L E \
S m " S . v
The rigorous expression for the scallng temperature is, obtained by equating :;M_
. - . . _\ S - X .b',
 Bavation (53) ad L. Tt
\ . - v 2 ."“- . R T . B . ‘ - N ” \V;‘ o .47. .
. [B( )(———> +u 3P Eo) = e AR )
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iﬁhere
| (73)..
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and non-polar system presented by Tsonopoulos8

Co Pitzer70

where

. A new correlation of second virial coeffic1ent of both polar

”

4 replaced that of Curl
The new correlation for non—polar system is given by, ¢

N

w T e e
CetODy v W&y Do gy

Ke

.f(Q)((g_)- 0.1445 - 0.330 _ 0. 1385 _ 0:0121 _.0.000607
SR Ty g2 T g3 T T .8
' S "R o "R R

(1)6%—) 0.0637 + & 331 '°m4§3*_10}ogg
C T T T
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o Repiace EQuation‘(7l) by’(74),' ' R ,:{)/4
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v

and

(75) -

g

'(7i> -

~




| IR Gy B - B ) S S
e Lar et ey - oy
"y B Loy o Ty
SO T A T

V. =Ty N, o (e
'Cmf- g3 o0e, N RN , )

e

oy - R
Z, = 0.291-0.080 - R ) S

- e m,- Ff § yiyj‘C j }/V c. o e f' : ;f”"Fft(7§)f -

m o mom m S w e : L

*The~interaction constant k j‘is given’by‘Prausnitz72 or by fitting the ' o
k) . . : [
2 R
j with Equation (74) Tﬁe pseudocritical constant T and'_ Y
oo ] ‘ _‘m '\' i Je
“'ﬁPC is obtained by solving Equation (77) and (68) simultaneously. ‘[» ' vf? o
S o Tm C . L e

RS experimental B

Al ) « ." T -

f:vii) Proposed Mbthod (Soave—RbdZech-Kwong Ebuatzon of State)

I

' ALmodified Redlich—Kwong equation of state has beEn proposed by ' “;@

PR

: Soave76; The parameter a in the original equation is suggested to be fn7cf“ff‘5

temperature dependent.> The modified equation is,,g.‘
. T a(r) T N
‘f’!“b.YQTBI“ R P

 ‘where -
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. Applying the equation of state to the mixture, the mixing rules for the
two,parameters aréé,_ v I B PRY S R R
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where k}_J is an: empirical conre ation factor to be determined from. the( S '

experimental vapor—lihuid, eqn ‘ii’brium data, for each binary component\ P

Al

y«:——e;; T e ﬁ?_‘_ ‘ Lo
S present in the mixture } Generalization of k j has"been att:empted66 A N
.« , ; W T A

' f R - Starting by susbstitutinc Equation, (82) . (84) and (88) into '
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.< Equation (66) and (87) respect,vely, ‘ ‘
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- ’ TC ‘and P are obtained 'by solving Equation (91) and (92) simultaneously
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’ o Here the: linear varidtion for w is assumed
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o ,(7 g‘v_aluézﬂon of IVwe E‘hth&Zpu Correlatwns S0 R SR

* o The nine correlations evaluated and compared in this“study are

. s 4 =

foﬂ , shown in Table XVII Six~of the correlations used corresponding states

02, BT e
a"

@

el method 5f. Curl ‘and Pitzer ?’with six different mixing rules and’ three of Tk

L4

[P A

e o the correlations used equations of- state. The following six mixing rules e
L ;; X for mixtures which have been discussed above to estimate the pseudo— 'f" o

RS B
4 Ly

~ critical parameters for the - Curl and ?itzer generaiized correlation are: .,

-
. ¥ -

vh“ SRR 1) method of Barner and Quinlan, 2) ]propOSed method (Soave—Redlich—- jii "

Kwong equation of state), 3) modified method of Gunn, 4) method of
R ;’ Prausnitz and Gunn, 5) method of Joffe-Stewart burkhardt and: Voo, and ; 'Qxf‘,-
l‘?ii;gld. 6) metho& of Leland and Mueller._ The equation of. ;tate.correlations are : }.

.“u";.l_ - Starling BWR32577, éoave—Redlich—Kwong equation and Mark V92 correlation:_r,b‘l
| = : o .In this study, the Curl and Pitzbr generalized correlation o

/;o-. T

A tables for enthalpy departure and the extended correlation temperature NERE
4 S range of Chao and Greenkorn1§owere used., The linear interpolation, 7"‘“”v e
' . R gt e .v'

performed’bx computer‘was utilized in the calculation of the enthalpy
+ S R - G e

departure. R '-‘}' PR AR SN '

o }» o o ‘~:'-_,_>"_k‘ "‘,,": = R '%.'
',’f . Presentediin Table KVIII are ‘the data sources, number of‘data AL

v '. . < 7

pgint, and temperature and pressure regions of the data for the sixteen

.v .
Ve o I

fluid compositions studied in thisfevaluation..f.’:,ij?”

% { ',; Presented in Table Xlx’for each\correlation are the average,Ps-g,’

" absolute deviacions between pfsgicted enthalpy departures and experimental L N

L aan

v:ehthalpy departures for each of the sixteen fluid cdmposit¥bns used in :s;:v"-

i

. x‘lm'p this study.‘ The overall average absolute deviation for the total dataf

Yy ) . T“f&:-,
PR, points is%given for each correlation in Table EIX._ It is to be noted e

e > e 9
SR .

.}that the BWRS yields the lowest average absolute deviations. Results
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. . : . .
L obtained using method two 1isted above, gives ‘the lowest: average absolute

;’:

L yfdeviations among the six. methods.'_o

The pseudocritical parameters (temperature and pressure) which

he

'Lmre obta&hed by the five different methods for the mixtures of 49 & mole T
../4‘ .
percent methane in propane plot as function of temperature are - shown in

Figure 27" and 28 Pseudocritical temperature and pressure obtained by
modified method of Gunn showa very large dev1ation from others.' Pseudo—

' critical temperature and pressure obtained by method of Leland and
. ' . ; . \ \-
Mueller are the function of temperature and pressure. They can not be.

’

A

, shown in Figure 27 and 28.

'f'~\—l___§_,0bncluszons . - 4:-' : R
. T : K : ) o
The conclusion of this study is the finding that the equations -
4

of state BWRS), Soave-RK, Mark v and the correSponding states with the
proposed mixing rule which ‘is derived from Soave RK,I are the most - .”'_' -

‘accurate of the nine enthalpy correlations tested., Conclusions;relatingj7
' ~to each correlation individually are given below.o jbﬂ_'p .

< ey

The average absolute deviation for this‘correlation is 0 9 Btu/

,'Ihg. This method is not a generalized correlation and therefore can be ] |
1applied only when the parameters of this equation ofﬁstate'hgég,b%en,;§;%
: determined for each C°mP°nent in*a mixture. Also biﬁarYdatﬁiéie.n?édedl4.
!'A;Léfdeterminefiﬁteraction.constantgf ' h%!i, 'f‘_,?wm.f}' A .

4 S e T

Vo

o Sbave—Redech Kwonq Ebuatzon of State

S _ ';1'" e i The average absolute dev1ation for this correlation:is”l.gl'j'

IR A



,. w:wno.i c_ o:w._uos_ mm%»z.ux_s_ acmo..oa e 6v ﬁm. o.:..mmmi _muz:uov:wmm thmDOI . .w . = . .‘ H.,A ..,U..._.
T ' NLYYSdWEL N I
T 08 ope .oon_“ ,._owm.u,: .oNNxae,..onr‘.T_.wo‘..» oo_ R

vo;«cs. vomouo& D

. 1 Nuoﬁm.__z :::0 pue 5.5:8& 4
mvo:uos_ oo> pue uv»m:x..:m tm_sm«m mto.. 4

uoﬁo—z :m_:_sd pue ..m_:mm ..,

o v ..Bsasisu.%_:%.s o




v - . . Lo s

m:mao‘i u m:aﬁms_ jo EEx.E .._:mo._ma Al 6v wo EEE&QFQ 1 _mua:oov:mmm ‘82 IHNOI4. .\\.
PRGN

/

- o R &DE%QEE Sy

ore. 00E o9z o0zz 08— ovl o
- T T _ —.05¢

102
s

/

i

#

-

- oot

u.oc.uos_ ummono.&. o

Y

o

RANLvIIAWaL W2ILI¥30aN3

l e Hmuoﬁms_ :::G u:m B_cm:mi (

wucﬁms_ 00A u:m ::S_x._:m tm\sﬁm mtoq. v

. m uo:«oE uejuinp pue ._wc._mm ’

REE

POWaW s,ulng payipoyy o _




\‘L‘ .
L
|2

Mbrk v Cbmputer Proqram

fb Metﬁod.of Barher andyqninlaﬁ

‘ state (Chueh and Prausnitz

103 .
Btu/lb This method can be considered as a generalized correlation because
only critical properties and .acentric factot of each component in mixture

are required forkthe prediction The only additional information is the

interaction\constantwk 3 which has to be determined from the binary j{

L .
vapor-liquid equilibrium data// Generalization of k j for-sdme system »
has been attempted66 This method requires very little computation time

R . of
!

o

5 .
L *}a N

~ The. average absolute deviation for this correlation is l 60

’Btullb. ‘This correlation always predicts teo high at low pressure and

1

predicts too low at high pressure.

Correspondznq S%ate of CurZ and Pitzer With Dmfjérent szzng Hules :

PToposed Méthod v‘_ J‘b,: R - &

The average absolute deviation for this correlation 1s 1. 70

© Btu/lb. The interaction constant k 1y for the Soave-Redlich—Kwong equation -

AV

of state/has to be determined from the binary vapor-liquid equilibrium _

- _data, The generalization of kij has been attempted. o

A

BE

The average absolute deviation for this cofrelation is 2 0 Btu/

lb The mixing rules is derived from modffied Redlich—Kwong equation of

18).; Barner and Quinlan had generalized the

binary interaction constani Kij for most of: the system The pseudocritical
. M D .
temperature and pressure of the mixtureiﬁre independent of the temperature o

=

of the SYstem | 5»-',,‘ ‘-;v - "f}' o e L e



4% B

i Modified Méthod of Gunn

'methods. BT

104

M@thod of befé, Stewart Burkhardt and Vbo""ajg o ;\

°

This correlation gives average absolute deviation of 2 32 Btu/

1b. The mixing Tules are derived based on van der Waals' equation of

.

*e

state. No binary interaction constant is needed. It is not surprising

that the p;%biction is less accurate than other methods which have one

more adjustable parameter.i '

Mbthod'bf.LeZdnd and”MﬁeZier e v“ . | -_‘.‘_ f PR o s

-

- The average absolute deviation for this correlation is’ 2 6 Btu/

1b, The pseudocritical temperature and pressure obtained by this method

are both functions of the temperature and pressure of the system. This o

correlation gives very good prediction for some systems but gives very

-

”:poor prediction for some other systems. .. S

e

o e LT L e S s N
2 - " . " - s

: "[_'» This correlation gives very poor prediction in’ 1iquid region,

but gives good prediction in gas region.n The experimental data of thlS

1

'work are in gas region. It is shown in Tahle XIX that this correlation

' gives the 1owest average absolute deviation among the corresponding states

.-\. . X LT . . . .-

s . . : S ' . " B .r‘-

Msthod of Prausnztz and Gunn o

ﬂ} . ) The average absolute deviation for this correlation is 1 91 o L

13

"

bBtullbg Equation of the form Br.~ E Z x x B :forms'the theoretical_,y"




'"wxgeneralized by the authors.

_ basis on which the .p hdiction'of pseudocritical constants 1s based

two empirical constants ATC'; and AV
e 1y . ij

Two more empirical constants 8 and

. for each binary had been

The -

o5

each m&gture are needed to obtain the pseudocritical constants for the v

P

: mixture.f
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- Summary and Cbnclhsions-'b

w

‘.1. ’ An isothermal throttling calorimeter for direct d&emination of

. . the effeq; of pressure on enthalpy was designed fabricated and

tested. The recycle flow facility, as described by Bishnoi, was useﬂ\\\\\;i\'

- to recycle the material for this sﬁndy :

2, The effect of pressure on':' ﬁywms determined experimentally

- for nitrogen at temperatures £ .bito lOO C and pressures from: 300 . “l

3 B
a2

psia to 2000 psia. The data are in good agr ment (within tﬁl%)cwith.yv
vother direct determinations in recent 1iterat re.: -

3, ff Measurement of the effect of pressure on enthalpy were made on_

'

- _14 5 mole percent and 42 3 mole,percent of methane in carbon dioxide :

."at gas region at pressure from 300 to 2000 psia. .

i
A

i AR Skeleton enthalpy tables and enthalpy-pressure—temperature i
h‘diagrams for those tw0 mixtures were prepared using isothermal
'enthalpy data of this work and isobaric heat capacity déta of Bishnoi

;.5. i;’ Measurements of the effect of prgssure on enthalpy were also made

«
T T
P { N

Tlon equimolal mixture of methane,‘carbon dioxide and nitrogen,‘;:f 'bsi“v'f o
iequimolal mixture of methane,‘carbon dioxide and ethane, methane“rich

;;\'mixture of methane, carbon dioxide and ethane,‘and equimolal mixture.lzik.v.
| of methane, carbon dioxide, nitrogen and et‘ane.::The:measurements ;;eig}

“in: gas region and preSSure up to 2000 psia.

3

»6,l The data obtained in the course of this investigation plus data in R
; 77,.’ t - o . \ R
’”;}the literature were used to compare several of the available methods .

K e U

3

h of prediction. This comparative study indicates that corresponding A{-dfl:?b*

'vstates principle would be a most fruitful approach for extending
’meihods of prediction L

£ SO ' T SRR
7.0 ﬁA new recipe for obtaiélng pseudocritical parameteﬁf f?rﬁthe" i

o h P



S e

’Wdeparture of mixture.

ftical parameters._ *

5o v

‘ . 1
i

. !
!

mixture of the three parameter corresponding states correLation of

Curl and Pitzer was developeﬂ oY predict the i

sothermal enghalpy i'

In comparison with sixteen fl

Sk

of experimental Qﬁta in tne literature,

Y

uid compositions"

this new- method gives loweSE -

;average absolute deviation among other methods of (?taining pseuddcri— -
! }
_, T o . e R L . N oo
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- ReeoMmendationsvjaeruture hbrkv, 7 R

]

i‘“%x The pressure transducer for measuring the pressure drop across qhe

6alorimeter should be replaced by a more acgprate and wider range

pféBEu“u traﬁigucer.~'va vr‘ . S ' v J“T> !
2. - The.g- dev1ce of flow meter Bhould be devq}oped in order to
obtain more accurate experimental data. - “-°"_ ;"

5

E

3 = The calorimeter shOuld be modified in such a waywthat it would

;'4af'f A higher pressure drop throttling coil should be constructed in

i

be easier to inte?change the throttling coil } o .
' v o e

‘o

order o study the effect of pressure on enthalpy in liquid region

o
A

and regﬁon across: the two phases."“ S ”"_i'
» ; . - o

S. . An oil and watervremoval unit shouldsbe installed at the outlet 27

Iy 1 » ;" i

of the compre or in order to prevent the solid formation of oil or o

: : {‘ - : 4
water which wi I plug the throttling unit of the calorimeter when

.0 - . o
. .

P

- g\‘ -
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TABLE XX

CALIBRATION DATA FOR 8163 MODEL PLATINUM RESISTANCE THERMOMETER

This thermometer was calibrated for use in the range

e . YA

9¢/.188 K < T < 773 15 K (-182. 962 C < t < 500 60°C) on the International
_practical temperature scale of 1968 | |

- . TForl3BlR<T<273.15% P TR
W= Weet + dw P AR I

where W= R/R(O°C) and Weet. is a. reference function, indepen&ent of‘eny.‘

Wt 'particular thermometer

4

o _ For 90.188 K < T < 273 16 X N
: fI:! - E iqyfier t +tg4'ét;“ia§§.;?j‘
| - For 0% <_t_% 630f}§°cI a
t =t' ‘+-‘dtv

L

where t'iie_determined”by: 'Iff

§ W s*l_f'At' +fB(t')2'*~ : f j
-Q‘ ~ ) R -
Coad '*'_ SRR
S o S =\
Lt I" 0. 45(t /100)(100 l)(419 58 1)(630 Th " . . g
" :iThe coefficient in the above relations were found by fixed-point R

'fcalibrations, i e. tripie point of water, the steam of tin point and the -;”Ag,:[

oo

‘é%?’ : '; ;. zinc point using continuous thermometer currents of 1 and 2 mA




- -5.87663 'x 107 -5.87773 x 1077

8.3280 x 107

25.5145 ohm B

<119

'TAB'LE XX -(con‘_t‘inu'ed)'
0 mA : 2 mA

' . S

| 3.985566 x 10> 3.985539 x 1073

~7

7 7.9460 x 1077 |
2.2020 x 107 2.4150" p1074
T . o ,(R\ - B .
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- TABLE XXI .
- "CALIBRATION OF HIGH PRESSURE GAUGE

‘ Mapufa'c‘turer‘.‘ ‘Hedge . - .

- Serial N‘o’,':“' H39v68_6 S
U e RPN DR .

Actual Pressure . . Hetse'Cauge
o (psi) : A R

!—l.
N
-
o
[
[
o
o




T

et
\-

Nv}péi s

. "“30‘ -
; o |
; sdf

. 100

120

160

o

g

*“.TABLE T

CALIBRATION OF 250 PSI DIFFERENTIAL PRESSURE TRANSDUCER

' "'*Manufacturer~ Validyne o

©

SR AT

AT

P2
N
e
&
t

121



10-

20 -

R

40°

S’Séd{SJT“

75
10

50

o Mhnufacturer

o607

S A hfSp;ssaf'

SeTABLE xk:j&
: .

-

Validyne

"CALIBRATION OF 75 PSI DIFFERENTIAL PRESSURE TRANSDUCER

Voltagb’(Volt)

R 0001
 ,_0654‘

\3. 976

1

ff1 979’f‘

1\; 311 .

R 971\”‘

dse

s S 74,999

:S-gjl 318’i}f

O

"fx.sosn’f B

R R L

1

s

1122_.¢




. 17.7052 ) ‘ " . 1::‘. e ) . ;, 2.184

Pi"

.

. CALIBRATION OF 60 INS, OF WATER: DIFFERENTIAL

\

. ".’ -
TABLE XXIV

¢

‘ . I o
.- PRESSURE TRANSDUCER
Manufacturer: Foxizor“o B

PN

inches of Water

3L,

22,

0

e

20.
25.
30.
35,
40,
s,
50,
6022 -.11 R I 5}955‘:"'
54,%0-._%1_ | o

e85 T ey

. 18.

11,

7.

043

# 0.983

293 -

B | S i ‘rn. ‘ . 8('. 945 M . " - L ! ~ o ‘ I0597 . h
s T

209 o - 2.352

041

0 C 73,059
70 ﬁ o "3159

370 .
37 T 72 5

45 ’.". : Ch |, 

05”

8

/6 T hlas

150 T L

S 1.275

- 1.841

20676 -

4363
4671

$,3.105

2,477

1,194

Voltage (mV)

LN
1

123




i EQUATION: ~ F

. where” = . . F:

~ Ay Bs

‘.
S LN
B A

o . ) ) P:‘
21

TABLE XXV e
_FLOW METER CALIBRATION

’(Orifice) _

= A+ BYqy

S

e, e

AP
ZvA‘M " - T . N ~ N

gmLmﬁl'minfl ) ‘f.i S

: Célibfation'Constahﬁ"

(k 1)k

1 -

L .
L] .
¥ e

PV B

L1 - Aé(p&;%f

g

ﬁatio of orifice I. D, tO\tube I D..,"

"‘x' °
- e ) . . &

; fPrésstre drop aérd%s-ﬁhe;o%ifice‘,

{Iﬁlét4p:eééure“of the orifiéé

'

Compressibility factor of. the gas
(gas mixture) - '

Ve iy

i
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- - A-8
LY TABLEXXV o - o : . ¥
SRS . : L o -
Crea e CEE x0T wgy o ERg
44,0600 ©  1.8476  1,3873  4.8095  4.8107 -0,0012 .
44,1100 © 1.5086 . '1.2603  4.3566 - 4.3697 -0.0131
- 44,1100 1.2735 = 1.1616 " 4.,0145  4,0275. =0.0130.
44,1100 1.1880  1,1233 . -3,8783 ' .3.8943 -0.0160
44,0100 - 0.7536 0.8989 . 3,0989 3,1156 =0.,0167
. 44,1100 1.0314 - 1.0489 3.6234 . 3.6362 -0.0128
- 4%.0100‘ " 043266 0.5952. - 2.,0726 . 2.0618 . 06.0107. -
44,1400 - 0.7712 ~ 0.,9105 '3,1324 - .3,1559 . :--0,0235 "
o 4441400 1.5615° 142817 ° 444199 ° 4.4441 - =0.0242
44,1900 1.2612 1.1573  .4.0049  4,0124 ~-0.0075
44,1600 - 1.,0469 - T 1.0571 . 3.6544. 3.6648  -0,0104
44,1600 0.5788 °~  0.7910, 247370 2.7414  =0.0044-
. 44,1400 0D.,4266 * 00,6803 * 2,3446 2.3570° -0.0124 .
S 4440100 © 0.2342  0.5046° " 1.7528 ,1;7474 - 00053
43,8700 0.2860 0.6607 2,2939" ~ 2.2892°  0.0046 .
43,8700 ,0,3779  0.7586 2. 6288A— < 2+6289 . -0.0001
43,8700 . 0.4917 -~ . 0.8641 -2;9967“““2;9950 © 0.0016
43.8700- = 0.6184 0.9675.. . 3.3570 3.3538 0.0031"
43,8700  0,7413 - 100577 ~ .3.6774  3,6667.. -0.0106
.. 43,8700  0.9240 1.1782 .~ 4,0825 4,0849  -0.,0024
43,8700 1.0988 . 1.2819 | 4.4605  ° 4.4450 = 0,0154"
- 43,9100-  1.5861  1.5315 5.3041 5.3109° -0.0068
43,9100 ~ 1.7790 '1.6179 . 5,5864 = 5.5110  -0.,0246.
43,9100 - 1.5407-  1.5102 -,5 2467 ,°2373’ © 0.0093
43,9100 0.9288 . 1.1817 . 4.,0697 4.0972 ° =-0.,0275

43,9100 . 0..239  '0.8033 -Az 7951, . 2.7841 .0.0109

43,9100 . 0.4426. < 0.8207 . 248506 2.8443° . 0.0062

43,9100 046237  0.9721 - 3.3938-  3,3696 " .0.0241 ,
43,9100 | 0.8364 1.1227 3,9297 . ° 3.,8923 - 0,0373 .
T 43,9106 1 1.0149 1.2339 4,3044 '4,2783  0.0260 .
43,9100 ‘- 1,1971 . 1.3370 4, 66@6 436362  0.0303
43,9100 . 1.3558 - 1.4201 " 4.9209 - . 4,9243 . -0.,0034 .
43,9100 © 1,5428 - 1.5112. 5.2716  5,2407 ° . 0.0308"

' 43,9100 1.5834 01,5302 . '5.3535. ©°5.3066: . 0.0468-
'43,9100-  :0.1011 0.3940. . 1.3637 ~ 1.36367. 0,0000
43,9100 041343~ 0.4538  1,5852 1.5710 - 0.0141
43,9100 0.2459. ' 0.6133 ~.-2,1479 - . 2.1245 - 0,0233
43,9100  0.1909 - 0.5407 - 1,8980 . . 1+8726. . 0.,0253
43,9100 . 0.3389  .0.71S5.  2.5179  2.4917 '_*0;0251
43,9100 0.2331 - 0.5972. 2.0873 = 22,0686 0.0186

. 43,9100 - 0.2347  0,5992 ' 2.0941  2,0757 ' 0.0183

43,9100 0.2492 . 0.4957 . 1.7229 " 1.7166  0,0062
43,9100 0.3138  0.5559 . 1.9351 ' . 1.92%2° 0.0098

. 43,9100 - 044111 06353 2,2029 . 2,2011 ° 0,0017_
43,9700 . 2.2406.  1.4474  5.0162  5,0191, 1-0.0029
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- TABL'E XXV (contihued) ’ .
P AP > . L |
- : Y[P-aA b . / : B ,
ia ‘ . S P
,pé & | .ps’i>A ‘ Nz . F o Fc_al- F Fcal
43,9700 - 2,2440 104490° * 5,0162. . 5,0247 20,0085
43,9700 2.0846 1.3991 . 4,8654 4.8517°  0.,0136
43,9700  1.8618  1.3264  4.5785 4.5993 " -0,0208 .
23.9700 ° . 1.6395 - 1.2486  4.3140 4¢3291°  -0,015],
(43.9700  1,4188.  1.,.51 4.0276 © 4.0393  -0,0117
239700 1.2644  1,1027 3.8065 © 3,8211 - -0.0146
43,9700  1,0811- '1,0217 2 536D 3,5420 -=0.0060
~43.9700 - 0.9208. - 0.9450 3.2599 ' 3,2758 L T0.0159 ., -
23,9700 . 0.7589°  "0.8508 209649 - 2,9801 ' ~0,0152 4. ..
(43.9700. - 0.6184°  0.7776 . 28850 2.6948 . ~0:0098

" 43,9700 045174 007123 . 2,4418 ° 2.4681 . g, 0263
43,9700 .- 0.4453 . _0.6614 22784 . 2.2915 . =0,013] -

- 43,9001 .0,4490 ©  0,6637 ° 1243055 . 2,2994 10,0060

4339100 7006750 0,873 2.7892 ' 2.8116° -0.0224
'4%.9190 0.8610.  0,5139 © 3,1:46 2 3. 1677 © =0.0111
43.9100. - 1,0768 1.0190 3.5360 . 305327 " 0,0032.

43,9100 1.2778  1.107 3.8285  .'3.,8378 Qro,ooes
43,9100 - 1,6475 . 1.2506 43140 -~ " 4,3361 ‘+0.0221
. 43,9100 109275 . 1.3474 . 04,6891 - 4,6721 - o, 0169
v 4309100 02,1274 14315 #9146 4.8947. 00198

44,2400 ' 0,3945 o 7602 [-0380  2.6345 0,0034"

L 43.7B00 - 11,7865 . 71,5696 1 544560 - 5,4433 _‘~0f0126 .
43,7800, '1.3953 1.3950 - 4.8305  4.8373" L0.0068 g
43,7800 0, 8893 . 1,1217 . 3.8984 . 3.8889  0.0094
43,7800 . 0.5265 .o.aessu, 2.9951 - '3.0067  -0.0116 -
(4357800 0,3854 . 0,7437 ."2.5586" . 2.5771 © ~0,0185 .

43,7800, - 0.2433  0.5920 @ 2.0415° . 2,0508 -=0,0093

a3, 7800 0. 1663 *70;4901 1;6862 1+6970°  -0.0108,

TOTAL‘SUA/OF SOUARE = g) 971466 03 LB

SUM OF'RESJDUAL BN . o 28237E =05 L

SUM GF RESIDUAL SOUARE = v] 0.200495«01 - o

PERCENT STANDARD DEVIATION 0. 48473 | e

STANDARD DFVIATION #gz~.: 0. 16804E-01 |

A~' 5-0.00391 S T L TR e e

B-,__ 3447033 ° - . L T e
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L caubm‘t«;on of Gas Chromatograph -~ ‘
Z) Methane - Carbon Dwmde Mw:tures o L

j The binary mixtures of carbon dioxide and methane were analysed
 on a Burrell,K-Z Kromo—tog Chromatograph using a three foot column of l-

one-quarter inch diameter and packed with silica gel (40-100 mesh)
,thermal conductivity detector was employed and helium was used as a 'f”'

"carrier gaa.= Other variablea were maintained at. the following conditions'

. S BREE S o Carrier gas flow rate ? _Sdiml/min' ~ h ff . y -t
cvpilt'hv '_ﬂ 2 v'Column temperaturei‘. :5hiéO§F‘}‘..’J(f\f\$\:,":.i“i“éﬂ;5¢fvv‘.
o v':Detector-Current: : :*lflSijAfa:q 5‘ R
e s
. , Excellent separations with sharp well—defined pe?zﬂ¥§ere obtain d and
. . il YN
'\- o the area. under a peak was determined by a disa integrator.~ Standard

o sample mixtures of carbon dioxide and mixture were prepared by weighing '
amall sample bottles and the amounts of methane and carbon dioxide f"

" charged. The weights of the empty bottle and the mixtures sample

chargedJWere approximately 155 g,and l 75 g,respeCtively. The weighings x.g‘
,117"._.h\: could be reproduced to within i 0’1 mg. The error in a mixnure composi-“ 7'

':"tion thus prepared should not exceed =+ 0 2 percent.' The'standards»were'

! ‘.

;then analysed on. the chromatograph and the area fraction of methane (area R

: i 98
- der a methane peak divided by the sﬁh of the area under the carbon

[

:ioxide and metha7e peaka) was correlated to the known mole fraction of

methane in the atandards by the following functional relationship._ _‘ l{fw~t»"

[ .

. . where A, B are constants




- el . y o . . /; ‘: l | /g 129‘: |
X = area fraction ofdmethane

Y = mole fraction of methane

The constants, A and B, in the above relationship were determined

cr

by a least square fit and were found to be as follows.

‘A = 0.73451
=Ao;és721

The percent standard deviation of the fit was found to be ks 0,4%{ A~
‘plot of Y versus X is shown in Figure 30
2. 'behane, Curbon Dioxide‘and Ethane'Mixture :

Lue mixtures were analysed on the same chromatograph using a .

L

S 2.

one meter column of one-quarter inch diameter packed with porapak Type Q

‘ (80-100 mesh) The gas chromatograph was operated under the following

conditions _ L } 3 o o R
Carrier Gas S Heliqm, ,h.*'d‘ u» :i&V\'

f(éarrier‘gasnflowrate" ,40 ml/min ’ :

Téhlumnftemperatureb f‘:SOéf |

Detector'current' o :‘.170imA‘ - RN l‘d,.\i',m'
.:*.Sample Siae;h_ ~' - 2ml |

Standard mixtures of methane - carbon dioxide - ethane were- '

.8 i . . .

‘“prepared in the same method as for binary mixtures.« The standards were'
‘then analysed on the gas chromatograph and the area fraction of each
'component were plotted against its more fraction as shown in Figure 31.l
'.A straight line was drann through each component. The response factors'”

. *
_Vof each component were then determined from the calibration curve by

3



: ~.CH4U

‘Figure530:

Area ratio

CH, + €0,

130

A-13

W

1

0.2 o4

 GasﬁChrbmatogiaph'Calibréti

T06

a .

~

_ 0.8
_ v Mblé:Fractiép'of‘ﬁéthane _-,'»
c@e

1.0 ..

on for'Héchane-CarbdnxDibxide Mix:uref“:
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‘TABLE XXVI

- RESPONSE FACTOR CALCULATED FROM CALIBRATION

Methane f.Carbon‘Qiqxide-— Ethane Systemi,

hid {

CH

4 36

.49

.e

2 |

’ S o

~ Methane - Cafbpn Dioxide . Ni:r@gen Systeﬁéﬁ

2 36

'002 { 49

O
N#Erggeg--vEthane System;”

g

jond

(-

=}

[

!

2B R
o : .
0

B

o

| o

(oI

"

-

I
S

)

/

, g :

R

N

R T

CCH, -:  54.5



assigning the’ responae factor of methane equal 36 The’calibreted

response factors were listed in Table XXVI.

3. Mé’thqn_e - 'Caz;bon Dioxide - Ritrogen Mizture ~ . |
Q,‘ " The sam!*gas chromatograph with game’ conditions and same: o, |
ofocedq;e of’thebpfevious'ferne:&“syetem.ﬁEre used ;6 caiibrate mixﬁhre
‘ Zf thisvsystem. Fiéure 32 shows the area fractio of. each c0mponent o -
plofted aé function,of'itslmole‘fraefion; and thedoelib#ated reeponseﬁ ;2 g/i'
‘factors are listed in Table XXVI T R R téf:
< f“ - . B ':,." . '3'-v»'ﬂ’ ’, - o "/ ‘ -
g, Metnavw - C’arbon Dwmde - Nztmgen - Ethane thuz-es -

. - The same gas chromatogéaph w;ih'same~operating conditions and
e ‘ S S , T

same procedure of the_previous ternaryaSystem weie

'
L
- o
Table XXVI . |
o 1
.‘ ) l‘ ‘l =
i
o .
1 o : .""
. ,‘.g'” '
-y
o
1
+ G
T
2
i
. . e "
_/ v n . .
. N
"-1 .
; o
N .



© Figure 31:

- Area Fraction

-
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‘ 0,4'

0.3

0.2

0.1
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‘Gas Chrdmatogra§h Cglibraﬁioh.fdr CH

: ‘Mole Fraction
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\ AP"'= pressure drop across the throttling unit ;

' N \"wheur_e" -A.»Tm‘g error in % measurement of inlet temperattire of the gas in L

1 ‘.'4‘ . ’ *,4. . . . I .
Error Analqs R T R

o

ot ©

The desired values of the isothermal throttling coe;%ient is

’P . L

determined from the results of measurement"
éli.g-_l’___ e Ty
ckm = ..-AP T ‘,AP‘..-. P - T ‘ . e e "(‘_U:)

where w - power Supply : g _’.V?'b-' o L . | .: . . b‘f ]

F.= mass flow rate O AR

9 ’ °

The maximum relative error of ¢ in the experiment is R I

o.
e - ' Voo
. . R

‘%w“ﬂ“ ﬂ@ = o

S SR _,f_ ﬂ ' ?ihﬂ : (AZ).ﬂ
>4 ;wwp;+@ uwe |

PN - 0 Tree ' AP ol

¢

6 4 -
. ‘\. [EEPE .

SR L the calorimete Co e R T AL

. - R ;.“,’
N T R

i AP = error in the measurement of the sygtem pressure B

. ~ o Ax ';== error in the measurement of comppsition :Ln the mixture L
Lo . gD i ': Q . fo R

.‘L.CiEarly; o }f,t‘tk'l" ‘fgf'a .ifrlv*tﬁxj 1:#?{ R

3

-.m'""wwgprpmﬂpﬂﬂmﬁL

.' where AW /W = calculateda error df measurement of the compensating power
of the calorimetsr heater, (AW/W) el = error inA the va.

_sating power, due to the ndn-zero value of the temperature differenc.é/ (

€. : Oy, -

:’;'between the inlet and outlet AW /W - error conneeted with spurious

5 i

L :‘heat transfer between the calorimeter and the thermostat. AP




\

meter is used for all electric?l measurements

‘ S o
b . e

3

! ,\

.ment of current I is by means of measuring Ehe voltage drop across a

&k
standaxd resistor,

So the term (AW/W) =

Sl replaced by the ratio AT, /AT d’ where AT

state of the inlet and outlet of the

N

. operation AT d

The deviation of null meter which is used for the measurement

output of the five junction thermopile is about +

to 0. 01 C then'

\

R io,01‘ﬂ;£1ffvz
R -ATad: AT

" For nitrogen:
,For‘cHZ(43-3Z)-co :

»f For Equimolal co ~CH, - C2H6

the uncertainty of voltage is about

(0. 005 - 0. 0021 Z

= degree of non-isothermal state when no heat is ad

| 'o.lz_<'(AW/W);e
0,037 < 4(AW/W)A
o 03% < (AW/W)

The ‘term (Aw/W)

gas when the calorimeter is in

Taten
of
j

‘0

i'éfe.ssz;..v |
~&Oo]."z '?;@. :|‘

< 0 1%

N

’ In this experiment, a Hewlett-Packard Model 3450 multifunct

For W = IV, the measure-

@ e

i

“S*microvolt.

can be

137
A—ZO '

ion

v L.
4

- .
s .
g < Ij
~ \
A
.','{:j‘ v .
. ¥
1 -
)

L= ‘the degree of non—isothermal

0N

BN

‘uV which i%;e_uivalent

The term, (Wl oss /W) is minimized by using the radiation shield surrounding

the throttling unit and the calorimeter is evacuated to about 5 microns. :

_ This term can be neglected

3

A(8P)

. for, iy
St = 0.1
and for . (AF/F): , ,
SRl < t0.8%
: < #1.0% ;-jfj_'
< #0053

R B D .
for nitrogen v C ot

The error in determining AP and . F are.

L0

i (. -

for 42 3% CH4 in CO2 mixture ,f‘ L

for other mixtures



&

mixtures.-~

« - . . : L. ©

. ' . / o . . - . E " o
so, ‘the ‘maximum systematic error without the related error i e. without

: allowing for the last. term in Equation (AZ) is

\

20,5 <€ < #1.4 ‘" for nitrogen
o0 g - | :
- iO,S‘E_e’iaiI;§ _ for 42.3% methane in 002 mixture
‘iO,Sli_t < £, 1 for.other systems

(2
a

- The temperature of the gas in the calorimeter is measuned with

an error of 1ess than iO 01°C i.e. AT 0 01 c. The test value ¢ are’
related to the pressure P = P - (Aﬁ/Z) and the inaccuracy of

/
determining the pressure is taken as *1. 0 psi (the resolution of ‘the

| Heise gauge) The term —-[(S%OT AP ] =€ will be,,ff.
- 0. 0003 cep < o 002%  for mitrogen-
‘ _ o : o ': S
and - 0, ooos < el < 0.1'szv o for 42 3% cu,’ in oo2 mixture, 'l'he

.term ---[(~2 *.ATm];‘ 2, will be less 0 l7 for methane-carbon dioxide
’

e

&

B

© am

138
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ENTHALPY FORMULAE AND LOOP CHECKS - .

o

13
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o , RS o o ‘A-23 7

I FORMULAE’ USE’D IIV C’ALCULATIOIV OF PROPE’RTIES FROM E’QUATIOIVS OF STATE’ ,

' o 3_  ’ } C s R lj . . ?_
1. ‘ Benedwt—Webb-—Rubzn E'quatwn . ‘ PR L

! "\

: ‘) E‘nthaZpy Departzme

- (gP =B g = (B RT - ZAO ——Q)p + (bRI —3)p + —égﬂ—- R

2 _ 7792 ) "—vpz S it
- ep [3(1 e " ) + sze Yp ] -

+ B !
T Ya? . fzvﬁ -

b). Ieothemal Throttling Cocfficient

e, e PRI

-u(B RT-ZA - T) + (ZbRT-SaY + 68&04 + '—“-2-‘" [5p+57p -2'Y P ] o
RT + Zp(B R’I}-Ao— -——) + 30, (bRI’-a) +, Baap , +., )
e

~{3 k1+7p ) - zy o 1‘

'\c{

2. Soave-Redth—Kwonq E’quamon

-,

- al). E‘nthalpy Departur'e _ L | AR - J!

[ “

v b) Ispthermal Throttling COeffwwnt T R R S N

. ". | L R | (dT) ‘l ff) ‘ R ,': .‘ ‘ . “ ‘ :‘ ‘
R ;:Mm+6] _yrfzg;,

- Loy - b) vzg, V +b)2
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| II. THERMDDYNAMIC CUMSLSTENCY CHECKS ‘

The isothermal data of two mixtures of methane and carbon

dioxide of this work ‘were used in conjunction with isobaric data of

‘Bishnoi to test the consistency of the experimental data. The location of

v the 1oops is shown in Figure 34 and 35. " The enthalpy change along

-different paths are given in Table XXVII and XXVIII. The'maximum‘deviation .

—-

was 0, 37 percent.
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- CONSISTENCY "CHECKS ON THE MIXTURE OF' 14.5
~ MOLE PERCENT METHANE IN CARBON DIOXIDE .
o AT T e e e
Loops = . o AR J ‘mol l - o, % _Deviation ‘
1- 2- 9, o f. L +2464.3 . R . o
-9 . - e C2446.3 - 4037
Y38 o 42640.7 ¢ . R |
2-9-8. . . -us13 ©20:21

“

CAmSm6 430385 o
R L 5o=3926.70 0 T 40,18
Ao-fi=ize T Taazeng . L 40006
B X N
Y - S LI W
8714 S #3867.3 gt o
U8-13-14 - .7 _3g3g 3 S

e



.‘LOOES
1- 2- 9
. 1-10~ 9

2- 3- 8

- 2-9-8

' 3- 4= 7
3~ 8~ 7.

4=.7- 6

©10- 9-12

110-11-12

9~ 8-13

9-12-13 .

iy

48- 7514

8-13-14

7= 6715 -
7-14-15

b= 5-16

TABLE XXVIII

MOLE PERCENT METHANE IN CARBON DIOXIDE

‘AH J mol”t
41943.9 .
-1935.5
+2160.3
-2150.4

" 42389.8

42617.1
-2611.3

+1654.6°
- ~1646.4

4+1902.1° Y

-1905.4

+2214.7
~2214 .4

424501

CONSISTENCY CHECKS ON THE MIXTURE OF 42.3

|

N : v,(.“
\

24830

= .

-0.30 ... - @ﬁf‘

40.11

, 146
A-29

+0.23

40025
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 APPENDIX C

ISOTHERMAL THROTTLING. COEFFICIENT

* AT ZERD PRESSURE
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A o ".'TABLFxxxx v
(//; o _ TABULATED EXPERIMENTAL ISOTHERMAL DATA FOR. NITROGEN
. T . TEMPERATURE (K) . 273415
WPT AP POWER - - ;FLOH . AH = (8H/ )
, _ L 1 o S
. PSIA - - PSI. - J/MIN MOL /MIN® “J/MOL IOL—-BAR .
\ ‘ . 42645 }76J6\\<:'190}115"?,2.1935 . .. 864666 7117
o : 607.5 = 201.4 282.256 . 2J9607. "95,334 . 6.865
;o . 613.4 "  203.4 290,666 '2.9842 -.97.400 - 6.945
_ -+ 813.4 .. 205,0 - 339,198 -3:6109 . 93,936 6.646
' - B13.5  203.5 1331.240,  3.5841 - 92,419 . 64586
Coate 0 1112,0 s212.5° . 401.705, 4e¢3842  .91.625 . 64253
2 111740 0 207.5 . 393, 090 . 443947 . ' 89,445 6,252
_ 7 '1415.0 ¢ 211.5 1 432.904 " 5,0767 85,272 5,847 .-
S 1416.0 207.3 [ 412,422 4,997 82.520 . 5,773 - ,
oo 1416 .0 206.0 . *-410,424 . - 5,0208 . 81.743 . 5,755 L
- U 1713.0 178.2 . 342,220  5.2161 65.607. 7+ 5,339 -
R - 1713.0 - 177.5 - 338.782 5.zoz4' . 654,119 © 54321
S .2 1713.00 176027 - 333,636 5 £E748, 64.473° . 5,307
/7 220200 147,56 249,442 5.1748 ‘8241 [ 4,740
: '2020.0 - 146.5 . 248,226  5.1470 " 484227 . 4,774
$2020.0 ' 145.0° 242,927 ' 5,1190. - 47455 4,746
© 231740  132,5 '198.180 ' 5.1748° . 38, 297 . 4,192 7
- 431.57, 173.0°° - 189,505 0 241964 86,276 - 7,233,
. o 431l.5 0 172,9 U 187,716 242049, . 85.133" . 7,141 .0
. 43le5 - 172,7 - -188,537 ©2.1964 . 85{836 74208
. 4315 . 172.6, "  191.484 :’2.2106(.. 86,620 . Te278
. 431.5 - 172.6/ 186.866 - 2.2021 /B%4e856° .. {7,130
Y 61B.5 ° 188,0 - ©259.678 . '2,9374 884403 6.820
T <618.5  187.,0 = 2&s, 522 . 2.,9327 4; 87, 127 - - 6,757
-618,5 . 184,9 - 253,217 © 2.9163 . .B6.483-°. - 6,783
813.5 - 186,5 >,293.9oz .+ 3.4953.  -84,085 W 6,539,
L ‘B13.5° 184,77 - 2B9.751 . 3.4748 . - 83,385 L 64547 .
T 1107.07 #185.0. - 328,327  4,1731 78.675 - 6.168
- .1107,0 - - 183.8 326,156 - 4,1731  : 78.155 64167
0 1814.0 .0 18643 - 355,320 | 4 .8055 73.938 - ..5,756
T 1714,0 186.2 ° 557,066  .5,3453 ° 104 214 . 0 gLQ1T e ¢
.2 1714,0 - 185.8 - 356,000 53453, 1 66, 599'1'."5,198n;' .
' 1714.0. ° 185.7 3574251 . 5.3453 $6.833 ¢ 5,219
17 ¥4,0 185.5 - - 352,784 . 53320 j665163 T 5.173 0
, 2014,0 - 164,9° 293.360 = 5.4640 53.689 .. 4,722 -
i 2ThO0T 164,00 . 289,930 ° 5.4588'- .~53 112+ 4,697 -
T 2014.,0 . 162.6  '2B7.597 7  5.4301 - .52, 963“'v"4.724-;"
L., 23040 143,725, 535" ' .5.4562" ,'41.335 T A -
© 0 2304.0 143,00 2222120.*', 54379 - 40,846 - [142 o
(2304.o_g 142.3 2204159 ' .5.4248 - 40,583 T ALLRGe
R e STy B ‘n; :
. " ” T T AT S
o - " . "”:»Gv..l’ 5 “\.“' EERR [



TABL E Xxx1 (continued)

TABULATED EXPERIMENTAL ISOTHERMAL DATA FOR NITROGEN

PI

o PSIA.

415.3

42543

463.5
- 463,57

815,.3

616.0
L 619.5
619.5
619.5

 815.0

817,0

'_1115.0,

1117.3
1412,0

1 1415,3
'1715,.3
' 1719.4

201844
2021.3

- 2353,3
2413.4

& TEMPERATURE (K) =>?

AP

PST .

- 17840

182.0

.- 198,.1
197 ,0
 v_215.1Q
615.3 °

208,0
249.0°
21145
20 7”. '

206.9 -
- 22945
232,2 B

204.8
212.5

.223.5

206.4

_198.7,‘j
183r5 -
149,2 -
..152,3

122.7

107.7

303.15,
R .
_POWER* CFLOW
J/MIN MOL /MIN
139.891- - 2.0399
149,643 2.0838
"178.370.. 2.233]
175,081 . 2,2998°
273,546 3.5260
225,506 2.8728
12924125 . 3.1245
230,857 2.9280
273,696 2.8093
~ Aw568“ 2.8093
SN 14703 . 3.6452
305,814 - 3.6784 -
287,775 4.1685
3046097 .. 4,2306
348,631  4,9740 .
308,324 .~4 7696 -
29$ 385 52562 //
266.414  5,0426
192,258 4.9691
369 4+.9897
135,247 4.,8283
«010

445983

152

3,759 -

A-35
S AH —(AH/ARr
J/MOL  J/MOL-BAR
) e SUE
/576“ . 5.587
/ +810 54,722
79. : 5.845
J76.57$ 5.604
{ 77.578 5.229
78 .496 5.473
-493 .5.445
842 ' 54,406
. 626 . 54579
0224 5.553
« 766 5.230
«137 5.191
9.034 4.887
«879 4,906
70.089 4548
64,642 4,542
579175‘.’ 40172.
52.436° 44144
38,590
39,254 3,766
28,C 11 . 3.309
23.4:9 23,161
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TABLE XXXI (continued) ' E
TABULATED EXPERIMENTAL ISOTHERMAL DATA TFOR NITROGEN

TEMPERATURE L&T~= 343.4 5,‘ : L
c P ap  POWER 2, /,Fgow~ ng‘AH" _ -(AH/A%)
PSIA PSI' CJIMIN MOL/MIN -0 gsmol J/MOL-BAR
433,6 w',195 2 116,445 2 0103 57.923 -+ 4,302
437,7 194.2. 115,90 .0282 574143 40566
S437.7 " 193,7 © 115,608 2.0282 - 56.998 44266
437.8;x¥_197 2 119,322 240521 58,145 4,276
, ';615.65’ 205.4 153.454 36657 . 27564 . 4 064
. 618.8 " 213,50 [ 163,650 247233 7 60.092 “ 4,082
CL 61947 -x“213,o- .161.977 2.7095 - 59,780 4,070
619,70 21005 160,043 = 3 .7095 59.066 4.031
e 819,70 212, 160,764 - 3,9095 | 59.332 4,045
*;fj 619.7 . 212.%7 161.977 . 2,7095 - 59,780 4,076
L LI8T4, 8 S 212,2 184.,680° * -3,2676 : 56,517 3.862
'1”0,824 7215, 2 189,234 . 33061 57,236 3.856
L. 81806 j225.64_ 201,634 3.3716 "~ 59,803 = - 3.843
.aZTE 82147 214,7 187.693' 342954 - 56.955. 3846 ° -
‘ T1117.6 . 219.0 P15:542 4.0098 53, <753 3.558 .
- 1419, 190.3 - 1850521 - 4.2858 43,287 3.299. 7
J1723 321602 . 237,575 . 5.0837 = 45,355 3.0424°
.2015,5 17040 .- 157.410, F 49053 (33,089 2,737
,2330" 154 ,0 133,733 5,0421 . 264523 2,497
- w2410.5.n<,dl6.8‘ 85,158 ° 4.4146 19,239 L 2.394 .
v e TABULATED EXPERIMENTAL TSOTHERMAL DATA FDR'NITROGENT'
A TEMPERATURE (K) = 374.15 D
‘ L - P ye
: PI . " ap POWER - SFLOW, - AH = (hH/AP) |
PSIA ,a“fpsx‘v‘ J/MIN oL /MIN S J/MOL u7MoL=BAR \
R 3_43?.8” 206.3. "97.202 © 1.9710 . 49.315
E o 3‘538%8f " 200 .0: 91.735  '1,9557 46,904 - . .
‘ . 43848 " 199.5 . %0.0%6 . 1.9557 46.398
Copd 438,80 199.5 . . g9 %x7 " 1.9557 . 45,622
T N S 8 . 210.8 - 120.692 95715 . 46.933
g i"‘”=819 8 2100 136,690 3.0971 ' 44,133
B T I TR T 8 198, 140,176 306508 - 38,395 00" . =
ets . 1427.8 204, 153,367  4.2426 34, 1497 2,568 - &
Sh 1717.8 210, . 163,650  4e7643 . 34,349 —— 2.363 ..
v ' 1717.8 199, f"*161;677_, 447519 34,023 2.475 ]
1 2013.8 )94, s 141,971 1 5.0038° - 28,377 . 24115 A
©.2243,8 © ' 162, 104,853 . . 448254 " 21.729 1.944 '



TABULATED EXPERIMENT
THE (14,5 °MOLE PER
o TEMPERATURE (K)

P

PSIA
463,6

515.6
611.6
61146

~613,.6

- 809,6

813.6

1012.0

1012.0 .

1212,0
1216.0

1412.0-

1406 .0

140640 -
- 1612,0

- 1612,0

1612307

1818.0

1994,0 °

2020 .0

' 194.5

e

- pST

203.2
197.0"
196, 2
181.7 .
175,6
182.5 -,

"174,2

172.5
162.6
157.5
158,2
138,72

1304

145,2

'5141‘0‘

91.5

‘140.0 :
;-118.0 S

125.2 -

TABLE XXXII

POHER

COJ/MIN

599,291
670,778
768,228 .
762,697

664,204
825,870
845,143
994,177
946,085

1057,043
979.680°
© 1165,95]

928,892

847,899

1158.108

1109.409.

5674449
1217, 007

1001.584
1098.551

| MOL/MIN.
1.7574 -

1.8832

2,1577"

2.1497

248914

. 2.7823

240273 -
" +244907 .
““2.4602

3.1641

340210

- 3.4688
© 3,1363
3,0333 -
3.6477

3.5917

2.7933
13,9045

3.8234
3.9755

AL TSOTHERMAL DATA FOR.
CENT OF CH4 IN cO2 -

AH

~ J/moL

340,996
356,175

356,024

354,778
327.616

.. 331.578
' 343,519 .
343,837
340,035,

334,067

324,286

336,118

296,173

279,527
317.483"

308.880

203,146 -
310,154
261.961 :
2764330

~( AH/ 4P)

~ 9/MoL-BAR

25,427

25,416
26,211

264219
26 w144
27.386

27.300

28.619
’ 28.590

v 29.798
. 294862 -
30.815"

30,959

. 31,090

31.712

"31.772

. 32,201
32,131
T3Z.198

31.998 e
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/ L TABLE XXXII (continued)
TABULATED EXPERIMENTAL ISOTHERMAL DATA FOR
/ THE 14,5 MOLE PERCENT OF CH4 IN €02 -
TEMPERATURE (K) = 313.15
PI AP inER © FLOW . AHL T =(AH/AP)
PSIA.  PSI J/MIN} MOL'/MIN J/MOL J/MOL-BAR
415.6 = 169.8 - 692.946 1e6171 428,501 36.601.
. 605.6 - 184.,5 1134,688 ~ ,2,2090 513.666 40,380
605,61 18440 -1130,029 ~ 2.,2066  '512.100 40,366
. B13.6°  163.5 - 1368.037 = 2,6132 - 523,509 46,439
1010.0 © 143.4 . 1578,056 249236 539.7.6 .0 544591 .
1010.0" 142.5 15674262 - 2,9155° ' 537.5%2 54, 712
1214.0 - 134,0 - 2047.897 - 3.3280 615,335 = 66,602
. 1214.0 . . 133.2 | 2031.559 33210 ~ 611.727. 66 .584
1310.0 , -128.8 = 2295,553 = 3,5142 = 653,212 73.556
©71612:0 - 127.3  2671.699 37815 © 706.508 = 80.495
- 1412,0 12645 . 2647,914  3,7736 . 701.683 - © 80.451
- 1415.0 83.0 - 1450.356 - 3,0791 . 471.026 82.309
1524.0 . 106.1 2314.756 - 3,7154 623,000 85,163 :
'1524,0  104.9 . 2279.477 - 347003 616.013 . 85,171 -
16110 - 115.6 . - 2776.365 4el741. .. 665,140 83,452
- 1701.0- . 109.2  2422.618 443113 561,915 T4.632.
'1701.0  108.2 . 2378,256" 442854 554,960 744390
1814.,0 96.0 - 1699.500 ° 4.,2540 399,502 . . 60.357 -
1915.0  "102.9.  "1577.787.  4,.,5818" 3444354 - 48,536
1915.0 . 102.5 .-'1570.591  4.5735 343,410 . 48,592
1915,0 . 101.2 _ 1536208 445553 . 337,233 . 48,331

'3‘2013 oby 86.0 981,341 © 4.2963 - 228.412 . 38,52) -

.a,
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G A“39
o . TABLE XXXII (continued)
TABULATED  EXPERIMENTAL 1SOTHERMAL DATA FOR
THE 14.5 MOLE PERCENT OF CH4 IN C02
TEMPERATURE (K) = 333,15
PI AP '*VRQNER, -~ FLOW AH.  =(AH/AP)
PSIA"  PSI ~ J/MIN  MOL/MIN  J/MOL  J/MOL-BAR
.513.6  215.5  931.854  _1.9674  473.635 $31.877
L T13.6  177.5 981,050 . .2,3166 . 423,471 34,602
915.6 157.4 © 1073,432  2.6157  410.375 { 37.814
915.6 15645 1065.170  2.6118 407.829 37,796 - ..
S 1112.0  159.2 1376845 . 3,0448 452,192 41,196
1112.0-  158.9 1372,038  3.0414 451,107 _  41.175 -
13140 = 154.4 . 1639.549 - 3.4118 — ° 480.538. ~ 45,140
“1314,0 - 154.0 1635.234  '3.4099 479,550 45,164
- 1314,0  153.5 . 1626.892  3.4010  478.345 45,197
. 1512.0 13645  1660.767 . 3.5912° 462.452 49,137
15140 . 144.0 ~ 1798.145  3,7095 484,729,  48.8%2
1514.0 . 1A2.4  1769.884.  '3.6826  480.600 . 48.950
1762,0  J27.0 ~ 1770.634 3,959 ° 447,197 . 51.071
1762.0 ~ /128.0°  1802.599  3.9817 452,714 . 51.297
1762.0  125.0  1730.858 - 3,9369 . 439,649 . 51,012
2012.0 *© 102.8  1329,178  3.,9817  333.816  47.097
2012.0 ° 100.7  1290.213  3.9427, 327,236 | 47,131



TABLE XXXII (continued)

TABULATED EkPERIMENTAL ISOTHERMAL DATA FOR
THE 14.5 MOLE PERCENT OF CH4 IN CO2
TEMPERATURE (K)

PI

PSIA_

418.5

418,5
419,5

. 420,.5

517,5
- 517.5
55555

, 609,5

613,5

708.5
. 807.5
957.6

'959,5 -

959,.5

959,.5
1009.6
10140 -
1054.0

1052.0

10 54,0

'1108.0
.1108.,0

1108,0

1156.0
120 4.0
1204 .0

123%4.0 .

1262.0

1262.0

1298..0
 1318.0
11318.0

1318.0

1318,.0
1362.0
1614,0

.1614,0

1614.0
I464,0

1813.0 -
1813.0-

2008.0
©2009.0

“ap

PSI .

156.8
156, 2

160.8°
157.5

156, 1

142,5

140.0
145,5
142,5
- 142,5

;16805_'

143,9

14143 y
.2753,518

139.9

102,2
128,.0
101.6
102.2
102(4
101,.5
10142

93,5

87.1 -
84,4
86.,0..
gbos"

‘80 .0
84.6

- 82,5

"82.0
81l.7

80.5
84,6

95,7
95,2

94,0

. 83,0
'92;5
" 79,0

75.4

165.0

T POHER

EJ(MIN |

’830 148
‘8254384

823,012 . -

840.886

2779,054

2243,140

- 1036.280
1027.045.
'1028.620
~1142.614
1158.057
1470 ,338.
- 1807.548
©1827.272
2817.071"

2359,670:

3348,740

3375,93]
3362.466 .
4276.152
4685,280
4551,967

5017,247

40 43.094
- 4009,822°

3654,539

3054,063
3013,848
3000,119
,2933,559

2367.385

951,568

566,047

5664047

311.398

" 939,028 .
920,727
1298.474

_293.467

3
.7

295 15

FLOW

MoL/MIN

147112
1.7047
1:6562
1.6770
149754
1.9631
2.0659

21992

241467
2.4938

2.6698

17617

' 3,0885

3.1005

-~ 3.108I°
©1.9000 -

249580

2302,114

. 2267.335
. 2250'.984

2.0906

24770 §
2.4568
) 248421 "

248942
2.8777 . .

3.0768

342941 .

342967
3.8250
.3.8155

348311
401202
..4.1635‘,
o 441525
T 4.1399
.. 441051
”.403587{-
540363
5 0300'

5.0000

445320
5.0858
'5.0889

4,7829

4.6643

AH

J/MOL

485,108
483,607

496.904
501.398

- 524,579 -

523.157

497,883 .

519,543
539,437

589,575
677030 -
1037,166 -
912,089
- 896,305
885,899
1180.577 = -
7977721

1101,130

915,342
916,193 .
L 1178,242
1 1166,423
1168,420
' 1389.764
1422,285 -
'1380.748 -
1311.665 "
~1059.625

- 1046.641

886,974

733,520

725.776 "
- T24,667
. T14 4,607 -
+B5434¢137 -
188,941 -
186,682
184,144
286.509 .
111.298
“111.231
- 654105
62:916

J/MOL-BAR}~

157

A-40

“={AH/ AP) -

e,

' 44,87]

44,904

45, 327"

454224
48,307
48,608
50,675
53,823
53,772
60,007
. 68.908

89,.,275.

91.930

92;001"
" 91.843

103,774
113,209

124,770

- 130.668

167.455
215.581
236.837

- 237.27¢"

221,210 .

130,022
166.884
1664675

190.914

189,753

: 152,062

vy

-128.955

128.372

128,646 ..
128 751

293,116 ¢

28.634 N

'\;28.441j
1284412
5ﬂ;50q065r S
CULTe451

174440

114952 0



e

TABLE XXXII (continued)

IJED EXPERIMENTAL ISOTHERMAL . DATA FOR
14,5 MOLE PERCENT OF CH4 IN CO?

'TEMPERATURE (K) = 283.15
AP “i;ggﬂ | FLOW. ' AH
PSI S JIMIN MOL/MIN“ . Jd/MoL
145,8 ' 889.046 1.6090 552.526
- 145.6 - 887.201 1.6107 550.815
143,6 10 36.845 1.7854 580,727
138.5  1191.556. 1.9573 608.755
. 131.0 . 1366.217  2.1245 643,058
131.0  1367.535 . 2.,1245 ' 643.679 '
. 123,0 1529.424 2.2476 680,442
121,1 - ' 1772.513  2.3803 744,628
:119.8 1955.877 ©  2.4638 793.815
119,3 1944,557 ©  2.4596 = 790,571
112,7  2129.922 -  2.5219 844 4541
100.5- 1219.439 54257 - 224,750
.90 ;0 993,305 = 5.,1261 193,771
90 .2 919,281 501564 178,276
86.5 852,661 5.0463  168.967 .
87.6 839,516 5.0833 165,149
89,5 ‘821191 . 5,1534 159,347
89.0 - 806,192  5,1504 156.528 . .
87.2 739,603 - 5,1017 144,969
.B3.5 591.679 500245 117,758 -
84,0 506,595 5.0864 99 .597 .
8148 - . 421,487 5.0419. 83.596.
.. 8045 410.706 - - 5.0026 - . 82,098
.. 82.0 380.994  5.0864 . 74.903
 79.8 320825  5,0431 , ' 63,615
T 79.2 317.986 50214 63,326 -
7640 266,851 449362 © 54,060 .
777 2544394 - 5,0182 50,693
© T6eh 250.1P2  4.9806 . 50,233 . .
. *78.1~—~«’?23*0 15,0956 43,780 °
78.2 218.2%4.  '5.0772 . 42,991
7041 © 166,815 448295 - 34,54]
64,5 1264672 -4, 6552 . 27.210

. A~41-

~(AH/ 2P)

54,963
54,868

158

~ J/MOL-BAR_

58,654

63.749 .

71.196

. 80.235

89.182
. 96.104
196,113

. 108.687.
- 32,435
314226

28,666

28,331

T 276343

25.822
25.508

244,112
20,454 -

17.196
14,822
14,791
13.248

11.562

11.596

10.316

9.462
_ Y 146‘[“
6. 1185»

Q



TABLE XXXII (continueq)

TABULATED\EXPERIMENTAL ISOTHERMAL DATA FOR
THE 14.5 MOLE PERCENT OF CH4 IN -CO2
TEMPERATURE 1K)

P1

PSIA

413,5

413.5

5 4TBl5
525.,5.
571.5 -

585.8

7»1051 0
1051.0

- 110040
"1198.0
1228.0

125640 °

1311.0

'1354.0

1398.0
'1398,0

- 1442,0

1526 .0

- 1594,0

1657.0

1657,0 -

1711.0
1711.0

A1711.0

1759.0
- 1759.0

© 1816 40

‘~ff

o

EMP

PST

- 138.0
.137.5
141.6

125.3

122. 6
89,5
82.7

. 80.5

80.9

79.4
- 82.5

to 7808
TT.5
o 77.9 -

73.5
' 78.8
- 81.5
7842

73.6

132.5

- 77.5 -
76.5
75.9
74,6 .

POWER

J/MIN

273 15

FLUN

MOL/MIN

952,758 .

941,973

1214.074
- 1424 ,137
1464,387

1278.791

'997.855

343,843

 256.801

266,048
2164733

219,255

185.859

188, 255

161,808

156,197

 282.580

146319
1.6254
1.8465
1.9452
. 2.0389

5.0125
541299

4,9365"

.5,0932

449999

. 5.0125

4,8786

AH

J/mop

" 583.803

2.0733 -
- 5.2261
540250
15,0062 .
5+0623

244,688
198.575 .

CBTTI

133,611

.132.084

118,586

117.876
112.882 °

103,790
66,2

5,0809

5.0561

5.0281

5.0094

- 449684

449410

4.9173

446995

579,509
6574495 .

669,829

698 . 477

706,282

68.682

- 159

- A-42

—(aH/ #)

61.357
61,127
674345 -
73.321
804850
83.554 -

34,825
12,374

55,819 -

51;231.

51.862
43,903

43,048

37.172

374556 -

33,166
31.318
30,170
26.296

26.123
-f23y530~“
.. 224719 -

- 21.005 " -
204694

10,007

9.358

9,117
8.080
7.736
6.956
64992

- 64544

5.764

. 5.369.

oo

4.877

4,888

4,471
4,496
4,417

J/MOL=BAR -

39,652

4, 139«,'

‘4117
3.652
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. TABLE xxxn]; S e
TABULA 'ED EXPERIMENTAL ISOTHERMAL DATA FDR
- THE 42.3 MOLE PERCENT OF CH4 IN C02 -
'J _ TEMPERATURE (K) = 363.15 _
pI AR PDHER 9*” FLOW . 8H . —(An/ Bp)
- AL PSI" - J/MIN - _'MQL/MINv J/MoL J/MOL~BAR
431,4 - 183 8 434,626 = 1.8047° " 240.829 19,004
431.4 . 183.2- 431,792 1.7982 240.114 19.009
e -429.4  183.0 . 429,602  1.8017 238,442 18.897
T 61944 195.0 . 616,525 = 2.3833 258.683 ° 19.240
o B1l5.4 + 176.8-. 653,316 . 2.7407 . 238,370 . 19,554 °
81504 . 17642 - 649,560  2.7356 237442 - ' 19.544 . -
.1017.0- 167, 5- % 709,719 3,0831 . 230.192° 19.932
1017.0 < 166.8 © 7054380 - 3.,0761 - 229,302 - 19.938 "
1217.0 . 168.2 ' .812.023 3.4885  232.768 - 20,071
1217.0 = 167.5 "B06.890 © 3.4760 - 232,128 20,099 =
1217.0. 167.0 80.1.588 - 3.4677  231.157 + 204,075
1415.0 . 161.4 842,537 . 3,7612  224.,007.  20.129
1613,0 ~ v164.5 = 939.909. 4.1129 | 2284522 . 20.148
1613.0 = 16440 1 936,676 4.1094 227.932 204157 "
1811.0 14848 . 859,777 = 4.2041  '204.508 19.933
- 1811.0 | 148.0 857,203 '4.,1971 . 204,233  20.014
. 2017.0" 126.9 707,543 4.1517  170.418° - 19,477
- 2017,0 121,88 = 668.143 - 4,0738 164,009 19.530
201740 119.6  649.549. 4,0197 = 161.589 - 19,595
- : : Y . . ] B - . . Y

4
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S o A4l
TABLE XXXIII (continu‘ed)'
TABULALTED uXF TMENTAL ISOTHERMAL DATA FOR B
THE 42,3 MO PERCENT OF CH4 IN CO2 L e
CTEMPERAT E (K) = 333,15
PI aP - PMER  YFLOW . AH —(aH7 By
PSTA PST . 'MIN .  MOL/MIN _  J/MOL ~ J/MOL-BAR
4265 17:.2 - 50 64400 1.8583 272.492 - 22.818
©19.5  190.5 781.843 2.5147  310.903 23,670
"20,5 - 184,2 936,376 2.9990 - 312,228 , 24.584
~520 .5 1€3.6 31,765 249956  311.035 = 24,570
L 10150 T 101 4..805 3.3490 - 300,031 25,477
121540 . o 11564 .349 3.7777 305.565 . 264115
1215, L0Ye2 1150.465  3.7661 305,476 | 26.185
S 1215,.0 168.3  1140,957 ©  3,7622 ~ 303.264 . 26,134
1215.0 - 167.2  1129.555  3.7544 - 300.854 ~ 26.097
1415.0 167.0 = 1276.662 = 4.1448 |, 308.008. ' 26.750
1415.0  -166.0 = 1265.803 . 4,1360 : 306.0400 "~ 26,739
1613,0 150 .2 1202,488  '4.2988 279.724 27,011
1613.0  149.5 . 1190.880  4.2886 277.683 264939
1813,0 152.3 1309,613 4.6685 . 280,517 = 26.714
1813,0 . 150.5  1288.312  4.8405  277.620  .26.754
2015.0 - 128.0 1045.762 4.5934 227,663 25,796
2015.0 - 117.4 913316 = 4.4027  207.443 25.627
\
.



»
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" TABLE xxxux (conﬂapﬁd)

TABULATED EXPERIME TAL ISDTHERMAL DATA FOR -

P}:'.

PSIA

427.4

427. 4"‘

42744
427.4

61544
. 61544

615..4

'813.4
10 17..,0

1217.0"

1417.0

1617.0°
1617.0°

171540
1715.0
171570

1815.0
-1815.0

1815.0

1815.0

- 202140
‘ 2021160

jzoggab

ﬁ‘_ﬂ

TEMPERATURE (K)

w
PSL

16645
166..0

165.8 p

165. 20}"!{‘)

183, *
,132# .
18225

161.6
161.4

148.0

145.9

 144,3
" 134.,0

13242

1 126.8

124.5
127« 4

Lgé 8;‘“

126 .4

124.3
- 103.7
102.7

10210'

TPONEB;‘

ghn

583,498

' 579,139
577.903
574,705

90 64149

902,768
" 899,968

979,234

978,313 -
~ 1070.568
.'1253,064

1431.353

- 1435.355
' 1402.092 -
" 1367.427
©1356.272
1 1330.150
©1403,239°
..1392,201"
1383.,3Y2

1352.728

iu128.901
1010.614
11003.029

THE 42.3 MOLE P RCENT +F CH4 IN C0O2 ,

162

; A-45
e
‘ 313.15 LT
FLOW MM =( AR/ P
MOL/MIN ‘.=“J/HUL’”  J/MOL-BAR
,, SR
1.9290» 302 479 26,348
1.9224 301,248 26,320
1.9224 ~ 300.605 26,296
1_9158‘-' 299,971 - 26,336
2.5860 _350.395 27,770
2.5807 . 349,807 . - 27.784
2.5754 349,442 27,771
1249702 329.680 - .29.589
2.9702 - 329.370-. .. " 29,598
3.3488 . 319.677 31.327 .
3.7766 331,791 32,983
441623 ° 343,884 = 34,564
‘4 4429 | 323,060 34,967
44,4023 318,488 - 34,941
4,5110 303,128 - 34,672
4,4917- . 301,949 - 34,757 ;-
4,4658° 297,852 34,698
. 447025 - 298.399 . 33,971 .
446902 - 296,828 - . 33,952 -
 4,6871 295,126 ' 33.864.
s 46500 290,904 33,943
"4.58T4 224, gg;!gp, 31.369
4.,5621 - 221.52% 31,284
4-5440L’ 220,733 .3;_31 387



vTABULATED EXPERIMENTA
THE 42,3 MOLE PERC

PI

PSIA"

424,6

424,6

615.6.
1016.0 -

- 1016.0
1118.0

- 1118.0
1118.0
121440

1214.0°

-+ 1214.0
1322.0
1322.0

132240

141640
1 1418.0

1 1418.0

1514.0

| 1514.0
1612.0 .
1612.0

171440

1812.0°

1181240

1812.0
1914,0

1914,0

2016.0

TABLE

. s
4

‘v

ENT OF.

o3

<

II@w(continued)

L: ISOTHERMAL DATA FOR
ChH4, IN CO2 .

TEMPERATURE (K) é,“ 273415 e
4P .POWER s 4FLDw AH -(AH/N))
PSI J/MIN- r vMOL/MIN .-=‘Jtmot J/MOL-BARf
147.5. 791,026 2.0285 389, 938 38 342
147,3 - 789.374 - - 2,0285.. 389,124 38.314
157.2 ' 1307,205 = 2.748] 475;6@8*[. 43886 -
157,0 1960 4814 . 3,4177 :.513.713; - sa.h _
157.5" 1968.975 ~  3,4177 576.100 53, 051"
148,5  2782,203 - 4,0433 688,090 674204 .
147.7  2772,157 °  4- <0266 . 688, 457 7 67,604.ﬁa
147.5  2760.099 . 4,0229 686.083" - 67,463
134.4 ,‘33026.130_.,.4.1836 . 723,315 78.056
. 133.3 . " 2993,958 S 441766 716,826 77.994 .
1325 - 2971.018 - 4el766. 711,333 2 17.864 -
126.5. . '3331,837 43918 {758,640 . 86,981
124,5 ‘32664655 4 ,3751 ‘)}746.632'_ - 86.979
1254, ©3290,013 43751/ 7514971 ' 86,973
114.8.. 3158.507 45260 ©  697.853 . &g, 166
S 113,5° 3128,260 ‘4;5356 - " 689,700 ‘88,134
11320 0 3111.921 . 4.5356: 686.098 ,~88 062
+7110 .0 £ 2795.069 \ 4.7454 '588.997 77,660
- 109.3 2777.665 74,7454 . 5854330 T7T.671 .
108.7 ' 2757.898  4.7485 580,791 TT7.494
27101.5 1 2117.643 . 4.8746 434,415 62.075
- 101.2 2106.894 - 4.8717 . 432.473 - 61.981
“111.0 - 1998,708 53951 370.462 = 48,406
110,.3 1972.888  5,3714 . 367, 289 . 48,296
99.0 - 1325.974 - - 5.3501 = 247. 836 . 36,308 . ,
© 9246 .1 7 973,487  .5,3736 - 1814159 ° T 284374
. 92.1. 959,989  © 5,3603 . 179. 092~ .-28,203
90 .4 . 930,153  "5,2828 '~ 176.068.". 28,248
85.8 696,325  5,2867 “131.710 224264 .
. 80.0 g - 617.927  5,0575 . 122.178. 22,150
o 7646 1 477 233 5.0143 " 95.173 ~ . 18.020
A S .
) “/-.: ' o.
R S :
A ’

v
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- TABLE XXXIV -

q‘.

TABULATFD EXPERIMENTAL ISDTHERMAL DATA FOR’
-EQUIMDLAL MIXTURE OF c02- CHG-NZ ‘
- TEMPERATURE (K)

P AP POWER
"~ PSIA  PSI.. J/MIN . " -
"416.4 199.5 441,619
4 .4" 200.0 450,868
5%2e4 1 209.0 - 574,881
. 60\ .4 212.5 " 667,732
~T2le4  192.0. 661,506
8064 . 182.5. 6724763
1009.4 1727 - T40.144
10094 171.5 .- 731,693
120844 17044 .. - .'826,584
1410.4 = 163.5., ~ 858,777.
1410.4. ° 16342 (. -855,692
1410.4‘ e 162;5;;“” 849,33]1.
155844 . 163.2 © .897,053
1558.4 . 162.2° . 890,252
2 1715.4 116545 .~ 943,792
;'1115.4' .16500'"3  938 749.
185844 '~ 164.0 . 938,985
185844 . '~ 163L,2 . 935,717
2029.§<-'5146;L-g7.“777 128
. = =]

- 283,15
., FLOW ~AH
MOL/MIN .J/MOL
146133 373,720
1.6249 277,459
149451 © 295,553
.+ 241783 306,529 -
< 243471 » 281,835
244837 270.866
. 248157 . . 262.857
2.8108 . 260,311
"3.1564;~ 261.869 .
3.4302° 250,355
3.4235 . '249,94) -
344182 - 248,470
.. 346563 M:245,341_
‘,3.6451 2444229
349134 241,163
3.9111° -240.016;
4.1022 228,897 -
400934 - .228.,589 .
: 4.0857 -v19Q.204
f .
CL
£

- Af47'

,’-(AH/AP)
J/MDL—BAR

°19j899

164

20.121

20,510

20.921

214 290
" 214526 .
. 224075

22.014

22.208

L22.212
226177
- 21.803

1224289

21.838".

- 2lel34

21.097

204243
20,315
~ 18 882

N -



‘ K o - “f<a<:(4 L f) ¢ ST o S 165
S o -f T o A48
/,/ { ; . . : T , " : o \ '
| 'TA&LE XXXIV (continued)
TABULATED EXPERIMENTAL ISOTHERMAL DATA FDR .
- EQUIMDLAL MIXTURE OF CO2-CH4=-N2" - S
TEMPERATURE (K - ; 263415 -
o PL. 'AP : ,‘PONER\,'-_ FLOW = aAH - =(AH/AP) .
coesb o BSIA 0 Bsg CNOU/MING MDLZMTN J/moL J/MOL-BAR
’ 415.6. 94,2 5410518 1.6735  323.575 24, 166
P - 563,6 216.0 . .799.529 2.1121 378, 546 . -25.418
{ 75946 208,0 . 9504825 244959 -  380.94% 264563
o 75946 . 206.0 945,096, 2.4997 - .378,083 26619
J08¢6  .193,7 . 985,308 246657 369,619 . 27.676
© 0 908.6. - 191.4 7 - 975,728°  2.6761 .- 3643595 27.628
>, 1017.6. . 176.6 1056.383, ' 3.0580 - 345,445 .. 28,370
o 101746 0 175.6 . 1051.193 . 3,0550 344,088 ¢ 28,420
7105946 194,.8 1123.240  2.9281 . 383,604 . -~ 28,561 . .
1059.6,  192.0 ° 1107.195"- 2,9312 377,716 1 284532)
1205.6  -195,5 = 1222.936  3,1178 - 392,231  °? 29.098
120546 - 190,85 . 1194, 714 ”\m3;1223~, 382.634 ° 29,086
1309.6 . 170.,0 - 1244,736 . 3,6045 345,319 29.461
- 1309.6° 16942 . 1229.464 . 3.,5931 342,167 . 29.330
A »1363.6 - 183.0 . . 1200.628. 302596 « 368,331 29,192
) - 1363,6°  1B1.0  1183.325°  3.2610 = 362.866 - - 29.077
. 1506.6. T152.5 ¢ 10364447 .7 344354 301,693 - 284693

N 150 6.6 149,56, 1108.530 “3.7%33’T<’295 «621 .. 78,660
H - ‘ 517 :

1506.6 = 146.,3 ' - 1016, 572& 3.5172, - '289.028 = 28,653
165843 - 1149.6 . 1128.871 . 4.0108  281.452 27,286
77165843 . 148.8 .- 1118.598 349995  279.679 . 27.260 .
- 177946 . 139.9 ‘10{)9 040. &4.0602 248.518 - 25.764 .
S -7 1909,.6 '“132 S'ml 918,66 '4.1688'V 220,363 . 24,121
ST 12013.6 7 13643 896.962  4.3246 207407 . 22,070 G-
STy 201306 0 135,01 882.717 . 443111 2044754 21,981
e ‘ ) ¥ , o
- N . oo viE :
2 ;';; . .‘ "42'; ‘ : / B
. ~\\‘ \ “\\-_'z .
,; / S i o
) \{“ ¥ ~ , \" 4 -
. \"' > ; - ) "/. Q -
o . B (7 ')_‘ w o '.\\v \ ;
. S . ; - ¢ - .
) o SR U - T
I ‘ ‘ j N \ ‘ :
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TABLE XXXIV (continued) ‘
TABULATED EXPERIMENTAL ISO{HERMAL DATA FOR

: EQUIMOLAL MIXTURE OF 02—CH4-N2
S . TEMPERATURE (K) = 243,15 ,
PI AP PQMER . FLOW ‘”;PV“AH, -(AH/AP)
R £ o
¥ . PSIA  psI J/ZMIN © . MOL/MIN  g/MOL J/MOL ~BAR
‘ 418.3 185.5 665,239 - 1.7545 379,149 . 29 .644
- 513.3 192.4 ° 855,550 - 2,0720 4124899 " 31.125
604.3° . 174.,5 881,086 2.2571 390,353 . 32,444
o o 712.3 . 179.4 1103,229 - 2.5796 427,667 34,575
e © - T12.3 179,22 .1103,.721 2.5796 427.857 34,629
‘ 863.3 . 152.5 13103, 743“‘L2.7731”5‘_398,009. 37.853
- 86343 151.7 T1094.312 247664 395,560 37.818
: 100443 . 156,0 1372.523  3,1506 435,632 © 40,502
1004, 3 155.5 1865,143. 31474 433,731  ,°40.454
1109.3  “158.1 . 1562,947 344032 - 459,249 424130
.1109.3 . " 157,0 | 1552,092 344112 454,986 42,032
) 1109.3. 156.3 °  1537.906 3.3898 - 453,682 42,099
1208.3 159. 1 1689.764  3,5957 469,929 | 42,839 °
1208.3 156,7° 1665,987 = 3.5970 . 463,154 42,868
1375,.3 149.7 . 1642,.378 348253 ' 429,343 . 41le597
- 155943 © 142,3 1418,202 349931 . 355,160 . 36,199
. 1707.3° 143.5 1282.090 442377 , 302.538 30.578-
S ... 170T7.3 142.5. 1276.394 '4.2377 301,194 30,655
‘ - 1865.,3 133.5 | . 972,058 442619 228,077 24,778
1865.3  132.5 . 963,597 - 4.,2755 - 225.373 24,669 4
2016.3 - .136,2 ' 850,046 4.47;§ - 190,079 20,241 .« g
8 ' o S . A
L4
P v | .
'/\ b b g F@%&rf R



T BULATED EXPERIMENTA

PI .
- PSLA_

- 270,

372,
426

4
4
4

‘613 %
713.4
718.6

903 ] 6’

1107.6
1214,6

- 1214.6

1236.6

1253,6

1407.6

- 1413,6

" 1417.6

1413,6

1458,6
161146
1618,6
'1613,.6
1657.6

1814.6

2031.6

o
~

EQUIMOLAL MIXTUR

111.6

&

&

TABLE XXXV

l

TEMPERATURE (K)
- AP POWER
PSIT J/MIN '
146,3 "216.171
196, 5 417,219
211,2 515,212
219.0 635,649
%m215 6 708,807
218,.2 812,725
195,2 699,629 -
v 214,0. 948,509
215.8 1125,895
177.2 905,836
175.7 895,723
201.0 1101.612
191.0 1026,381
185,6 1071.682 -
191.0 11233714
191,0" - 1122,.845
172.7 968,771
165.5 925,215
164,6 . 968,889
172.2 °  1045,663 -
150.8 854,476
©186.6° .- 1182,802
129.4 " 8. 324
577 409

-

FLOW-

MOL /MIN

- 0.9227

1.3179

1.5023 -

17711
71,9757
—272088 -

2.1125

12,5710

249639 -
7 2.8686

2.8591 "

3.0901

—3.0397 .
3.2446

3.2943
.3.3011
3.1396
3.1432
33434
—- 3.4323

3,2039 "
346150

3.2053
3.1826

342,932

L ISOTHERMAL DATA FOR
E OF C02-CH4~ ~C2H6 '
-+ 363,15

AH

J/MoL-

234,268

316,572 .

358,885
358,758
367.935

331.184
'368.917

379.858

"315.767

" 313.285

356,493

337.653

.330,288

341,105
340,135

308,558

294,347
 289.785

304,645

'266.698

327 ¥8%

220,979
181,424 -

.

[

=(AH/ AP)

'A—so_

© J/MOL-BAR

23.224

23.550"
237768

24,134
/ 24,456

244.607

25.530

% 25,845

25’861

254723
25.640

25.810.
254902

167

25,003

25.828 .
25,913 - ¢

25,795

25,534
25,659
25.650

25.430.

24.768
23.578

—_—



TABULATED EXPERIMENTAL IS0
EQUIMOLAL MIXTURE OF

fp;

. PSIA

273.7

322.7
417.7
515.7

515,7

715,77 -
715.7
912,7

912.7
1113.7
1319.7

1459,7 .
' 1459,7
1459,7
1459,7
1607.7 -

1607,.7

1709.7.
1709.7
1709.7
1815.7
.2019.7

"2019.7
- 2019,7

3
TABLE XXXV (continued)

AQTEMPERATURE (K)

‘AP
PSI
142.3

“164,6

18745
-189,.8
189,6

196.0 ..

'196,0
-~ 199,1

197.3

17306

164,.6 .

153.2

142.8'
138.4
139.5
169.1

164, 2
160.5
142.8
119.5
117.1 -
117,1 -

H

PQHER**

JIMIN

2654675 -

375.110
558,244
677.809

679.617

=

THERMAt DATA FOR

FLOH"

MOL/MIN

o

942,049

944,165

1207.128
'1192,003
'1193,501

1289, 414

1263.842
- 1248.582

1202.081

1124, 295

1131,518

1144:366

1573,905

'11503'814

14474880
1228.598

99,537

-880,115

880,115 -

.,

0.9754
141702 ¢

”1.5061—\\

1.7642
1.7616
2.2560
2.2566

2.9265
32200

343633

"3.3525

3.3131
3.8355

~3.4%14
3.42g5:

3,9348

3.8719ﬁ3

348371}

v 376281

3.6942
3.6551
346526

COZ‘CH4-C2H6 )
333,15

CAHC

J/MeL

272,357 .
320,533

370,651
. 384,183
385,785

417.573
418,396
445,912

442,548, -
407.816

400 .431

375,771
372,428

2,824

347,483

331,686
% 333,770
399,991

‘388;389
" 377.336
. 3264506

266,202
- 240,788
240,950

.fJ/MDL BAR

"

27.759

1687,

g-(AH/AP) e

2

28,243 ¢~ 

28.671
294357
© 29.511
30.899

30,960

32,483

32,532
34,071 -
35.284
35,275

35,258 .-
£ 35,199
35,292

. 34,759
34,702 .
344,307 .
34,306
34.098

33,162

29.881
. 29.823
- 29.843 "



24
- PSIA”

273.3

319.3
42043
- 521.3

521.3

713.3
. 918.3
1113.
¥215.3
1313.3
1313.3
141.3,3
1413,3

'1413,3

1 1414,3
1414,3

_ . 151103 '
- 1511.‘3 <

3

AP
PST -

129.4

149.9
171.6

195,5
193.0

194,0

191.1

" 180.2-

168,0
167.0.
157.2
155.5

146,5

.142.3

1511.3 .

1661,3
1651.3
.. 1795,3

1915.3

1915.3

12028.3

143,0

141,7

141.4
: 1 34.‘4 .

133,1
145,4 ~
139,3
135.4
126,3

K‘}l

TABLE xxxv (continued)

TABULATED EXPERIMENTAL ISOTHERMAL DATA FOR
“EQUIMOLAL MIXTURE OF C02-CH4=C2H6
TEMPERATURE (K)

- POWER

~J/MEN

278.467

390.678
603,941
873,902

872,234
1174,692
. 1557,478

1904.919

1945.115
- 1910,.388 .
' 1892,159
1859,563

1826.869

*1803.783

1672.,413
160 74940

© 1688.,840
1668,011

1652.738

1559,186

1534,189

1696,760 .
©1478,298

1412,976

1160 4603

T8

.

313. 15 ¢
FLDw ~ AH
MOL/MIN T J/MOoL.
0.9723  286.385
1141670 334,763
1.5211 397,033
. 1.8788 . 465,115
'1.8788 464,227
. 243573 498.316
2.8598 = 544,593
3.2926 . 578.532
3.4353 566,204
. 345354 540.348
3.5253 ' 536,729
346338 511,736
3.6153 505,305
.~ 346017 - - 500,802
3450757 476.803
34613 464,544
346558 461,957
3.6411° . 458,096
. 36356 454,589
3.8199 = 408,166
'3.7954 404,212
401944 404,526
442869 - 344,835
442277 334,212
442225

274. 8&5"

~(aH/ 08
J/MOL-BAR

" 32,099

32.390
33,557
34,506
34,510
37.448 .
40.714

454572
46.649
46 614,

474214
© 47130

47,104

47,204
474348

46 ¢854
46 .628

444047 V7

44,046

40.351 .

'

}:43.§éé3

35,903 " ¢

35.800

314563
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"110.4

.T61.704

44145

172.543"

“

A-53
. TABLE XXXV (continued) -
TABULATED EXPERIMENTAL ISOTHERMAL DATA FOR
© EQUIMOLAL MIXTURE OF CO2-CH4~C2H6 . « : SR
' TEMPERATURE (K) = 293,15 o o
PI AP POWER - FLOW - aH =(aH/pAP)"
PSIA  PST . ~J/MIN MOL/MIN - J/MBL  J/MOL-BAR
, 2695 13146 344,346 " 1.0122 _.,340§§71 37.490
© 7 315.5 152,2 483,661 - 1.2128 398,765 38,000 -
- 365.5  175.6 676,531 ° 1.4485.  467.051 ' 38.576
<f 365.5  175.0 . 673,792 . 1.4437 466,712 . 38,680
‘ 419.5 - 179.3 7994318  1.6193 493,601 39,928
» 419.5 . - 178.6 789.560 1.6164 = 488,439 39.665 -
613.5 ° 181.6 = - 1222,887 241853 - 559,593 44.692
613.5  181.0 1214,028 ,  2.,1810 556,614 - 44,602
815.5 184.5 - 1801.682 = 2.7519 654,700 - 51.466
1017.5. 186.1 . .2589.961 . 3.3324 ' 777,203 604571
. 1017.5 .185.2. . 2576,171 3.3310 - 773.379 604566
1112.5 178.0 2790.391 344779 - 802.302  65.373
1112,5 176.5 2768,562 3.4870 - " 793,962 65,243
1112.5° 174.5 27414524 - 3.4857  786.499 654370
1215,5 152,7  2587.446 3.5088 ° 737.400 70,040
1315,5 " 146.1 ' 2657.803 /" 3,6956 7194171, 71.394
1415,5° 127.6 2258,605 - 3.7911 595,754 67717
1613.,5 = 126.5 1870.031 4.2168 443,469 50.845
1613.5 126,.3 1869,417 4e2157 443,433 504922
-1613,5 123.4  1796.158°' = 4,1620 431,559 50.723
S 1B17.5 0 119.4 . 1223,165  4,3916 2784520 33.832
~1817.5  :120,2 1232.599 4 .,4036 279.905 33,774
12021.5 117.8 839,696 445627 184,033 '22.658
2021.5

224667 .



TABLE xxxv (continued)

TABULATED EXPERIMENTAL ISOTHERMAL DATA FOR
i EOUIMOCAL "MIXTURE OF C0D2-CH4- -C2H6
TEMPERATURE (K)

PI

PSIA "

26744

27546 .

275.6
31l4.4

368.4
D6.4 .

- 406.4

419,.6
- 419,6

’420q7
614.6
614.6
613.4

715.4 -

- 718.6
"Bl4,6
814.6
élgoﬁ”
. 853,6
1'853,6
856.4
987 +4

9874~

987€4
987.4

987 .4
987.4 -

987 .4
1 987.4

T 1057.4.

1057.4°
1121.4
1121.4

1216.4

121644
C1315,4
- 1315.4

PSI

124.3
129.0

- 129,0

144,3
1&}30
167.6
167.1
175.1,
175.0

179.0
'l78f1\:
165.5 "

160,11

163.9
16345 .

148.4
147.7
4446
144.5
143.5

. /129.6 i
S 175.5 .,

173.8
S 172.8
171.5
159,0
158.0

37.8
160.5
138.0°
122. 4

122.3 . .
118,7

116.4

1275
127.3

38“0 5 o

POHER'

CJ/BIN

392,552

422.358
422,761

‘ 273 15

FLOW

MOL/MIN

565,733

- 725.265
805,086
936,895

929,545
£ 100 6,886

1011.034
881,820

1714.355 . -

1695,904

1950, 160
2005.081
#2200 4. 983
72354,089

—~1591.088"

©2328,537.

12310°.429
2558.524

2538,246

- 22$3.890
5111,978

50814935 .
5077.787

50474374

4482,825

L 4446,522
37364590

1.0333 .
_100719_
1.0719
142486 -
1.,4099.
144949
1.6590
1.6534
- 1+6905"
1.6891
1.6309
2.3176
‘243076
2.2501
2.5297
245502
245502
2.7393
'2q7276
2.7375
2.7980 -
“2.7939
27090

" 3,4635¢

3729.116 .

5491.198
. 4528.551°
© 40204247

40N6,903

2563,598

3211.285 -
2581.864

 3.4661
" 3.4778°

5 304752
7 3.2918
3.2794
3.0717
3.0761
3.549%
3.3541
3.5555
'3.5404
4,0363
4 .,0560
445573
4 ,5516 -

AH
J/MOL
379,889

‘394,015
394,391

. 453,084

514.380
538.537
564,712
562,172
595,606
598 .547
540,666
739 «700
134, 900
707.108
770,889
786.221

- 7864182

‘859,354

853,682

843,988

£ 914,387

908 ..468
835,663
1475 .921
1466.150
1460,053
1452,386

1361.814 .-

1355.261

1 1216.434

1212.257
1547.132

11350, 136.

1130.686 .

1 1131.756

810.487
791.722

171

-« A-54

~(aH/aP)

444326
44,300
44,342
45 4540
46.627

-J/MDOL-BAR

" 47,053 -

48.869
'980794

49,335 -

© 49,606

49,443

59,935
59,847
61.968
694836
69.574
69.740
83,988
83,829

. B4.654

91.779"
91820

93,520 .

121.974
1224351
122.548
122.828
124,223
124,407

127,385

127,593 -

139.808

141,899

133,980
134,217
99.032

| . 98.651
5664525 .
- -563.226 -

64,445

64,170



<y

TABLE }D(XV (com;inued)

TABULATED EXPERIMENTAL ISOTHERMAL DATA FDR
" EQUIMOLAL MIXTURE OF COZ CH4~C2H6

172
"A-55

TEMPERATURE (K) 273.15
PI ;AP o pnwER FLow 'Q; AM, S =(AH/ AP)
- PSIApsI J/MIN 'MOL/MIN,,' J/MDL - J/MOL-BAR
1412.4 125.0 - 1674. 845,‘*'4.7000-‘ 359.348 e 41.347
1412.4 124.8 1668.690 ' ' 4,6935 355,527~ 41,318
1613.4 119.0 851,603. | 4.7993. . 177.442 - 21.626
1613,4  117.2 B27.367 | 4.7622 - ‘173.734  21.500
S 1613.4  116.6 825,183 - 4.7486 ' 173.773  21.615
1817.4° 120.2 - 567.961 = 4.9660 114,369 . 13,800 .
1817.4.: - 119.7 = 567.961' 4.9312 . 115,175 . .13.955 -
- 2033.6 .0 10641 323.877  4.9231 65.786 - 8.992
©2033.6° . 105.8.  323.877 4.9055 664022 19,050

;A»\ .

TABULATED EXPERIMENTAL
EQUIMOLAL MIXTURE

ISOTHERMAL 'DNTA FDR
OF COZ-CH# C2H6 .

_ TEMPERATURE. (K) 263, 15
- Plv_nﬁ"uAP.“ POHER FLOH LML —(aH/sR),
PSIA™ . PSI - J/MIN MOL/MIN N J/MDL J/MOL-BAR - -
269.6 © 122.5 . 442,985 1.063I:q'“416.65335 49,331 4
26946 122.1 > 437.882 . 1.0587 413566  49,125°
348.6 154,2 " 789.237.  '1.,4263 5534309 - 524043 ...
© 34946 < '155.70  808.389 " 1.4426 5604359 . 52,198, . ..
420467 185.0 «  1256.314 " 1:7814 . 705, 2210 4 55,287
42006 7 184.7  1249:514  1.7801 ©701.906 2 55.118
42006 137.8 . 859,040  1,5899 . '540.304" - 56.868.
517.6-  .173;4 1574284 2.0747 - T58.797. . 63.468 .
517.6 . 172.8° . "1561,740 . 2.0668 - -755.599 . i 63,420 v .
517.6  '172,5 " 1551.990 - 2.0635 - 752.105 ' 6%.236
62046, 2094 | 2750.847- . 2.6055 »1055 779 7. 730127
620,67 «209.4  2750.005" . ‘2,6055 < 1055.456 . © 73.104
- 620.6  144,0 - -17f9.275 ~gz.2386& . 167.998 77.353.
, ® o \
{ ) .
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TABLE xuxvi .

TABULATED EXPERIMENTAL ISOTHERMAL DATA FOR . - \
" MIXTURE OF C0N2£.25)=CH4(45)~C2H6 ( <25)

- TEMPERATURE (K) = 363.15
PI AP POWER = FLOW - AR CS(AH/2P)
PSIA  PSI,  J/MIN MDL/MI% - J/MOL J/MOL-BAR .
317.5  172.0 275.140 * 1.1996 229.342 19.339
317.5 © 171.0¢ 271,279 “1.1952 226,963 19.250
317.5 . 170.0 - 268.864  1.1907 , 225,784 19.263 .
422.5 . 185.1. - 378,732  .1.5232 ' 248.635 ' - 19,482
614,5 203,8 . 574,947 = 2.0673 278.103 . 19,791
614.5  203,2 . 572.480. 2.0661 277.080 .~ 19,777
614.5  .202.7 569.316° 2,057l 276,746 19.802
817.5 = 204.3 708,245 2.4847 285.036  20.235
1009.5°  196.0 . . 771,254 2.7998 . 275.461 20.383
1215.5  196.3 875.964 . 3.1595 = 277.242 . 20,484
1215.5  196.0 . 874,591 - 3.1595.  276.807 .. 20.483
1215.5 195,57 869,678  3,1579  275.395 .  20.431 }
- 1415.5 184.1  “B71.225 . 3.3760 258,063 . 20,330\
1%15.5 © 182.5 1,861,078, .3.3607 . 256,218 . 20,362
1617.5  © 18748 .. 966.356 . 3.3221 -  290.883 ' - 22.464
161725 187.5 960,948 . 3.7086. . 259,111 20,043 -
1815.5 . 165.7° 842,595 ' 3,7504 . 224,665 . 19,665
©1815.5  164.5 829,216 : ,3.7354 = 221.986 19,572
2049,5 15545 . 783,325  3.8998 - 200,860 18.734
2049.5  154.9 - 778,882  3.8933 200,056 - 18,731
2049.5 147.2 720,927 °3,7937  190.028 = 18.723
: BRRARS: .
. - (. - A v‘@ v
Lo iy
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A-57 <
TABL—E XXXVI (continued) = -
TABULATED EXPERIMENTAL ISOTHERMAL DATA FOR .
MEIXTURE OF C02(,25)~CH4(45)=C2H6(.25)
TEMPERATURE (K) = 333.15 -

PI . AP POWER FLOW AH -(aH/aP)
PSIA  PSI J/MIN MOL/MIN J/MOL . J/MOL-BAR
269.5 = 141.8 230.901  1.0221 ° 225.904 23,106
320.5 | 166.8 . 333.096 1.2385 = 268.948 23.385
42845 - 192.6 512,868 1.6301 " 314,617 23,692
608.5 "  193.9 689,526 241132 3264290 . - 24.406

- 608.5 . 193,1 685,149 ' 2.1094 - 324,793 24,395
. 608.5  193,0 - 682,959 2.1119 323,373 24,301
©819.5  193,0 ° 867.58; '2.5889 335.108 25.183
819.5- 192.4 863,49 2.5869 333.789 254162
1009.5 187.9 988,240  2.9498 335.013" 254,859
1009,.5 187.7 986,245  2.9472 334.636 .. 25.857
1009,5 ~ 187.7 984,511 - 249463 - 334,148 25,820
1212.5 185.3  1112,773°  3.3127 - 335,905 = 26,291 __ -
. 1315.5 163.,0 . 977,478  3,2866 297.407 26,463 7
© . 1315,5 162.4  970.033 3.2827 295.495 1264390
1415.5 - 166.0 © 10574050 % . 3.4798  303.760 26,540
1415,5 165,5 = 1047.206 - 3.,4754 - 301.314 = 26.406
1565.5  161.0 1070 .825 3.6664 292.062 26,310
1565,5- 160.,0 1056,108 ~ " 3,6538 289.040 . 26,201 -
1565.5 . 158.6 = 1044,875  '3.6398 . .287.069 264252
1715.5 159,5 1095.,808 3.8893 281.746 - .25.620
1715.5 159.4 ' 1091.680 - 3.8919 280.497 254522
1871.5 149.5 1013,855 3.9836 |, 254,504 24,690
1871.5 - 148.0 = 1004.240 3.9631 . 253,392 24,832
.1871.5 146,5 982.897 - 3.9413 . 249.383 24,689
1871.5 140 .6 916.900  3,8524 238.001 . 24,656
2037.5 132,5 ' '836.259  3.9498 211,720 23.175
203745 132.4° ;837,429 3.9490 " 212,058 . 23.230
2037.5 . 131.8 832,146 - 3,9426 211,065 = 23,226
2037, 5 ¥ 131.0 823.312  '3.9309 . 209.442 . 23,188



A.‘/

TABULATED EXPERIMENTA
MIXTURE OF CO2(. 25
 TEMPERATURE  (K)

PI
PSIA.

321.4
415.4
421.4
42]1.4
421.4
813.4
1007 .4
100744
1007 .4

1109.4

1109.4
1216,4
1316.4
1413.4
1563, 4
1563, 4

1717.4
1867.4
1867.4

1867 .4

L e2039.4

.‘43'

2039.4 .
2739.4

AP
PSI

162.3
184.7

. 187.4

187.0
186.6
190.7
195,.5
190.8
190.3

190 .0

166,.1

© 165.6
. 158,7

159,0

154,1

160,1

159.8
.145,8

145.,2

136.0°
132.7 -
129.4

119.4
117.8

116.9

9

POWER
J/MIN

383,445
568,778
588,981
- 5864830
582,791
831.712

1 1103,.845
~1303,296

12964973

11288.975

1M62.725

1153.219.

1178,006 =-
1259,920"
'1270.359 -
 1429.210

1421.867
1270 ,973
1267.520

11 38 . 56%'? -
11004317
“1056,.330

891,980
876.605

863,854

313

FLOW

MOL /MIN

1.2766

. leb6322
1.6579 .
1.6579 .

1.6547
27243

301434

3.1401

3.1335 °

3.1582
3.1524
3.2958

", 3.4855
3.6156"
3.9560
3.9534

440355

L 44,0266
441200
. 40767,
44,0254
440829
4,0593 -
. 440342

. -TABLE XXXVI (continued) |

L ISOTHERMAL DATA FOR
}=~CH4( 45)=C2H6(.25)
15

AH

J/MOL

300.342

348,454

.355,252
‘353,955
3764185 -

405,181

414,606

413.027

411,344

368.158

365,812
3574425
. 361,469
3514355

361.272

359,650
" 314.779.
2764346
269,898 .

2626414

2184462

215.948

214,130

175

A—5§<W{F;

~(AH/ P)
J/MOL-BAR

26,839
27.362
- 27.494
274452
- 27.374
28.610"
30.059
' 31.516
31.479
31.400
- 324147
- 32.665
32.972
33.069
32.728 .
32,642
31,330
31,442
29.471 -,
29.499
1 29.412
26,537
L\f-za.ssag
* - 264567
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TABL E XXXVI (continued)

TABULATED EXPERIMENTAL ISDTHERMAL DATA .FOR- : =

MIXTURE OF Cc02(, 25)-CH4(.5) -C2H6(.25)
'+ TEMPERATURE (K) : 293415 - ) .
PI - AP POWER . FLOW ,; CAH . ~{AH/AP)
PSIA - PSI ~ ~J/MIN  MOLYMIN . J/MOL C Jy/MOL-BAR.
o , T e T SOTER _
267.4 132,.8° 299,416 1.0623  281.839° 30,781
327.4  159,0 456,306 . 1.3377 - 341,091 . 31.114
- 419,4 182.9 - 690.714  1.7116 403.527 .~ 31,999 -
419.4 182.7 719,774 - 1.7086 ragl.263 - 334442
613.4 - 207.5 1184,079 2.4013 ~ 493,087 34,465
812,4 . 201.3 1526,031 209312 == 520,607 = 37,510
1010.4°  185.0 1743,273 - 3,.3389 522,105 40,932
...... 1010.4 184.4 1734.217 | -3,3342 ~ ".520,115 - 40.909
1212.4  174.7 ° 1982.531 °  3.750%2 ‘5284633 . 43,887
1212.4  173.9 ° . 1971,079 - 347421 .0 526,729 . 743,930
1312.4 - 161.0 = 1:9,207 . 3.8391.. . 497,302 44,799
1312.4 ° 160.7 . 1900.309 " 3.8364 495,327 ~%4 4705,
1413.2 *° '156.8 = ° 1947,715 ,4.0255 - 483,834 ' 44,754
1512.4 . 150.5 - 1892.049 441667 4542084 . 43,760 -
1512.4 15040 ° 1881.796° | 4.1582 -, 452,548 V43,757
1663.4 133.1 " ' 1556.252 - 4.3150 - 369,215 7404233 ;V
166304 132.7 - 1547.683 .  4,2066 - 367.915 . - 40.212 1,
1815.4 ©  132.8°  1450.446  4.4636 324,948 - 35 489 ¢
. 1815.4° 131.3° 1422,072 444433 - 3204048~ 35, o
1815.4 131.3 -« '1420,996 444365  -320,296° 35, 80v |-
1815.4 ""127:8 1362, 375 4+3851 . 310,677 , .35, 258, |
S - 2028.4° 111.0 . , 905,988 43598 " . 207.803 27.152 |
! : 2028.4 110,0,.. 1 893,769 0 4.3413 205.875 = 27.1%5 .
5, . ] i
S
' o, ! - ) : ) -
Som s : : T

ke



TABULATED EXPFRIMENTAL ISOTHERMAL DATA FOR
\__———MIXTURE OF CN2(.25)~ ~CH4 ( o

1411.5
1411,5
1508,.5
1508.5
1659,5

- 1821.5

1821.5
1821.5
2030.5

'_2030.5

2030.5

TEMPERATURE (K)

AP

PSI

129.8

157, 2
15606 -
- 190.6
T190.5
“'179.8
©185,9
© 18542
183,2
P 18247
171.5
170 .8
147.4°

147.0

154,2
. 15153 -
C150.7

14?:2

141,73

143.9
123,5"

'122.5

9.1

11741
116.5
116.,0

PNWER
“J/MIN

367.182

. 579,779

724,060

922,269
928,260
1315.568;
2010 .733

1997.355
2857,021

- 2843, ,097

3063.815

2805.575
2792.617
1 3179.131
1 3028.045
3011.289
. 2486.370

2462.425

1976.639

1140 ,630

FLOW

o MdL/MIN
141326
144336 -

" 1.8456

2.4195
3.0739

- 3.0672

3.6993
3.6938

' 13,9089
- 3048.990 -

73.15

3.8984

3.9607°

349562, .
43694

446403
4.6263

4 7646?u
5,1159
44,9633
1125.146 .
1071.676 .
. 720,952
717,082
713,062

4.9448>‘
448740
50297

50204

- 449986

)=C2H6.(,25)

‘177

! A
. " /‘?,‘
AH (A H/AP)
 J/MOL J/MOL-BAR
§§4 177 36,223
402,352 37.122
399,031 36,957 -
5004473 . 38.083
502.944 38,291
543,721 *° 43,859
654,110 5 3
, 651,189 - 7 50,997
Y 7724295 61,142
769.685 - 61,102
183,796, 66.285
782,094 664412°
7084346 ., 69,699 -
© 705,877 69 .645
727.581 <+  68.435
652546 . 62,553
650,904 62,644
'521.840 - ',53¢225-r
518,525 = 53,224
386.4369. . 38,942
229,808 26.988 "
227,537 " 26,940
219.871 26,775
143,336 17,753
142,833 © 17,782
142,649 - 17,835
L
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TABLE XXXVI (continued) - . 4

| 3 THERMAL DATA FOR
co MIXTURE OF €02(.25)~CH4(.5)~C2H6(,25)
. ' TEMPERATURE (K)- = 263,15 .

TABULATED EXPERIMENTAL. 150

/

PI C AP, BOWERN FLow " aH =H/APY
PSIA PSI.  J/MIN! * MOL/MIN J/MOL . J/MOL-BAR
26747 124.5 - 381.051  '1.1260 - .338.381 ' 39,420 .
T 324,7 148.0 . 5804372 1.4111 411,287 40,305
;e 423,77 L 7158,3 841,294 . 1.7772  -473.361 . " 43,370 -
© 423.7 158,71 - 841,294 ° 147811 ~°4724332"° 43,330 . %
615.7  .170.1 = 1477.360 204644 ° 599,478 - 51,115 0
615.7. 170,00 ' 1476:989. . 24644 599,327 51,132 -
815,7 170.2 " 2375.540 . 3,1,337 758.048. . 64,598 .
81547, © 171.0 2387,989 13,1370 - 761.214. " 64564
o 212.7 0 151.77 - 2602.301 . 3.3041  787.589 754300 -
5 912.7  151.0 2590.558.. ' 33,3017 = 184,595 75.361
© 71009.7 - 161.0 3600.626 - 3,7550 958,881 ' 864,381 .
. 1009.7 - 159,7 . 3563.855 ___ 3.7509 950,129 86,289 4
©1009.7-  159,.5 3559.091 . 3%7419" 0 951.122 . 86.488
<5 1081.7 l144,6° -'3578,233 348275« 934,861 93.769. .
Lo 113907 15146 4144,944 . 4.1463 999,665 . 95.639 ,
. 0 1221.7 0 157.5 - 4489,967 -4.5638 .- 983.820°/ . 90,597 . .
Tt 1221.7 . A156.7 © 4455,537 - 4,5505 ,97E;12@f- 904625 it
. v 131707 - 147.3 . ©3653.621 4.8373 "T56291 74,369 -
1413.7  140.,0 ° 2650.,769 - 5.0314 526.837 54,579 -
161547 ©1132,5 - 140-1,536  5,2578 26%.56Q 7294178 . 3
o 1818.7 . ,125,3 - . 815.006 5.3184 | . 153,240 174737 - o
70202107 0 112,277 468,467 541552 . - 90,87L" 11,746 - §
‘ 2024,7 111.0 458,927 15,1340 89.388 = 11/679 A
2024.7 > 110,00 . 454,335 5,1035 89.023 - 11,738 -. .
- - o
: “/ ! :‘:] /
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L\ ' , '\ 2'1505

415,5 .~

;:r[ | "}‘~ . 415,5
Y 415,5

Gy, 5175
L 617.5

S 81045

O 810 5;-'“‘

i an. 101506

3 jm§1215 6-‘
141446

. ”'1414.

1414, 6”""

1614.6

-giAP

fésr?fuf

20 I's 4]'

1977

.188.,2

195*8'
200:5

gJZOO 4

/

Ery 1614‘6;'

L mielee
e 77181346
' “181346

St 181346

. 1813.6
) 1813, 6
oo :'2023 6
20234 6r
2023 6

19648

193.1
‘188,9"

- 187.2"

L 186,5"
179 2\
7:6
7.2
155.7
147, 2\
14644
146“3
~T45,0
L143z7
139 9
7138i5°

S

" B
PONER
0
J/MIN

429, 245
425&893
417151 .
46,962 *‘
449, RY5
543, 57«‘“
623,311 .
622.585.
705,873

, “ 765.084

798,078
789.815;
7804994
78 < 009
7774186 &
S 7170474
6934393
680 {825 -
“659 660
{673,077
664,880
M,§4a 452 -
-.632 434

.,1 7275

249775

fm3'1658
341484

V; EOUIMOLAL MIXTURE DF4COZ CH4~N2-C2H6
w - TEMPERATURE (K), = .~

s 333 15

.FLow

pOL)MIN

,%4,5222

1 5191
1.5004 -

1.9835
N, 1822 .
2v18001
“2;49@2
27631

‘29768 -
2. Q666‘

343456

3.4837
© 33714
34674
B,4542

"f3e4144

'.[3 6306
' 3,6086

§355323‘

49

aH

c'J-

J/MOL

'281 983
280,352
274,597
271,229
~.2604319

- 285,631

| 285;578"'

282.543 -
2763890

- T268,035 .
2654315
;,263 255
248,328 . .
1245.491 .
2445717 -

207252 -

}195.4;1_,“
195,660
'192.481;~-:
© 189,913
1744194

172.835
166.299

C 53_ :'

—{AH/AP)3,

. Ar62

/179

- ¥/moi-ear

19 .892 S

19.922

119.898
20,061

204299
20,662

20.668

S leuTrs

.go .

V?O 822“

B.579
204555

20,472 -

120,098

193306

" 20,048

:. 19. 235 ’

1943847
19.244

19.253
19.168

18,059

- 183099

gz
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leULATED EXPERIMENTA
EQUIMORAL MIXTUR
TEMPERAT&RE (K

~

PI

- wIA

41504,
41644

L 6l4.4
i ’ 614104 :
L B13.4 .

813,4
101

12 1
~1211, 4
12¥1, 4
1413.4
1413_-4,"

155744 .
- 155758

- 1710;4f‘

N

1710 .4
.1867.4
'1867.4 .

~2027.4

- 202744
1202744 .
202744

2027, 4.,

i@‘AP

190 1
190.3
19170 o

19051

PSI .

183,2
182.2

7‘;189.5

19041 -

189,6°

- 189,1
218045 . .
180,2

166,22
£161.8°

16043

158 5@"'
146 87,

- f

145.5

1143;7'F~
141,90
14008 .
139,5 .
136.7 .

Iy

| PowER

'J/MIN

-Aao;zgl.w
482,089
663,794
- 660 . 030.
. 7864361 ™
780,798
9864420 ‘
t_53 0777-*

1131,069

11274485

"1127.482
1158,717

1152,062.
.+1070,390 -
1 1063,394 ¢
102q. 516,’

"1010.123

“997, 124f

868,417 °

/8584415
7874175 3
7694763 -
769,763
7574690
738,706

FLDH

MDL/MIN

1.4711

T le4T1Y

1:9433

. 1.9457.
Tr..243147

23127
2.7327

3.0747.
3.0747

3. 3279'

33187
13.3899
3.3925,
344877 "

344877

'3 sy

3.‘?864 :
'w'3.45503“;-
3.5163

. TABLE xxxv:x ?éontinued) ™
L ISOTHERMAL DATA FOR

E OF C02-CH4
L=

-N2=- czne.'~~
303.15 -

'AH

J/MOL

326,776 - ,
..327.706
« 341,578 -

339,222

339,711 -

337,600

3604960
367.501"

13664692
3664691

"348 224r
347, 140;_

274626
- 28,038

IR

24,931

180

CamsaP).

4.976

5.938
25,881 .

2648944
26 4874

'28 050
- 284124 -

-27.981 S

27,940

p;_315.75,,/<4*27’39o,

\

A

3.4968
Q3.5072 L

r;3.4753

A

3137445

2924597

289,617

N Y

248,452
223,863
- 2204128
;.219,476.1.
2164675 .-
T212.553

27353

'26.228 ¢ -
| ‘,:%,maf‘

2864104 ¢ .,
249,081

26.180

24,609

T 24,766,

22.%9¢4
»22.643

22,608

22,527,

T J/MOLEBAR .

'7 22.551 ;   fv”

hoowe




ey

TABULATED EXPER IMENT A
" EQUIMOLAL

p

er

%.PSIA

-223.4

. 223.4

273.4

32104
L 425,4
46644 -

562.4 .

. 562,4
"713 4

859,4
"1012.5
~1163,5.
1260.5
1413,5
1558,5 .
.1711.5
1865,5
1865, 4
2011 5%

© 153.5
'-161@0

“111,0

TEMPERA

AP

pér -

111.6”

133.,0 .

150,7 -

188.2 . -
200(6 S

192.7
192.1
195,9
181.2

173.3
163,1°

14607
147, 5;;

13T o4

..y4o.9u j

i

264,477

606 4,380

11014316
© 12104317 < -

1413.769°

MIXTURE OF C02~CH4~N

TURE (K)

POWER.

 J/MIN ¢ )BQL/MIN

174, 517 0.8
173.952 io;aosz
359,380 1.2139
145922
1693,282° .1.7002
804,377

798,748

1021.434 2.3521

1263,216
1231,207,

. 3.0843
' 3.1722

345848 .
I 3.7993
3, 7993

3.7993;

1252,298
/1228.014
/1010, 529
988,668 .,
945,761 0

FLOH_[

0.8110,

3.5158

1.0137

1.9747
1.9699

}

2460185
2.8683

3.9640

TABLE XXXVII (continued)
L ISOTHERMAL DATA.FOR

-czw

283.15
?AH'._

J/moL

215,176

261.4017 ]
-296(033@ .

380.843

-d

407,761
407.338
405, 459
. 434, 260 - -
f423 289,‘
o 421,961‘ o
409,551 ..
T‘BBQ;llev

' j402;114
349}321‘-
323.220. .-

265.97%

260,223 g
238.586 .

-G'/,-tl;

-'(A'H /aPYy

. J/MOL-BAR

274964
28.226 .-

. es. 506 v

128,481

- 29.350 .

29.482
304658

.. 30.612

32,151
33,881
35,314

364419 ¢
. 36‘672‘

36.224‘_ :
34,537 - .
31.782

- 284076

28.0
24,559




-

'TABLE xxxv11 (continued)

TABULATEﬁ EXPERIMENTAL ISOTHERMAL DATA FOR‘

EQUIMOLAL MIXTURE OF COZ—CH4-N2-C2H6
TEMPERATURE (K) '

ie

PSI.

109.4 .
128.0 .
149.7 .
15056

T 1 '._O T
* - 19 ol ‘ :

179,22
© 183,2"
- 134,9
- 144.8
157.2.
15542
/150,5
. 1464 1
. 145, 3

144.8"

- 14240
“fthO?'
C132.2
o 131e4
‘¢118 8/
119.2)
S 118.7

-

PDWER

;J/MINv
214,927

"312.493

453,404
458,225
7962971
798,788, -
1072,526
 1064.553
1410 .298
1615,325 .
1379,476.
1833,884
C2162.m17
2058,315
'1966 599 °
1700 , 205
"1694,263
1395, 804 .
1373, 656_5
1018.697
-1096.008
68le 711 .-
. 6864333 .
684 337

FLON

>ybL1M1N5_.

. 0.866% -

' 1.0551
:1.2808 .

- 1.2881

-

- 2.1017
. 2.5827

> 348259

 [4322L2L
_4.2180‘
 4¢3458'

443458
443264
4.3310 -

263 15

.T.7158 "
© " 1e6800 -

2,1778.\

'ff2}8ﬁ61‘
29538 .

'3;7364-'“

4.1915
442433 .

-

e

[N

“AH «ff~

J/MUL .

248.052
2964156
353,989
;3554729
464.481
475.448

- 510.301

488,818
546,039 "
559 678
46T.01%
532,736

575.647'

567,911
550,873 .
487,915
L 402,774
401,668
321,179¢"
316,083
235,460

232.279. lf'

1624639
1614743

' 162.524

}—MH/Apb

J/MOL BAR

08 5 "“1 .
3,857 |
,‘ 029 e

~j35 493

_¢135 182
S a7.877
739,563

47.890

”ffso 211

© 53,361

53,110
‘.53 072 ..+
' 53.088

48 436"
40,204
40,232
'32 805
.32.745
25, 832
25, 638
19, 855
A19 680 -

*._19 858




o

1

. PI

PSIA’"::

‘223 4

131904
. 36544
. 439,.4

439,4
1310.8

_p131o.ari}
1413.8
141378

- 1563.8

-\

1714.8

G 1863.8 -
'1863.8

1:2015,8

f2015q8

TABULATED EXPERIMENTA
o EQUIMOLAL MIXTYR

TEMPERATURE (K)

J

AP
PSI

104.0

1712200 
143,22

161.01

’176 3
. 121,.0.

135.0..
‘v133¢3-
12740
;'124.2

"131}75
12740
©145.0 .

"143f0-ﬂ"¢
ff133.0
j5:13}i8

x POHER

J/MIN

255 639
377, 421

548,628,
‘751, 365 . .
1037 230
_f523.234‘
~.21159,172 « °
1127.835:.
1000 310

976 829

,756 385
522,315 _
483,065
480,100 " -
. 321,090

J317;981‘,.

D )

oy

243. }

;:, Fwa-‘

MDL/MIN_v‘

0.9013\

o 1.1:046

103351‘

343628

304583

137040 -
i3.7101
3.5498
3.5063 -

'1.56127ﬂ
1.8588. -
‘145938
3.2608
 3.2622

13,2009
3.1994af

L ISDTHERMAL QA A FOR,
E OF ,C02-CH4—N2 o

AH

~Jmot

% 283,622
5 3416537 5
410,917
481,252
557,999
391,021

355.487
345,727
312.505 -

13054307
224,924
Js1.030

1303416

129,401

90,452

90 687 “(

"ﬂ“45;905

F(AH/AP)v‘ ' w

: J<MOL BAR

,,5“\553 RO
404616 . .
4Te619.

43,353

46,870
384191 . o &
. 374617
35,689 .
~735 653 -
24,770
'17.248;;gf
_}13 045 '}
'130124 o
9.863
9'97931

".
s
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