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corrosivem gas mxxtufes at temperaturés }up to 400'°C and:

J. p

pressures up‘to 20 MPa 1s descrzbed,; Results of tests wath'”'

and‘ operatmon the calorimeter 1n order to reduce these

heat 1eaks.*’Some test’runs were made for a gas mlxture of
.

CO,, H,, and CH., wlth the reSUlts comparing reasonably well

"5'; Wlth predlctlons based on the Peng-Rob1nsonv equatlon of

state. : e i '

_ e A survey‘of heat leak correctloq calculatlons made by
i,other : workers .suggests that., a heat 1leak correction
correlatxon depcndent on rec:procal §rocess £luid flow . rate
may be . d;propr1ate 1£ futther improvements are real;zed as a

result of the recommendat1ons given here. .
| "

iv

Y boal-off flow cglorzmeter designed for‘~USe ‘with

W
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;gi; Introduction

Calorimetry 1nvolves the measurement of energy property

:ohanges_ or energy 1nteractions khich occur in some processﬁ

of interest. =Wh11e some of these thermophy51cal properties
can be predicted accurately for an.inorea51ng number~of
iesubstances and their mixtures, sheir ,accuratea measurement
~remains 1mportant either for successful process'desibn'and
operation, or for assessment and- 1mprovement of the duality

of the available pred!gkive methods. Today's need for

enthalpy data, as well as other data, on coal gasifigatiOn%

plant streams, syn&hetic natural gas streams, and processes

1nvolv1ng steam and hydrocarbon mixtures at the associated

higher ) emperatures and pressures- (Yen et al., 1977;..

Wormald; 19825; demands that facilities“9 be ,built "for the
purpbsgVof determining these properties. - 4
The work described here was 1n1tiated in. ordér to meet
some of these perceived : needs, and -consequentlyv.a*
calorimetér was designed and constructed for use with

corrosive mixtures at high.temperatures;and,pressures. A

A}

survey of prev1ous work, a- discussion of the relevant4

thermodynamics and the’ various modes of fluid calorimetry
lead to a consideration of the important design criteria for
-oomparative ;boil-off calorimeters. A description of the
apparatus as currently operating is given. Whatleis not
contained  here is an fextensive review of ethe prior
development work that was 1nvested into the achievement - of

an operational dev1ce. The design of the calorimeter is

g

3



'exapined,' J ! S 4

i

o

“gimilar in,some respectstto that Of-éahgal_et 'él,' (1965).

Freon-11 was used as the ,reference fIluid in the device
described here. Nitrogen _and ‘carbon .dioxide, two gases'v

‘'whose thermal propert{es are’ Wellrfknowh; dhere= used as

standards -in order to. calculate the heat leaks. A third

fluxd composedx‘of a mixture of-CH. (61.7%), CO, (28.6%),_

and H, (9.7%), was also tested. When it oecame Mapparent'

that heat leaks were a major problem, efforts were made to

. . ) > - : \J' )
modify the construction and operation of the apparatus in
order to 1mprove its performance.

The mechod and prec1s1on of the' calculations involvéd

are summarxsed and certain of the processed results are

compared in an attempt to note trends, ‘asg well as to find .

~ probable causes . ot any,var1atlon irf the. results ‘of s1m11ar

‘runs. The heat leFK correction methods of " other  vorkers

vere surveyed and their applicability 'to.athfe work .is
| SN

It ‘is concluded that ,correlation of the measured
property (in this case, enthalpy change from amblent), and

hence heat leak, w1th the reciprocal flow’ rate would be _'

appropr1ate if the present performance could be. suff1c1ent1y

. improved. Recommendat1ons wh1ch should result in some

-

1mprovements are g1ven. o !



N

.2. Context

7

2.1 Survey of the Literature

A literature survey in the general area of calorimetry
readily reveals tﬁe' existence of previous surveys which,
combineq, forﬁ a .rather extensive histéry and context for
present Wwork.

These surveys are those of Partington and Shilling
(1924), reviewing the calorimetric work done and reperted
prior to 1924; Mas1 (f954), who summarized "all of the
11t§§%ture reports of determ1nat10ns' of heat capacity of
gases in the period 1924 1952 1néiu=1veﬂ- Faulkner (1959),

who;.rev1ewed methods of constant volume calorimetry and
. . I

;isenthalplc expans10n in addition to a survey of flow

calorimetric methods up to that 'time; Yesavage et al.
(1967), who briefly discpssed experimental methoés; then

surveyed much of the data for £luid mixtures with examples

) D
of how it may be a?alysed, anq finally treated methods of

prediction ef certain thermal properties; and Mather (1978),
wh; reviewed recent exper§mental and predictive metheds for
the determination of flu1d enthalples. : '

Since the 1978 surGey by Mather, the work of Barry- et
al. (1982),‘"Chfiétéhsen' e+ al, (1981), Cle55€)etlhl.
(1979), Cunﬁfhgham and Vileon (19;8). Eﬁbank et al. (19825,
Judd et al. (1980), F¥idnay and YesaQaQe ané co~workers

(McConnel1 (5976). Sharma (1977), Yesavage et /a;. (1977),

¥

r".(ry' :




)

Andrew (1978), omid (1978) ), Lammers and co-workers

)
3

(Lammers et _al. (1978), van Kasteren: and Zeldenrust

(1979) ), Miyazak{ et al. (1980), and Wormald (1979, 1982) .
and co-workers (Hutchings et al. (1978), Wormald et .al.

(1979), Richards Wormald (1981), Richards.-et al.

(1981) ) has been documented. e
Focusing the survey on comparative calorimetric
methods} one finds at least two means of employing a

reference 'fluid. The first involves the use of a reference

liquid which undergoes a temperature change. Subsequent

calculations require knoﬁledge of the heat capacity of this

lanT& in order to determine the entﬁh%py‘ change occurring

in the process under study. _—

The other main techniqug is the use/ﬁéf a vapourising
reference fluid (at constant temperature). The external
information required in this case is the data on enthalpy of
vapoufisationf §f the reference fluid. The first repbfted
use of tbis technique appears to be the work of Nelson and
Holcomb (1953), who used Freon-11 in the determination of
enthalp}esadqf'thdrocarbon mixtures. -Since theh;i as
indiéa{ed iﬁwTablé 2.1, many other workefs have constructed
equipment using the same principle in éther designs and
applications. (Some of -éhe informdtion in thé7table is
extracted from Mather's survey (1978) and from McConnell's

thesis (1976).)
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2.2 Thermodynamic Considerations

Because the enthalpy of a‘pure substance or mixture in
a single homogeneous phase is a state function, changes in
enthalpy are dependent only on the initial and final states
and independent of the process or path'along vhich the
change vas effected. _Thus, the change in enthalpy is an

exact dif£erentia1 and may be expressed as follows:

dh = (%%)p,xﬂ + (311) a +1}:"i [( i)P r,;jdxi] 2

For. pure fluids or m1xtures of constant composxt1on, the

thermal effects of composat1on changes, i.e. mixing, are not
present and equation (2.1) may be more simply written:
Bh‘ -

dh-(a,r) dT+ ) .(2‘.2)

For convenilence, the pattlal derivatives above are, of

course, def1ned respectively ag Cp, the constant ' pressure

heat capacxty, and '@, the isothermal expanszon coeff1c1ent.

Sufficient knovledge of these quantities -for a certain

substance or mixture is necessary for the construction of a

4presSUre - enthalpy diagramtiand allows calculation of an

(integral) change of enthalpy corresponding to a change of

state specified by changes in temperature and/or pressure.

"Necessary and suff1c1ent would be knowing elth!r Cp at one

pressure and all temperatures, with @ at all temperatures
and pressures, or @ at one temperature and all pressures,
v1th Cp at 11 temperatures and pressures.




Since temperhture and pressure are more easily obsef@gd
in many situations than are other properties, equation (2.2)
is a éonvenient form. = However, the ‘more fundamental
relationship for the enthalpy property is the ‘following,
derived from the first and second laws of_thérmoaynamics and

the definition of enﬁhalpy:

dh = Tds + v dP (,2'3)
One can show that @, the isothefﬁal expansion coefficient,

is fundamentally expressed as follows: ®

3 )

oh 8 '
o= (), - ),
a2), " ToF), Y : (2.4)

Use of the fourth Maxwell relation, - deribed' from the

definition of the Gibbs free energy,

(38 . (3 | (2.5)
Gﬁar Gﬁop " :

allows the expression of @ as a function of pressure,

volunfe, and temperature only:

<

3h\ v ‘ .
(@) o) 2.)
%)y T
‘Thus, .it is seen that precise P~v-T data (physical property
measureﬁents) might be used as a éhetk on this type of

calorimetric data .(fhermal ﬁrdperty measufements).'




-

Precision in the P-v-T data is necessary since the

defivative involved will tend to emphasize any errors which

are present.

The foregoing _ia “in contrast .to the case of the
constant pressure heat capacify, Cp. It is not possible by
similar methods to express Cp as a function- of P-v-T only
and hence calorimetric methods for its determination are
 necessary.

In these methods, it is necessary to exchange energy
with the substance in some way, vhxle noting tR? resultant
~change in state of the substance by accurately observing
temperatures and pressures. The first lav of thermodynamics
may be written as an energy balance:

2 2 - 2

h+3+ gzlém, ~[h + 3+ 8z]ém  +8Q - 6W = d([e+F+ gzlm )

e @)

For a steady state flow sztuatlon, changes in overall system

mass and energy are zero. In flow calorzmetry, no shaft

vork is done ~on or by'the system (any electricalvenergy

being considered as a heat input) and potential and kinetic

energy changes as the material ‘moves through are made

negligible by pfoper design and the use of small .pressure

drops, 80 that velocxty changes are not large. vaen all of

‘thzs; ‘equation (2 7) can be greatly sxmp11f1ed to the form |

below:

By, - K +gqe0 t2.8)

in out
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2]

where g is the amount of heat transfer per mole
fluid..  Further velabdratidn-,dn‘vthié floy

eguation appears in the following section.

.~
)
N
'
.
.
-
a
>
L4
9 .
s . i
AL .
e ¥
> \\’\ 13 4
‘e Lo

; AN
A‘Z\x

R
LSS
ERg

"y
w
[\
A
-
- . - .
Fa .
i A e
s
a;" - ~ d

S .
TR g

of process *

-calcfimetry

.
’
\
v )
!
~
~
\
&
. "
nt ¥
e et L "
T s Wi

B gt R

e

R



L E

s AR

e fbou oaloz;met”y

2.3 Methodology

Majér Methods. As has been previously pointed out,

there are'pﬁblished several extensive surveys of the general

"field of calorimetry which span at least the last 80 years

’g!'work in the area. What follows is a brief review of main

flow calorimetry methods: and their relatjve merits.
Despite the comments of Masi (1954):

"Obta1n1ng and measuring a constant flow rate
to the desired precision, measuring
temperatures which accurately represent the
state of the gas and reducing the heat leak of
the calorimeter to manageable proportions are
only three of  the problems which are
encountered, and which tend to make extremely
complicated .any calorimeter built for
precision work"; ' :

and the words of BarieaU‘(1965), who decided against the
direct measurement of enthalpies, concluding that

methods that reqguire no mass flow rate or

energy- measurements are to ‘be preferred [over

' . direct methods, sincel]... it appears that the

most difficult guantity to determine . in

reducing data so that an enthalpy diagram can

be constructed is the: determlnatlon of the
,flow rate” o : .

it seems thet_ the basicrmethods of.flow‘celorimerry have
survived. The reasons for this include the directness with
which Cp or etherf thermal properries ‘caﬁ be calcuiated
(since, for»steady‘st&fé operation, tﬁe heat capacity of the

appératus itself does not enter the calculation), the gide

"range of temperatures and pressures for which the methods

be applzed, and their applicability to m1xtures. With

modlflcwtlcns o 1ncrease 4¢s accuracy and appl1cab1lity,

3’3‘4 4
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'gathering teliable thermal property data. xUnder;the generai
| category of flow calor;metry, there are eeveral main types
used and dxscuesed in.the 11terature' . o | 1?
1. differential flov mictofoalorzmetry :
2. reazstive heating' (d1rect)
3.'fboi1-off (comparat1ve)
;4;'*match1ng,boxl-off |
The first of these is not subject to the criticisms of
Masi, Barieau, and others about the precision of flow
measurements, sincenft is actually a compatatzve method

using 'the fluid at one set of cond1t1ons its own-

reference for another set of conditions, all at -the game
flow rate. A ratio.of heat capae1t1es is obta:ned from the
data and, therefore, a knowledge' of ideal gas heat-capac1ty,
attainable from calorimetryiv or from spectroscopic
determinations,'is needed in addition to thev'experimental
data to calculate actual values for Cp.v"

The second type,rfresiative‘heating' flow calorimetry,
has the-iongest hiatory‘of the remaining. three. It 1nvolves”
the use’of a carefully meaaured amount of electrical energy |
to restore or maintain certain flow condztxons 1n the
calotimeter. This energy is. ttanafe;red» to the fluid
through dissipation from " some tesistiée element ;either
insulated from or in contact with tmefflofd} 'Thms the heat

exchanged can be caltuiated'as

g = T o IR .o (2.9)
_. B S 3 o
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- and, since q equalsvthe meesured' heat transfer plus the
transfer due to heat leaks, all per mole of process f1u1d

equation (2.8) can be rewritten:

Q - ’
h - h - X, 1 (2.10)
o out in if 'mf . .

¥
Note that this method requ1res accurate measurement of the
process fluid flow rate. 1If this is done volumetr;cally, it
is necessary to know the_densxty ©f the fluid precisely in
order to reduce the uncertainty in the resulting mass flow
rate. This basic method has been used 'extensivelyl as
surveyed by Mather (1978) with more recent examples be1ng
Cunn1nghem and W1lson (197d7‘and Clerke et al, (1982) to
determ1ne enthdlpzes and heet capacities of mapy fluids at a -
wxde range ‘of cond:tions and also for excess enthalpy (heat
of mixzng) exper;ments, as recently documented by Barry et
al.” (1982), Chr1stensen et al. (1981F, and Wormald et al.
§~(1977) and many of hzs later co-vorkers.

The th1rd method, somevhet more recent than the second
is the comparatzve method of boxl-off flow celorxmetry, 1n
vhich the fluxd of interest undergoes a change of state and
’cools.v VThe“energy'releeeed 1s.transferred to the referenoe
 fluid at ]ito "boiling. point.’ -Liquid nitrogen, " Preon-11
(trichlorofluorom;thane), and water are thevmoét»qommonly
used reference fluids. Th cho1¢e depends on operating

cond1tions and also on the- prec:szon with which the ené%alpy

of vapourisation. is’ Aknoun“ at the" cond1t1ons used,
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Generally, the f1u1d 1s caused to b011 at ambient pressure.

In this technxque,\the measured heat exehange is given by:

" Ypeas ™ - -z I ‘(2.11v)"..,_

F) o
N T 1

hout: hin R + 3
£ - Be

Here it is sgeen that two flow ratea must be meaaured;/
‘However, in the work that Has been reported to date, the

accuracies appear to be comparable to those of the resxst1ve

heating method. v

McConnell (1976) has summarised the reasons which

justify th chozce of this method for certain. app11cat1ons. \Tf
* These 1nc1ude the ab111ty to measure changes 1n enthalﬁ}yk\\\\\/:
" -over larger. ranges of condltﬂhns, the poss1b111ty of szmpler

construction, especxally for . higher temperature and preasure  ’,
applicationa, ,and the adequacy of - its  accuracy Kfor;.
engzneer:ng des1gn purpoaes.. Another advantage may be that
rather than heating the process fluid as is done zin_,tne’.
dxr;ct method, - possibly causing its therma1 decomposition, B
- in the boil-off method. _the fluid is cooled, preVentingh
- further decompos1tion. | _ 4 | B ' v
_The £ourth method lrsted 18 a recent modificatxon 'o;*g'_ _
the bozl-otf method which seeks tc m1n1mzae posszble o _1;'11

problems of reference flow rate meaSurements,' accuracyvﬁcg &ﬁ'»f



ualuefof' enthalpy ‘of vapourisation, wand heat ,leaks by
attempttng to duplicate» the- boil—off rate ,obServedf'in
"regular" operation By electrically heating.°the reference
' : _'fiuid 'under'conditions which-match'the expected heat leaks.

Eubank et al. (1982) recently . presented details ‘of this

method. _
. This method'still requires &knowledge of thep process :
S fluid flow rate, but the actual meg_urement of - the reference .

. fluid boil-off rate is replaced by a measurement ofv;tbek'
amount of electrical energy required to produoe 'au'
equlvalent h011 off rate Thus, prec151on and repeatab111ty ‘
of reference f1u1d flow rates is requ1red busjthe need for
accuqate calibration is el1m1nated . The operatrng' equatxon'p

v : is therefore as follows:

' - h . o= matching _L_ .
Bour-~ Pig . ' T (2'13)
Modes __of Calor1meter Operation. A general

'pressure enthalpy d1agram for some mixture of constant-'

;w.pm;e@;qu~ ﬁcompOSItlon is geven in F1gure (2 1. A number of’ process
ig::ftie“f"! . paths are also shown, 1nd1Fat1n9' several modes . of

o ag ‘éa;orimetric-inVestigati°“- | :
L Mode (a) 'is an expansion in whlch energy must be added
;‘7. ;-TJ: f’A‘th-the fluld in order to maintain 1sothermal condxtlons.
S ";:Ahdeevzatlon f;om'fthA temperature of 1nterest must be

'°icorrected by the term on the far rxght of equatlon (2 14a)

.,1f the reSults are to be reported as 1sothermal ‘The values

Ve . . . e




JUNSSING.

_ , e \}
AN . . : .
a , - uof3Iviedp 1933wjaore) jO, BApON [°¢ 9InBij
[o91°z ‘ba) [ayi*z *ba) o [eyT'z "ba]
- | . Cam )
o=t Tnu-CGatul ¢ wef-b - Mnu-Cow @ wSf - - T nu-Coul =
_ S ‘ _ i .I._s.zzu L .
T ] . T T T T - T — Y T
[ F *
‘.w : . - ,.l
RS RV &l
\ ml
| il | T
g b ) P
,‘ ; \ ..,w‘ m‘...



. the enthalpy of a fluid-3hs€ing coole
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of @ may be calculated from these data 1f the pressure drops

s

-

involved are nOt too great. I _
Mode (b) is the isobaric cooling or‘ heeting of the
process fluid, possibly 1nvolving . phase change. A small
correct1on must usually be made for pressure drop s1nce flow | .
of the fluid cannot occur if 1Q\et pressure exectly equsls
outlet pressure, but this adjustment msy be negl1gzb1e, A S
especlelly _where the isotherm, is nearly vertlcel. The
'resistibe\heating?_method,is”generally used tdl{nQrease the

enthalpy of the incOming flulgfebux»gpélg be used ts restsre .

from its iinitisl

tempersture. ‘Boil-off methods invol e\only cooling'of the
process fluid. 1f sufficient da small increments in
temperature. are taken, determ'nation of the values of Cp is
-possible, T | |

“Mode (c) \is tne Joule;Thomson experiment where a

pressure drop under adxabat1c flow conditions results in a

l_temperature: change. This cnange‘1s ften,a.detrease,”but

. not neé%sserily, depenéﬁng“tsnu"re local slspe‘ of the

isotherms. The - [Joule*Thonson'.coeffisient} "defined as__

/

follsws: 4:”’_‘ , o T Tv" S f -

bar 7 @%)h /J v .. - /(215)

may be determined from the data if sufficiently small

pressure drops are used.

‘-/"‘
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The thetuodynamic , consistency of the data gathered in
tﬁe above three modes of experimentation m;y' be ‘examined

using the relation

$ =~ -wuec (2.16)
if ;11 of these propertiés have B;Qn mea;ured‘at the states
~f interest. | |

A foﬁ;th ‘mode, not shown, might be some path in which
changes in both pressufe and temperature are 51gn1fxcant.
Such aJprocess might be a simple exéansionufrom gsome higher
temperature and pressuré to ambient conditions. The work on
ﬁydrocarbgn ehth#lpies reported hy Wiener (1966), vgo used a
boil-bff method, is an example of this. The datal thus
preduced are enthalpy values based on a zero reference value
at the amhient or near amb1ent condltxons (eg., 25 °é and
100 kPa) and might represent overall‘beatiné or cooling
loads although they would be of little uee in calrulation of

lJoeal valyeg nf Cp, @, #nd u,

v
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3. Description of Equipment and Procedure

o

. \
3.1 Design Considerations

The basic boil- off flow calorimeter equation was

,previoubly shown to be°

\ Am éL

ad - - LI —_—
hcmt: - hin * M~ (2.12)

D¢ Mg

. An examination of the terms of this equation provides the
most direct indicationss of what the primary design

considerations for this calorimeter should be.

1. Heat Lgaks. " Minimisation of Keat leaks by
radiation,“convection, a;d conduction is of great'importance
in the accuracy of the experimental fesults for enthalpy
changes., As c&n be seen upon rearrangement of equation

(2.12), the heat leak term is p051t1ve wvhen .an excess of

referenc~ £luid boils off:

9, - ulf(hout: - hin) * A1'“‘?' (3.1,

v

R TR -

*-,Ifwthe magnltude of-the (poslt1ve) boxl~of£ term is’ -greater-'°

B than the magnitude of the'énegatmve) coollng term, then

LR .

heat is leaklng into the bo11-off chambet and Q‘zs posxtxva.

“
Q is negative when too little reference fluid boils off.

If the heat leak cannot be eliminated by modification

‘ 4
of design and/or operation, it must be evaluated and

18
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corrected, if possible, as a function of flow rate and/or 3

temperature. This evaluation involves the use of a

"standard” -process fluid and use of the known values of

outlet and inlet enthalpies in equation.(3.1). If such a

b b

correction correlation for heat leak is attainablg,‘ fhe
lorimetér may be profitably used for enthalpy
/”h\*gztéfminations, despite the existence 6f a. measurable heat
leak. , 3

2. Steady-state Operation and : Capacity. The rapid

achievement of steady-state operation requires that the

"thermal inertia" or heat capacity of the calorimeter vessel

be relativelg%;pu vhile the voiume still contains enough of
_ ‘ ,

3

the boil-off (reference) fluid to handle anti ipafédxfhééf""‘ %

// flows. ‘vThus .the rapid "rise-time? may qzc seen’ in a %
/ trade-off relationship to "capacity". ;
The mass of the reference fluid vessel and the %
exchanger_(whether that,bevaisimple_coilefutubing or some E

more complex apparatus) will be Of "iméor“_ty:éricfe nln l‘(eepi}\‘g) .thQ E

time to reach steady-state to a minimum. The hot procéss 

Ces s m o

di‘.«:_iiihid.f @hé£ ‘héét' at least the . tubing~ walls" to their
~J:_st§§ay7§tat¢ S.pempe?gtggg_"_befpre constancy  of inlet

--temperature ..is achieved. . Shortly .thereafter, given a
constant flow rate& the reference fluid_boil—off rate will
' 71évél‘ off"}?. Despite the variation of flows that occuf

during experimental work, it is necessary to”.design_ around

some  figure for capacity, given- hy»'a<-résidénce'itigev

e g Sy o -

. o v . - - . O v
. - . : . - .. - . P - N R s

multiplied by an "average" flow rate of the reference flhid:




'_3.‘ Adequate  Flow _ Rates. Theoretically, the

significance of the heat leak term can be reduoed by the use
of an adequate flow rate of the process fluid.‘ As well, the
amount of heat 1lost :-by the fluid due to any of the heat
transfer mechanisms should be lower per unit mass since .the
fluid has less total contact time with the inlet tubing.
From a practical point of view, it 1is also ’desirable to
measure a significant boil-off flow rate and thus o larger
process fluid flow rate is better. A conotraint on this 'is,
of course, that the higher the flow rate, ‘the higher the
pressure drop for a given restriction in the exchanger coil.

This pressure drop effect must be considered if one wishes

»

to report "isobaric" results.

4.. Accurate Pressure, Temperature, and Flow .Rate

Measurements. Pressures and temperatures must be accurately
determined in order to accurately spec1fy the state of the

‘fiuid atuiﬂiétuand outlet« Pressure is perhaps the eas;est

Ge%ermzne, 'u§iﬁg_ cal1brated Helse . gauges-or pressure

.

f.«.'

oSkt o

1
Y
h
,a;
N

AR . 2

o

’d1£fereht1al 'cells w1th‘ tﬁe" aSstiated,. dead welght,. H;"‘o

equ1pment : Th'f méasurembﬁt b ;emperature fin flow

51tuat1on in small tubes presents a  larger p0551b111ty of

error. One must decide either to measure temperature

"in-line™ or on the 'éxterior of the 1line. 1f the

thermocouple or 'platinum resistance thermometer being used

is 1n contact with the tub1ng wall there may be 8, ,small .

“ronduction~ eﬁfect —coel1ng~*the devicé below the bulk ‘fluid

temperature.: Also, depending on the way the device is
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inserted into the llne, there w1ll be some conduction down

"the probe" 1tself tending to heat or cool the opefative part
'of the probe. For iﬁ-line measurement, there is some
influéncev of flow rate due to convection. If the
éemperature is ﬁbt taken 1in-line, there may also be
radiation effects in addition to the above.

Flow rate measurement errors probably comprise the
éecond largest sources of 1naccuracy after the heat leak
problems, and, with the heat 1leaks. mxnlmlsed by proper
design and/or correlated 'and corrected for, may actually
represent the iafgest source of error in the value of

enthalpy change for most calorimetric method§ requiring
'mvalﬁés ;f fl§§: ?aﬁe.'- Thus, accurately calibrated flow
meters are necessary for both process fluid and refefence

fluid.

-

5. Variety of Process Fluids. The design should

include consideration of a variety of fluids at a reasonably
wﬁdé  rangé?6f témperatures énd pressures. AS new processes
bécomé important in such areas as coal gasification and
: cher.SNG:techniques, fpr,exaqple, increasingly more extreme
process conditidns of témperaéure, pressure, and corrosivity
are‘being encounfered. A calorimetric faclllty for handling
the'se same process fluxds must be able to w1thstand the same

conditions using tough, corr051on re51st;nt alloys in parts

and tubing with whlch the process fluid comes into corftact.

6. Reference. Fluld. Other design con51derat1ons‘

relate to the handling and type of reference fluid. A fluid

PRV
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) _ ) L _
with a boiling point:nea; the ambient temperature should

make possible significant reductions of heat leak in from .

the surfoundings. The desired endpbint temperature for the

process ‘fluid enthalpy determinations will also be van
important factor 1in deciding wupon the. Dbest boil{ng
temperaturé., Operation comﬁlexity will be redgced if én
‘ appropriété fluid with a normal boiling"point " near éhe
temperature desired can be found;L Incfeasing the boiling

pressure above ambient will, of course, "allow greater

bailing temperatures for the same fluid, but this may bring'

further difficulties, The values of the enthalpy of
_ vapourisation for the fluid should be well-known and
documented for various conditions, since the - boiling
préssures will  vary/ somewhat, éven from day to dayf A

decision must be made as to how the flow rate will be

measured, and whether the fluid will be vented or condensedv

and recirculated. The cost and availability of the fluid is
important here, as well as its toxicity in the environment.

7. Miscellaneous. Adequate provision must be made for

preheating the process- fluid and for flow and pressure
control. Ease of repet1t1on of the experzments w1ll depend
to some extent on the manner in whzch espec1ally flow rates

are controlled and adjusted.

|
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.”L:ﬂﬂﬁpressure 'and-_Sd acﬁaeve higher Anlet pressutes for the COmogqi:t'}:
.Tﬁ:ftunﬁ. Preheat1n9 of the*pfecess fluia was* &chzeved simplxoxs}::

3.2 Description of Apparatusv
" The bas1c de51gn of the calorlmetet is szm1lar to thatt -
.edescr1bed by Sahgal et al. (1965) used for low temperature'

work., Others 4haveﬁ used . mod1f1cat10ns of thls de51gn for1
other'work', (See the summarizat1on of work by Sagara et .

al., Sood and Haselaen, -and. Laverman and Selcukoglu in Table'f:;iff7?

. SR U TIR NS

2.1.) One basic mod1f1c3t1on used in- thas work was the_‘dse-u B
of Freon-11 as the reference fluid and the consequent use of

"a higher range of temperatures than thOSe used by Sahgal etV'*"“

al. - Another was the recxrculatxon of the F 11 tathex than -tftﬂ7ij
condenszng and collectlng the 11qu1d for we1gh1ng, as other'

T

.workers have generally done. o .

The following descrlptlon beg1ns by tracing the path of
the process fluid through the system, and W111 conclude w1th
a description of the F-11 circulation system. A schematic
illustration ;s given- in Figure 3.1 and a detailed layout of

the calorimeter vessel and internals appears in Figure 3.2.

kppendix 1 contains some of theAdesign‘calculations that }

wvere done prior to construction and reconstruction of
vy ' ' '

certain components of the system.

From the, supply cylinder, the process flu1d was passed
’through a high pressure Tescom reguletor and into the
pre@gating section (nct shown in Figure 3.1). In- the' case

_‘of} CO,, *the;, supply lcyl:.nder - was . wrapped _with
. "Heat- By*The-Eard” (HBTX) beat1ng tape to. raise the vepour‘A”‘\i{;f

.' .
- > .
s . "’1“" e

b
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Legend for Figure 3.2 (Calorimeter Detail)

Inner vessel vapour exit line .

Vacuum line

.Process'ﬁluid_i?}ék line -
'Bolt holes (8) :

fhiét”line'radiatibn Shigla7' B

Vapourls1ng Freon-11

- Approx poszt1on of! upper 1nlet T/C n

- Approx. posxtxon of ‘lower 1n1et T/C

1

- Inner radiatlon sh;eld

- Guard radlat1on shield R S

,Approx.,pos1t1on of outlet T/C

Heat exchanger core'and c01l .
Outer calorlmeter vessel (evacuated)
Guard vessgl e

Inner vessel

Screen vapour demister . _

Teflon wrapped alum1num r1ng seal
Calorlmetgr 1id (support plate).

Prpcess fluid outlet line

Liguid Freon—-11 return line

(glass float level indicator inserted here)

Guard vessel vapour exit line

Scale: 0.D. of Outer Vessel - sfin_$12.7icm)

'\*

.....

) . . .
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~ . 4in downstream lOCatlons, and an in- 11ne thermocouple.

o connectionr(not shown) for

" by tightly wrapping the ‘section of.1/8 in (3. 1d mm) O.D.

’ staxnless steel tublng amﬁl;h HBTY- heatlng tape.- Ihisf?-" :.‘

. '3
© o

sect1on also 1ncluded a‘ Nupro 51ntered steel 60 micron

- N

.f1lter .element as»a-precautxon agaznst part;culate burld-upf'

— O

“

. After preheatxng, the flu'd flowed past the. cappeda‘

chromatograph (G.C.) .. .sample- lxne, the 1hlet pressurewgauge.__ﬂ

.....
Tl
e

'”'connectlon, and through the top of the calorlmeter into the

evacuated outer calorlmeter shell where the 11ne s1ze is

PREUIRL

reduced from 1/8 in (3.18 mm) to 1/16 in (1.59 mm). ' Two

: Thermoelectr1c 0.020 1n (0 51 mm) dia. ,TYpe J thermocouplesf\

:are 1nserted 1nto the 1nlet line through a Conax ceramic

mult1hole. sealrhg gland wh;ch is teed 1nto the 11ne JUSt“'

after the .preheatlng Section...“Th jUnctlons of these"
3thermocouple5' are 2..in: 45t om)” apart 1n order to prov1de an°74

1nd1cat10n of the temperature gradlent 1f any, along thel’

1nlet Ilne. The upper thermoc uple uastlater used as an_ _

lf{"1n411ne resistance'heater to raise " the 1nlet 4temperature

xh;rsome 30 feet (approx. 9 m) . of 0.018 in 0. D. by 0,00425 in.

. above that ach&evable "by the preheater . An. alumanum foil"

«
£

rad1atlon sh1eld was placed around the 1nlet line 1n51de the |

calor1meter in an attempt to decrease any radiative heat .

transfer from the-inlet line to"the Calorlmeter internals,

_ The fluid next passed 1nto the exchanger composed of

'_’Type 316 stalnless steel vas used for all- process f1u1d

' tublng.

/

PR .,Ervf'

‘uture atEachment of a. gaS'

T A e a2 e
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' N
‘.g;wall (0*46 mm 0.D. by~ 0 11 mm. wall) sta1nless_ steel tub1ng

e > b R © Lomtiar ©

Bl

'””co1led around a _1'25 in (31 8 mm) eopper core whlch is in

'ﬂggthermal cont&ct thh Ehe F-11 1ntthe 1nner chamber ’of"theg ,

- we

alorlmeter vessel .A rad1at1on shleld assembly was also

.—-~»-"-"' -~

' fconstructed 1n order to minimise radlatlve heat losses from

A

the exchanger c01l to the outer vessel walla :

small pre55ure drop and was .2 to 3. °C~above the boiIing-'
temperature of the F- 11 This temperature was. measured by a

0.020 in.-(0~51~ mm) daa. Thermoelectrlc/1ronéggnstantan

Pt

Upon :leaving the ekchanger, the fluxd had uﬁdéfgbhéffhzfxfu

P

thermocouple inserted. into the l1ne in a manner 51m1lar t
‘that of athe inlet 11ne.; The outlet lxne' leavesA the

evacuated outer. vessel of the calorxmeter through the"top

.-.-v""'

) plate._jgv th;s pornx»-a*second ﬁelse gauge was.connected
‘for outlet pressure observatlon. -capped connect:on for

future attachment of a G C. sample 11ne vas alse provaded .

~~The f1u1d then passed through a Nupro f1ne meterzng

- valve and a Wh1tey ShUt off valve to a- knock~out drum'*from ffii_"'

PR

1'wh1ch any entralned condensed flu1d méy he collected‘; and

on to a Prec1s1on Scientific wet test meter _forg volumetrlc

.

measurement. A mercury thermometer located in the weﬂ test
‘"meter 1ndxcated the meter temperature. dfh fluxd 1eav1ng

v’It should ‘be noted that passage ‘through the needle valve
into the knock-out drum is, in effect, an atmospheric¢ flash.
For rups. in- which a mixture ‘undergoes some. condensation, the .
* *  amounts and’ composrtlons of the pheses at this point will be
. different- from the amo nts and compositions of the phases'
leaving the calorimete " The mzxture used in this work,
however, dzd not change phase 1n the calorimeter.

o
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. the wet test meter waS'vented to'the air purge system of the
1aporatory. L ’ | | . |

"Freon?1i‘was~chosen as the reference fluid since its

boiiing point is neart room temperature at the ambient

pressure, which is near 93 kPa in this location. AsS - such,

‘hthe heat leak was reduced from that poss1ble for fluids of
] lower b0111ng points. " The vapourising F-11 was contained in

the inner and guard boil-off chambers lodated within the

e ey e s s T 200 M i A

" calorimeter vessel. The guard vessel surrounds the inner

» chamber and was.intended to be the sink for any heat leaking

.into the ca}orimeter-from the surroundinés;_ Since liquid_

F-11 flowed into the inner chamber from the guard chamber
';and the ‘pressure. ‘differentLaLfﬂbetwééh”"tBé “Chambers “&25 o

.bmonltored and maintained at .a small value, the levels of

F- 11 in each were about the same. and the hexght of the- glassh - a

.',float 1n the -the guard vessel _was thus .an indication of the ' g
:levei in° the inner vessel Thls float assembly replaced the - - - %
lunsuccessful thermxstor based level sen31ng system which was | |

";fﬁ‘1n1t1a11y 1nstalled.: Level changes during a run can cause
?changes in. relat1ve heat leak and small changes in enghalpy

of vapourzsatlon and b0111ng temperature. Because the F-11-

was condensed and -c1rculated back to the calorimeter, the

ligquid 1level did not change ‘appreciably’ once steady

operat1on was achleved but the float was necessary to gauge

' the extent of filling. -

The F-11 vapourlsed in the inner cell passed through a

s1mple demlster and left the inner chamber, flow1ng by the
A

"
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preésﬁre differentialj‘cell "in-line thermocouple, and

shut- off valve to a ca11brated Brooks linear mass flow meter . f

assembly and ;hen to the reﬁlux condenseq.through‘the vapour
space gn the liquid reservoir. The vapour‘boi1ed off in the
guardlveséel normaliy passed by the pressure differential
cell, through a needle valve and into,the reflux condensef,
also by way of.ehe liquid reservoir. After some- unsucresful
attempts “to operate an in-lgne . condenser, an all glass

reflux condenser was installed to operate -at 4mbient

pressure and use cooling water at 2 to 3 .°C. At this

temperature the vapour pressure of F-11 is'4%/kpa, and very
little was lost to the .surrqundings. Approx1mate1y 100 in
(2.5 m) of 0.25 in 0.D. by 0.0625 in wall «6.35 mm .0.D. hy
1.59 ‘mm - wall) glass tubing was formed into a coil of ahrut
‘1,5 in (38 mm) in dxame;er.and 20 in (0.5 m) high to provide
.tﬁe .surface ‘area for condensation, A calcium chloride

de551cant was used to trap any water vapour that otherwise

~—Fay have entered the top of the condenser. Vapour entered
~and liquid left the condenéef through the connection t~ the
reservoir immediatelygbelow the condenser.

From the reservoir the 1liquid- F-11 returned to the
guafd vessel _of the 'calorimeter through "a liqpi& leg,
shut-off valve, 'and past an in-line thermocouple for
observation of tbe return temperature, The liquid leg was
meant to serve as a vapoup lock forcing all vapour £1ow
through the lines described earlier’and'thus preventing ;he

"short-circuiting” of quard vapour (and possibly some »f the
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inner chamber boil-off) through to the condenser.
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3.3 Instrumentation .
Thermocouples. The thermocouples‘. used _ were

iron- Constantan (type J) grounded thermocouples. The three

T £ 5 it

of © these . wh1ch were located 1?/§%e flu1dA1nlet and outlet

11nes ﬂnsﬁde the calor1me§e;‘vere‘ 0%020 in f%.51

1-nr- W ; e ‘ ) '
diameter. The two thermocouples in Ehé’inlet&;ine vere

PO

i, L
manufactured by Omega, and the one in the outlet 1line by-

Thermoelectric. All others were 0.0625 in (1.59 mm) in

diameter, also _manufactured by  Thermoelectric.  Each

/
thermocouple was connected to a separate ice-point reference

junction and the resulting e.m.f. was read through a
Thermoelectric multipoint switch by a Hewlett-Packard Model
3450A Digital Multi-Function Meter, which was also ' uged to
monitor signél voltages generated by other instruments
dascribed in the following sections. |

A1l thermocouples were calibrated in the Chemical
Engineering JTnev¥rument Shop agajnst a./bl tinum resistance

/
/
thermometer. The process fluig thefmocouples wvere
~altibrated for the temperatures from  room temperature
(approx. 22 "C) to about 400 °C. For c¢alculation purpoées,
§

the~e ralibration data were correlated hy a least squares

fFiv o eyiarioneg AFf the Fo]lﬁwing forme

v - A + BsM + C/M + D*in(M) . (3.2)

where M is the thermerouple e.m.f. in milliveolts and Y is

one of the fAllowing functions of temperature:

o B R RS e W




- .determined by these correlations ip the range used in this

- work was $0.1 °C, . .

“ Rt EY : “ R I id - 9 P
“

. S Lo o
1) Y= (T in °C) o (3.3a) i
2) ¥ =T '(T in K) (3.3b) 3
3) Y = 1n(T) (? in °C) (3.3c) :
¢ ¥ = 1n(T) (xin K) (3.3d)

From a comparison of the above four function types for each
thermocoupie, type (1) generally appeared to be the most
accurate, based on the sum of the squared resiaual érrors ih,' i
temperature.:‘ The type (1) corfeiation was used for all |

thermocouples except those manufactured by Omega, for which

A AAIAIN T - AT et

the type (3) correlétions were more accurate. It was

b

estimated that the resulting precision of the temperature |
' i e v | |

observations “ was +0.05 °C. The acdpracy of any temperature

The calibration charts;’éccompanied‘by the correlations f
and corresponding parameter values, appear in Appendix. 2.

Pressure Measurements. The calorimeter inlet and

outlet pressures were observed using two Heise gauges with
316 stainless steel Bourdon tuhes: The specifications of

each are given below: ' _ ' L

WA=

Inlet gauge - Qutlet gauge ——

Full scale 3000 psig (20.7°MPa) 10 MPa/(1450 psig)

Accuraéy ' better than O,H%QF.S. ‘ bettér“thanrp.l% F.S.
Hysteresis ' minimal below-1500 psig minimal

Precision 1 psig (6.9 kPa) 5 kPa (0.7 psigq)
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These gauges could be individually isolated from the flow

line and compared. to check mutual accuracies, if desired.
1f necessary, they could be vented rapidly to the laboratory
. A3

air purge -system via a shut-off valve in the event of

accidehtalwove&épbessurdng$a ~The - -absclute" pressures- -were

calculated by adding these gauge pressures to.the barometric
pressure, ﬁhich wés read from a Fisher Scientifié mercury
barometef. Calibrétfonugaétails for the Heise gadges'aré
:provideé in Appendix 2. o

The calibrations of the 3 in (76 mm) Matheson gauges
used in the regulator assembly were not extensively checked
since' these gauges provided abproximate'indicatioqs of the
supply an% upstream.feed pressures. |

A Celesco Transducer Prodﬁcts differential pressure

cell was situated between the guard vessel and inner vessel

vapour lines. - It was calibrated to provide a 0 to 10 volt

signal corresponding to a 0 to 0.1 psig (0. to 0.7 kPa) '

differential pressud‘ range. ~This range was adequate for

the operating conditions encountered.

Flow Meters. After some initial false starts involving
dry test meters for the measurement of the F-11 vapour flow,
a Brooks linear mass flow meter (Model No. 5810 B1FZESA) was

installed and was successfully employed for measurements of

low to moderate vapour flow rates. For moderate to.high

vapour rates, a Brooks Model No. 5810 B1J2ES5A flow meter was

used. An attempt was made to shield the flow meter in use

from room air currents, but it was not insulated and

PRECRNELy s S Ipte s L S R
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operated  near Toom temperature,'4”.The " actual 'vapour
temperature was measured by an in-line thermocouple just
prior to entry into the flow meter.

' These flow meters produce a full, scale linear: 51gna1ffff5;51

{redath

s w o o 7

: .capging.from 6 £o-5 yolts~correspondrng ‘te:8 to 500 “Standard - ..o - o b

cubic ‘centimeters of N, per m1nute (SCCM N,) and 0 to 5000 i !

s o

SCCM N, for Models 5810 B1F2ESA and 5810 ‘B1J2E5A

respectively. This s1gna1 was recorded on a Hewlett Packard

!

Model No. 7127A Strip Chart.Recorder-and ~monitored through

the Thermoelectric multipoint switch by the H.P. digital

multimeter described earlier. Their calibration for F-11

<

was accompl1shed by tapour1s1ng the F-11 at cértdin rates,

e A IR S e s et

pa551ng thIS vapour' through the meters, gondensxng the

;
®
4,

vapour, and uelghlng 'the-,condensed liquid collected in a

~certain period of time. Efforts were made tompreﬁent vapaéur

. losses. The data. thus'Agathered for _each“'meter were
cctrelated by a linear least squares.fit.. The correlations
and the figures compaéing the fit with the calibration data
appear in Appendix 2& The calibration accuracies were
betten than 25 mg/min for the smaller capac1ty meter (flow
meter A) and 100 mg/min for the larger capac1ty meter (flow
meter B); For each, the measurement precision was $0.01
volt, or 0.2 % of full scale, corresponding to 2 mg/mina
(0.015 mmol/min) ;for .floy meter A and 16.9 mg/min (0.123
mmol/min) for flow meter‘B, |

A Precision Scientific 0.1 cubic foot (2.33 i) wet test

meter using distL%}ed water was used to measure the volume

o
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of process flu1d pa591ng through the calor1meter‘dur1ng the“
period of the run. The meter could be read to the nearest'"”
0.0005 cubic foot (14.1 ml) and -the.'acouracy was 10 5%.,1

. This meter operaféd~at'the room‘temperatﬁre,'1nd1cated by an i
SO N t.q-:-w.,o- o e o e ‘e . s e e W ¢ - xe W - s

“interdal” Mercﬁry thermometer, and'at-the ambient . barometrlc R |

LR "I ol

@ et 7 07,

pressure. The process flu1d'mass flow rate durlng‘a run was

calculated from this volume, temperature, and ’ ambient -

-~ D

. ve 7, Coe v o P
@ ‘ . . .

pressure "'using appropriate "values of the compressibility - °

= A T e eiy

factor and the‘ durat1on of the run. : The',meter was.

i
LD
3

cal1brated w1th a Prec1szon Sc;ent1£1c 0. 1‘cuh1c foot (2 83

2

i

e -

RS R SN

1) prover at several dlfferent flow ratess = - v~ . ..

Power Suppl1es. "'ﬁbg" all appllcatlons 55 the:;'

Heat By The-Yard heatxng tape, the . 120 volt Varxac power

e wa L e o e M i oy N »u‘r‘ e B .
AU

suppl1es were;used. A Heathkit Model- IP 27 regulaﬁed power

supply was used”to halntain a 300 mA current through - the

iron-Constantan in-line process*flu1d hea;er, wh:ch provided,

a resistance of approxlmately 35 ohms. o ke

o



L5

~ B L - oo -
- . : : | v - .
o ® e e : > e BAt b e, ~
" - ot ~ . s R
. > b ?
v o - . -, - : R
. . eat U g ' B . L . . -
" " S e g . - B & - ..z
T - - - . R Y AR
< - g et by 4
L ~og ] N . -
e - o
e - ’ - .
- - . @ Mo - -~ 0§
- . . . L A
- \ -

NB}i.EsperfhehtsiiPrccedure

L‘ feThEee”fd{fferent fIUIdS were used 1n a series of test Hjiesj ﬁ~

runs for - the approxlmate 1nlet pressures of 1400 1000 ”dﬁlf
500 ps1g (9 7, 6 9, and 3 4 MPa) _ At each of. these nomxnal

s 0. .,test pressures, Enree 'Or' four flow~jrates vere ;<used,.-."

. <> @

- oy
e .-

result1ng in d;fferéniﬂ‘fnret~wtempe:q;ures for a .given

* P - )

preheater duty. The fluids were n1trogen, “carbon 3f6xidéf*""”"--f_

U.su'.:;\\. AR «of"-u

. and_a mixture of H, (9.7%), CO, (28.6%), and CH. (61.7%).

LT e T T | S | ‘
'A”generél'ﬁrcquhféufcr_the.testﬂqpnsmmex"be ‘itemised
L as follows- A P T
- : _' ._('.: p } o : R e et '{ . . TR et e cew s, w . N ...:
_ vL,. The refrlgerat1on un1t for condenser cool1ng .water ‘was
started and ma1nta1ned at 1 to 2 °C'., “ f,-5 I TR
A . ' o . .
' 2; The coolant glrculatlon pump was .started to cool the
F- 11 condenser. | ) ' .
3. 3?11 was cherged to the ‘calorimeter and the _liquid"‘ T
reservoir through the. chllled reflux condenser. SR A
. 4, The process fluid preheater power supply.was turned.on. }ﬁ
. TR e o ) P ) . RO o e . . ) . . } .
- ,\'; 5.. The' vacuum in the calorimeter-outer vessel was checked ' oo

© -and thé- vessel was re-evacuated if necessary. B ‘ R

- e , . C
: * ' = )
>

6. .The. Heise gauges were . zeroed and the thermocouple

reference icerweter devar was refilled.
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';'7 The supP&y cyllnder valve was opened and e'ﬁrQQUIator"'"'f"+

vas set to prov1de the de51red 1n1et pressure.'

- )

8.\ The power supply for the in- 11ne process f1u1d heater in “ ]

- ;'-, the calorlmeter 1n1et line was act1vated f”

T :7:iiﬁﬁ3§.n The F~11 vapour Elow rate recorder was~turned on, as’ vas '

- the digital multimeter used to mon1tor the thermocouples and

the mass flow meter.

LS . o . A e a3 P T _ - -
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“10. The outlet needle valve uas adjusted concurrently with . -
'the,adjustueht of the re§u1ator to set the. process flu1d }

;;glow rate ‘by- sett;ng the 1n1et pressure and the pressure

k3!

drop across the exchanger. Thls,was_contindﬁﬁgg§: necessary

durin§ startup to enhance achievement of.Steady operation, .

which was assuméd wheh the inlet . temperature, inlet
pressure, outlet 'pressure, and'F-11,vapOur-flow rate were

- constant.

e e Gk o i

11. © The timer was started simultaneously with observation
of the volume indicated on the wet test meter. Shortly

thereafter, the F—f1 vapour flow meter signal,'and all

thermocouple and pressure gauge readings were recorded.’

~§7: 12. Read1ngs were;‘repeaﬁed' and recorded every ten.to'

wflfteen m1nutes. - \, I o




- the series of runs was not yet completed.

l..oo~y—v--.'-“°"""""-4.., "
. : < -

‘13,‘ Some gradual pressure changes, 1f anY:'f‘eneH correctgd

\<..

—_—
T

14, - After9a ]sufficient period of steady operation twas

maintained and recorded, the process £luid flow rate was

‘altered by adjustments of the outlet needle vaIVe to cause ai'(
. different pressure drop. Th1s occas1onally requ1red some .

,adjustment of’ the regulator as weIl o

d - A

Y

15. Steps 10 through ‘14 were repeated as often as required

Tto gen%rate the des1red data, ‘then~ stepﬂﬂs was undertaken.

i " n.‘_gv

16. The process f1u1d heater power supplles, F- 11 vapour
flow rate recorder, and d1gltal multlmeter were shut off.

The - supply <cy11nder valve-,was closed. The refrigeration

unit and the condenser coolant circulation pump ‘re@ainedf

running . to prevent excessive losses of F~1J;'especially if

e

&

 There were several d:§iazions from this procedure for

L] -

runs with CO,:

- Prior to step 7, the CO, supply cylinder was heated

with HBTY heating tape to increase the supply.preeaure'above‘

the _normal:room'temperature &apour'preSSureIof €O, to about

1700 pszg (11.7 MPa) LR

‘«P There was a large cool1ng effect at the outlet needle

‘valve which tended to alter the or;glnal sett1ng of 'the

i
A
[N

[

P TSP

. avageansiiet




. o e 8
.. - L el - >
s . Lot R
- N
- » R - -
* D7 e -
- LR e
[3 - 1 .

‘heag;ngr.tape

O A pressure drop'éé'ihe”ruﬁ qont1nued. A short sectlon of HBTY

PRI ....»A—’

'was wrapped around the valve and act1vated to

‘warm it. This resulted in a:much;mgrg.s;gadyfoperatmonfﬁf'“"

D
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4. Results and Discussion“"“

4.1 Calculation Procedure .

. .. SR ¢
-. The "experimental data collected during-a serie5<of‘runs

e R e AKTESN L1b

were entered intaq data flles 51m1lar to the sample glven 1n

A s sk ata bl

Appendix 5. ‘The program CALOR written specxfacally for the '
purpose{ and glven in Appendix 3, read these files and”
pressure, and flow rate. Wlth these values and a data file
prov1d1ng F-11 enthalpy of vapour1satxon values dependent on

the saturation pressure,' cthe program-_calculated-'the

i
T e o i e e

experimental results for the process fluid enthalpy change.u"
Furtner, for.N, and Cb,, which.were,used as standaras,
the progran'CALOR caloulated predicted values of enthalpy i?
_change by using the}'inlet-'and outlet conditions of ?
temperature and=pressure; This was oonel By taking the ‘
d1fference of the values: predlcted for each state using a’
two—dlmens1onal linear 1nterpolat1on- of ‘ enthalpy data
extracted from ‘the I.U.P.A.C. "tables on N, (Angus et al.,
1979)Kand on‘CO, (Angus et al., 1973), and provided to -the
program in appropriate data files of which®copies appear ln’
Appendix 4. In oréer to cheok the " validity of_ linear
‘interpolation for these data, the fittlng and interpolation
algorithms of Forsythe et al. (1977) were later used in a .

two-dimensional cubic spline interpolation in the same data

fflles.f> The ' accuracy _of these interpolations will - be.

41
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| H,The ptbgramlédmpaféd the.experimental-values‘with Ehgir
associated predicted values‘of‘ehthalpy‘chaﬁgé fovéaiculate
the heat leak at the particular expérimentéi dqnditibné,

after the manner of equation (3.1).
v ‘& N

As previously mehﬁiened;;the third process fluid . .used.

in the _calorimeten was a mixture of CO;;”Hg, and CH.._ No
standard thermodYna@ic'data are available for this mixture
and thus it 1is typical of fluids for which accurate
calorimetric data may xgt‘:beﬁineededfv ‘Thg experimental
reéulfécqb_t;i;‘éése were compared to the predictions of the
EQUI-PgASE .pfogram. This prdgrém is based on  the

"two-constant" - PengQRobinson equation of state (Peng and

Robinson, 1976)) and is used extensively to predict - the

behaviput and properties pf‘many'mixtures of interest to the

hydrocarbon processing jindustries.

The‘experimental’cbnditions‘and gesults, which comprise

the output of thé program CALOR, are listed in Appendix 6.
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4.2 Precision Analysis

_Before the discussion of the accuracy of the

calorimeter as a' function of heat leaks, operational
methods, ‘and des1gn decisions, it is appropriate to examine
the effects of | the precislon of the experamental
measurements on the certalnty of the calculated results for
ehthalpy chehge. An examxnatzon of gb . precision of the

correspoﬁding predicted values of enthalpy change is also

necessary in order to determxn% the 11m1t7’ of uncerta1ntyv

£or the est1mat1on of heat leaks in theycalor1meter.,
The total derivative of the measured heat exchange, or,

more,specifieally, the derivative of equetion (2.11) is:
. . 7

' X e A . (4.1)
d Ahmeas s!'un'eats: = d)‘ + == dmr + 2 dmf )
mf mf . (mf) oo

The precision of the experimentel value of enthalpy change

for a given run may be calculated conservatively by -

.approximation ' of the differentials in eguation (4.1) by the:
4

uncerta1nt1es in the correspondirg. var1ab1es. Since some of
these exper1mental variables were themselves determxned from
cher measured values, calculations of thex; precision were
done in a similar fesh:on. since ‘especially ehe_reference
and pro&ess flu1d flow rates change from run to run, a 'fair

'est1mate vof the precxs1on of the measﬁred eﬁthalpy change

‘must consider ' several different sets of experimental"

.conditions.
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‘Calculations for a number of representative runs with

both N, and CO,, are given in Appendix 7. The precision of

the experimental values of enthalpy change tor'Ehis work was

thus determined to be better than +485 J/mol for N, . a+ the
lower floi'raté‘(apprdx‘10 mmol/min), changing to £140 J/mol
as flow rate increased to 35 mmol/min, and 485 J/mol for

CO, changiyfd to as much as 575 J/mol when the higher

:capgcibyA ss flow meter was used at the larger flow rates.

The cbrresponding predicted value of the .  enthalpy

change was calculated from a difference .of outlet ind' inlet
.Qalues of énihalpy' which were - _detgfmined using a
tvo-dimensional linear ihterpolatibh |  aé previously
indicated. This _interpolition scheme is summariged in the
equ&tiods'below to clearly indicste how thé calculation of

precisioﬁ proceeded.

I sl P | |
e | T T (4-2)
TR, R

hyt p = 2215-2§- 1P - PT) + hp- ot : - (4.3)
’ LP--P JT SR

-,‘+ R _-1 o ’ o~
_*_'_'r_:___h_'_r__ (T - T) +hy= g g
LT - T Jp ’ g

(4.4)

b -

Ry

The question of the accuracy of linear inte;poiation is

momentarily left aside. Calculation of the precision vas

‘done by evaluating the total derivative of equation (4.4);
and this involved similar evaluations of,the derivatives of

equations (4.2) and (4.3). If it can be assumedvihat,the

4
i
i
!
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values of énthalpy given in the 1.U.P.A.C. tables are exact,
or at Jleast much more precise than the experimental
%;asu;éments of temperature and pressure, then the precision
of a phédictedlvalne cf enthalpy depends upon the precisi~ns
of tnmp;vatnre and pr -~ yre in rhe frl'awving an-.dﬁwiveﬁ try

"pr Vi 7 N
Ah - {(JvE™YAT {x+fT1)YAP (A7 .4)

where thb ~ongtan's -rr ~alcul~'~djfrom only the ‘rabulnted
valnes . -
The parallel of eguation (A".4) with equation (2.2) is

obvious and cap, indee?, be used *> ju'ge whether the linear

methed of irterr~latic is appror  ‘ate for the data set. If

~omparisons of Cp wi ° (3+fF) and @ with (k+*fT) at any
rondition (7' P) R0 not - 3ignte near egquality, then the
assumptione of Jine-rity f oﬁ%halpv with temperature and

presceu ~ are not good in the virinity ~f that st~te and the
linear interprlntinn m@*hha ije '"mauitable frr nge at that
point A cample ~f these compari-~ns is given in Appendix 7
afid. is repr ~~entati-n of the bulk ~f the pnints tected,  The
~anrlnginan Arawn was that two—-dimensional linear
interpolntinn wis a sufficiently accurate methnd far the N,
dat~ set and much of the O, data set,

This contlusion was tested further by comparing the
r~sults ~f a more versatile interpolation method which dnes

» kertar fi+t of any rurvature present in the data. A run by
~xy
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run comparison of results using a two-dimensional cubic ;
. -
spline interpolation with the results of the two-dimensional

linear interpolation was done for both N, and CO,. For the

N, runs, the enthalpy changes calculated from the spline

.
interpolations were, on

average, only 0.034 % larger than
the changes calculated using linearly interpolated values of

enthalpy. Simila,ly  for CO, runs, the calculated enthalpy

® .

were only an average of 0.014 % larger

changes when

calcvulated wusing the spline interpolatinn. It seems clear,

then, that the major contribution to the uncertainty of the

predicted was due to the precision of the

enthalpy change

experimental measurements of temperature and

pressure, and

not, at least in this work, to the method of representation

S

W iime eI iie AR L w AT e o

of the tabular

rhangq valves

“data. This

wae +7.0 J/mo)

uncertainty in the enthalpy

for all N, r

uns and from +55 to

'R 1/mn), de-reasing as run rressure decreased, for CO,.

Finally, the

precision of the values of the heat leak

.
™ g vt b ey ey

ran may he Aetermined ae fnollowe:

gy w MW dq (4.5)

/

-~

The precision of the cal - ulated heat leak valves ranged from

+490 J/wol to +150 J/mo) fot N,, as flcw rate increased, and

from 510 J,/mo) to +630 J/mol for CO,, depending on ,which

flow meter was used. Since the magnitude of uncertainty in
the measured entbhalpy change is 1larger than that of the
preficted value, it appears that the first attempts to

PO RPN S S  Y




improve the precision must be in the experimental
.measurements, especially those of flow rate. The words of

Masi (1954), quofed earlier, appear‘tg be at least partially {
borne out. —
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4.3 Beat Leaks and bélérimeter Accuracy

Examination of the results of the experiments,,given in
Appendix 6, and as illustrated in Figures 4.1, 4.2, and 4.3,
reveals th;t the performances%f the calorimeter was rather
severely hampered by the presehce of heat.leaks which ranged
from approximately OIto +35. % of'thg'me?Sured boil-off heat
exchange. 1In other words, thev:bredicted enthalpy changes
were anywhere from ‘§5 %X below to 35 % aone the
expeerentally dgtermined values. |

Effects of design decisions -and changes. The

discussion on precision in the preceding section indicates
that there’ was a sizeable uncertainty in the values of thé
heat leék, but given the size of the heat leaks calculated,
it' is Qquite ciear that these resulté w;re not merely
artifacts of the precision of tﬁe experimentél measurements.
Attempts have been made throughout the experimental work to
modify the operation and also the construction -of the
calorimeter to reduce these heat leaks, and these attempts
have met some, albeit limited, success. These attempts,
briefly described, invélved the redesign and reconstruction
of the inle£ line to the calorimeter in order to increase
the resi;tance to conductive heat transfer from the hotter
inlet line to the calorimeter internals prior to the
exchanger core, the discarding of the heated air fluidiéed
bed thermostat. as a surrounding medium fér th& calorimeter
vessel in fanur'of insulating tﬁe vessg%.and opgrating‘it

at room temperature with the process fluid preheating being

N
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done with HBé; heating tape, and installation of an aluminum

foil radiation shield around the inlet‘ line in the

calorimeter vessel to }Eeduce possible radiative Theat

transferu
The primary effect of these modificatians was a

sizeable decrease #n the amount of "background"'heat leak,

i.e., a reduction in the amount of heat 1leak into the

_calorimeter ﬁboil-off’.chamher under nenrflew conditions.
' Determinations of background heat leaks ﬁere 'done 'and an
example ~is included in Appendix 6 (Run CO2.1 #1). However,
since the temperatnre fprofile changed from the non-flow
profile“ﬁhen iluidp was flewlng through the calorlmeter,
‘these backgrouna’ values wereu of 11m1ted usefulness in

correlating  the ‘actual heat leak.  Eubank et al. (1982),

whose wdrk.has been diseussed earlier, did' use non flow-

values of heat leak to correct for heat leaks dur1ng flow'

conditions, since their ealorlmeter was  appropriately
equipped to agequately .reproduce, “during - non;flow
conditions, the tenperature profile of thejcorreSponding run
- with fluid flow. A | | :

A further design or development dec1szon which appears
to . “Dbe detrlmental to the eventual correlation of heat leaks
is the -‘decision not to include suff1c1ently automatzc

control of flow or- 1nlet temperature of the process flu1d
‘Whlle such.%qu1pment may not be . necessary if heat leaks were
completely neglxg1ble, and ‘may not be of any s1gn1£1cance if

the. heat leaks are large, ana1y51s of the mechanlsms of heat
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'leak may be easier if, for example, the 'temperature .change

could be  independently controlled wh11e**flow rates and

! ) . g :f.. 7.3 o : : . .
pressures were varied , th?hugh _avﬂﬁééfies of' runms.

Addition;11§;".the' reproduc1b111ty of the ‘Neﬁperimental

cond1t1ons and :esults would be enhanced

'“:'-'g

Because the reproductlon of exper1mental cgpd'

P
BCHEN

temperatufe and pressure and, hence, flow- rates Hag not

easily achieved, it was not possible to directly 1nvest1gate'

the effects of probable changes in other varlables, such as

small changes in reference fluid level from one run to
another, due to the necessary periodic-recharging of .fluid

. ' U - . » . ' .
to the ' system. Other.examples are changes in atmospheric

pressure with the correspondlng small changes in satdrationg

temperature, - enthalpy of vapourlsatlon, and ‘resultant

changes in temperature profile. Tables 4.1 and 4.2

summarise experimental wdrk;‘the'parameters'OEJVhich, though |

not exactly identical, are perhaps similar enough to permit.

' some compar1son dnd7ana1ysis of difference in the results.

A first 1mpress1on was that .calorimeter performance changed

S
after recharging of F-11. Since F-11 levels were carefully °

} ) . - .
monitored during the runs, these performance differences

should not be due to_ dlfferences in reference fluid levels.

P

Casual checks of the F-11 for discoloration or d1ssolyed
oils indicated minimal change from thelsfate“of ghe original
~F-11 charged to.the system; though it maf be -argued that
even _minimal' changes . in compesition.over time_could cause

substantial differences in the enthalpy of vapourisation of

R S PPN W RIS SRR

Ve e ok emy s aehs L etk




' Basis of Comparison:

Table 4.1

~

: Comparison of Run Results for N,

Run # m P P T T %L Ah
£ " in out in ~ out calc
N2.1.#5 22.4 6.975 6.694 390.0 300.5 -14 -2793.5
'N2.2 #1 24.3 7.006 6.:704 395 300.3 +1 =-2975.9
Basis of . Comparison: inlet, outlet conditions similar
External Changes: see next set <
" N2.1 #6 29.2 6.988 6.594 403.3 .302.3 -29 -3141.5
N2.2 #2 29.1 6.988 6.599 405.7 301.5 -4 -3242.9:

inlet, outlet conditions.similar

External Changes: reconfiguration of vapour llnes

e

" N2.3 #4
. N2.1 #5
N2.2 #1
Basis of
. External

N2.3 #5
N2.3 #6

.Basis of
- External

N2.3 #2
N2.2 #2
‘Ba51s of

", External

23 6 6.

4

-Calor1meter recharged with F-11

989 6.694 394.4 301.1 ~-18

-=2910.0

. as above
as above
n: inlet, outlet conditions similar

Compariso

Changes: possible loss of F-11 over several days

36.4 6
‘36,5 6.

.99€1-6.387 418.1 304.9 -38
996 6.389 394.7 303.5 -34

-3505.3

-2831.0 - .

Comparison- flow rates and pressures similar
in-line htr current reduced from
300 mA to 200 mA

Changes:

'19.9 6.837 6.604 359 1 299.1 -2
'~ ..as above '
Compar1son° outlet pressures 51mxl§r

Changes: inlet pressure reduced L
>~ in-line heater current reduced
s “_ .
, \
s

-1882.7

‘to 200 ma
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‘Run #

CO02.1 #2
C02.2 #1
Basis of
External

C02.1 . #3
C02.2 #3
Basis of
External

C02.3 #1
C02.2 #3
Basis of
External

C02.3 #2
C02.3 #1
C02.2 #3
Basis of

External

C02.3 #3
C02.3 #1
Co2.2 #3

Basis of:

External
3

C02.3 #4

CO2.2 #4 .

Basis of
External

/

<3 #5

C02.2 #1

Basis of
External

. , e
Table 4.2 : Comparison of Run Results for CO, ‘
m P P .1 v ' % ah
£ ~in out in out - calec
17.5. 3.499 3.118 398.5 '300.2 -3 -4496.3
19.1 3.527 3,088 . 404.7 301.6° r~12.. -4680.2
Comparison: inlet, outlet pressures 51m11ar
Changes. calorxmeter recharged with F- 11,-"
13; i 3r55ﬁ 3.333 383.9 298.6 +7 -4018.0
13.7% 3.527 3.316 385.4 299.5 -2

-4037.8
Comparison: flow rates,pressures similar -
Changes. as above '

F 11 level sllghtly high in C02.2 #3

3.270

15.1 3.537 387.7. 299 0 +23  —-4143.4
.. as above ' @
Comparfson- pressures s1m11ar f
.Changes. as above .
4.6 3.526 3.280 386.9 298.9 +24 -4118.5
.as ‘above : - Q
.28 ‘above . A
Comparlson attempt to repeat C02.3 #1 ‘
Changes- none _ >
4.0 -3.568 3.328 392.4 300.2 -5 -4315.5
- as above , - '
as above '
Comparison: pressures similar
Changes: calorimeter recharged w1th F=11
pr1or to CO2.3 #3
8.1 3.55% 3,446 366.1 298,.0 +25 -3293.6
6.8 3.510  3.461 353.3 297.5 +31 -2751.2
Comparison: outlet /pressures, flowrates similat
Changes: inlet preésure set higher in C02.3 #4°

one run pr1or to CO2.3 #4, F-11 was added

19.2 %07.1

3.548 3.113, 302.2 -17 =-4773.0
19.1 3.527 3.088: 404.7 301.6. -12 -4680.2
19.3 3.520 3.093  307.3 301.8 =-12 -4796.8

Comparison: flowrates ‘and pressures slmllar
Changes: probable4hzgher F~1 levels in C02.2 runs

s A e TR . i i d s e o



Run #

Co2.%
C02.5 #5
Basis of
External

. €02.5 #6
C02.5 #5

C02.5 #4
Basis of

External

5o2ys. ﬁ_

Basis of
External

C02.5 #8
C02.5- #7
C02.5 #3
Basis of
External

C02.6 #1
C02.3 #1
Basis of
External

- C02.6 #2
C02.3 #2
Basis of
External

CO2.6 #3
C02.3 #4
Basis of
External

;I; 26.4 ' 9.745 9.563 438.1 310.4

m P > P T XL Ah .
4 ‘in out in out T cale

&
&

L
-5 -12576.6
26.3 9.752 9,570 433.1 309.7 -3 -12502.8
Comparison: #5 is attempt to repeat #4 ’
Changes- none -

26 0 9.755 9.577 432 6 309.6 -10 -12486.4
aBs above
-as8 above -
Comparison: attempt to repeat after add n of
. - some P-11
Changesz addxt;on o: some make—up P-11

v
34 4 9.727_ 9.405 1.9 313 7

37.4 9.7599 9.403 ¥58.4 314.6
Comparison: pressures similar

-3 -12029.7
-5 -12025.2

Changes.-P-11 edded one run prxor to CO2.5 #7 |

24. 8 9a728 9.408 430.4 309.2
p 8 above
" as above ’
Comparison: pressures simxlar
Change3° possible operat1onal ot readlng errors?

-6 -12352.9

14.2 -3.536 3.295 391.5, 299.4 +17 -4311.5

15.1 3.537 3.270 '387.7 299.0 +23 -4143.4
Comparison: flowrates, pressures s1m11ar ,
Changes: none , b @

14.1 0 3.515 ©3.260 390.5 299.4 +19 ~4246.5

14.6 3.526 3.280 386.9 298.9 +24 -4118.5
Comparison: flowrates, pressures similar
Changes:" none

G ‘

‘11.65 3.628 3.467 379.8 298.5 +29 -3896.2
8.1 ~3.555 3.446 366.1 298.0 +25 -3293.6

Comparison® pressures similar

Changes: none .
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the reference fluid. Other runs showed ﬁérformance
»variations which cannot be linked to possible variations in

F-11 level or comp051t1on. Extegnal causes for these are

difficult to postulate.

: ?
Corrections for heat leaks. Keeping in mind that the

reproducibility of these experimental results is limitea and
hence may‘.lead to a correlation, or heat leak correction
functioh, -that 1is suspect of éomé‘ efror or at least
incompleteness, it. remains appropriate to attempt a
correlation or gartial explanation, - in at ' leasé a
qualitative 'senSe, of the apparent behaviour §f_ the
calorimeter. 1In the literature, one . finds .a variety of
techniques ;mployed; dependiﬁg ori the type of calori@é;ef or
the autﬁor's anvpfe£erence.

One method, used successfully with glass calorimeters
measur1ng Cp of organlc vapours V(Mbntgomery and»~DeVries,
1942) is a linear correlatlon of the measure& property at
some conditlon with the reciprocal of elther the flow rate
or the square of the flow rate, and eubeequent thrapolatlon
to- zg;o ;ec1proca1~flo‘ rate. This 1qa$?e§b a similarly
linear réiationship between the heat o reak per mole of
process fluid at a given condition and the r¢ciprocal of the

flow rate, or of the flow rate squared., The method has an

intuitive appeal in terms of equation 2.12 in which this

heat leak - term approaches ,zero'as*thé.proéess—flgidvflow
rate indféasés, so long as the actual heat leak itself ‘does

-

not’ increase faster than the flow rate. Of course,

A

' ot i = o
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variation in flow rates dictates variation of at least the

pressure drop and these variations from the nominal
A
% »

E%nditions must also be corrected+for in the determination

of the m;;sured value of.the pfbperty 5; a given flow rate.
Judd et al. (1980) used a resistive heating method tn

measure enthalpies ~f mixing » of condensable vapours. A

correction for heat exchange with the surroundings was made

in a manner similar to that of Montgomery and DeVries.
i [

Since the calorimetric method was completely different. it

is intererting to note that a linenr correlation of the
measured rroverty value, at a given te rerature and
pressure, with reciprocal flow rate was -alee successfnlly

used here for extrapolstion to the "corrected” valve a' zero

reciprocal flow rate. T'hne, thic methead appear~ /< have
hbrnader applicability,
A ¢ 'rection for heat losseg is =2lso cexteneively

discussed by van Yreteren »nd 7-1denrust '979) who ue~A4 a

registive heating methndg to meagure enthalries of
. o

-conde"sab?e nat ral gas wiwvturee, Th-ce workers ans'vged

heat Josses mrre evplicitly, in terme o~f eo6vduction an?

radiation due t~ temperat''re differencew in *rhe ca16rimargr.
Tt c=an be shown that thie correlarion of the heat 1lrak per
mole of process fluid fer a given temparature prefile
invelvaeg a preportionality with recipr~ral flow rate mimilar
to those discussed = earlier, Additienallv, . rhig
p;opoftionality can be calculsted from a knowledge of the

*emperature profile. There i= however. a rertain nON-zero
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Yalue of the heat 1lnak at infinite flow rate for which a
~orrection must als~ be made.

Sagara et al, (1977) ysed a calerim ter also patterned
after that of Sahgal et al. and thve simila’ in some
respects to the nne Aevethped and tested in thie work. The
correlation used is.one in vhirh the heat leak is a function
of the flow rate ~f thre reference fluid and not of the
pr6~wg§ fluid ac was uead in the tech igur~ discussed above.
The reference flyid vsed wea ljquid ¥, This correlation,
gi en in ecquatien (4 f), can he ~howrn "+ t~ givilar te those

.

e '1‘1‘¢\_u.—’ nkAavs whiech VP1“?'Q/"“° he re '@ reciprécal

Coo STRNE SLRVE IS R P Zva_
I_-' [ AR ' ]0'7 ("4,6)

T the bt leal jg relatively ema ') ~ompareAd b the trntal

/
/

veaneuy A haaY ey hange, then 1, refere ce f]w{d'f]ow rate
ie %r" vimately rrepertien 1 te the prrcess fluid  flow
ray/_ Thu: Fte heat Jear ie =oproximate’y properticnal te
the 11 nreee fFlu® ) fleo rat- a0A, fallowing equation (4.6),
the rpercentane h~at 1r- " ig prepor'ienal t~ the recipfocal
proc e Fluid flaw ar T'e limite to this rorrelation aré
that it was 313 r- '~13 anly for hoil ~ff heat exchanges
h"‘ﬂw{7°’ ~a) mjn (101 7 min corresponding t~ approx. 180
mme 1 }14min), where the heat Jeak perrcentage is equal to
zar~. And also that % ¢ "hald roly alove ‘O.{‘calfmin (43

M , .
J it Lo ragpending v SpPr X YT wee W min) at which

L R o s st A aat RSN I
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point the heat leak percentage would be 100. It is to be

noted that there was no mention of dependence on 1inlet

temperature, though the data for which this correlation was

used included inlet temperatures ranging from 110 K to 280

K. |

Applicability of the correlations to this work. 1In the

experimental work presented here, significant ~hanges in
flow };te at a cartain. nominal pressure could only be
accomprlished wi*h ~izeable changes in pressure drop, and
large ~hanges in the témperature profile were also observed.
While the ©process fluid heaters could have b;en manually
adjusted to minimise the change in temperature pfofile as
flow rates changed, this was not done. fﬁe heat leak
analysis of a sim{lar caiorimeter by Sagara et al. ;ppears
to implvethat this is not necessary. In addition, the madjor
c~on~ern rhrovah mo~t of the work was to determine  the size
~f the heast leak and to make changes to the calorimeter or
recommendatincne far such changes ir order to reduce the heat
leake *o the point where questions of reproducibility really
hecome jmpoartant. Ae well, the run time that would be
evpended and the change of the bas# setting of the proncess
fl1uid heatev that wenld be reqdireﬂ, if restoration teo the
original intet temperature vere attempted, vere
monmideraticne that discouraged this.

Hence, the newv flow resulted in new conditions so that
the heat Jleak conld be Adetermined there. Since the

e ¥irinne werwe nrot restored tn the original naAminal valuyes,
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correlation of the measured property values or heat leak
with only flow rate varying is not possibie here. However,
following the 1lead of such a correlating technique, the
experimeptal Heat leak.percéntageS‘gféfplotted versus flow
.rates of N,, if,, and the CH,-H,-CO, mikture, respectiveiy,
- in Eigures 4.f, 4.2, 4.3. 1t must be pointed out here that,
as flow rate increased, so did the inlet temperaturé (due'to
better heat tranéfep from the in-line heater as well. as in
the 'preheating section) in a roughly linear way (Figure
4.4), fégardiess of. the pressure. Thus temperature was a
"hidden" wvariable here, and the value of these plots is not
to be found in a d%feétly extracted heat 1leak versus flow
rate reiati&.ship; They do, however, serve to illustrate
the magnitude of the problem and the trend of the problem
with flow rate, given the operating stfategy used.

Tt is encouraging to note in Figure 4.3 that, fbr{ the

gas mixture, the agreement of the experimental resdlts with

the predictions oY the Peng-Robinson equation of state is

somewhat better than what could be expected based on thg

experienée with the N, and CO, testé. ' vf

Most of the methods descriged above deal with positive

heat leaks which approach zero at high-flow rates. Though,
as npreviously sbatéd, the functionality of heat leaks with
flow rate cannot be deterﬁingd from Figqures 4.1, 4.2, and
4.3 alone, the decreasing trend of heat leak with flow rate
appears to be borne out in this work too. However, as seen

in thes{- Rigures, rather than approaching zero at higher

’
.
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R

flow rates, the heat leak passes through zero ahd becomes .

negative for many runs. The reasons for this behaviour are
. . \

~

the ggbjéct of the following discussion and of possible

ST TR S L T iy ¢ PRI LE A SR IR

--future correction by design and reconstruction.

Phenomenoloqy. Obviously, there must be an opelitimg\a

PREEAN Y AN TTNY

meéﬁghism for heat loss from the fluid after the inlet
temperaturé is measured, which increasingly negates the ,?
.(pqsitive) heat leak into the calorimeter boil-off .chamber
ds flow'(anq.yith_itﬁ inlet temperature) increases. It may

be uséful then to regard the total leak as a combination of

»

a relatively - constant positive heat leak into "the

calorimeter and a negative term (heat loss from fluid not

transferred to the vapourising reference fluid) which :

-

increases with flow rate, at least in ‘the range of

o

conditions studied. (It may be, that at much lafger flow

rates, some steady negative value will be attained.) Here

again it should be stated that,'had there been more dété?in

I T TSy DUVE L

ot i -

which the témpérature was controlled ipdependenl}y of;;t@bu_
rate, the mechahism might have been easier to deduée,aﬁ&
quantify. However, some discussion which may serve to 'shed
light on the problem follows. C ' . ' -
As the proceés fluid flow rate ihcreases, the positive
contribution to heat <leak probably increaseé siigbtly,,since
the temperature gradient down the inlet line coincidentally
increases.. Thus, conduction down the line to the heat

exchanger core and eventually to the' inner . vessel may be - E

increased, even though the tubing wal;s are very thin and ‘

.
<
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provide minimal conduction of heat flow. This is a common

heat leak path to which others have also referred (eg.
Eubank et al., 1982). Obvipusly though, if there is an
increase in heat leak into the boil-off chamber, it appears
to be more than compensated for by some larger 1ncrease in

the heat loss terms.

.

It is felt that.,one Bg these terms,i§ actually more
'properly described as a matter of accuracy of the
. measurement of the bulk flu1d temperature at the inlet.
Because of the small d1ameter of the tub1ng relative to the
diameter of .theJ‘ thermocouple, {}%ﬁ may be that the
thermocouple is in partial contact wtth the wall which is at
a slightly lower temperature than the bulk fluid at that

point. Hence both the inlet temperature- used -and the

prediction of the enthalpy change will be tao low. Because

the actual fluid enthalpy at inlet is hlgher, the aetual
measured enthalpy change is higher and a positive heat leak
is calculated. As flow rates increase, however, the mall
temperature will approach .the bulk fluidhtemperature more
closely, and the thermocouple temperature wiil more cloeely
approxlmate the bulk temperature so that Yhe positive "heat
leak" calculated due to this effect will be reduced. ,Th1s
contrihution' will approach zero as flow rate increases and
will never be negative. |

Perhaps more important 1is the increase of heat loss

from the heat exchange core due to radiatidn and . conduction

as the inlet temperatute (and with it, flow rate) increases.
. ‘ o 7 '

i
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If the radiation shields ‘used are not effective, the

v,

’radiative ~héat transfer to thé surroundings increases

proportionally with the féufthllpower of ‘the absolute

temperature, and this could account for some of the

increasingly negative"'heat leak with ~ flow rate.

Calculations done for  the inlet line above the inlet
) *

thermocoupie, given in Appendix 1, indicated that radiative

losses were more significant than conduction down the line,

byt ' the “installation of a foil radiation shield around the

inlet line,ﬁrdeCed' little noticeable increase in inlet:

temperature, The 1inlet- temperature was obviously not so

high that radiation had a lafge effect, so the radiation

shields may not be that important at the temperatures used
in:this'work,.except'in‘,so far as improper construction
could actually increase the heaf loss. - |

" A second loss mechanism could be the conductive heat
transfer‘ through the dead'air:space, if the Qacuum was not
sufficiently high to be effective. .Howevef, this effect is
smaller than the radiation effect, especially at £he
temperatures used here. . | |

To summarise.’ the previous discussion, it suffices to

‘jsay” that the accuracy of the calorimeter fs ‘severely

affected by heat leaks, the primary mechanisms of Ghich
appear to chanée'ﬁith flow.rate and temperature, For this
calorimeter, then, the correction correlation does nét
- depend on flow rate alone.  This is ﬁob the implication- of

the correlation used ‘by Sagara . ef al. and thought to be

«
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applicable to this work as well. As stated very early in

‘the section on design considerations, a calorimeter with

measurable heat leak may:Stili be usefpiiy;accurate if an

- adequate correlation for,&helcorrection'Oftthis heat -leak is

attainable. At this point, such a correction eorrelation

does not appear possible based on flow rate alone and .

further work would have to be done to examzne 1ndependently
the effect of inlet temperature and of flow rate on the heat
leak The adv1sab1l1ty of this is doubtful however, g1ven

the magnltude of the heat leaks Stlll occurring, since in

severe cases the correctlén' term might be as high aaione.

third of the measured value ofA the eﬁthalpy change. It

would be best to further impréve the performance of the
calor1meter to the p01nt where, for example, the heat leaks
are only 5 % of total measured heat exchange, and once that

has been achieved, to 'seek -to -correlate the remaining

t

in the next section.

"error". Recommendations for further improvements are-given.




{

4{4'Recommendations ior Fnrther Work
Since the calorimeter continues to suffer from-sizeao;é
heat 1leaks, - further changes will  be required  for

satisfactory performance. The size of the heatzleaks should

. be reduced before installation of =eQuipment for lpetter

ove{all~ control would be advisable. Shomldptdgsvnot.be

aohievable,'work;on.a complete redesign of the.‘apparatUSz

should be begun, assuming that it is still deemed desirable

to obtain this type of data in this department.‘“fThe

- recommendations, then, which follow are in these three

v , f
. \ Yoy . . :
areas: ®mprovement of performance.of)the existingJapparatps;

improvement of ~control and range of. operation;'and design

-and construction of a new dev1ce, if necessary

Improvement of performance.

.

t. The 1nsulat1on around .the outer vessel may be

removed agd the calorimeter submefged in a larger dewar

_filled with F-11 at the same conditions as are present in

- ‘ N

the - inner vessel. This will' reduce heat leaks from the¢

surroundings, which can vary slightly due to variations in.

-
L

room temperature. This w111* involve some changes to the

1nlet line preheatlng sysﬁem as well but these changes _areﬁliyf

dlscussed further in the next sect1on.

2. Profe551onal adv1ce " on. radiation . shielding

construction . should be obtained prior to reconstruct¥i§ of

‘the shields. . Reconstructlon will. become ‘1ncrea51ngly

—_—

necessary as the inlet temperatures increase.

et

!
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3. A vacuum diffusion pump should be installed in
order to determine if very high vacuum in the outer- vessel

oauses any change.' ' -
4., A thinner top supporting plate may reduce heat leak

by oonduction from the hot inlet line. This_would involve a

great deal of altération end wodld not beée necessary if

recommendation (1) above were acted upon. .

? Improvement of control and range of operation. ' The
’ £

ollowing  steps should be taken if the actions recommended
xabove,are successful. /They should also be con51dered during
the design..of a new dev1ce~if that is deemed necessary or

desirable. , ’
- X / \/\

1.‘ Progess fluid heeting. should, be . done by a
preheating section and a:final ‘trim heating section composed
of an in-line heater controlled to'a desired tempefature by
an automatic temperature 'controller. (A small diameter

-iron- Constantan thermocouple may . be u?ed as an. 1n line trim
heater.) Heating capability should be suff1c1ent 'to reach
at least 400 °C for all flow rates desired. The inlet line
shonld be well insnlated) perticulerly where itlrnns.througb
the surrounding F-11 bath’recommended'earlier.

possible, with_:either a back pressure contnoller or a flow

controller. A larger range of flow rates,  for pressure

drops below ; given maximum, would be - p0581b1e if larger

diameter tubing vere used in the exchanger coil. This would

allow for more nearly isobaric results at higher flow rates;

2. Tighger control of process fluid flow rate would be -

—
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3. A mass flow meter could be 1nsta11ed in place of

_the wet test meter for the process fluid flow  rate

. y !
determination.  This - would qive instantaneous flow ratT/ﬁ\‘

" readings and may be more accurate in some cases but would be

s

more d1ff1cult _tey calibrate for some of the mixtures . for

which data are desired. - ' Lo T

%

4. A Ruska pump, prov1d1ng posztlve d1splacement of

flu1ds at varlable speeds,\m1ght be installed - 1n the system

along w1th an approprlate heated mixing man1fold with

pressure ballast tank to allow preparation of . mixtures. of.

gases and steam. In addition, another pump may be used, in

lieu of hlgh pressure supply cylinders, to achieve the

Righer preSsures when desired. '

5. The existing sampling tees may be connected to a

\

G.C. in order to analyse for any composition changes between

inlet afd outlet due to coking as a result of high inlet

temperatures or due to condensation during cooling in the

LI

coil.

Design and construction of a new apparatus. Igf#may

‘well be found- that ' even after further work Jto‘ improve
lperformance of the exlstlng apparatus, the behaviour remains

unacceptable for high quality work. If so, the following .

suggestlons relative to the calorlmeter rede51gn might be

. b

cons1dered in addltxon to those above.

1. The boil-off match;ng ‘'idea of- Eubank ét: al. (1982)

’ {

for comparative calorimetry appears to be successful, ~and

its application to a future apparatus should be examined.

]

. e
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2. Thef'voiﬁme of reference fluid in the'célorimeter

should be increased above that of the existing device,

espedially if the higher ‘operating conditions are ¥o be
investiéated’adcdrately. A more directly visual miethod of
' liquid level assessment would .be helpful, but not ébsqlutely

necessary.

»

3. - The F-11 circulation 5YStem, with its '‘reflux

e oA i B LA 15 b 3 et S

condenser and’ liquid reservoir, is effective as currently

operated. For lérgét vapour flow rates, the vapour line
diameter should be increased to 1/2 inch (12,1;_mm) to

minimise any pressure drops.

PRAC S E

4. g;rthef' radiation 1losses may be avoided. Dby

4
i€
3
Q
3

immersing the exchanger ¢oil directly 4n the reference fluid
within the boil-off chamber. However, this would result in

| - . . .
*loss of ability to easily control the outlet temperature °

a value other than the referénce fluid boiling point. .
v

This may be of concern if heat capacity values, for example

14

rather than enthalpy changes, were desired.

e




Nomenclature

Sl L-3
Bas

- v

A, B,C, D - correlation coefficients for a thermocouple

Cp - constant pressure heat capac1ty, J/mol K

e - 1nternal enerQY. J/mol

R

f, 3, k - 1nterpolat1on constants determ:ned solely from the
values of h, T, and P given in data tables for N,. and
Co, |

g - acceleratien of gravity, 9.8 m/s®

h - specific enthalpy, J/mol

I - electric current, amp

m mass, kg

ﬁf —-molar flow rate &f process flu1d mol/min
&r - molar flow rate of reference fluid, mol/min
M - thermocouple ewm.f[, millivolts

I

P - pressure, MPa

P°, P - pressure entries in the deta tables, jﬁst greate;-
than ahd-just less than the pressure of iﬁterpolation,
MPa

q - heet transferred per mole of:process fluid, J/mol

ét - heat leak rate, J/min -

R - electrical resistance, ohm

8 - specific entropy, J/mol K

T - tempe:;ture, K

T, T" - temperature entries in the data tables, just

greater than and just less than the temperature of

interpolation, K
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IR velocity, m/s

v - specific volume, .m®/mol

V - electrical potential, volt

x ~- composition, mol fraction

Y - a correlative function of temperaturm

ém
50
5t
W

Ah

1]

displacément} m .
- heat leak as a percent of the trtal heat exrhanae

- change of mass, kg
~ heat flow into system. J
- change in time, s

- work out of system, J

difference in enthalpies of thz.outlet stream and inl-*

stream, denoted by subscript as either pgedicted by

interpolation of each in tables or by P-Ri egua*+in. nf

state, or measured by experiment, J/mol
~ enthalpy of vapourisation of reference €fluid
(for P-11 at 93 kPa, Xr- 24872 J/mol)

~ Joule~-Thomeon coefficient, K/MPa

@ - isotherma) expangsion ~aefficient., J/mol Mra

LN L - L YA
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Appendix 1 - Design Calculations ‘ L N
X ; ,

Some design calculations are included here as examples

of the types 6f calculations hecessary for the construction

of this device.

A. Calorimeter Size,

[4

. — <N
The calorimeter inner vessel was sized to allow a

"residence time" of about 30 mznutes, based on a heat

exchange rate of approx1mately 2000 J/min, ¢correspon é1ng to
a F-11 c1rculat1on.rate of 11 g/m1n. The actual heat

~exchange rates ranged from 2X to 25X of the design heat

" exchange rate.

4

T oa

o o . . » 2000 . . ‘
Q = 2000 J/min m = Q/lr = 54850 mol/min = 0'087’0 mol/min

Capacity = mr x 30 min residence time

o '\ s
= 2,5 mol F-11 (sat. liq.-at O. 093 MPa)
Volume required = 2.5 mol x 92.5 cc/mol = 230 cc

A cyl;n 1cal volume f at_least 2.5 in (6.4 cm) high'and.v

1. 35 in (3 4 cm) 1n adius will contain this amount of F-1t.
Sur‘?unding this inner vessel ié a "guard" vessel of 1.75 in
(4.4 cm) in radius ¢ontaining F;§1 at similar conditions.

77



'B. Process fluid line size.;

ﬁhsed\op some 1n1t1a1 calculations u51ng a“hlgh process.
£luid flow rate which would produce a (hlgh) velocity of
approx. 100 ft/sec. (30.% m/sec) at 750 °F (400 °C) and 2000
peia (13.9 MPa), the heat exchange coik_t?bing'siteiselected
wa? 0.018 in 0.D. by 0. 00425 1n wall (0.46 mm O.D. by 0.11

mm wall). The wall th1ckness 1s suff1c1ent for the

s
conditions as seen from the follow1ng calcﬁlatlon as

\
outlined in the Chemical Eng;neers Handpook (Perry and

i

Chilton, 1973), Chapter.6. L

. ) . \ ) . . -
mih.hwall thickness = t = P * O,D
2*C§ *

- . . . .
< Pl

0 ‘\\
E+P*Y)/

where P is the pressure, 0.D. 'is the outside diameter, and
is the maximum allowable stress as per A.S.M.E.
Code at 750 °F : S = 9100 psi
is the weld joint efficiency (Perry, Table 6-5)

| E = 0.8
Y is the coefficient for stress redistribution due

to creep at h1gher temperatures (Perry, Table 6 6)
Y = 0.4

Thus, the minimum wall thickness = 0.0031 in (0.079 mm).

The actual wall thlckness 1s 0.00425 in (0 11 mm) .

Other thb1ng sizes used in the process f1u1d llne were




Due to the flow*rates actually used experlmentally, th

uveloc1t1es in the co1l ranged from approx. 10 to 30 ft/s

'(0.§vto 0.9 m/s). Higher velocities ould be achleved with
the use of largerzbreséure'dtops, if cessary to ensure
_entrainment of éondensation oééurring during cooling.

The exif line Subjng was Sized SO that: a; qgarly as.
possible, the velocity of the process stream out of the ééil
Qas\maintafned until out of the whole calorimeter éssembly. »
Tublng of 0. 0355 1n O D. by O 00625 in wall (0 90 mm O.D. by

.

0.159 mm wall) p;ov1ded an 1n51de diameter of 0.823" in (0.58

allowlng the insertlon of a 0.020 in (0 51 mm) dia.

L3N
the¢rmocou le, leav1ng an annular area 51m11ar to the inside

s-sectional area of the heat exchange coil.

///'C} Heat transfer calculations.

‘e

. The p:ocess\iluid line entrance to the calorimeter was

reconstrhcted basqd on thé following calculations. .The
\
calculations below are done in Br1t1sh units w1th S.I. units .
A
glven where appropr1ate.

4

i'hermal conduct(i'vi-tv
¥, . Stainless ste'el:.'ksn‘- 113 B:u-v'“

k= 16.3 W/m*°C

‘ _ _ hr-th- f
‘.Nylon:' ' kn .-':...1.6"8 Btu°it; = 0,24 U/me °C N
. o hreft<-°F
sQ;I’euu:oerai:ures '
o let line temo ‘be T, = 320°" 2 .. :

h, e
calorimeter 1id- temp. be Tb = 77% = 25%

T
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. Inlet constructions - ' . - -
. A) "Capped Cylinder" - well insulated and evacuated L

g
Dimensions. (in inches) _.ﬁ__ 1 B !
: 0.0625 . {0.25
| —— :

0.12 ‘
: 5 < T . -
- L0.375 - I ;
2 | —— T}
Disk | ' Cylinder | | \
o dT . . . dT ’
1= kg 2} Pt . N -kss\ Aviix ;
* ‘rSr | Th’ . ‘ TC |
q'-/‘-— - _k -2.‘"’.:0de . - qo dx = ode
£ T 88 T . : L 88 T
c c ) g’ )
q* (in rt - 1n -rc) " oAt T -T -
: _ kss.Ax c b
=k ge2emete (T, - T) £

(L) q = 0.280499(320 - T;) Bru/hr  (2) q+31.1523 = T_ - 77°F
Substitute (1) into (2) to solve for 'I‘ , then solve for q

->T “ 295.05 °F; q-7oncu/hr-2oswact'

i

FYg
If poorly :LnSulated t:his construction may be analysed as a fin with

unifo section and uniform k and h — T = T(x) only ~ '
For | 2 : o hPe [P = 0.D.)
. d™T 2 L 2 c .
— =m (T - T,) where m° = —— [ . 2 _ 2
| ax? : e [4, =707 - 1.5
 Genmeral sol'n: T - T_= Cl (m)O + C2 mx :
Btu
For T -77°F and T = 320 withh = 2 — 3. :
x=0 x=1.5 O T
the constants are: . m = 0,34 in -1 , Cl = -365% , and C2 = 3650
Thus, T - T, -365(03“"-1) o .
1.5 T 1.5'
Then, ' q. h P(T - T )dx - ( ‘0. 375)365(e0 $34% 1 yax
', fin 0 144 B

—

0.34x - 1.5 :
1054 .
qfin -6, 0[ R 34 - x}, 3600 Watt 0.8 Watt

For a more scyere estimate, use h = 20 -————-\
hr'ft .

'1)°F - qﬁ -66Watt

Then '1‘-’1‘ -60(108’:

However,‘ this value is a high estimate since the const:ruction is insulated
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Inlet congtructions (cont'd)

“

B) Bulkhead Redticing. Union 1n Nylon Bushing in Lid

- Dimensions: . —l| 10.25
(in inches) 1 y
S o315
‘_ﬁ' | ‘_004
St. St. Union T Nylon Bushing .
: ;-._ k .2--"'. oto-d—'-r_ . -‘_ k ‘2'ﬂ'r't'-d"£
177 Xgs . &4 q §, o0 dr
r,
LI . - 8
a &8 =k e2emeesf dr g & - 12~n-c:jfdr
r ss , Wt n
T T r, T
q'(ln r - 1n’rs) v ’ -q*(1ln r - 1n rb) .
\ L . T k +2emet 8
\\q\ - -kss 2eTet (Th - TS) o n _ | |
(L) q = 2.6675(320 -'TS) Btu/hr - (2) q-17.098 = T - 77°F
Substitute (1) into (2) to solve for Ts and i,
> T_ = 314.79°F;  q = 13.91 Btu/hr = 4.07 Watt
C) Bulkhead Union in Lid
’ Diménsions:
: . - - 0. 375 i
(in inches) ' “f
- -~ | 0.125
St. St. Unionm only - ’
dT
. % -k 2emeret ar
,.Simi}ar to the above,
q*(1ln rt - lg Fb) = -ksst2°w't°(Th - Tb) ) .y

q = '1.683+(243)-Btu/hr » 409 Bru/hr = 120 Watt

- T

Thus, of the inlet constrq;tions examined, construction A appears

to provide the minimum heat loss to the calorimeter lid

/ v

b
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Some’inlet line heat leak calculationsv

The estimgted radiative heat losses from a section of the
inlet line inside the calorimeter are compared. to the '
corresponding canductive heat losses for two relatively low
temperature cases. It 18 found that even for these cases
radiation is more important than conduction, and this will be

even.more true at higher operating temperatures.

Dimensions: Tube 0.D, = 0.065 in = 0.1651 cm
I.D. = 0.047 in = 0.1194 cm

+ Tube sectign length (distance between )
measuring thermocouples) =2 inh = 5 1 cm -

Physical Constants and Properties ,
k = 113 Btu-in/hreft’+°F 2 16,3 W/m-K

o= 1.355"x lO-.»]"2 c'al/s'cmz-Kt'. - 5.669 b4 10-8 W/m?'%&l‘

€ = l 3 F=1 (conservative values for emissivity

and view factor)

A, Conductive heat transfer

1) T, = 312K, T, = 308,5 K5, AT - -3,5K
e dT e . - AT -

Q -k A dx- -kss Ax Ax .
R 0016512 - 0. 0011942) +(-3.5/0.051) Watt
Q= 1. 14 x 10 =3 Vate . )

11) T, = 333.6 K, T, = 329,6 K ; AT = -4.0 K =

'«similar‘to tHe above, ' o ‘ _ \¥
Q21,31 x 1072 waee .
/_' * R . ' ) r v . . 1

'B. Radiatigg;heat fransfer’ (without shield) . ,
i) 1et average tube wall temp be T, = 310 K'4*Ts = 295K

urr
Qo= e Dfx-g-Fe c-(T -1
- Surr

= M+0.0016510.051+1+15. 669x10” 8.(310% - 295%) Wart
d = 2,49 x 1072 Wate o '
11) let T, & 330 K; similar to the above, § = 6.43 x 10 -2 Watt.
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Appendik 2 —_Instrument1Calibratjons

A, Calibration of Thermocouplee. |
The thermocouples were: cal1brated in the Instrument Shop and
the callbratlon results for each thermocOuple were
correlated by least squares fit to an equation of the
following form: | -

¢

Y = A + B#M + C/M + D#1n (M) - (3.2)

J

-

~where Y is one of the following functions of températﬁre:

)

1) ¥ =T (T in °C) | (3.3a)
2) Y =T -~ (Tin K) ~ (3.3b)
3) Y = 1n(T) (T in °C) - (3.3¢)
4) Y =

1n(T) (T in K) (3.34)

A summary-ot T/C locations and correlationsJ(gllows:'

Sw. T/C = .Location . Correlation Coefficients
NO. NO. a2 ¢ i Y A B . (C D

D 4 -
Lo 5
Ty Delal
L2 l':« P

7

1 1 Mass;Fiow Meter 1 4.093 21.998 -6.543 -8.278
2 6 Freon: Rpturn 1 1.7217 18.051 “~0.085

3+ 8. Proc. Fluid Supply 1 0.866 17.817 0.

4 n/ al. Inlét - -Upper 3 3.035 0.003 -0.064

5 . 23 ¥ 1; Im¥et - Lower 3 3.004 . 0.002 -0.

6 _4' Caly Outlet 1 0.732 17.856- 1.077

7 -5 rPros. Fluid Prht. 18.044 -1,

8 = Not in".Use n/a

9. 9 ' Refpjgeration Unit 0.002. -0.06

10 - No;“.”guse/x, n/a’

11 . n/a. M,F.M%& qal - n/a .

12 . n/a iP D. Trana* Signal \ - n/a :

. -\- J( "
L - et .




The maximum uncertainties in temperature arise froﬁ the N
correlation and are at most $0.1 K in the range of e
: temperatures used.
B. Calibrat;on of Pressure.Gauges.
In the calibration of the two Heise gaﬁges used, any
deviations greater than 0.1% of full scale were noted. In
the rangeldf pressures used in this wofk, there were no such
jdeQiations noted. Thus, iélet pressurgs could be reported
"with.a maximum uhcerﬁainty of 20 kPa and the outlet
pressures cduld'be reported with a maximum unéertainﬁy of 10
kPa. . |
C. Calibration of Flow M%ters.
The mass flow meter cal1brat1on curves appear in Figures-

A2.1 and A2.2. The linear least squares correlation of the

calibration data for each meter are as follows: *

BROOKS Model No. 5810 B1F2E5A - (Flow meter A)

R

F1%w rate (g/min) = 0.0062 + 0. zcugw VY
BROOKS Model No. 5810 B1J2ESA - (Flow meter B)\

‘Flow rate (g/min) =" 0.061) + 1.,6988#V
v | - ¢
. . - . ; i
. In the ranges used, the maximum uncertainties due to the

correlation are 25 mg/min (0.18 /min) for £low meter: A,

[ x

or flow meter\B.

e

test meter was calibrated‘and

and 100 mg/min (0 73\mmol/m1n)
The Precision Sc1ent1£1c we
~checked per;od1cally.-The accﬁracy is 0.5% or 0.0005 cu ft
per 0.1 cu ft of gas bassed-thrdﬁgh";he meter during a test.
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CONTENTS BF FILE CALSR \

1]
L.‘lcll UNIT NS . AR

. READ(RGAS ,101) NTH, NPNW J
la

bl

Appendix 3 - Calculation ﬁoutinu

CALOR RRADS DATA FOR TRST BAS (1F l.!)’lll ren ¢
A8 WRiL AS &KX
I.'HQL" chal ARE CALCULATS
v £ | 3

IMENTAL BATA FOR, THE CALORIMETER.
ACH TESY INTRAVAL ANS
PER INENTAL 1 0 1IN ARRAY “BNCAL".
A AND CALLS vrINg LC TO0 P8
APTER WHICHN BAIE WRITES RERSULTS
T™HE TEAMIA

1'= w2

| | 'lll.' BATA
CP3 SUTNALPY BATA

BATA

2

3

.
v naL

. TERMINAL OR ARSULTS 'IL!

REAL MY(20) ,MP(40) NNI20,40) PRO(10,4)

L EN(10,20) ,8HCAL(10,10,20)

QR SAS(3)/°N2°, °‘CO2’, TRSY’'/ MS8(20)

COMMBN MY NP, N, PRD,BX, oucaL. (1 A4 [ 14

se 13 1s1¥10’

89 13 Jsi1,10

00 13 Xm1 17

BHCAL(L ,J,X)m0.0

D(3,101) wer ’
READ(D, 103 ((PRD(]I . J) Jn1, &), Je) NPF)

'lllﬂ(..l.l) K EAS

1P (RGAS.00.3) 80 TO 10 . :

IRyl
Nrd), 4
R LTR I RIS

urm)
neN)
‘-I'ND,J-I L1L S I

uns

(OKL] ,J),10% , NPTS) .
| 4 NS L RN 144 B .

1P (BX(},J).00.0.0.AW8,5 . 8Y.1) ER(]I J'=€X(1-1,J)

coNTINue

conYInue

READ(4,130) (MEB(J) Jot,20) *

PORMAT ( 2048 ) .
CALL CALC(MTH NPH KRUN, KSAS  KTYP) '

° 80 YO 0

0.3} 80 TO 66 .
WRITE(S,108) KRUN, CASI(XGAS ), (J, Jo ) NINT®
WRITE(S,107) (DNCAL(KRUN,J.8) J8 1, HINT)
108 ) {DNCAL{RRUN,J,9) ,Jo) RINT)}
100 TOMEAL (KRUN, J, 100 ,J01 NINT)
10) (ONCALIKRUN , J, 1), J81 NINT}
191)(PNCAL(KRUN , J, 1L3) ,J81 NINT)
‘QIYI(O.|’4'(.NGA@(KIU..J.ll),JI|,IlITi
WRITE(S,129) (ONCAL (KRUN,J, 17} Ju1 NINT)
WRITR(O,131) (DMCAL (RAUN, J, 'lD.JII.IIIY)
12) (ONCAL (RRUN, J, 1), 981, HINT)
13) (DUCAL (RRUN, 4,2}, 401, NINT}
118 {ONEAL (RRUN, J.3) , d01 NINT)
118) (BNCAL (KAUN,J, 8) ,J8) , NINT) 9
|l.)(Oﬂclllllul.J.lb.Jll.lllT)
wRITS(E, 138)

117) GAS(KGAS), (BNCALIKRUN,J ,B)  J=1 wWimwY:
181 (DMCAL (KRUN. 3. T), Jib1, RINT)
T18) (OMCALTKRUN, J° 181 ue 1, NT0T)
120) (DNCAL (RRUN, J, 14) , Ju 1, NINT)
128) {DNCAL (KRUN. J, 18) . Ju 1. NINT)
]QOD(DNCAL(KIUI.J.!li,Jtl,lllT)
127)(ONCALIRAUN, J,20) ,Jm) NINT)
32)(MSR(J) Ut 20)

108) KRUN, BAS(KBAS), (J, 481, NINT)
6,107) (BNCAL (RRUN,J,8) ,Ja 1 NINT) ‘
WRITR(SJNO8) (BUCAL (KRUN,J.0) Je1, NINT)
WRITE(S, 108 ) (DNCAL (KRUN . J, 1Q) Ju1 NINT)
LA10) (DNCAL (RRUR, 4 71) , Joy NINT)
L111) (DHCAL IKRUN, V /139 , 81 NINT)
L1241 (DRCAL (KRUN, /., 18) 491 , NINT)
~133) (DNCAL (RRUN /J,2), 401 NINT)
L1368 (oNCAL (KR S 8) et NINT)
WRITE(S.918) (PHCAL (KRUN,J. &), Ju ), NINT)
wmITE(S,138)
L11T) GASI(KEAS ), (DNCAL (RRUN ., J,8) ,Jv 1 NINT)
LIVS) (DNEAL (KRN, J,7) ,Ju1, RINT)
LUI0 1 (DNEAL(KRYN, J, 18) ,J0 1, NINT)
WRITR(G,120)(0MCAL ERRUN,J, 18], 481, HINT)
WRITE(S, 128) (DNCAL (RRUN ., J, 18) ,J01,NINT)
WRITE(S, 128) (ONCAL (RRUN, J, 18) ,Ju1 NINT)
WRITR(S, 127) (DNCAL (RAUN, J,20) , Ju1, NINT)
WRITRIS, 182) (MSG(J) ,J4n), 20}
9 To 100

23
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WRAITEIS,12)KRUN, (J,Jn1, NINT) .

WRITEIS,122) (DHCAL(RRUN,J, 1) U1 NINT)

107) (ONCAL(KRUN, v, 8) Ja1 , NINT)

108) (DOMCAL (KRUN, J,6) , =1, NINT} .
123") (ONCAL (KAUN,J,9), SHINT)

119) (ONCALIKRUN, J/8) , 81, NINT)

120) (DMCAL(KAUN,J,10) , Jut KINT)

L 128) (OMCAL(KRUN, J,18) ,Jo1, NINT)

126) (DMCAL (KRUN, J, 18) Jut NINT)

127) (DMCAL (KRUN, J, 20,81, NINT)

WRITH(S,132)(M8G(J)}, Jdu1, 20) \j
FORMAT( /SX, ‘COMMENTS : ‘K 2044)

CoONTINUE .

FORMAT (274 .

FPORMAY (10F7 .0} ~

PORMAT (4F10.0}

PORMAT(//8x, ‘HUN’ 13,718, TRST GAS - *, A4,/
ABX,'CONDITIONS FOR TEBT INTERVAL', B(&X,I11,4X)
RMAT(/BX, "TEMPRRATURE ' 80X, 'V r ointet’ aF0.2)
PORMAT (/SX, 'TEMPERATURE’ 68X, ‘Lower Inltet’ 89P0 .2}
PORMAT (T8, * (K)',T23, 'Outiet’ T34,0F0.2) °
FORMAT (8X, ‘PRESSURE’ ,T23, ‘Inlet’ , T34,0r0.3)
PORMAT(TS, ' (M T23, ‘Outiet’ , T34, ,8P8.3) :
FORMAT (Y23, ‘A heric’ OF8 . 3}
PORMAT (/,8X, ‘HEAT EXCHANGE (J/min)’,T34,878.3)
PORMAT (BX, "ENTUALPY CHANGR Predicted
FORMAT (TS, ' (J/mel1)’, T23, ‘Maasured .
FORMATY (/ ,8X, "FLOW RATE FP- 11 a. M
PFORMAT ( ‘tr1/min) er’,T23,°'MW LTI
FORMAY.(TS, " (mmo1/min)’, 723, °Calc. Vo!.
FORMAT(T17,A4,T23, ‘Meas. Yol. ', 0F0.5)

FORMAT (T23, ‘Calc. Mol. ' ,0F0.8)
FORMAY(/ 8X * son Sat’‘n Tewp. (K)’',T34,0F8.2)
FORMAT, en Meter Temp. (K)°‘, T34 .2

A1

PORMATI//BX, RUN’ , 13,718, 'BACKGROUND T {RO PLOW) '/
ASX, CONDITIONS FOR TEST INTERVAL' , 0(4X, IV, ,4X))

PORMAT (/BX, "TEST NEAT LEAK (J/min)‘,T34,8
FORMAT(SX, ‘A pheric P sure (MPa)
FORMATY(SX, ‘Freen Return Temp. (K)‘' 734,90
FORMAT(BX, ‘Heat Exch. Cerr. (J/min)’, TI4,0P0.3)
PORMAT (X, "AmDient Air TYemp. (K}’ 734, ,08F0.2)
PORMAT (T2, *~c-cce--ecann
FORMAT (BX, "HEAT LEAK (J/min)’,
PORMAT (BX, “RATIO: LRAK OVER EXCMANGE' T34, 0F0.4)
FORMAT CEX, "MRAS. ENTH. CHANGE (J/mol) cL.97F8 . 2)

“ammeact)

FORMAT(/ BX, 'FLOW RATE F-11 e MeY. ' ,0F

FORMAT (T3, ’0r (1/min)’ T32,'---- Fesscccsee )
sTOP

ano '

SUBROUTINE CALC(NTH,NPH _KRUN, KGAS KTYP)
REAL 2M(3)
REAL MNT(20),MP(40),HH(20,40) ,FRD(10,4)
DIMENSION EX(10,20),DNCAL(10,10,20)
COMMON HT, NP, MM, FRD EX DHCAL NPTS, NP¥
IN(t)w0
Zn(2)1w0
IN(3)0.0077
NINTONPYS-
DO 200 I=1 NINTY
DY=EX(I®1, V1) -AX{I,1) » N
TAS(EX(1,6)e@X (¢t , 0))/2. -
CT123.0043¢.0025TA- .0288/TA+.9
TIREXP(CTY)+273.18 N
TOR(EX(1,7)¢@X(Te) 7)) /2, " .
T25 . 7321417 . 888827841 . 0788/70+2.73088ALOG(TEI*273.18
TCo (UX(],8)1¢RX(1+1,8))/2.
TS$22. 8084418 .0442°TC-1.2877/TC+1.  1188=ALOB(TCI*+27I .18
TOS (EX(@, 2)e8X(T1e1,2))/2. ’
TPMas 092921 .0082¢TD-6 . 5430/TD-8 . 2788 ALOB(TD)I+273 18
TRe (EX(I,3)V+EX(T*1,3))/2.
TRLIOS1.7214+18.08135TR-0.0846/TH¢1 . T13IsALOG(TRI 272 1§
TAMBS ( (EX(],17)0MX{11,17))/2-32.)58/0+273.18
FYCOR® 1, -
PASEX(]1,18120.1/780.082¢FTCOR
JPROPEY
ALL PROFI(PA NVAP NPF FRD. JPROP
‘NYAPONYAP+24000.0
JPROPE3
CALL PROPI(PA,V
YSPPaYEP20. 1373
YOLYS@X(Le9, 11)
FOR LARGE MFM §850.0817 , Mal.8088
FOR SMALL MFM $20.00862 , Meo.2019
RFMOL®(.0082+. 2019 VDLT) /137 .37
RPVOLORPMOLeVSPF !
JrROPe S
CALL PROP1(PA TSAT, NPF FRD,JPROP!
TSATETSAT+273 .18
FATCAP=120.7 .
SATCORSAPMOL* (TSAT-TRLIQ)SFNTCAP
SATCOR TO BN ADDED TO DMCAL(18) YO CORRECY FOR DIFF PROM
SAY'N TEMP IN CALORIMETER

*ALOG(TA)

NPF FRO ., JPROP)




n noanp

219

101
200

Joo
T01

302
an3

400
401

4
I1f (KTYP.20.0) B0 TO 2%0

- ~

'F|'(ll(l,|,l0'l110|.|3I)/I.'..3/|l.l°!' *PA

PR (EN(IL18)eEX(T$1,14))/2./1000. +PA
17 IXGAS.80.3) GO TO 108

CALL PROPZ(YYI,P1, M1 NTH, NPH, HT HP, WM}
CALL PROPZ(TI . PI HE NTH, NPH HT MNP KN
DHCAL (KRUN, 1, 1) sNZsHY

ga TO 180

DNCAL (KRUN,I,110-9089

TWTMS ((EX(], 17 +RX(1¢1,17))/2.-32.198./0.0273.18

3142-6 /
IN(KGAS )OSR TWTM/PA

v
FWTMe
RNVOLS (EX(Le) , 12)-EX(1,12)1¢0.0283188%PWTN/DT
RUMOLSANYOL/VEPN

ONCAL {KAUN 218 -APMOLOHYAP/RNMOL :

IF (KGAS . N ) DMCAL(KRUN,I,3)sRNMOL® (N1-K2)/HVAP®1000.
DHCAL IKRUN,1,8)8RPYOL*1000.

OMGAL {KRUN,1,8)2RNVOL 1000 .

OMCAL (KRUN,1,8)9RFMOLY 1000

DHCAL (KRUN, 1,71 aRNMOL* 1000

DMCAL (KRUN .1, 89T
DHCAL (KRUN, T2
DMCAL (KRUN, I, 10)10P1 .
DMCAL (KRUN,1,11)0P2 r

OMCAL (KRUN, 1, 13)18PA . ' ~

OMCAL (KRUN, 1, 14) L] *

DMCAL (KRUN, 1,18 }9TBAY

ONCAL{RRUN, 1,10 )sRFMDL e HVAR

IF (KGAS .NE.3) DHCAL(KRUN, 1,17 )9RFMOLOSHVAP-ANMOLE(HI1-H2)

1P (XKGAS.NE.3) OMCAL(KRUN, ], 12)eDMCAL(KRUN, 1 17)/ONCALIKRUN, 1, 18]

OMCAL (RKRUN, 1 ;1812TRLIQ

DHCAL (KRUK, ], 18}!a8ATCOR

OMCAL {KRUN,I,20)sTAMS ,

80 TO 202

DMCAL (KRUN,I,1)8RFMOLERVAP
DNCAL (KRUN,1,2)2RPMOLS1000.
OMCAL(KRUN,1,3)sRPYOL®1000. .*
DMCAL (KRUN, 1 ,4)87S v
DMCAL (RRUN, VeTy ’
DHTAL (XRUN, 1 .v2

DMCAL (KRUX, 1 TTSATY

DMCAL (KRUN, I, 0 1sPA

DMCAL (KRUN, 1,70 )eTPN

DOWCAL (KRUN,1,18)2TRLIO 3

DHCAL (KRUN .|, 189 )2SATCOR .

ONCAL (KRUN,!,20) v TAMS

coNTINUE .

00 201 K=t 20 B

OMCAL (KRUN, 10 ,K ) pDHCAL (KRUN, 10, K )+DNCAL (KRUN, [ ,K}®0T
CONTINUE

00 208 Ke1, 20 .
OMCAL(KAUN, 10,1 )'yDHCAL (KRUN, 10, K)/BR(NPTS, 1)

RETURN . -

BT in min., P1,P2 PA tn MPa., T1,T2, 7PN, TWIM, etc. in X °

R in MJ/melek, VYEPK VEPF in cu.m/me)

RPYOL ANYOL in cu.m/min, RFMOL . RNMOL in mel/min

M1, M2, HYAP in J/mel . . :

N0 . . . .

SUBRDUTING PROP2(X,Y, 2 AX WY AKX, AY, 27}
REAL AX(30) ,AV(40),22(30,40)

DO 300 lei, MNX . .

IF (AX(1).LT.X) GO YO jo00 i’
Ket

ga 10 301

coNTiINUE

0O 302 Jmi, MY

‘TP (AY(J).LT.Y) GO TO 302

Lsy

GO0 YO 303

CONTINUE
RE(2Z(K,LI=-22(K,L-1))/CAY(L)-AY(L=1)) .
Re(Y-AY(L-1))422iR,L-1)
TZEK-1,L1-Z2(N-1,L=1))/(AV (LI "AYLL 1))
RE(Y-AYI(L-T))o2T(R-1, Lt}
Re(A-8)/(AK(K)-AR(¥-1))

TeRe (X-AX(K-1})%4 =
RETURN ~

(1)

SUBROUTINE PROPY (X, Y &L, YY JP)

REAL YY(10,4)

DD 400 Im1,L

IP (YY(],1}.LY X) GO YO &00

L LR

GO0 TO 4aor

cCoNTINUE

ReE(YY(M, JP)-YY (M1, JP}}I/EYY(M, 1)-¥YY(M-1 1))
YRS (N-YY (M, 1})IOYY (MR JP}

AgTURY

-
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annnan

nnnan

nnn

308
303

307
308

340

[ 21 3

THESE SUBROUTINES ARE UBED IN PLACE OF .ﬂlio“?lll rROP2
IN THE PROGRAM “CALOR" IF SPLINE INTERPOLATION OF THE
ENTHALPY DAYA IS OESIRED

SUBROUTING PROPI(X, YV, T, NX, NY AX, AY, AZ) N .
REAL AX{20),AY(80),A2(20,40) .8(4),C(48),0(A) 2AX(4), YY{6)
REAL 2X(4).,8(8)

INTESER IMDX(8), INDY(S)

De 300 1w, NX

I (AN(1).LY.X) @O TO 300 ‘
el , )

80 Yo 301 o

CONTINUS !

D8 302 Jei,NY

IF (AY(J).LT.Y) G0 YO So2

Lay

84 7o 303

coNTINUR .
IF (K.LT.3) 8O YO 308 /

IF (X.€0.MX) 80 TO 307 ’

INDR(1)eR-Fe1 .

. 80 16 310 !

00 308 1ay,4 Y
INOX(1)m1

80 10 1t0

DO 308 Irt,s

INDR(])eK-8e]

IFP ¢L.LT.3) 80 TO 318

IP (L.BOQ.WY) €O TO 317
D0 318 Jet, 8

INBY{JisL -3¢y M
a0’ 10 320

00 318 Jmy .8

1NDY(J)asy

G0 YO 320

00 218 J=1,48
INDYiJ)ImL sy

00 240 Jm1,8
00 330 1=1,4
XXCE)@AX(INDX(T))
TZ(1)eAZ(EMDX(I), INDY(S)) . .
CORRECTION POR. TWO VALURS IN CO2 TABLES IW LIQO. PHASE
IP (INDY(J).MQ.7.AND.INDX(I).R0.1) XX(1)a29).88
IP (1MDY(J),NO.7.ANO.INDX(1).R0.1) ZZ(1)s31448.
IP (1NBY(J).0Q.8.AND . INDX()) . BQ. 1} XX(1)s298.28
1" .

1P (1%DY (). -8 .AND . INDX(1) . . 2X(1)e2
convimue -~ .

N>

CALL LINE(N, XX, ,22,0,.C,D)

S(J)nSEVAL(N, X, XX,22,.5,C,0)
YY{JIeAY(INDY (J))

CALL SPLINE(N,VY 5,B,C,D)
TesRVAL(N, Y, YY, o) >

SPLINE INTERPOLATION FPROM PORSYTNE MALCOLMAMOLER
MABLIVAN. ... CHE. G874 JaN. 1972
]

SYUN) T, B(N) C(N),D(N)
INTRGER 1B, I

1N
1P (% LY. 2 ) RETURN
1P ( W LY. 3 ) GO TO sSO
D(Y) & X(F) - X{V)
€(2) ® (Y(R) =~¥(1))/Dt1)
D0 810 I ®» 2, WM
B(I) » N(le1) -~ X(1)
B(1) & 2.9(0(1-1) & D(I))
C(I41) & (V{Iel) =Y(I))/D(T)
C(1) = C(Iet) - €LI) .
coNYINUE ' .
B(1) = -0(1)
S(N) = -D(M-1)
ct1) = o,
Cin)eo: . ; =
I# (W .EQ. 3 ) BO YO 818 "
C(1) & C(3)/(X(A)-N(AY) - E(2V/(N(Z)-X(1))
C(N) @ COM=1)/(M(M)-X(M=3)) « CIN*2)/(XtN-1)-X(N-3))
C(1) 8 Cl1)eD()woR/(R(8)-X(1)) . :
C(M) = -C(M)D(N-1)002/(X{N)-X(N-3))
00 820 1 = 2, N
T s DUI-1)/BLE=-1) N
B(I) = B(L1) ~ TeB(2-1%)
C(1)y ®» C(1) - TeC(I-})
CONT 1NV
3 .

N
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«

nao

430

“eiM) ® CINY/BIN) S

DO 830 IN ® 1, wMy
1 s n-18
€(I) » (E(1) - D(I)CUI®t))/B(L)

CONTINUE, .

BN m (Vum

00 8401 =

1B

f
SV(NMI))/0(MMT) & DINMIIO(C(NMY) o . oC(N)})

*YOIII/BUE) - B(L)s(C(lor) & 2.2C(1))
LRI RRY] IR 8] . -

-
pp—

(Y(R)=Y (1) )/AR(Q)=-R(1))
°

L]
-

= 0.

» B
s 0.

. 0.

n

PUNCTION SEVALIN, U, X,V,
REAL U, k(W) Y(N),B(N),C
OOUBLE PRECIS)ION OX . -
DATA 1/v/ .

ir {1 ek, W) 3 oW,

IP (¥ LT, X(1).) GO YO 410

IF (U .LE. X(1¢1) ) 80 YD 430

=9 :

Jd = Rey L.

K w (led)/2

1P (U LT, X (R) ) 4 =K

1P (v .68. X (K) ) 1 = K ®
IP (4 .8Y. 1 ¢ 1 ) 8O 'TD 420

OXmU-X(1) L

SEVAL & Y(1)eDXO(B(1)SDAS(C(1)+DNRI(I)))
DERIVEB(1)eDXN(2.05C(1)oDRS(T.06B(1)))
RETURN .
(11

=
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Appendix 4 - Fluid Properties | .
{ . ~N
4pable Ad.1 qonta:ns the relevant proparties of Fraon-11 in

the range ot condxtzons occurting in the . axperzmanta. Values
of enthalpy as a function of temperature and pressure for
nxtrogen and caﬁbon dxoxxde (uaad as standards) are gzvan in
Tables A4.2 and Ad. 3 -

Enthalpy values for the taat gaa_vere_astimatad_asing
the Fquj;Phase progtam which'amﬁ}OYQ the Pang-Robinéon

equation of state.

Yllll AL .Y lll" 11 sATA cOBVERTRD PROM ASHRAR PUNDAMENTALS 1977
lY.llD IN SIMILAR PORM 1IN PILE DFARON

\ . P 1IN MPA, NVAP (ENTHMALPY OF VAP'N) 1IN J/HMOL
T Iin €, ' (SP. VOL. VAPSUR) 1IN CVU.M. /K8

- ' . * nvar v T (sAT)
©.088384  124943.328 ©.10388  120.0 ‘
®.000183 240185 .440  ©.1%008 20. 888 L) e
©.892010  24887.418 o 1suss 2.0
e.083388  28889.288  0.18311 21.887
®.0p8Y47  24830.820 ©0.1787e 22.222
5.097684  24803.073 ©.17848 22.178
©.088608  24778.042  0.17324 - 23.333
o.10188 24748.813  o.17010 23.880

S :
e. 10388 24715.178  ©.1s703 24. 048
. r '

o.10803 L resss.Ten  e.10ee3 1.0
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V.00

1.80

2.00

72 00

10.00

18.00

TASLE A4.2 : RITROGEN ENTHALPY DATA Fldﬂ'l.u P.A.C.

(ANGUS ET AL, 1978 STORED IN FILE N2DATA

.

ENTHALPIRS SLIVEN 5N J/MOL e
o AR Y | .
L TENPERATURE TN K

280 300

Cera92 -8
-1837 <38

~1870 -128
1713 8T
a.

~1788  -188

-1788% -213 .

3i|§| C-2ey
-1883  -289

B

-1924 -298

-Ill; -322
-2008 -;Ol
-2088  -374
-2083 '-io;

2121 -424

~2188 ~84A8

-2188 -am

-2231 -408
-284a8% 700

“27174 -858

1488

1847,
Ya27
t;o'
1388
1387
1387
1338
1300 .
201
1273
1288
1228
1220
1204
1187
115'
1188
"’9
{008

- 2900

2788

. desY

2873

2438
2523

2738
2777
7ee
!;ll
2748
2738,
2728

2840

»
a8

. 480

4380
4342

4328

4321
4318
i:ov
4301
azes
aza0
4283
4238

4208

‘800

1 21

s83
ss2s
;ll%

. 1370

7370

7370

7377

7398

8887

sand
ss00
ss01
seo2
ss0a
snos
8007
avos
IR
Q-i:
se1s
asa

[ 1 2 ]

10811
Todte
108180

10813

10421

ToAZA

“1oa28

eazs
10432
vcn!§
10438

104641

10448

10848

10481

10488

10402

tosss

11889
AERL X7
11278
/
11982
11987
1193
11007
12002
12007
12012
L 13017
12022

12027

12083

12148



2.8
v

34080

160 ‘5-...

310
330
L 330

. 340

aso
370
380

390

LEX-ER R ERE N I

400

420
430
440
480

480

novTE: ¥

38027

asase

LTI
38381
36818
37288
37710

38182

<

3920238

40378

40827

41270

41732,

42188

42983

{awaus

' vaPouR

>
3.0

33778 .

.

-illil

28791

28270

-38740

38202
3ss80
37118
17888
38012
38409
3se30
383N
30820
s0277
s0732
41188 .
s1ees
42108

BT AL.,, 1073

t

STOREC IN FILE COD20ATA

ENTHALPIGS GIVEN IN J/MDL

33437

Js000!

34840
38047
3ssdn
38018
385480
38987
37420
37881

383481

39283
asTI?
40178
40838
41087
l!‘li
42022

42487

4.9
33084}
33808
34274
34813
38329
asazs -
30318
38707

37272

.317743

gz
:ccv;
381448
3809
4007a
40838
s1008
41472
41939

32802

I!!‘:

33987 -

T 34888

38110

38138

]
38833
37121

37e03

8888
39029
38801
:;.7’
40443
408014
41388
41887

42330

PRESSURE 1N MPA

5.0
32030
32008
33878
34304
38882
38429
T

3468

38007

37480 .

57.;.
38432
389013
39392
Jsasy

FN

40348

40822

41298

41774

4228 ¢

“3v28d

32488
33330
24023
34843
38219
38787

.

38208
38810
37118
37814
38307
38790
38282
;l?l]
A0248
40730
s1211

41892

42172

l.q'
30207
21900
32042
33721
38300
18000
38873
38120
3881
3716
,
37870
LYY

Jas T

‘39172

308802
40181
40837
41123
n|foo

42004

. 2343

28088
27908
31ees
32048
33744
34804
sia
ass0e
38408
38978
37838
38078
28812
30138
l;lll
40174

408488

41702

VALURS OF W AT 200 K “AND §.8 MPA AND AT 280 K AND 6.0 MPA
HAVE BEEN “DACK-EXTRAPOLATED" PFROM THE APPROPRIXTE vALUNS AY
THE SATURATION TI”PIIAYUIII (290 ¢ T(BAT) ¢ 300 K AT TH

TABLE AS.3 : CARBON DIOXIDE NNTHALPY DATA FROM [ .U.P.A.C.
.

9.0
23897
’3!;!
28082
Jos 30
33489
33488
Ja287

34978

3883a
Qvaoz
37988
38408
39032

4182s

.8
22882
28808
208820
.
0128
.

12032

33182

Z PRESSURES)

.
10.0
‘23832
N
24828
28388
29284
11868
-,
32830

33780

¥
34772 34880

-
3sass 28207
3soss 3022
36885- 38841
37288 37138
317833 37710
38388 38271
38838 38820
3%480 3830
38888 33098
40811 4soa21
41030 40047
41548 ara0s

14

94

5.0
~

23423

24828

28710
28080
20804

33334
Jaz32
¢
38038
38777
IseaM
372
37788

38378

38878

40130

40708

1



et

.

/C KGAB 5 1 FOR N2, 3. POR COZ. 3. FOR OTNER SASES
® In sATA PILE
TA 278 1w pum

€, 1,
‘ 3. € RRUNS = ®
‘v, C NP8 »
$.00 10.00 20.00 30.00 [ L]
4 1.201 . 1.306 -
1.108
1.1y 1.178 1,180 1.183
$.87¢ 0.589 $.8525 U.882 - 6.S8a0
1.380 1.368 1.38% 1.383 1.388
12.454 12.410 12,4838 12.483 13.470
1.00 1.08 1.87 o
2.763 2 3.218 3.430 3.804
1002, - .
sst0.
10.00 20.00 30.00 40.00 B80.90
1.218 . 1.210
1. V. 1032
.
7.680 Y.188 .11y % 7. 187
1.481- 1.680 1.483
12.704 12.721 12.737 13.738 13.788
2.47 2.88 z.48 3 2.48
0.148. 8.413 5.8828 ¢ 7.223
es10 808 . 8800
10.00 21.00 30.00
1.318
1,183 1.106
* .B19  8.803
.008 12.000
1.27 . 31
32.03)7 3.1838 90s  3.887 o
1399. 1398 1387, 1308
8320 (151 IO TETY
702.4
, 23.8 .
3.
CCCLL N2 DATA JULY 21,23 T/C WTA (306 MA)

DATA FILR N2.2

T

1.388
12.840

4

EXPY‘L RUNS

95

\

(343 L
TING OF READINGS -
SRPER INENTAL ‘BATA
ABD STHER &SABIN

BLANK RNTRIES AY
READING 18/ VECHA

T Twe GLamx Limss 1w
ARG AVAILASLE FOR STER

) . Ap'ﬁondii S - Sample lxpc.r‘i-qn;tal Data Files

OR NOKMAL CALC'W

T/, PRESSUNE,
SIvEW NERE

Y TINE 1891CATE THAY

\

<

FLOVMRTER,




to.00
t.180

1.188
1.260
1.201
9.882

. 128
. 148

6.00 10.00

8.7i8 8.704
1.383 1. 382
12.707 12.887

.
3038 .

1187

s.t08 s.038
1.317 1.3
12.800 12.812

.088 .
1. !.!l\
7.130 .7.27¢
500,
ait0.
7.7
23.
73.

£ SEE RXPLANATORY COMMRUTS ON PREVIOUS PASHE
C KYYP = 0 NERE FOR "BACKGROUND® HRAT LEAK CALC' N

28.00 138.00

$.717 &.709

12.830 12.80412.088

ana.
30138, 3ozs.

20.00 40.00
1.182
1.07¢

$.087 §.930
1.313  1.302
12.800-12.718

1.62 1.82

‘7.380 7.832
801,

3220, 3230.

CECCC €02 DATA JUNE 30
CCCCC DATA FILE CO2.Y

. H

< N

1.80 .
7.782 ,k )
so1. .
azso.

£




v2§;°°
1.183

T.797
1,822

C 13,178

a.872
1.087
13.380

30.00
1178

.208
. 008
.31

.a8s
7.408

20.00

T.740
1.827
13.188

. 20.00
1.221

..7.180
‘1,481
12:881

. 348,
2.840

3,
s, -
1.1, .
0.00 . 11.00
1,183 - 1.182
Y pes
. 1.193  i.tis.
7.987 1.773
1.818 - 1.818
13.183 13.198
.070
.38
. t.308
70¢.0
2.8
7.8
s, 1,
03,00 10.00
1,188 1m0
1.083
1.112
.80 5.881
1.087 1.884
13.843 13.376
L0117 .078
.83 .83
3.828  4.137 -
1000.
0820,
10.00
s.287
', S8
73.283 13,284
- 101
4y
.. 838
1008
se20
10.00
T7.8790 ?.702
1.821  1.%28
*13.180 13.1p8
.o88 .082
.80 ‘
9.738 9.00888
1002 .
‘8870, .
700.7 .
22.
2.
8,1,
.00 11,00
V.28 1. 223
. 1.081 .
1.188 1180
7.172 T.178
V.a80
t2.888 12.880
.08t .o80
.33 .34
2.418 2.849
1007.
s780.
700.4
22.
72.3
cecee

ccece

MIX DATA AUG 30,3t
OATA FILE MIX, 2\

C SEE COMMENTS ON PREVIOUS PASES

20 :00°

30.00

s.583
1,871
132,848

.83
4,787

40.00

1.180

t.003

EIRET

8.200
13,313
1084

. 878

7.88%
1008 .

30.00
1.214
1.003
1.182
.783
.078
. 080
10,402

1001 .
[{1]

30.00
7.188

12.848

. 348

3.0828

? -
1,831
3

49.00
1188
1.091
S1.112

T.879
1.848
13.229
.072
.83,
2.037
1002
ssan .

700.8 .

40.00

s8.018
1.678
13.838

. 081
.84
8.082

ssi0.

7.742
13.077

L0809
10. 748

870

40 .00

1,103
7.188
12. 881

38
3.208

usImg Lurm)

s0.00
E

7.989
1.883
13.230
073
L]
2.299-2

10
sees .

se.00




C

o ;;:app;ﬁaix,s - Ekperimental ﬁesults

The fQ;i?wing pages contain‘all of the resultsvofpﬁpe
'later‘experimenral work. The results of earlier experimeatal’
runs have not been 1nc1uded because changes in equ1pment
conf1gurat1on and operat1on have caused at least some
 improvement in the later performance of the calot1meter over
;that of earller work. ¢

The results as shown .are in a form s1m11ar ‘to the
actual outpﬁt of the program CALOR M1nor add1t1onal notes

are glven for explanatory purposes.
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DATA PROM FILE N2.1

-3,
INTERYALS illKle'lJI e WERE MOSY STABLE IN THE RUN

e

s - N2

LI TRSY

CONMDATIONS POR 81 INTaERVAL 1

TEMPERATURE Lever Inlet 370.08
Sutiet ‘298,80
1n

Sutiet
Atmespheric

HEAT ENCHANGE (J/min)

HEAT LEBAX (J/min) ]
RATIO: LEAK DVER EXCHNANGE
ENTHALPY CNANGE Prodicted

(J/met) '&qurca
PLOW RATE F-1) Pred. Mel.  1.370&8
(V/minh er Moas. Mel. 1.87368
(mme1/min) Cave. vel. 0.03070
n3 Mess. Vel. 0.38227
14.88428

Calc. med .

’
freeon Sat‘'n Temp. (K)
Freen Meter Temp. m&
'P n Rexurn Temp . )
t Bxeh. Cerr. tJ/min) ~ °
l.b(on! Alr Temp. llr

®uN 2 TRST GAS - N2 B
CONDITIONS FOR TEST INTERVAL '
TEMPERATURE a01.21
(%} 301.79¢
PRESSURE ’.730
(ePa) ; v.ane
l"...h.ric - 0.094

HEAT EXCHANGE 14/-1nr
[} (Jiminy
LEAK OVER' tlcnnn
I’Tl‘trv CHARGE Predicteo
K (J/me1). -

1 ]
-37..:0.

PLOW RATE P-T11
(1/min) eor
(mme ) /min}

3. l.o"

vel.  0.73024

N2 .
Calc. wmel, 27.97800

freen Sat’'n Temwp. (KX)
Freen Meter Témp. (K)
Reaturn Tewmp. (K)
kxen. Cearr. (J/min).
A-bicnt Alr Temm. (X}

h/.
NITEEY TRST GAS - N2 B
coNpiITians Fox TEST 1NTERvaL '
TEMPERATURE Lower Intet TINRY)
Sutlet - ~3Q02.81 .

nE . Inmlet . .‘ 1.7482
(Mpa) Rutrer - 9.388"
e ‘Awmesphaey o. 084

NEAT EXCNANGE (F/min) © 106,908
NEAT LEBAK (J/min) ; RCSTIr et
RATIO: LEAK OVER EXCHANSE « ~0.137?

ENTHALPY CNAIII Fredicted ‘-3487.469,

(Jime)) Measured ' -3037.98
PLOW RATR F-11 Prea. Me). . 03‘
(T/min).or Meag. Mo, "e.21923
(mmot/min) : eclc. vo1 6.10032
L} N.b.,#'.\. 0.90807

Cale, Mel. 34.81881

n sat’'h Temp. (K)

Meter Temp. (X)

n Return Teme. (K)
Heat &xen. Cesrr. (J/win)

" Ambient Alr Temp. (%)

1R

Q.004

38.387  37.e86 38 .204
©8.373 - 4.82% 4. 008

©.1300 ©.1280 0.1
-2303.13 -2380-62 ~2281.94
~2877.82 -2026.88 -2024.70 -2008.45 -3803.2%

1.32819° t.32008 ‘QJ3673l 1.28880 1.2
1.84428 1.814880 1.900190. 1 .88810° 1.
0.03822 ©0.03788 0.03874 o0.03474

.2 0.37881 0.37327. 0.38487 o0.38828
14.33878 14,3337 14.21128 13.89884 13.907a8"
298.73 294.73 284.73

‘o8 297.12
.1.L\/20| 74
o

0. 000
288 .48
. .
s =e : .a

490.88 401.3¢

400.00 .- 399.03 .
2 301.78 301.30

Jot.78

.78 4:728 .73
v.809 508, 0.408
0.084- ©.084 0.0848 °

77,133 78.980 7. !
EER] s -u.oi; -10.8 10§88,
~0. 1817 -0.143 0,138 -$.1372
©3144.77 -3116.83 -3138.908 -3104.88 -31084. 71
©2730.65 -2724.18% -2786.07 -2783.03 -2777.12

'3.87208 31.53833 3.83218 3.88130 3.52a88
1.10222 3.00487 3.10232 3.1318% 3.18101%
0.07827 ©.07808 ©.07827 0©0.07601 0.0797S

©.74332 ©0.74332 0.73834. 0.7I824 ©.74473
25.24706 28.24708 27.9780¢0 '27.57509. 28.30083

20473
29780
204 .78
-9.007 K\-o 011
208.21 ' 288.21  208.21  298.21 Y288.21

411.74 - 812.02  417.28  412.38 . a12.81
& 302.%8 302.88 202.8T 302.88

$.743 . 9.783 s.780 .78¢  5.780
.37 s.384 8.308 §.384  9.39e
0.004 0.004 o.094 o.0848 °o.084

106.7%2 108,732 109 2 108.732 107.087
©13.326  -13.188  -12.880 -12.833 -13.840
-0.1248 -0.1233  -0.1180 +-0.1184 0. '2'!
©3467.18 -3473.28Y-3480.43 -3488.03 -3482,
-3001.81 -3113.08. - 19°-3102. l.

4.82888 - 4.82219 4.83213 'l.loO!i 0..‘.3‘
4.29272 4.29271 4.32211 4.39272 4.30742
0.10828 0.10828 ©0.10802 ©. 10828 ©.10868

0.81180 o, uolcv’
34.82708 34

0.50189 0©.%0807

III L 1]

7

308.160
x .

. 3' ar3
3

0.1239
~3281.03
-2880.88

. 28000
82870

N
0.38104
13.%4584

294 .73
\1]

-




N . “ AN
X .
i
-
RUN & TESY GAS - N2 [ X3 [X)
CONDITEONS FOR TREST INTRAYAL v 2 3 “ -
TEMPERATURE Lewer Indet 37029
OQutlet 2
Inte
Sutiet s.783
Atmospheric (-1} 1
WEAT EXCHANGR (J/min) s1.103 s1.192
NEATY LEBAK (J/miny - .. 783 27
RATIO: LEAK OVER EXCHANGE ©.1270 ©.1130 0.1188
ENTNALPY CMANSE Predicted -2963 08 -2836.28 -2820.4% -2817.812
tJ/me) Messurea -2083.88 -2008.31 -2041.48 -2883.87
PLOW RAYE P-11 Prea. Mel. 1.90122 t. 1.82813  1.8203¢
(1/min) eor .Neas . Mol . 2.19087 2.117 2.0 s 2.08880
pimme) /min Cale. vel. 0.08838 ©.08380 0.08202 O©.082012
2 Meas . Vel. ©0.48708 ©.47888 0.47872 ©0.47209
/ Calc. Mel. 15.448032 18.7Y2318 15.01808 17.80873
Freen Sat’'n Temp. (K) 206.88 204.83 204 .08 284.88
Froen Meter Temp K 207 .30 207 .38 207.48 _ 237 &%
Freen Return Temp. (K) 294 .00 204.00 2
Neat Exch. Cerr. (J/mini ©0.033 ©.022 0.02.
AmpDient Alr Yemp. (X) 200 v 296 .78 ver 78 298 .70
RUN 8 TEST GAS - N2 .
CORDITIONS POR TEST INTRRVAL 1 2 3 4
TEMPERATURE Lewer Injlet *
() butiet
PRESSURSE Intes
tara) N outlet
) Atmespheric
B .
HEAT ERGHANGE (J/min) 88 .200 s . 200 58.200
HEBAY LEAK (J/mih) +9.830 -10.498
RATIO: LEAK OVER RXCHANSE ©0.1748 <0.1001
ENTMALPY CHANGEN Predicted -3807.02 -3808.1%
tJ/mot) Messured -2387.03 -2390.08 -2387.03
FLOW BATE F-11 Pred. Mel. 2.68638 2.830770 1.84%0 2.837e38
(V/min) eor Measy. Wel. 2.22037 2.22037 2.23037 1.32017
i immel/min) cale. vel. 0.08891 ©.08891 0.08%81 O OB
X . ey cosmge ceeew T
w2 Meay. Vel. 0.61647 0.80 ©.81447 9.80032
Calc. Mel. 23.41945 23.00807 23.41948 22.870848
Freen Sat‘n Tems (K) 284.78 284.78 20478
Freen Meter Temp. (K) B 287 .60
Freen Return Temp. (K . 204.8)
Neat fixeh. Terr. (J/mfn’ -0.0038
ABDtean? Air Yooy iy e 93 20 9
i .
. L]
LU ] TEST GAS - N2 ) .. .
COMNDITIONS POR TEST INTRAVAL ' 2 3 4
TEMPERATURN Lewer 1nlet sdd.28  403.28 e03.38 "scs.08
(x) outiet 302.33 302.38 3012.38 302.37
PRESSURE ‘Intet s.088 6.8a8 [
(Mra) outiet .. 804 .. 5.
Atwmespheric 0.004 o.0048 6.0
NEAT EXCHANBE (J/min) 70.918 70.918 71.048 71.280
WEAY LEAK (J/min) -4y 807 -20.827 -21.3% -21.180
RATIO: LUAKZOVER EXCWANSE . =0.303 2037 -0.2983 -0,
SMTHALPY CHASEE Predict “3141.34 .47 -3181.83 -3108
(J/me) Meagured -~2410.83 -2428.31 -2438.37 -2640.33
FLOW RATE P-31 Prec.-Mel. ' 3.71701 3.8800 3.74137 3.71818
(1/mtn) or JMaas. Mot 2.88236  2.88238 .2.88178 12.88708
twmet/wind Celc. Vea. 0.07187 ©0.07187 0©0.07281 0.07224
[P N ]
2 Neass. Vve). 0.77308 ©.78739 0©0.77308 0.7873s
Calc. Me) 20.41376 29.20337 20.4187¢ 20.20328
Freen Sat'n Teme. (K} 294 .77 204.77 29477 204.77
Freen Meter Temp. (K) 287.08 287.08 207.07 297. 11
n Return Temp. (X} 204. 79 206.70 204. 79 20479
Ewin. Cerr. (J/min) -0.008 -0 . 408 ~0.009 ~0.000
mnt o sir Tems. (K) 288 .21 208 .21 288.31 298 . 21

s$1.182
s.188
0.1208
-2828.19
-2878 .08

2.20887

+2829.29
-2888 .2y

.81078
.07338
. 083238

. 47008
.80184

294 .88
207 .49
294 .00
©.021
298 78




Y

LT B ] TESY GAS - N2
CONDITIONS OR TESY INTERVAL 1 2
TEMPERATURE Lewer inlet 38).30 301.29
[} outlet . 297,73 297.78
PRESSIHRE Injet 3.829 3.817
(era) butiet 3:309 3.308
Atmospher (C ‘0.008 0.004
NEAT EXCTHANGE (JV/min) 31.088 31.088
MHEAT LRBAXK (J/min) 1 hs 3 ]
MATIO: LEAK OVER EXCMHANCGE 0.2 0.2
ENTHALPY CHANGE Pregicted -1922.93 -1920.90
t4/ma) Measurad -2000.90 -2738.28
FLOW RATE F-tt Prec. Me. . 88340 o.88821
(V/min) eor Meas. Me}. t.2803) 1.28012
(mmo)/min) Calc VoIl. 0.03180 ©.03180
N2 Meas Yo . ©. 30290 ©.30018
calc. Me). 11.38204 11.44414
freen Sat’'n Yemp. (K)

(K)
fresn Raturn Y oK)}
West Exch. Cerr. (J/min)
Ampiant Afr Temp. (K)

TEsT QA% - N2

RUN 3 ) .
CONDITIONS FOR TRET INTERVAL 1 2
TEMPERATURE Lower Inlet

iR dutlet

PRESSURE Intet
(L] ) outilet

Atmespher ic

NEAT BXCHANGE (J/min) 38.470 38.4%70

MHEAT LEBAK (J/minm) . 5 1.808 1.428

RATIO: LEAK OVER EXCNANG 0.0834 0.0401

EBNTHALPY CHANGE rrébaiot «21907.78 -2212.87
{Jd/me) ) Measureud -2321.83 22308.84
)

FLOW RATR F-11 Pred. Mel. 1.38047" 1.368942
{(V/min) eor Meas . Mel. 1.42870 Y. 42870
(mmel/min) Cale. vel. ©0.0388% 0,038

w2 Meas. Yol. 0.40088 O 40381
Calc. Mo . 18.27890 18 . 3848

Freen Sat’'n 'I,"Q-n: (1 3] 284.77

Freen Meter Jemp. (K)

Freen Return Temp.  (K) 294. 09

Hast Bxch. Cery. (J/min) -0.022

AmDient Air Temp (x) 298 .88

RUN ] TESY GAS - w2 ea

CONMDITIONS PFOR TYRET INYERVAL 1 2

TEAMPERATURE Lewer Inlet  380.88  380.8%
KD Qutlet 299 .32 289.34

"RESSURE inltet 3.84) 31.841
(uPa) Sutlet J.o8a 3.094

Atmespher ic o.094 0.004

MEAT EXCHANGE (J/min) 43 .810 43.878

NEAY LEAX (J/min} “1.700 ~2.239

RATIO: LEAXK OVER EXCHANGR -p.0821 ~0.0810

ENTHRALPY CHANGE Predicted -~2444 .11 ,-2439.87
(d/mal) ; messured +2301.30 -2321.23

FLOW RATE - F-11 Pred. Me). 1.88888 1.08479
t1/min) er Meas . Me). 1.78008 1.78474
{mmel/min) Calc. Vel. ©0.08811 0.04884)%

[]] Meas. vol. °
Calc. Mel. '8

Preon Bat‘'n Temp. (K)

Freen Meter Temp. (K)

Freen Retyrn Yemp. (KX)

" Enew. Core ., (3/min)
Amgisnt Alr- Temp . (£)
N )

o .

-1
-2

o-0

-0

3

381 .12
29777
3.820
3.309
0.084

28 .828
[
©.220)
918 . .49
4T 18

. 88773
14748
.o2881

.30208
L8181 4

381 .07

187.77
3.824
3.3
©.o00

27.787
3.830
©.2038
vis.as
401 .21

. 188
.1t1a08%
.02817

.30382
.87818

o
s

219
342 .83

.3833)
.43408
.03813

.3eg0v
21303

294 .77

1
1
°
o
1

327.28

.88878
. 78474
.o0saas

.40888
. 88287

294 .78
207 .31
294 .83
~0.018
298 .21

-2
1

340.23

1.43808

(]
3

.03813

.3
23488

294 .77
L]
1]
~0.022
298 o8

380.34
98,34
.84
.10
.004

-2313.38

1
¥
©
©
18

YYEY)
800
RYTet

. 894838

101

. s .
381.08 Ier. 12 .
297.7? 207.717 *
3.820 3.420
3.308 3.308
0.004 0.004
27.7%7 27.7%7 .
5.883 5.887
0.2108 Q.21
“18t8 88 -1948:2)
~2426 .38 -2428 .91
c.88208
1.11808
0.02817
0.30018%
11 _Aas1 8




DAYA FPROM FILE N2.2

li?‘l’ltl MARKED WITH =e WERE MOST STADLE IN RUN

RUN 1 TEST GAS - N2 o LX)

CONDITIONS FOR TEST INTERVAL 1 2 3 4 ’
> : . .
TEMPRERATURE Lewer Inilet 398 .80 I8 . b Ins .81 398 .44
X} Outlet 300. 35 300. 31 300.128
PRESSBURE Intet 7.008 7.009 7.008% ,
(MPa) Outlet 8.809 8. 701 8,704
, Atmegphar ic 0.002 . v.08a ©.004
HEAY EXCMANGE. (J/win) 73.4a%0 72.47%70 71:)0!
HEAT LEAK (J/@in) > 0.478 ° ©0.788 . 1.880
RATIO: LEAK OVER EXCHANGE ©.0088 0.0108 0.0211
GNTHALPY CHANGE Pradgicted ~2983 .34 -2071.37 - 70.77 -2
tJ/me) Measured ~3002.%7s -3002.78 34.7 -3
"LOW RATE F- Pred. Mel. 2.93818 .87880 2
{1/mint or . Mo, s2a .94088 2
immel/min} veol. a2 .07408 o
N2 vel. [ 138 . 83147 o
oY . 2‘.’2..7 24.48773 . 08983 24
Preen Set’'n Temp. (K
Freon Meter TYemp. (K|}
Freen Return Temp. (K)
Heat Exch. Cerr. (J/min)
smpient Air Tewp. (K} 98 . 4% 208 .85

RUN 2 TRST GAS - w2 bd as .
CONDITIONS FOR TREST INTERVAL 1 2 3 4
TEMPERATURE Ltower Inilet 408 .38 408 .48 408 74
(K outtet 301 .83 301 .83 Jor .84
PRESSURE Intet 88 L s
(MPa) Outlet - .80 8. 1
Atmespheric 0.084 0.098 0.004
HWEAT EXCHANGE (J/min) 21.378 ° 91.013 20.847
NEAT LEBAK (J/min) -2.723 -3.478 ~3.438
RATIO: LEAK OYER RXCMANGE *0.02923 -~0.0272 -0.0379
ENTHALPY CHANGE Predicred -3231.83 -3234.80 -3J242.29 -3383.01%
tJ/mel) Measured ~X138.13 ~3148.8) '-3118.81 -3124. .80
FLOW RATE P Pred. Ms). 3.78494 3.78048 3 !.7.!26
(1/mtn) or e . Mel, 3 T2 3. 3.64002
(mme 1 /min: Calec. Vvol. 0.0823% 0. o.on1ss
R n2 Meoas .- Yo 0.78488 O©.78889 © 0.76172
! Cele L. RN 29. 11873 28 .950298 29 29 . 01088
Freen Sat‘'n TYemp. (K} i 4.7 2904 .78
Freen Meter Temp. (KX) 207 .01 288 .08
Freon Return Temp. (K) 204 .27

Heat Exch. Cor (J/min) -0 .0as -0. s
Ampient Afr Yemp. (K} 298 .93 208 93 398 .93
v
N 3
KRUN 3 T T GAS - N2 . o . s
CONDITIONS FOR TRST INTERVAL 1 2 3 -
TEMPERATURNE Lower Inlex 376 .12 378 .40
(K Sutiet 2 ] z 82
PRESSURE Inlet . 728 710
T tMrg) Dutlet .are D.s11
- Atmospheric * 0.'08 o0.084¢
MEAT EXCHANGE (J/min) 47.830 47.830
NEAT LEBAK ‘(J/min) s.384 4.702
RATIB: LEAK OVER EXCMANGE . 0.1330 0.08a88
ENTHALPY CHANGE Predicted: ~2804 .08 2811 .01
(J/mel) ured ~2891.20 -2787.38
FLOW RATE [ ) Mo\ . 1. 87a 1.72280 1.72871 1.72048
(1 /min) or [ L 2N 1.81172 1.81172 1.807081 1.07081
l.’.l/l‘n) Cale Yel. . ©.0a&BtN ©.0481 ©.04888 0.08082
. L} e . Vel ©.43183 0.4487812 ©.84878 0.448
. Calc. Me) . 18 . 43008 17.0821% 17 c0ss 1s.97

Freen Sat'n Yemp. (K) 204 .78
Freen Meter Temp. (K)

on_Return Temp. (K)
Heat Rxch. Corr. (J/min) -0.082
Ambtent Air Temp. (X} .7

204 .78 284.78
297 .08 297.08
294 .92 294 .93
-0.04) »~0.048%

[ N e "

206.93 . 208 03"

L)

ELI 3+ ]
300 .28
7.000
s.%704
©.004

73.108

0.747
0.0102
278 .09
007 7Ya

.63713
. 30887

204
398
204.87
«0.087
208 .88

. 83018
072
.08228

.78880
.28040

s
[]
398 .61
300 .27
7.008
..704
©.0048
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DAYA FPROM FILE M2.3

n

INTERVALS MARKED WITH «v WERE MOST STASLE 1IN RUN

RUN ? TEST GAS - N2 os
COMPITIONS FOR TEST INTERVAL 1 2
TEMPERATURE Lower Inlet 338.77
() Sutiet 207
PRESSURE intet )
(MPa) Sutiet s.794 0.702
Atmespher ic 0.004 0.004
WEAT ERCHANEE (J/min) 321.878 21.94
MEAT. LRAK (J/min) .3 .70
RAT1IO: LEAK OVER EXRCHANGE 0.2928 0.3084
ENTHALPY CHANGE Predictec -1302.78 -1301.29
(J/me) Measureo ~1842 .24 -1873 .48
FLOW RATE F-11 Prea. Me). 0.813%% o©.81328
{1 /min) or ‘Meas. Mel. ©0.888'8 0.38239
(mmel/min) cave. vel. 0.03173 0.02210
"2 Meas. Vel. ©0.30882 ©.30%82
Calc. Me) 11.71178 11.71188
Freen Sat’'n Tamp. T 204 .97
Lok 207.8)
n Return Tems. (K) 204 .97
Neat Exch. Cerer. (J/min) -0.000 -0.000
AmDiont A|5 Temp (K) 208 .43 200 .43
"UN 2 TEST GAS - N2 e
CONDITIONS FPOR TESY INTERVAL ! H

Lower Inlet 389 .40

] Sutlet . 208 .08
PRESSURE Inlet e.837
(era) Cutilet s.004"°
Atmespheric ©.00a
NEAT EXCHANGE (J/wmin) 82 38 .882
NEAT LEAK (J/min) ~0.848
RATIO: LEAK OYER EXCHANGE -0,0232
ENTHALPY CHANGE Preadicted ~1882.77
{(d/me} Mesgurea ~1810.18 -1840.10
FLOW RATE E-ll‘ Pred. Me). 1.83782 1.80490
(1/min) or Meas . Mo . 1.470718 1.87079
(mme 1 /min) . Cale. Vel
L} Meas Vel . ©.827172 ©.81914
Calec. Mo, 20.19248 18 . 88418
Preen Sat’'n Temp. (K} 204 .98 2048 .98
PFreen Meter Temp. (K) 208. 11
Freon Return Yemp. (K) 294 .28
MNeat Exeh. Cerr. (J/min) . ®.012
ampient Air Tema. (X)) 298 .88
B
/RUN 3 TEST BAS - N2 LR
CONDITIONS FDR TESY INTRRVAL 1 2
TEMPERATURY Lowver Imnlet
{K) Outlet
PRESSURE Inter
(“pa) . Outlet
. Atmespher ic o.00a ©.088
NEAT EXCHANGE (J/-in) S1.804 S1.804
MNEAY LEAK (J/min) ~10.037 “10.100
RATIO0: LEAK OVER EXNCMANGE -0.1934 -0, 1948
ENTHALPY CHANGE Pregictea +2317.20 -2317.04
tJd/me) Meagured “1881 .71 -1839.87
FLDOW RATR -1 Pred. Mel. 2.40 | ] 2.40447
(V/min} o L] . MY 2.0 e 2. s09
i Calec. Ve) 0.08229 0.08229
L} ] Mess . Ve . ©.89942 ©.7%0020

Calc. Mel. 28.72808 281.78880

Freon Sat’'n Teamp. (K) 204 .98
Freen Metar Temp. (K), 298 .80
Freen. Return Temp. (X)) 294 .87
Heat Exch. Cerr. (J/min) -~0.008

Ambient Alr Temp. (K) 298.93  206.83.

©.51820
18.82808

<y
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RN a TESY BAS - N2

CONDITIDNES FOR TEST INTERVAL *
TEMPERATURR Lower Injet 398 .47
(L &) Sutiet 301.32
PRESSURE Intet s.080
tepra) Outlet 8.8848
Atmogpher ic 0.0048
HEAYT EXCHANGE (J/min? 0. 200
WEAT LEAK (J/min) . -12. 788
RATIO: LEAK OVER EXCHANGE ~0.2008
ENTHALPY CHANGE Prgdicted ~2837.82
td/me1) .Measured ~3438.04
FLOW RATE F-11 Prec. Mel.~ 2.87380
t1/min) or ‘Meas . Mel . 2.38320s
(mmel/min) Calc. vel. ©.0 [}

Préen Sat’'n Temp.
Freen Mater Temp.

Preen Return Temp. (K]}

B cecesrancew

Meag. VYo). ©.8387
Calc. Mel. 24.30177

(x)
(x)

Heat Rxeh. Cerr. (J/min}

Ambient Air Yemp. (K)

RUN & TESY GAS - N2 L L]

CONDITIONS FOR TEST INYERVAL 1

TEMPERATURE Lowar Intet 417.43
Outiet 304 .78
Inles ¢.808
Outiet s.387
Atmegpher ic ©0.084

HMEAT EXCHANGE (J/min)

MEAT LEBAK (J/min)

RATID: LEAK OvVER

ENTNALPY CNANGE
tJd/mot)

FLOW RATE F-11
t1/min) or
{mwel/min)

Freen Sat’'n Temp.

.84
317
TXCHANGE ~-0.4008
Predgictec -3800 .27
Measured -2498.78

Pred. Me). 8. 10732
Heas . . 3 so3
Cajec.

maas .
Calc.

(K}

Preon Meter Tew (K)
Freen Return 7 .o .
Exch. Cor td/min) ©.032
Ambient Alir Teamp. (K] 298 7T
RUN [] TEST GAS - w2
CONDITIONS POR TESY INTERYVAL 1
TEMPERATURE Lewer Inlet 304 .37
(K ! Outilet
PRESBURE Inlet
(Mpa) outlaet
Atwmegpheric 0.008

HEAT ExXCTHaANGE lJ/.Tn)
T LBAK (J/min)

L]

RATIG: LRAK DVER

ENTHALPY CHANGEK
(J/me)

FLOW RATE LERR]
{1/min) eor
{tmmel/min)

‘Preen Sat’'n Temp.

Ampient Alr Temp.

]

EIXCHANGE -0.3848
Predicted ' -2822.18
Maasured ~208) .6
Prea. Me) . 4. 18200
Meas. Mot .3.08813
cs)e. vel. ©.07088
Meas. Ve "
cCale. Me1l, 788

1K), 294 .98

(k) 1 1]
. KD "
tJd/min) ©.012

() ‘297 .32

©.8J008
'‘264. 08819 2

-34 .62 -
~2803.08 -

§.13838
3.87842
o.08208
c.98428
3. 1 3

294 .08
298.31
204 .07
©.032
298 .78

304. 78
303
s.008
..384
© ofs

78 . 732
-26.8588
-0.3482

-3831.98 -
“2103 .64 -

4. 18848
3.08782
0.07731

cecrboeden,

°. :
38 . 47877 3

394 .82 304,30
J01. 1 301.18

88.4% 58 .4%0
-11.2031 -t1e0.307
-©.18023 -0.1783
$.27 -20t0.08

20804 2.7671
2.38284

2.
2.
[
©0.62884 0.81828
3.91200 22.934114
204 .94 29
298 .22 208 .23
294 .87 294 .87
©.020 ¢.020
298 .78 a8 .78

3 L}

418.01 418 .00

8t1.%00 3. 440
*38.0 -38. 3
.3800 -0.3702
3802.44 -3308 .32
2821 .4% -28481.88

§.12873

3.88012

0.08243 0.08318
°.

¢.

28144 O.9814%
37132 36.37V41

394 . 78 304 .70

303 .43

T7.007 76 .732
~28 .74 -28.973
“0.3330 ~0.3818
2831 .98 -2830.813
2123.09 -2084.33

4.13800 o
3.160223 2 08782
0.07788° 0.07731
°.
..

28144
31384 25.8379

©.022
287.32

3
2448 .10 -2473 .94
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DATA PROM FlLE CO2 .

INTERVALS MARKED WIYNM s» WERE MOST. S7

RUN 1 BACKEROUND TESY (NOD FLOW)
CONDITIONS FOR TYESTY INTERVAL. )
TEST HEAT LEAK (J/min} LRI
TEMPERATURE Lower Inlas 207 .44
x) dutiet 288 .70
Atmespher ic Prassure (MPa} ©.083
freen Bat‘'n Yemp. (K) 204 .82
n mater Temp. (K) 2 .28
Freen Return Yemp. (K} 294 .80
Meat Emch. Cerr. (J/min) -0.001
aAmbient Air Temp. (K) 298 .37
RUN 2 YRST GAs - CO2
CONDITIONS FOR TRST INTEMVAL 1
TEMPERATURE Lewer Inlet 304.82
Outiet 300.23
PRESSURE Inlet 3.802
(Mpa) Sutlet 3.120
\ Atmesphear ic 0.083
HEAT EXCHANGE (J/min) 78. 001
HEAT LEAK (J/min) -1.408

RAVIO: LEAK OVER EXCHANGE.

SNTHALPY CHANGE Predicted .$3
(J/me) Measured ~4388.7M
PLOW RATE F=1 . Mel . 3.18402
(1/nin) or Me 3.08813
{mmel/min} vel. ©0.07788
co2 vel. ©.48873

Mo .

Preen Sat‘'n Yemp. (K)
Preen Meter Temp. (X)
Freen Return Yemp. (K) .
Weat Sxch. Cerr. (J/min}
Ampient Air Temp. (K)

RUN 3 TEST GAS - CD2
CONDITIODNS FOR TRST INTERVAL *
TEMPERATURE Lewer Inlet 387.3¢
(K} Outiet 29 ]
PRESSURE tniet 3.840
(Mra) butilet 1.303
Atwesgpheric ©.0983
HEAT ENCHANGE (J/min) s1.0%4
HEAT LEAK (J/min} 3.008
RATIO: LEAK OVER EXCHANGE o.0807
RNTHALPY CHANSE Predicted -8148.81
(J/me 1) . Mmessured -4388 .77
FLOW RATE P-1) Mol . 2.33108

{1/min) or MeY. . 2.
(mmo1/min) vel. 0.08229
to2 Yel . ©.38812
Mo 13.98811

Freen Sat’'n Yemp (K}
Froesn Meter Temp. (K)
freen Return Temp. (K)
] Ixeh. Cerr. (J/min)
aAmbient Atr Tomp. (K)

ABLE 1IN RUN

398 .84
300.22
3.802
3.128
0.083

7s.782
<% 722
-0.0228

3.18874
3.08782
0.07831
0.48873
17. 48018

296.87
208 .29
- 204 .48
0.0
2985.88

3. .
3.308

so. %43
2.538
©.0820
-4133.20
~4314.40

2.32410
2.42813
0.08188
o.38812
13.08811

498 .29

3.17082
3.07282
0.07783

©.38878
13.8887%

298 .3
3

-4018.03
~4208 .42

2.10300
2.24878
Q.08707

©.34281
13.01787

284.88
98 .32
204.32
©.08%
208 .03




L

s

DATA FRSM FlLE CO

INTERYALS MARKED WITH vs WERE MOST STABLE N RUM
<
LI N TREST GAS - CcO2 .

CONDITIONS FOR TRSY INTERVAL ' 2 3 [ [}
TEMPERATURE Lewer Indet 408 .08 408 .73 408 .80 403.07
() Sutilet 30t.80 301.73 301.77 .

PRESSURE Inlet 3.820 ~3.830 3.830
(Mpa) outiet 3.008 . 3.108 3.083
Atmespheric ©.08) ©.003 0. 0103
‘WEAT EXCHANGE (J/min) - 82.628 a1.83 80.300
MWEAT LERAK (J/min) “7.343 -10.814 -12.178
RATID: LEAK OVER EXCHANSE: 0.13 -0.18
ENTMALPY CHANSE Predicted ~4734.88 -4727.88
(J/mo1) Measured “4387.32 +8180.40 -4108.77 -4198.80 -4113.48
FLOW RATR. P-11 Pred. Mel 3.73879 3.510098
(1/min) eor ‘Meas . . .2 3.28010 3.13101
tome)/min) Calc. vel ©.08408 ©.082¢ 0.08220 ©.08071 D0.07922
acevrecessccrrcscacnce Al
coz Mees. Vel $ 0.81112 o
Calc. me) 7 19.830323 18
Freen Set‘n Temp. (KX) [ ]
Preen Mater Temp. (KX) .
Preen Return Temp . Wi(X) 284 .70
Heat Exch. Cerr. (J/min) .
Ambient Air Temp. (K) 208 .84
. .
RUN TESY wAs - coz .s
CONDITIONS PFOR TEST INTVERVAL 1 2 3 .
TENPERATURE Lower Inlet 407.20 407.38 40774 408 .21
(L3 outtet 301.73 301.78 301.88
inlet ‘3.823 3.820. . 3.813 3.823
Outilet 3.001 3.093 3.093 3.080
Atmospher ic ©.0803 0.003 0,083 0.002
HEAT EXCHANGE (J/min) | 82.280 B2.828 63.387
MEAT LEAK (J/mén) 10 174 419 -11.082
. BAX OVER RXCHANGE ~0.1382 -0.1237 -0.1140 -0.1328
ENTHALPY CHANGE  Predicted “ATBA .81 -4788.79 -48517.08 -4831.88
{d/me ) Measured ~8269 .88 -42 .82 -4324.13 . -428
FLOW RAYR F-11  Pr Mot 3.71838 3.71711 3.70148 .3.70881
(1/min) er e Mol 3.29329 3.30788 3.31288 3.38208
(emel/min) Calc. Vel 0.08328 ©0.08388 0©.08402° 0.08477
cog Meas. Vel. o.808 ©.50848 ©.B0121 0.51283
Cate. Me) 18.37007 19.27007 1. 1041 19.85309Q
Freen Sat'n Temp. (X) ' zid.ll :ll.li
Freen Meter Temp. (X) 207. 38T .2
Freen Return Temp. (X) 1.! 70 284.7%0
cajest Exeh. Cerr. (J/min) o118 .
Moient Kir Yemp. (K) 9% .103 298 .93
& v
Q- "
rUN 3 TRST. & © eod .. .e
CONDIYIONS FOR TEBST |-:glvns 1 2 3 . . ]
TEwPERATURR Y Lewer ln\;t 384,81
(x) outtet 289 .47
PRESSURE Intiet :.l)o 3.827 3.827
(Mpa) outiet N 3.318 3.318 3.318
R Atmegpheric 0.003 0.003 ©.003
MEAT EXCHANEE (J/min) 'iwfaa' ‘O E3.O21 . 83.782 1.828
HEAT LEAK (J/min) “Q.671  -2.068 ' -0.131 o.901
RATIO: LRAK OVER EXCHANGE -0.0081 '-0.0388 -0.00248 0.0173
ENTHALPY CHANGE Predictes - 43 -s038.02 -3 (X
tJ/me) Messurad - <18 .54018.24 -4068.80 -3948.21
238 .
FLOW RATE P-11 Mot 2.21438 2.8 2.13888
tV/min) er e ) 2.13210 2.18%gs
(mmel/ain) ved ©.08391 ¢, osad®
co2 “ver ‘o ©.39138 0.33%08
e 12.50188 13.38377 -T2. 786271 13. |llll
Froeen Sat'n Teamp. (K} 204 .88 294.98 a-A.up
Freen Meter Temp. (K) 297.21 267.27  297.3
n Raturn Yoemp. (x) 294.90 . 206.70  196.70.
Exoh. Cerr. (J/min) -0.010 -0.00¥ -0 . 000
l-.‘.n\ Alr 7.-' 1K) 298 .21 208 .21
W t ” e .
. R R ULt IO O
- - w
[ i
. g 2 .
o R - T ST T

]

7

03.79
01.88
a.s20
3.003
©.003

s. '15

-Il
-40

|:7l
ll.!,
43 .18

.eT3N
L1TETY
.08034

.50887
.34114

83 .7
09 .40
3.820 .
3.32%
©.0823

1.028
3.138

-a2

o.
t3.

9.2 3

. o¥

23t
1.08187

08280
32281
2 1

1230
-4880.123
-a187. 81

3.8804
3.20810
o.08108

6.80121
9.12808

294 .88
297.28
294 .70
-0.019
298 .84

b s




aun o TESY 8AS - COZ -
CONDITIONS PFOR TESY INTERVAL 1 "
TEMPERATURE Levwer Inlet 388 .04
L] Ooutiat . . 397, .88
Intet N [}
sutiet . ! 3. L}
Atwespher ic ©.pe3
N2
MEAT EXCHANSE (J/m¢n) 28.341
NEAT LEBAK (J/min) N ] 4
RATIO: LEAK "OVER EXCWANGE 0.3
ENTHALPY CHANGE  Pregicted -2832 11
(J/meV ) Measured ~4643 .98
FLOW RATE F-11 Pregd. Met, o.87808
(1/min) or ‘Moag. Mol . 1.08838
Afmme)/min) _ Calec. ver. ©.02878
’ C82  Meas. vel. 0.18874
cCate. IQ!. $.92730
Freen sat'n Tomp. (K) =
Frosn Mater Temp. (K)
Freen Return Temp. (X))
Heat Bxch. Ceorr. (J/mtn})
(1 3]

AmDient Air Temp.

28.078
]

-~2888 .70
~4304 .09

°.s8821
1.08488
©.0204) "

‘0. 15887
8.0380)

0.87187
1.02887
0.02804
0.18433
$.07334

28.24s
7.900
©.3129
~2T81 .17
“4004 .17

0.0978%0
1.01817
‘0.02887

0.18888
8.308489

.70
“0.004
208 .42

T TN e e e o

aime I
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DATA FROM FiLE CO

2 .
3.3 ot

TNTEAVALS MARKED WITH »» WERE MOST STABLE IN RUN

A

PLOW RATE P-1)
(V/min) er”
{mep) /min}

cor

Freen Sat’'n YTemp.
Fresn Meter Temp.

freen Return Temp.

.neatr Exeh. Cerr.
AmDIant Atr Temp.

Auw 2 TESY QA
CONDITIONS POR TR

TEMPRRATURE

PRESSUAL
{(MPa)

MEAT EXCHANGE (J4/
HEAT LEAX (J/min)
RATIO: LEAK OVER
ENTHALPY ChHANER
(d/med} .

‘PFLOW RATE. F-1t
(1/min) er
({mmal/min}

Prad. Me).
L]

RUN Y TEST SAS - cO2- s
CONBITIONS FOR TESY INTEAVAL V. 2 L]
TEMPERATURE Lowsr Inlet
(1. 9] dutlet
PAgSSURE Inlex
tMPa)} Outlet A 3.398
Atmes g ©.083 0.093
e .
HEBAT BECHANGE lJ/ICn) 74 . 808 a8 . 288 80.824
" MEAT LBAK (J/ 18,331 18.287 18.2048
RATIO: Llﬁl ﬂ l !XCMAIBI o8t~ 0.2337 ° 3"2
ENTHALPY: CHANGRE Preaicted -4011.81 -840
(J/me) Measured *B414:27 -838 -!S(I l!

2. zzzzo 2.41118° 2.81738
2. 3.18831  3.34039 ]
0.08289 o. oc:t’

Mo .

Cale. ve

Meas .- Vel ©.38248 0. 35811 0.3003a ©.39843
Calc. MeY. 13.78008 14.58145 18.07201 18.07194
() 294.80
iK) 208 .13
(kY 294 .84
(tJd/min) “0.014
(X . 298 .08
$ - CO2 . (XY

&7 INTERVAL 1 2 3 L]

Lower lnlet
outlet
Intes
Cutiet
AtmesPheric

ming

s
0.2381
-4108. 09 '
~5393.77 -8382.77

EnCHANGE
Pregictec
Measured

Predg. me) .
. Mel . 3.190840 .3. 2.178T 3.17871
Calc. vel. 0.08108 0©0.08103 ©.0807! 00,0807

evssccnlescnnas

. co2 Meas. Ve, ©.38228 oO. 228 O . 3881} 0.3881
N Calc. Met. 14 . 83793 14 l!’l! 14.8 [ ]
en Sat‘'n Temp. (K)
eon Meter Tewmp. (KX)
Freen Return Temp. (K)
MNeat Eugh. Corr. (J/min)
Ambient Air Temp. (K} :
r
RUN 3 TESY BAS - CD2 . . .e se
CONBITIONS FOR TESTY 1NTERVAL 1 2 3 4
TEMPERATURE Lewer 1indtet 393.38 382.70 302 .88
(K) outlet 300.28 300 .22 300.18
PRESSURE Intet 3.p82. 3.882 .3.882
(wpa Sutie 3.323 3.323 3.323
- Atmespher ic ©.083 0:083 ©.0093

HEAT RACHANSE (J/min)

" MEAY (EAK (J/min)
RATIO: LEAK OVER
ENTHALPY CHANGE

(J/met)

FLOW RATE F-11
(V/min) er
(mmel/min)

co2

Freen Sat’'n Temp.
Ffreen Meter Temp.

&xenh. Corr.
Ambitent Air Tems.

N ROTurn Temwp. (K)

87.768  57.603
-1.718  -1.047

axcHanse -0.0470 -0.0813
Predictea -4332.97 -8322.27 .
Measured “4121.48 -4137.41 -~4111.23 -4088.38
Pred. Mel. 2.48832 2.4328F 2.42707 2.%3283.
Meas . 2.30488
Caic. o.o088%1
Meas . ©.38870
Cele. 14.01888

(X)

K}

(9 minm)
(13

2.40888 2. 40084 2.41838. 2.42483.

© 08207 . .

e.3881y - |
164.08138

20
200 .
204 %3
-0.018
208 .08

'
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Run & TEST gAs - co2
CONDITIONS POR TEST INTERVAL
TEMPERATURE Lewer Intet
(%) Sutiet
PRESSURE Intet

tMpa) Sutlet .
. Atmegpheric

MEBAT EXCHANGE (J/min)
NEAT LEBAK (J/min)

AATIO: EAK OVER RXCHANGE
ENTHALPY CHANGE Predicted
tJ/me ) Measureo
FLOW RAYE F-11' Pred. mal.

(V/min) or . Meas. Me) .

(mmel/min) Calc. vel.

. - Cez2 Meoas. Vo).
. : Calc. Mot
~
Freen Sat‘n Temp. (K) '
Preon Meter Temsp. (K)
Freen Return Temp. (K)
Heat Exen. Cerr. (J/min)
Ambient Alr Temp. (K)

LU L B ] TESY GA¥ - CcO02
CONDITIONS FOR YEST INTERVAL

TRMPERATURE Lewer Inlet
ot OutYet
PRESSURE “Invet
(pa) outiet
. Atmeospheric

WEAT EXCHANGE (J/min)

HEAT LBAK (J/min)

AATIOD: LEAK OYER RXCHANGE

RNTHALPY CHANSY Precicted
(9rmen) ]

PLOW RATE P-3y
c{1/min) or
(mmel/min},

co12

Heat Rxah. Cerr. (J/min)
Ambient Air Temp. (K)

1

388. 79

1.08793
1.41200
©.03883

0.20084
4.00188

407 .12

1.8674%70
.07282
o778

©.8012

19.11903

38.477
‘8.232
0.3802
-3298 .02
-4488 .39

1.08848
1.4287%70
0.03808
0.208812
7.98281

407 . 13
303.18
3.843
3.113
©.003

77.872
-13.428
-0.1728

~4775. 43
-8073.01%

3.87182
Lt

s0129
ll;||.°l

3.848

~44v9 .

07421

1

1.48180
0.03843
©0.2123»
8.11007

3

407.13
Joz2.23
3.848
3.113
0.093

7.

-6088. 14
I3
3.88088
3.18101
©c.07888

19.22710




DATA PROM PFILE CO

.. INTERYALS MARKED

UK 1 TEST Ga
CONDITIONS FOR TR

TEWPRRATURE
(x)

PRESSURE
(mPa)

NEAY ZXCHANGE (J/

‘NEBAY LEAK (J/minm)

RATIO: LEAK Oven
ENTHALPY CHANGE
(J/met)

FLOW RATE Feou
(1 /min) er
(mme ) /min)

co2

Preen Sat‘'n Yewp.
Freen Meter Temp.

Freen Return Temp.

Heat Axch. Cerr.
Ampilent Alr Temp .

RUN 2 TEST GaA
CONDITIONS FPOR TR

TEMPERATURE

(K
PRESSURE
(mpa)

MBAT EXCHANGE (J/

MEAY LEAK (J/min}

RATIO:} LAAK OvVER

ENTHALPY CHansE
(J/mp))

FLOW RATE P-19

tV/min) or
(mme ) /min)

co2

\

Fraen lli'n Tomp .
Freen Maser Temp.

Fraen Return T .

Mads. Mol

‘Gutiet

c.‘a: vel.
.

2.4

WITH as wERE

$§ - CO2 ..

ST INTEAVAL \] 2
Lewear Indlet "374 .80 376.28
outiet 208.18 208.17
Invet . %.133 119
outiet $.033 .020
Atmegpher ic ©.003 9.081
IQ") u 1.080 s1.811
12.880 13.p47
II:NAIGI ' 0.2119 0.2280
Predicted ~4388 . ~8428

Meesured *8880.84 -6703.89

Pred. Med. 1

82824

Calec. ved .

0.28800
10.83728

Meas. Ve,
Calc. mel.

{K)
4K}
ix)
(J/min}

(X}

8 - CDh2
$T INTERVAL 1 2

Lewear Inltet
Inlat

Sutiet
Atmegpher ic

nin) 78.373

o 10. 089
EXCpanGE 0.1387
Predictred -4792.23
Measurea ~S849 .01 -88823.37

Preac. Med.
" Me) . 3.18072, 3.18072
0.08007 0.08007

Meas. Vel

Cala. Mel. 14.12179 ta.o8812
KD 294,81
(1 3] : 2'! »
(1 9]

t EMON. Corr. (J/min)
Ampient Air Temp. (K)
ruN 3 Gas - co3 sa’
CONDTTIONS POR TEST INTEAVAL . 1 2
TEMPERATURE ‘Lewer Inlet  404.72 404483

MEAT EXCMANSE (J/

NEAT LEAK (J/mif)

RATIO: LPAR OVER

ERTHALPY CHANSE
(J/mel)

FLOW RATE
(Y/min)y
(me ) /min)

‘coz

o

Freen Sat/n Temp.
‘Metar Temp.

Freen Return Temws' AR)

neat &xch. ‘Cerr. -
ABDient Alr YTemp.

Sutiet 301.38  301.33
inlet s.118 . 8,112
dutiet 4.883 4.a88
Atmespheric a.093 ©.003
min) ‘eo 788 108.788

2y 1.72¢
EXTNA o0 0138 0.0182
rredi -8 .8

+8473 .81

Neasur .28
Preac. Me). 4.23498 .74.22338
Meas. Mo, 4.20272 4.29272
tate. ver. 0.1 0. 198 1

o.508% o-ooovo
19:34738 19.24736

Meas. vel.
Catc. Mo,

)
)

taiminy
RIS

2.7%1073 2.71378%°

©.37378 0.37284

MOST STABLE IN AUNM
E

t.82412

0.086277

20.38800

10.83728

294 .82
287.01
208188
013
290 .21

11. .83

0.14%0
-l17l st
.78

2.69834
3.18109
©.08033

6.37188
18. 08140

403. 480

301.29
8.102
. 888

‘0,003

108 .32¢

4.18103
4.23383

0.10774 -

0.30430
13. 08881

204 .47
..387.82
T 20&.88

~0.044

2.47022

288.78

0.37098
18.01408

204 .81
298 .42
2

108.328
2.819
0.0230

~8301.80

4. 13888

0.10774.
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Ty

DATA FROM FILE CO2.5L

INTERVALS MARKED WiTH es WERE MOST STABLE 1w RUN

[T TEST GAS - CoO2 s e ae
CONDLITIONS FOR TEST INTERVAL 1 2 3 . [ s
TEMPERATURE Lower Inlet 1s6.26  388.1 383.72  38%.4 3818 391.39
buttet 302.88  2302.38 302.16 302.07 301.99
Intet 8. 728 e 1 ..731 ’.728 .. 728
Suttet’ *.873 0.883 ®.883 9.878 .873
Atmospheric 0.083 0.083 .08 o0.083 o.083 0.083
NEAT EXCHANGE (J/min) 180.278  177.188 171.048 188.§08 187.970
HEAT LEAK (J/min) 1.188 1 11.888 18 088
RATIO: LEAK OVER EXCHANGE ' 0.9620 0.08 . 0.0883 ©.0821 0.0871 °.1097
ENTHALPY CHMANGE Predicted -11888.83-11819. 11873.61-11832.48+11812.13-11698.31
(J/me) Measured ST2429.73-12734.49-12438.79-12877.84-12610.08- 120
FLOW RATE FP-i1 Pred. Me)l. 9.79880 8. aoooc 5.24943 8. s.01132
(1/min) er Meas. MoY. 7. 1 T.12278 $.51388 6.78178  5.THITE
(mme1/min) tate. vel. § 0.18140.50.178510 0.17383 0.1718% 0.1718
CG2 Meas. ve). ©.3838% 0.38812 0.36387 O©0.38883 0.38238 0©.34408
Calc. Mel. 14.850380 13.91481 13.78438 13.47703 13, 32031 13.00808
Freen Sat’'n Temp. (K) 284 ll 294 .48
298. 298.17
294.38 294.38 294,38
0.074 0.071 0.0%70 0.070
29821 298 .21 298 .21 298 .21 298 .21
RUN 2 " TEST GAS - Co2 .. .
:onolvlons FOR YEST INTHRVAL 1 2 3- ) | J R
rlnrlnAvunc Lowar Intet 448.08 aa ase. |n 480.88 480.83
outiet 312.87 313, 313.29 . 313/-29
ne Intet 8.742 n.ul s.732 0.1;:—
(MPa) dutiet 0.848 ».8a8 $.8533 . .8
Atmospheric 0.0823 0.0903 0.003 ©.083
MEAT EXCHMANGE (J/min) 3%0. 397:141  382.3128 .o8e
HEAT LEAK (J/min) 12.878  -13.718  -17.778 -14.38Y
RATIO: LEAK OVER EXCHANGE ©0.0331 -0.0332 -0.0348 -0.0483 -0.0384
ENTHALPY. CHANGE Predicted -12229.69-12247.19+12237.78-12221.23-12223.81
(J/mo 1) Heasured S11837.41-11883.00-11829.13-11881.88-11793.80
fLow RATE F-11 Mo 1. 8.11088 18.23008 16.51631 18.49408 185.41822
(V/min) or Mel. 1B.B8318% 18.7178) 18.08488 18.77338 118 .
(mmoi/min) vel. ° ®1 0.38078 0.40804 ©.40133 0.40280
P thmeeaseana
coz vesl, ° 40 ©.87318 ©0.88773 ©0.88773 o0.88348
Mel. 32.78996 32.98418 33.57307 33.8731a° 33,
Preen Sat‘'n Te R)
Freen Meter T i)
rr on Return (xX)
t Exeh. Corer. (Jhﬂn)
A-IMnnt Atr Y.-. (k) .
- . . ' A v
nuw 3 TRSY,.8A8 - CO2 os e
CONDITIONS FOR TEST INTRRVAL [ 2 3 .
TEMPERATURS LewerPintet 480.33 485,90 AUS.S2  488.40
( 314.88  314.34 Jia.73 318.83
».783 s.703 ".789 .. 780
(MPpa) v.408 .41 9.408 9.403
. Atmogpner tc °0.083 o.083 0.083 0.093
NEAT EXCHANGE (J/minm) 430.088 420.417 438.341 420.341
NEAY LRAK (Y/min) -22.440 -23.3 -22.788 -23.123
RATIO: LEAK OVER EXCHMANGS 21 -0.0 -0.08348 -0.0842
ENTHALPY CNANGE Predicted $8-11990.02-12008.90- 12028, 24
(J/mat) Measured ©11372.40-11271.28-11380.32-11408 .88
FLOW RATE F-11 Pred. Mel. 15.22728 18.20387 13.088 o 18.0
(V/min) or Meas. Me). 17.3381% 17.28334 17.13 17.1 e,
(omel/min) Catc. vel, 0.44023 " 0.43888 o, A:ll: o._43882: LV
€02  Mems. Vel. 1.00100 0.39782 0.98794 o©.38731 : :
Caloc. Me). " 37.89482 37.78331 37.40088 37.37674 i
Freon Sat'n Temp. (K) _ 18a.82 20 by
Preen Neter Temp. (KX) 20 [
Freen Raturn. Tews. (K) 20438 394.38
Heat Exoh. Cerr. (J/min) 0.319 0.318 .
Ambient Alr Temp. (K): 2908 .4 206 .49
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L]
' -~y
RUw 4  .TEST GAs - cB2 T e oo .
CONOITIONS POR TESY INTHRVAL [ T ' .3
TEMPERATURE Lewer Intet .
() Outiet
Intet
outiet 3
Atmesphidr to .
MEAT EXCHANGE (J/mAn)
MEAY LEAK (J/mim) .
RATIO: LEAK OVER EXCHANSE .
ANTHALPY CHARSE Predicted -12882.74-1287¢
(d/meV) - .Measured -11926.08-11903. u-ntn u -
FLOW RATR F-11 Prea.
(1/min) er Heas .
{mmo1/min) Cale. e
€02  Meas. Vel 0.78323 . ©0.78040
Calc. MeY. |
Fraen Sat'n Temp. (X)
Preen Meter T [} &
Freen Return Temp. (K)
Heat Exch. Corr. (J/min) N
A ient Air Temp. (K) s
RUN 8 TEST GAS - cO3 . T P e
CONDITIONS FOR TEST INTER¥AL B! 2 3 . i
TEAMPHRATURE ‘-~ Lower Inlet 431.28 431.88 432.2 s332.7¢
(K. outtlet 309.34 ‘308.47¢ 3OO 300.63
PRESSURE intet "’ s.741 9. 748 9.748 .782 s.782
tMpa) . OutVet 9.8587 .870 9.87% .887 s.870
Atmuspheric o.082 ©.002 0.002 0.083 0.082
MEAY EXCHANGE (J/min) 311.130 318 I18.737° 318.814 318.816 :
MEATY LEAK (J/min). o . -8.338 -9.810 -9.730
RATIO: LEAK OVER EXCHANGE 208 ' -0.028 -0.029 -0.0308
ENTHALPY CHNANGE Predictad *12478.20-12484.69-12404.80%12502.83
(J/me ) Measured "12134.83-12104.32-127183.08-12133.98-12132.02 _ A
FLOW HKATE F-1t Pred. Mel, y 13.01280 13.02386 13.19381 v3.2018
(Y/min) er " Mol . 0220 12.62887 12.€8770 12.81137 t3.83137
fmmel/min) Calc. vey. 31983 0.32300 . 0.32888, 0.32784 D».32784
. co2 Meas. Vel. 0.88243 o 83  0.880831 0.89842 O©.08943 ' ) hJ
Calg. Me). 25.03540 29.96747 25.98788 26.27888 26.27878 .
'r.ch sat’n Temp. (K) :.l.lo - 2 294 .30 ’ .
" () 299,00 293.87
(R 284.32
fixonh .. terr. (dl-on) <@ . ~0.028
Amtient Afr Temp. (K) . 20863 206.48. 208.43 290.48
o A ) .
RUN 8 - TEST gAS - cd2 ) ) o as
cunnon FOR TEST INTERVAL [} 2 3 .
vmnnnu" . Lewar InVvet 433.32 433.10 432.73 .
k). outiet 308 10 309.71 .
nn URE . Invet ..%82 0.788
(mPa) Qutilet . ..887 0.8 |
Atmegpharic - o0.092 o. on 0.082 °.092 ’
uln EXCHANGE (J/atin) ° 303.437 303.437 300.388 294.204 : . )
HWEAT LRAK (J/min) . .. 83 -24.8347 -30.888 -,
RATIO: LEAK OVER EXCHANSE -0.0822 -0.0817 -0.1048

ENTRALPY ChanéR Predicted )3408. 2012488 .34~126470.98-12430.30
(J/mat) Measured “11481.10-11837.88-11837.10-11300.87 i
- e .

FLOW RATE FP-11 Pred. Mel, 13.28838° 13.10878 13.08873 |‘3.°l80|
(V/min) or e We . 2.19304 13.08837 11.223

{mmel/min)} Vel ©.31218 0.3J080z 0©.30289
co2 Meas. Vel. ©.70387 ©0.70084 0.89378  0.6837T8 e
Calc. Mel. 28.40807 25.20888 20.03418 26.0381)8 )
(K) : 204,29  294.39  296.28 o
LK) 209.13 L

n feturn’ 1--. (%} 204.38. “ava.38 °
Kxen, Corr. (J/min) *0.137 ~0.138
Ampient Atr Temp. (K) 298 .88 298.08



o

e

TEST GAS - CO2"
CONDITIONS FOR TEST INTRRVAL

aun 7

TUMPERATURE Loewer Inlet
(L3} . Sutiat
RESSURE Inlet
(mPa) -~ - Sutiet

Atmespheric -

NEAY EACHANGE (J4/min)

NEAT LEAK (J/min)

RATIO: LEAX OVER EXCHANGSE

ENTHALPY CHANGE .pPredicted. -1
(J/mo) Measured -1

PLOW RATE P-11 Pred. Mol.

(1/min) or Meas .
(mmol /mtn) cale.
coz ve1

L] .
. tala. Mei. 13

Ffreen Sat’'n Temp. (K)
freen Meter Temp. (K)

. Freen Return Tamp. (K)

Heat Exch. Ceor (J/min)
Ambient Alr Temp. (

L TESYT GAS - cO2

CONDITIONS POR TEST INTRRVAL

TEMPERATURE Lewar Injet.
(K) Qutiet

PRESSURSE . imvet -
imra) Ooutlet

Atmespher ic

HEAT EXCHANGE (J/min)

MEAT LEAK (J/min)

RATIO: LEAK OVER EXCHANGE

ENTHALPY CHANGE Predicted
{tJd/mo1) Measured -

FLOW RAYR F-11 Pred.
(1/mén) eor
{mmet/min)

e . 1

He.
Calc. Vel.

. Mo . 1t

. [

‘0.a92 o.083
‘800.3¥0° 4d1.828 s01.w2s
-11.843 -1 “11.887
-0.0281 -0 ~0.0288

2033.04- 120
1883.00- 11

e

$.58037 19.72882 16, n'toa.
08882 15.18q34 1d.18049%
0.413 .0.813087

0.%1322 o 287 0.9te7s
4.28182 34 .80371 24.374%4

294.28
.34
az
-0.28) .

288,78 ' 296.76  _288.78

284 .28

204 .28

[} 2 3

430.08 430.77 430.42
200 .28 309.22 308.20
0.732 22 5.728
0,418 18 . 408
0.083 ©.083 ©.083
287.834

=18,

-

78-12382.92 -

1
1882.20-11819.34-11803.238

3.18034 11.18338 12.32188
838 11_.33884

- 0.29843

cot.  Meas. Vel.

Calc. Mel. 12a
Froen Sat’n Temp. (K) 294 .48 2".0!
Freen Mater Temp. (K) 287.77

rr

inen. Cerr.
oent Air Temp.

)
v TESY GA

TEMPERATURE

NEAT lxcnlqon fd/
HEAT LEAK (J/mim)

RATIO: LEAK OVER axcuance

ENTHALPY CHANSE
(J/mol}

FLOW RATE  P-11
C1/min) er
tmme ¥ /nitn)

co2

freen lct'nvtolp.

Cerr.

AID’.ﬂt Alr Yomp.

n Return Tamp.

(%)
(J/min
(K)

L1 s - coa L T .
Cono1Tioms Fon TRSY YnTRAVAL v A .

. Cawer

outist
Jniat

utlet
Al..lph.rlc

win)

Pred.
‘Meas.
Rate.

2
s129 20 an1as !l s1388

)

Injet

.OI 11087. 14

e . Q.850173 o.s1818
2.1

ill l 4 a2

[ 30
(k) 4786 . 2
() %3 2
(J/min) ol - 14
aK) | 288.84>  2bs.ns &

11.87870 .

‘.,
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DATA FROm FiLE CO02.8

J
INTERYALS MARKED WITN = WERE MOST STASLE IR RUN

ave \ TEST Sas - €O2
CONDITIONS POR TEST INTEIRVAL
TEMPERATURE Lewar ilnlet
Sutlet
Inlet
Sutiet
Atmespheric

PRESSURE
("Pa)

HEAT ERCHNARGE (J/min)

HEAT LEAKX (J4/min)

RATIO: LEAK OVER EXCHANGE

ENTHALPY CHANGE Predicted
1J/meY)

FLOW RATE
{1 /min)

(XX
or

"e .
Mo .
veu.

Prea.
"e.

co2 vely ..

Mol .

ix)

(% 3]
)
{Jd/min)

Ambient Afir Temp. (K}

Presn Sat’'n Temp.
Freen Meter Tews.
Preen Return Temp.
Neet Exch. Cerr.

2 TESY GQAS -

Wuw A co2
‘CompITIONS FOR TEST

INTERVAL

TEMPRRATUR
(%) .

PRE ar
tupa)

Lewer
t

MEAT EXCNANGE (pW/®min}

HEAY LERAK (J/min)

RATIOC: LEAK OVER EXCHANGE

ENTHALPY CHANGE Predicted
(J/me ) Measured

FLOW RATE Feorvy
(v /min} eor w
(mmeY/min) -~

Pras.
Meas .
Cale

ey
e 1.
Yo

Meas .
Cave

oL e02 vel,
e »o 1.
freen Sat‘'n Temp.
Proen Meter Temp. (K}
Ffreen Return Temp. (K)
Neat Exen. Corr. (J/min)
AmDient Air Temp. (X)

(K

i

. RUN 3 TEST GAs -

ln|§{,‘

Atmespherioc

COND'ITIONS FOR TREST INTERVAL

TAMPERATURE

) Sutiet
Inlet
Outlet

{td/men)
(J/min)

LEAK OVER RNCHANGE
Predicted
Measured

RATIO:
ENTHALPY ChANSE
1d/me1 )

FLOW RATE F-11
(Y/min) er
(mmel/min)

Pres.

"o
Cave ..
Co2  Measy
Cave.
Any
mpter Temp .\ (K} - .~
Freen-  Retugh °Y g LK)
e, uon. Lorr. (J/a¥N) o
A.b!.nt.ndr_t.-,xwtll -

Frepn Sat’'n ?‘;..

’ . .
. -

Lower Intet

Atmosgher ic

. .
- & 7.

[ 2]
1 2
391.28 391.82
200. M 299.2328
3.838 3.83
3.3 3.
©.098 ©.0988
73.4801

12.822
0.17a7%
-4301.87
-8213.28

0.38108
18.07872 14.19018
““s98.28  295.2¢
207.42 29742
288 .7
c0.017
ree =Y

ae

1 2

.87
~4249 .98
-8232.07

2.688827

3.01403
0.0748a3

14.30%07

208 .21
207 14

-3487.81

1.72878
1.42802
0.0

0.2841Y
“11.02388
208.10
 aeT. TN
296.21 " 208,21
v ¥0.032  -0.03%
20839 C20W 37
- B A
;
B
"

E

.
1
4
- &
Wy
K
e
L
«
N
. ;.
,
\
-
\
- - -
P L,
- e . .
3 P
- “ - .
. PR |
-
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CATA FEBM FlLE MIX.
5
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HMOST STABLE IN RUN

115

INTERVALS MARKED WITH =3 wEnE
T omuw ‘TRST GAS - TEST .s .
COMDITIONS FOR TEST INTERVAL ' 2 3 . s
TEMPERATURE Lowar Inlet 284.73 28s.817 384 388 .09 388 .17 ) )
outiet 301.89 30: 03 301, 301.88 301.07 :
1ntet 7. 008 7.012 7.018 7.018 7.018
R outlet s.883 .. 868 s.870 $.573
Atmegpheric ‘0. 0803 ©.003 ©.0903 o.qq: .
% ’ : B .
MEATY RXCHANGE (J/mén). p- 112,837 113.736 14319349 113,738  114.408 . ,
JMEAS. ENTH. CHANGE “(J/me1) 3499 .39 -3IE33.4% -3848.1% -3848.20 -3887. P N
" .
FLOW RATE F-11 Meas Mol. 4.52788 4.8T107 4.B7197 4.87107 a.
(mmel/min) Cale vo ©.11819 ©.11831 .18 0.11831 o. -
Lo (V/min) R LR R
TEST Meas. Vo! 0.88818 ©0.35817 ©.a8234 ©.88233 0.88134
‘Cale. Ma) 32.18764 32.)18774 312.08122 32.08112 32.08122
Preen sat‘'n temp. (K) 204 .48 204 .48 284 .4 296 .48 284 .48
Presn Meter 7 (x) 297 83 287 287 297.
B Freaen Retuch p. IK) 204 .58 204 ‘208
Hest Exch. Cerr. (J/min) *° «0.043 -0.044 *0.0
Ambient Air Yewmp ix) 297 o0a 207 .04 297 .04 207 .04
L4 ¥ .
o .
RUN 2 TESY CAS - TEST " LX) LL
CONDITIONS POR TEST INMTERVAL [ 2 3 .
TEMPERATURE Lower 1nlet 372.83 372.78°  373.88 378 .11
| outlet 300.47 300.487 300.83 300.8
PRESSUAE inret 7.007 7.0%0 7.0%70 7.074 .
(MPal outlet ., 8.828 " s.833 s.8ds s.823
Atmegpheric 0.003 0.003 " 0.093 o.003  «f
. IXCHANGE (J/m¥n) 88.140 a7.084 39, s1.a3
AS . sBNTH. CHANGE (J/mol) ~3372.08 '-3231.37 -3268.78 *3283.7"
FLOW RATE P-11 Meas Mol. 3.84314 3.49905 1.816831 3.87842
(mmeol/min) Cale. vel. ° 14 ©0.08002 ©.08201 O0.09380
or (1/min) cemen LR R " s
TEST Meas. Vel. 0.71800 0.71800 ©.73087 ©0.73907
Cate. Mel. 28.83718 29.03706 27.82300 27.84387
Freen 3at'n onp . (K} 294 .48 204 1 } 294
Freen Meter Temp. (K) 207.23 2907.38 297
Freen Resturn Temp. (K) 284 .84 204 .84 204 .84
Nest Exoh. Corr. (J/mim) 0.028 -0.029 -0.028
Ampient Alr Temp. (K} 208.76¢ 290.78 298 .78
N B
a Yoo
RUN 3 TEST GAS - TESTY . .
CONDITIONS PAR TEST INTERVAL 1 2 3 4 .
TEMPERATURE Lower Inlet 419 13 a18.20 418.17 are .0y
Outlet 303.07 303 .08 303,09 303.2)
‘Inlet 7.029 7.029 7.032 7.038 . .
outiet s. 780 6.783 .. 778 $.778 e e g g e
Atmesphér ic o.001 0.083 0.083 0.003 e T
HEAT EXCHANGE (J/min) . 137.134° 133.477 135.67%  138:231 ) o
MEAS. ENTH. CMANGE (J/me)) -8080.82 -4928.87 -4 0as .83
FLOW RATE  F:Y1 Meas. . Mol. 8 81281 §.30864 €. €382 s.esefr v . T ..o 7o v -
... immei/min)  catc. vel. " O713028° 0. 1360 V. 1GSITT 0N L e o - b L v -
. . cer” (A /min) t o~ e - - P A RN e = - . . By
T L _T.TRST, meas. Ve, G.71842 ©,71828 0.73340 © 74190 -
R - - - . Kade. me), ' ‘28 “27.097320-27.83082 27.85088
ey I T N N ey o e e R P .
Freen S8t‘'n Temp." (K) - B94.A8 . 206 .48 284 a8 v A
. Preeon Mater Temp. (K) 297.30 207. 18 297 .07 ° - . s . . .
LR ) @ . . Preen Return Tems. (K) 2 [ 1] 284.88 294 :
, Heat Tkch. “Cerr- -(U/amin) . ., | 82 -0.08) «0.083 -
AmBient Alr Temp. (K} 288 .7% 28¢ . v¢" 29876 - o+ . 0w PR “ .. L.
- - - - .- . “
\
e e '




-

TEMPEAATURS
{x)

PRESSUNE
imra)

- TEST GAS - YEST.
CONDITIONS FOR TRET INTERVAL

Lewar Indlet

Outlet

Atmespheric

NEAT EXCHAKSE (J/min

MEAS. ENTH. CHANGE (J/mel)
FLOW RATE LEANRI Hoss. Mol
{mmsl/min) Calc. Veol.
or (1/min)
TASY vel.
Me .
Ffreen Sat‘n Temp. (K)
ter Tomp. (K)
n Return Temp. (K}
: weat Bxen. Cerr. (J/min)

AmDient Air Temp. (K)

TEMPERATYURE
L3 .

PRESSURE
{(mra)

[] TEST GAS - ;
CONDITIONS POR TRST INYSRVAL

TEST

Lower
Sutiet
Inltet
Sutimt

Inlet

L

Atmespher tc

NEAT EXCHANEGE
MEAS . ENTN.

(o/men)
CHANBS (J/mel)

PLOW RATE F-11
(mmot/min)
er (1/min)
TESY

Meas .
cale.

Mo .
vYel.

Maas .
Cale.

Ve,
e .

Preen Sat’'n Yemp.
Fresn Meter Tewp. {(K)
Freen Return Temp. (1 9)
Heat Exch. Lerr. (J/min)
Ambient Alr Temp. (K}

{K)

See
© 9.78437
29.83380

.;/
-

>

1

e21.83
303 .68
. 8
s.083
0.083

188.768
-8242.88

.
ase .73
302.80
7.001

s.713
c0.002

122. 134
~4114. .88

4.8100Y
o

2878

$.93884
0. 185088

389 .88
302.8%1
7.001
$.713
o.083

'122.134
4114 .84

4.83001
©.124878

399 .87
302.81
7.00%
s.713
_©.o83

122.800
8181, .81

4.02a471
©0.12814

0.78184

28.87837 20

82

LT o

299 .08
J02.8%"
7.001%
¢.710
©.083

123.331
~-4181 .80

4.98411
o.12888

398.88
302.81
7.001
s.708
0.083

121.709
-4102.22

‘a.89831
©.12438

0. 70438

- 290°. 98368

e G

116



e~

DATA PROM PILE MIX. 2L
INTERVALS WMARKED WITH »s WERE MOST SYABLE 1N RUN
’
RUN t TRST CAS - TEST L . s
CONDITIONS FOR TEST INTERVAL 1 2 ! 3 L] s
TEMPERATURE Lower Inlet 417.87 418.03 418.802 420.27 a21.73
Jutiet 302 1 302.87 302.87 303.18
PRESSURE Infet .8 1 s s 7.002 T.008
(MPa) Sutilat s.743 LT .77 s.781
Atmegpheric ©.0913 ©.0013 o.083 0.0013
NEAT EXNCHANGE (J/min) 130.988 134.000 137.138 1480 1(7 148 .362
MEAS. ENTH. CHANGE (J/mel) -4835.77 -6038.10 -8084.80 -4088.47 -8188 .42
FLOW RATR F-11 Meas. Metl. $.26778 $.38142 5.S1500 S.83878 §.38808
(mmel/min) Calo. vel. ©.13308 ©.13817 ©0.130317 0©0.16284 ©.18871%
or (V/min) R R -
TEST Meos. Vo). °.8 ° 1 ©0.70880 ©.73907 0©.74t190
Calc. Mel. 2I5.83788 160.850872 28.87138 28.21848 23.
Ffreen Sat’'n Temp. (K) 70
{(x) 33
Freon Return Temp. (K) ]
Heat Exch. Cerr. (J/min) 0.012 0.012
Ambient Air Temp (K) 295 .09 208 .08
RUN 2 TESY GAS - TEST =e se
CONDITIONS FOR TEST INTERVAL 1 2 3 4
TEMPERATURE Lover ‘IfrVet 432 .47 432.87 B
(K} Outlet 308 .73
rRESSURE Inlet
(MPa) Dutlet .
‘Atmespher ic 0.093 o.003 ©.083
NEAY EXCHANGE (J/min) 174 .038 177.113 174.038 177.113
MEAS. ENTH. CHANGE (J/med) -5180.81 -8201.00 -B111.88 -S188.82
FLOW RATE F-11 Mess. Mel.  €.88807 7.12274 §.90807 7.12274
(mmo1/min) Calc. Vol. [ 2 0.17 0.17832 o0.172s8
ar (VY/min) - .-
TRST Meas. Yol. 0.883 o.8818 0.80108 0.80481
. Lalc. Mel. 33.72290 34.04710 14.04720 34.18823
Preen Sat‘'n Temp. (K)
Fraen Meter Temp. (K)
‘Freen Return Yewmp. (K}
Heat Exch. Corr. (J/min) 0.00® 0.008 ©0.009
Ambiant Air Temp. (K) 298 .08 298 .09 208.09 208 .00
RUN .3 . TEST GAS - TRST AU o7 ;./
7 EONOTTIONS FOR: TRST TUTERVAL © ° 1. . 2 - -
© L TumpeRATURE Lewér Inlét- - 4Z6.38  e28.02 -
ix) . Gutiet 304 .83 304 .87 . . .
PRESSURE.. . . - . Inlet .. 7.08¢ - T.020 °° - !
Mra) . Qutilet s.718 $. 718 B} .
Atmeaspher ic - 0.003 0.093
~ 3 . v O - . . . - o =™ - . M
HEAT EXCHANGR (J/min). LIRS, S48 1AS. %88 187.123 - v T :
- muhsi Nt THANGE (JTme1i -.551...1 ’-s049 .27 ~8183.41
R - - - . L [ . . - ‘ LA
FLOW RATR F-11 Meas. Mel. 828708 §.28708°
(mmol/min) Calc. ¥el.  '0.18804 0.¥8304 . '
ar (3/min) . ) o Mmsrsesseccsmaneccen
TREY ) .YV, ~0.30703 0.80703 . .
[ D e e e Mel. - 30.81332-30.841332 3
* freen Sat‘n Temp.. (X) 284.70 .294.70
Freen Meter Temp. (K) C208°. 31
Preen Return Temp. (K)
Heat Exch. Cerr. (J/min} [
Ambient Alr Temp. (K} 208 .08
L P ~ - B - w 8w ¢ o - L LI
" . ) EH . . . - . <& am o B
o e e e em e A ke X .o e e
’ ’ -
[

s.708
0.083

146 .382
-81

S.88008
o.18871

0.74332

31887 28.37200

284 .84
0.038
208 .09
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‘PLOW RATE F-11. M

RUN L] TESY GAS - TESY
CONDITIONS FOR TEST INTEAVAL 1 2
TEAMPERATURE . Ltewer Inlet 418.32 418 .87
: K Qutlet 302.93 302.99
PRESSURE Intet 7.002 7.002
(MPa )y . Qutlet 6. ¥82 8$.783
Atmespher ic 0.002 0.0013
NEAT EXCHANGE (J/min) . . 134.083 137.138
MEAS . RNTH, CHANEBE (J/me)) ~4937.10 -8030.38
PLOW RATR F-1t Meas. Mol 8.39142 $.51808
{mmo 1 /min)} Calc. Vel ©0.138623 0©.13838

or (1/wmin)
TEST Meass.

freen Sat’'n Temp. (K)
Freen Mater Temp. (K)
freon Raturn Temp. (X)

ceceeccsarvcsacsanesn

vYet. 0.71217 o0.71800
Mol . 27.18424 27.28228

MHeat Exmch. Cerr. (J/min) ©.030 0.031%

AmDient Air Yemp. (K)

[ UT I ] TEST GAS - TEST L4

COMDITIONS FPOR TEST INTERVAL 1 2

TEMPERATURE Lewer Intet 408.98 407.02
(K) . outlet 301.83 301.84

PRESSURE Intet 7.038 7.038
(mpa) " outlet s.883 s.883

Atmespher ic

HEAY EXCHARGE. (J/min)

©.081 ©.093

3 - 418,818 117:183

MEAS. ENTH. CHANGE (JU/me)) _ ~35038.7¢ -8117.03

{mmol/min) CQlc:
or (Y/min)
TEST Meas.

Moi. A.sasez 4.71128
vol. ©£.11783 o.11%00

vol. 0238 0.80098

Calc. Mol 23.94822 22.80072
Preen Bat'n Temp. (K)- 204.07
Freen Mater Temp. (K} 297.11
Preen Returnm Temp. (K) o 2854 .04
Heat Exanh. Cerr. (J/min) 0.0t ©.020

Ambient Alr YTemp. (K)

298.84 2198 .94

3
€17.42
303.08

s.o08

8.781
o0.083

137.138
-8020.42

$.51808
©.13938

o.71841
27.31809

204 .08
296.84
284 .68
0.018
288 .37

407. 11
301.88
7.038
6.8
©.0903

117,183
-8111.28

‘a. 71128
o.11808

©.80173
22.82084

204 .07
. 28T.00
204.84

0.020
298 .84

417.48
303.08
S.088
s.781
0.093

. 180.213

-8112.78

5.63878
0.14248

0.71928
27.42a21

s
4

407.18
301.%8
7.038
8.882
0.0013

T18.818
<8044 .14

a.84082
0.11783

©.60173
22.92078

294 .07
297.08
294.83
.0
208 .84
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B
Appendix 7 - Etror Analysis

The preciston of the results and the calculated heat leaks are

estimated usfhg the accuéacies of the quantities which enter into these

calcﬁiations. A summary of the primary equations involved in this

»

estimation follows:

-~

dlah, ) = da, = d(-Aem /) . (A7.2)
d(ah ) = (-m_/m)dA_ - (Ar/;..f)d;;r + (xiir/ﬁpd:;é - - (4.1)
d(AhF:r'e s dﬁo‘;t - dn,_ R , w3
dh = (J+£P)dT + (k+ET)dP : (A7.4)

(f,3, and k are well ‘defined in terms of the]
[tabular values used in the interpolation ]

The differential quantities in the equations ab;ve Are
approxima;;d by small valuéé representing the uncertainties in the
ﬁorrespbnding variables. It should be noted that the.uncertainfieé'
are "plus or minus";and use must be made pf the éase which gives the
alaréer (1.e., mor; conservatiiei estimate of the unqe;tainty'of the

quantity .of interest. Calculation of these uncertainties for several

cases is presented below.

¢



- A, Determination of the uncertainty in the experimental.value

of enthalpy change - d(Ahmeas) o e R

,,,,,,

“fExamine eduation'(k l) term ‘by terﬁ, o

L xr-x _-

A P RN | 7t - A e
= RdP - wher‘e'-K‘i —-"—ﬁ——’i - 15180 Jlmol-MPa
.o..- sat - -p+ -P ] -.
e for ambient EOnﬁitibns .g,;."_; a.f";'“

Since dP__ - = 6.7 x 10 -6 MPa (0.05 tprr) ,

dA - tQ.llJ/mol'

. X . . X . T e -
4 L . . : . '

_ This interpolation is at leaet as: accurate as linear
interpolation of X  with-the reciprocal~of saturation

' pressure in’'the riaFrow range of ambient conditions.
An approximate value for A ‘is 24850 J/mol. -

. .2/ dm 1is equal to d(a+bV) = bdV nr to the maximum cortelation
error, whichever is larger dV = 0,01 volt.

For flow meter A, b = 0.2019 g-min 1'vo.l.t -1 ,

Thus, bdV = +0,002 g/min, but the maximum correlation
error in the range used is about *0. 025 g/min,
Hence, for flow meter A,

dmr = +0,025 g/min f'tl.Slx_lO—amol/miﬁ

" FPor flow meter B, b = 1,6988 g-m:{.n*e’l'volt:-1
Thus, bdV = $0.017 g/min, but the maximum correlation
error is about #0.1 g/min in the range used.
Hence, for flow meter B,

dm - %0, 1 g/min = £7.3 a{lO< mol/min

3/ drﬁf = d(PAV/sRTt)

o Pd(AV) + AvdP - PAVd'l‘/T - PAth/t
) ) zoRoT t o . e

d(aV) = 20,001 £e7 - 2.8 x 107°m° AV = 5.5 x 10”33
-6,

4B = 36.7 x 10702 P = 0.0933MPa
0 dT = 202508 = 2014 K BRRRRE 5T L X SRRt
et ’,"7' " ‘él‘t"‘-a 4-0.014:1111,. ‘ "t /= 1020 min +.
LTI SRy ;o 314 & xo..w/ IQK” ’ 2= 0,898 .
R W R 'I,‘hus,- dmf - {1' "J i‘lo mol/ﬁi:n—»» L



- o S an

Having the above uncertainty estimates, d(Ah ) can be J
calculated from equation (4 1) for a number of casea" 'f,

S

/a)' ,;% = 10 mmol/min_; ﬁr‘é 1 mmol/min (using N, and flow meter ‘A) .-

."

d(lh, ) = 482 I/mol o L

mea s

. 55,:,5£;9'357ﬁﬁ61/m1n“g'&£ =5 mmol/min't(usinngz and flow meter A)

Cd(Bh ) = 142 J/m6l

~e)w~-nf;—i10-mm01/min H &r.- llmnolYmin (using Coé and meter 'A)

= +
d( meas): 3482, J/mol
T TR E 35 ntnolfmn W zo nnnol/min (using' co2 and. meter B)
ST -"'d(Ah ' ) - +575 J/mol ;;;;~, S s e e T

Jt is clear that the use of higher process fluid flow rates results.
in IOWer uncertaihties of the measured enthalpy- changes. Case d) .
‘shows ‘that this is negated by ‘the use of " flow meter- B, made necessary
by the higher flow raﬁes of the reference fluid. . Flow meter B has

a higher range but also a higher correlation uncertainty.

B. Determination of the uncertainty in the predicted value

pred) :

of enthalpy change - d(th . .
Examine equations (A7.3) and (A7.4) term by term after deriving

equation (A7.4).  This equation arises as a result of a two —

" dimensional linear interpolaticn as follows:

" th+ -ns hPJ' o. - - . - .
) hT— P - .(P -~ P ) + - - -‘. a(P - P ) +b
R I S S o h?‘.'Tq -
hpt = by~ N |
hyt o = e(P-P)+h- + =c(P-P)+4d
v Lt _T+ Rk \
, . - L el . . - .
"?4 (T o T _)}'4_ hT_, ‘ [a b c,d, and e are. for]
E SO I M N ) I :‘ . convenience only B B
N (- P—P + (d- ST LT e
o 1 Lc a.)(' gl,-,_id‘b)]( T) +a(P-P )+b
; Sl SR j; ST e L :‘ ' “cﬁki
R SRR bt AL AN DB e Ul L
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'fContinuing from the previous page, two more convenience terms

may be defined: - . . - .
c-a . d-b ' » T
Let £ = = end, ==+ ' _ - .

The enthalpy at gome. condition may then be expresaed.
h,r ™ (f(P—P ) + g)(T—T ) # a(P-P ) + b '

«fUpon rearrangement, R S .' .
th" (g-fP )T+(a—fT)P+fPT+(fPT -gT -aP + b)

'With,another three convenience terms defined°

R R S D R (27T - gT” - aP” +b)
the predicted value of enthalpy is written . ',"f"?’ T te
hT,P - JT + kP + fPT +1 - o ; i". : s
'”‘?ahd the derivative“may-be~taken* »»}-' U
o = (e + (k+fT)dP - (A7 z.)

;Applying this to both inlet and’ outlet conditions ‘as givéh in‘”
Lequation (A7. 3),

d(ﬁhpred) -,dhcmt - dhin ' (A7,3)-

- [(J+fp)out—'(j+fP)in]dT,+ [(k+fT}but -‘(k+f¥)in]dp_,_

’
i e, . Soe

Thus dfﬁhpred) is expzegsed ae a function of the measurement

uncertainties dT and dP. Seye;al cases e:eipow examined.

Case 1. Nitrogen Inlet : Tin-i40l;56 K §F'i - 9 739 MPa
Outlet : T, = 301.80.K ; P, = 9.494 MPa
[ Now ($+£P) = g + £(P-P7) = S2(p_p") + -—eﬁ
e . and (k+fT) = a + £(T-T ) = ~°—:‘-(':-fr‘) + a
- g - hp-] ,
where a = _ | + bmhe ~ - .
=v +A‘P— =T- * hP uT ? o .
+ - - . . . A
B S P
= - LP = P _T
B rhe calculations for case 1 follow' e
g SRR R A e e r
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Inlet . . - CC T
L 22125 = 2735 _ . J/mol : S

L4283 4289 L Ffmol oo
R I T2 5ga 54 TR0 Bmal e

vff//ﬁi- 450 = 400 = 50 Koo o D

Thus,‘(j-i-fP)i - 31 1 J/mol'K and (k+fT) ;- -19 8 -é%—— ;,

Z‘\

L luenqg*,dgAppr;;iT-ﬁgxg;,1+3z.5)ar;x c19T&+4su4>dy:v~f ";*7_f‘”

Since dT = #0.1 K and " dP —,:9‘91'Mra’

and e= 350 = 300 = 50 L “w;;fgz.;,—{dr.‘

55~ 0 SE b= 2735 d/mol. - v o .t

-

Out:let _ .. Cos BRI
- o471 - (-448) _ J/mol Lo
a = R v el b.,“—448 J/mol
.. 1156 - 1171 J/mol ) o 14F1 - T /e
L c —'—6——5—-—- =30 ——— WPa > d- .jl.l7l J/mol

RPN AR

?

(d+fP) = 32,5 J/mol-K ‘and (k+fT) -45. 4 Jéggl

- £63.6 dT  §5.2 dP

”(séeprp. 2) -,

o d(bh_ d) = £7.0 J/mol for this case.
Chsé-z, Nitrogen Inlet : Il -‘389;57 K ; P1 - 61975 MPa
s ' Outlet : T2 = 300.51 K ; P2 - 6.696 MPa
Following the method of Case 1, : T
S - . few - J/mol :
‘ .v ;Qy+fP) :31 OAJ(?ol K 3 (gff?)i 26 5 == MP& s
".:.:..4.» . . B g__/%
e ,Fj.FP) 31.6 J/mol K‘ %??fﬂgfﬁ?)ou 51 8 T
Thus. d(Ah D) = :62 (3 dT

Thus

pred

'“Nitrogen ~Inlet : T -.371 81 K - "‘-f3;524 MPa
" outler s-~2-- 298.54 K 5 P, = 3.199 MPa
Similar to the above,

(J*fP) = 30.1 J/mol X ; (k+fT) - -33.9 J/mol .

“MPa
(j+fP)° = 31.0 J/mol'K.; and (k+fT) = -58.8 -1535
s d(Ahpred) _61 1 dTH;_QZ 7 dP - +7 O J/mol.
\‘ ‘ ) '.-.

78.3 dp ;?:7.0.J/m01, ﬂff"”' T



The following cases are for C02:" ’
Case 4. Inlet : T = 458.40 K ;P = 9,759 Mpa I
. o . - ‘-“ o w w e Ouclet : rf'z 314 631{;?2'9-4037‘@:@ s ; -
R A « .
© ’ Similar to the above, L S -
) [ . J/mol. 3
A3HER) 52 6 J/mol-K 3 (k+fI)fh - -177 &' ;
. e "fj%fp) R J/mol'K and (kﬁf@j 1144 Jégzl o
’ Thua, d(Ah d) - i4ll 6 dT 1321.6 dP = 454.8 J/mol )
e g“__cgse.s; Inlet : T, (= 374, 92 Kﬁ Pi - 5.102 P8 .
" : | Outleti;;Iéﬁf“ZQB 19 k i' P, = 57008 MPa-
- - - - -~ ‘-'V .-’AS‘. above’ 1. ) ’<
. . (R = 49.6 J/moloK ; (k+fT) - -301.2 Jégzl ;
- (4+£P)_ "= 93.0 J/mol+K '~and“(k¥friw ‘= 21043 Jéggl
Thus, d(Ah__ ) 2'+142 6 dT * 1344 4 = £27.7 3/mol.
pred ‘
Case 6. "vInlet : T' - 398.56 K ; P, = 3,499 MPa
Outlet : T, = 300.20 K ; B, = 3.118 Mpa |
As above, . .
g ) i I /mol
(J+f?)i 45.9 J/mol+K.; (k+fT) —24;.3 Wa 0
(R oo 504 *I7moleK ; and (k+fT) '- -570.6 Z[mOL "~
. “"ou . MPa
Thns,vd(An req) = 96.3 dT : 812.9.dP = +17.8 J/mol. o
:W Summarizing the above, it appear:?fhat the uncertainty in ‘the prediction
s of the enthalpy'changes is relatively constant for the cases using Nz, .
“but for COZ’ the uncertainty: increases with pressure of the run, "~
The appropriateness of the use of (two-dimensional) linear 1nterpolation
-'; - .cah be judged by comparing Yj+fP) with C and (k+fT) with ¢ for a

number of conditiona T and P

Nitrogen :

,ConditiOns |

‘Some comparisons are -given below.

,‘.¢

(3+£P) c, (k+HET)
.[J[mol-Kllln 'fJ/moloMPa]
. Case 1: falet ' 31.1  31.3  -10.8 -19.7
Case 2: Outlet 31,6 32,1 - '-5i.8 -51.8
Case 3: Inlet - 30.1 ~i30.2 - -33.9- - -33.3
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(i; For. carbon dioxide, thq(I ;\ixé C.. tablea _(Angus et al., 1973)
glve only thesvaluea cf Cp and cbjpariaona are made below.

- a o ~ R . - . P . 3
'. ' v».l ‘.”14 -~ w,_.'."

- - -

wo= v . L o .
Carbont ,,:_0_ anditions . (J+£PY . C_{from tables by
[J/mol K] interpolation)

' Case 4: Inlet 52,6 52,3 -
- Case 6: inlét 4 95.9 o 65.? : ' SR

T ’ wn ; T P S T I
L e ee e e T T a8 e T E b . s R S
PR _—'.,... .o e e - .

It appears tnat linear interpolation is generally accurate for -
both Nz -and - 002 in the regiona ‘of use, Thia was also %ested by
comparing the result of a cubic spline fit with the results of

linear interpolationm. Differencea were negligible.//fh

C. Determination of the uncertainty in the calculated valuea

of the heat leak term - dqleak

*Use equation (A7.1) and examine several cises. o
S duleak @ fed R );;"%“"' (ARTT) - - TN

_meas
+490 J/mol
3150 J/mol

For VQ.,lowrflow rhte : dqleak

= 37 + 483
" ” high ”" . ” 11} ;

$7 142 =
For' €0, low flow~rat”eﬁ_:'. B SPASORCRE S gl Y N +510 Tl

- " ,j'.' high Lamlem f',?;:;s's_ £ 575 1;630 J/dR . T 7

L.

»

It ahould be noted that two different’ F-ll flow meters areb

.....

ueed for the two CO2 cases»gtven above. This, unfortunately,

-

i obscurea the trend seen in’the: N ¢ases. shcwing that the N

uncertainty in thia calculation decreaaes as proceas fluid
flow rate increasea.

. % » . v | . ' N B . | ' ., .

Cow

y . i i B



