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~~'he t hermal conductivity of CO 2 has been m.easured in a coaxia l cyl inder cell as a 
fu nctIO n of pressure over a range of t emperatures from 3.66 to 75.26 °C. P ar Licular 
attention was given to t he measurement s from 1 to 9 deg C above t he cri tical t emperature 
at pressures closely spaced to i nclude t he crit ical density. 

The t hermal co ndu ctivity of CO2(0) near t he cri tical point is ver y la rge compared to one 
a t mosphere \:a~ Lles around room t~mperature . At 1 deg C above t he cri t ical point t he t her 
mal cond uctl.vlty r ea?hes a maXUllum at t he critical density. This maximum is greater 
than t~e maxun a at hIgher t emperatures . At 75 .26 °C, 44 deg C above t be cri tical tempera
t ure ',h ttle unusual increase at t he crit ical densi ty was observed . ' 

Th e ratc of heat t r anspor t by convection in the cri t ical region is also very la rge. This 
problem was st ud wd carefull y in order t hat t he t emperature differences usee! were res t ri cted 
to t he region of laminar fl ow, and t ha t appropriate extrapolation p rocedures wcre u sed to 
find the ra te of heat t ransfer by t her mal conduction alone . 

~~so, at d ensit ies and temperatures away f ro m t he cri tical region , new t hermal con
ductlVl t ? va lu es \I'ere obtained . 

1. Introduction 

D es piLe a CO il ven iell tly access i ble erit ie,Ll telll per a
lu re 01 a bout 3 l. 045 °C a nd a moderate cr itical 
pressure o~ a bout 72.85 a,t m, t he transpor t p henom ena 
ll1 t he CrItlCal regIOn of carbon dioxide have received 
li t tle attention. The viscosity or carbo n dioxide has 
been mcas ,:!-red by t he oscill n,t ing d isk m ethod [1]2 
ill~d by capllla~y flow [2]. T he therm al conducLivity 
o[ carbon cl IO :,oc1 e has been m C<lsured "in t he eriLical 
l'egi o ~l , " [3] bu t i n the r ange of cl ensity, 0. 3S< p< 0.60 
gjcm , no measuren.l en ts . ha.ve been r eporLed. 
~,:!-r the r m.ore, o t her lIl vestlg,t t lO ll s have si lllil m'ly 
lall ed to . l~l cllldc t he density ril.ll ge withi n 0 .] g /cm3 

of t he cntlCal [4] or ha ve been ftt too h igb <L Lemper a
tur~ to demo nstl:ate any character istic behavior [S]. 
T hl.s pa,per deSC~l?eS a ther mal conductivity in vesti
gatlOn , empbasJZlllg the r egion 32 < £< 40 °C and 
O.4< p< O.SS g/cm3 but inclucl ino' a wid er l"1WO'e of 
ho th tempera tur e and density. '" '" 

2. Experimental Description 

Th ermal condu ctivit ies of CO2 were deter mined as 
fUll ct ions of its pressure, averaO'e O"as temperature 
and temper ature difference. F~'no~vin o' t he desiO' n 
and consiclemtio ns given in P aper I [6], a coaxt'tl 
cylinder cell of 99. 9 percent p ure sil ver had a cell 
cons t}1.n t Ct= Cn cp (t), where Cn = 1.2073 X 103 Clll ,tt 
23°C and the r elaLive ther llh1.1 expa nsion of silver is 
cp (t) = [1 + 0. 1862 X J 0- 4(t - 23°) + 7.4 X 1O -9 (t - 2:3 0)2] 

I Th is work was performed at the "Iassachusetts Institute of T ccbnology and 
sponsored by P roject SQU [D , which is su pported by the Office of Naval 
Research , Departm ent of the KUI'y , under cont ract Nonr 1858(25) N R-098-038. 
Reprod uct Ion in full or in part is permit ted for any use of the United States 
Government. 

, F igurcs in brackets ind icate the li terature references at the end of this paper. 
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wi th t in °C. The cell a nd surround ing s tainles 
teel co ntainer were m aintain ed at a Lemper ature 

cons Lant to ± 0.001 deg C in ft n oil b,t t h o f t he 
Beat tie-Collins type [7], regula Led by a propor t ionat
ing t hymtron circuit [8]. The tempem ture wa 
obtained on t he international scale us ing a platinum 
resistance thermo ill eter ,1.nd :M ueller brid ge, bolh 
car efully calibrated. 

I n OI"c1 er to m a ke t hem sLa ble, t be C hl'om el-P 
Alu mel t her mocouples used to m easure Lh e tempera
Lure difference were anll eal ed in a n atmosph ere of 
('O~ for 20S hl' H,t SOO °C. As flo fur ther pro LecLion 
from par as itic emfs rrolll s train , non-u nil'or mi t:" of 
composit ion lW ei non-uni fonn temper a t ure at t be 
jun ctio n with copper o utside t he sys tem, t he t hermo
co uple wires were welded to gold a nd t he j Ull ction 
temperecl- b mught in to good therm al con tacL- at 
a "lftv a block " below t be to p of t he constan t temper a
ture bat h. (See flg. 1.) The leads of one referell ce 
junction, main tain ed at 0 °C in a n ice bath, wer e 
bro ught into the cell-con tain er. Gold leads wer e 
welded to t he r eference ther mocou ple leads 11.1so , a nd 
t he gold-thermocouple junct ions wer e temp ered in 
the sam e tempering block as t he other gold-thermo
couple junctions. A fter em erging I'ro m t he cell, t he 
contact between. each gold lead a nd i ts cop per lead 
was m ade in thermal con tact with a hrge cop per 
block which was well insulated thermally . T he leads 
or each t hermocouple jun ction, by extensio n with a 
gold and then a copper in term ediary , were wired 
in to a set of switches, in such a way that nll pair 
com binations were possible. 

As part of the lead tempering, it was necessary to 
provide a portion of the gold th ennocouple lead 
wires with a constan t temperature environm ent. 
The use of som e device such as t he " hea ter " s ho wn 
in figure 1 was necessary , p articularly if t he gas was 
ft t high enough pressure to be liquefted in the gas lead 
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FIG u R E 1. H catcl' and lava block tcmpel'in(! station for lhenna
cou ple leads . 

n bove th e cell. This hea ter was con t rolled so as to 
produce a constan t temperature excess tJ. t ftbove the 
bath temperature. ,Vi th CO2 at 75 DC batll tempera
t ure it WRS found necessary to use different tJ.t values , 
depending upon the pressure, but it proved true that 
the minimum value which made the thermocouple 
voltao'es steady O'ave co nstant calibmtion results. 

El:ctromoti~TeO forces of the thermocouples were 
determin ed by poten t.iometric measuremen t , on a n 
instrument with dials reading directly to single 
microvolts. The range was extended to lmndredths 
of microvolts by g~lvftnometer deflections. ?,he 
sensitivity for the tempern ture difference readlllgs 
was 3l.4 mm/!-'v with ft reading error of 0.1 mm. 
The potentiometer was caJibrated both a bsolutely 
ftnd for proportionality in 1947, fourteen years after 
its construction, a nd was recitlibrated for proportion
ality during t he course of the measurements. The 
power was also determined by potentiometric 
measurements with voltage divider networks, where 
all compon ents had been carefully calibrated. 

Carbon dioxide, available as liquid in tanks at 
99 .5 percent3 purity, was fn'st passed, in t he gaseous 
phase, through a magnesium perchlorate drying tube 
a nd then frozen at liquid nitrogen tempera tures. 
After vacuum pumping for seveml hours, the residual 
pressure WftS r educed to 0.3 percen t of its original 
vftlue, th en indicating r esidual contamination of the 

3 Pure Carhonic Co. sta tes the impurities of the gAs' uscd as 0.342% N " 0.086% 
0" an d 0.072% 11,0. 

O2 Rnd :0:"2 impurity of < 0.001 percent. The CO2 

pressures were measured on a dead-weight piston 
gage, calibrated RgRinst t he vapor pressure of CO2 

at 0 DC [9], with calibrated weights. 
Pressures were con trolled b~- a special r egulator 

syst em to about 1 part in 100,000. 

3. Measurements 

To permit the specification of density near the 
cri t ical densit.'- as accuratel~' as possible, t he pres
sures for conductivity m easurem ents were select ed 
at average gas temperaturps of 32.054 ,34.721 , 40.089, 
and 75 .260 DC, because t hese are the temperatures 
of the p VT isotherms of :,ifichels and Michels [10], 
and Mich els, Blaiss(~ , and "\i[ich els [11]. From th ese 
p VT data and the determ inations of W entorC [12], 
the value of p= 0.474 g/cm3 was assum ed Jor the 
cri t ical dcnsit.'~ . At lower pressures and also in the 
liquid state, the values of density were derived from 
equation s of st ate. Other condu ctivity m easure
ments covering a large densit.'T r ange were made at 
about 3.7, 26 , 31, and 36 DC. 

To permit extrapolation of the apparen t condu c
tivit y to that at zero tf'mperature difference, two 
sets of t riplicatf' m easurem ent s of t he top and middle 
emitter-receiver difference t hermocouples were m ade 
a t three different tJ.t 's in the ratio 0 f ]: 2: 4 with con
stant average gas temperature . When. ?onditions 
permitted, a m axim Lim t emperat lire dIfference of 
about 5 deg- C was considered optimal. In som e 
cases near the criti cal pOlnt , however , the danger of 
turbulent fiow made it desirable that th e maxim um 
temperature difference b e onl.v 0.025 deg C. 

vVhen experilnental condition s made it uncertain 
whether turbulen t co nvection existed , exploratory 
measurements were made to locate a possible transi
tion from laminar LO turbulent flow . If it was found , 
the det erminations for extrapolations were made for 
tem perature differen ces less than t hat which pro
duced G\ll"blllence. 

The blank was lll easured at two t emperatures at 
the beginn ing 0 I' the invest igilJioll. The stability 
and reproducibilit.'- of the blank was shown b~- re
peating the m easurements toward the end of th e 
work. 

With no power input in th e cell , there should b e no 
difference in temperature between the emitter and 
receiver , but appreciable difference t herm oc.ouple 
emf's were st ill found to exist. In general , withm the 
r ange of 0 to 75 DC, these " residual" or "para~iti c" 
voltages were less than ± lllv and they were Jau'ly 
stable. They might have been due to heat flows 
to the cell , 01' to strain and variation of composition 
of leRds in the temperat ure gradient between the 
cell and room temperature. In a.ny case the parasitic 
emf's amounted to a "zero calibration" and t hey 
were deductea ]'rom th e m easurerl1ents when the 
emittrr was heated. Th e importance of this proee
dure was emphasized for measurem ents near the 
critical point , where som e of th e net emf 's for t0e 
t emperature differen ce w ere less than the parasltlC 
emf. 
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4. Results 

4.1. Treatment of Data 

The principal data obtained for a det (,1'I11illation 
of the apparent conductivity were 

(1) The em f across th{' voltage div ider 01' the 
emitter heater , Vern. 

(2) The emf across the volt age (lividcr of the 
standard resistor, Vs td . 

(~) The emf of the emitter-receiver difference 
thermocouples, f:J. Vdt . 

(4) The em I' of the emitter-Jl eat guard difference 
thermoco uple. 

(5) The emf o( the receiver-icc thermocouple. 
(6) The weights for t he dea,dweight gage meas ure

Jllent of pressure. 
(7) The platinum thennonleter resistance (or the 

bath temperature. 
Items (5) nnd (6), togetller with caLibratio ns, 

allowed a specification of the prrssure and tempera
t ure o[ t he gas . ltem s (4) and (7) permitted mainte
nance of required experimental conditioll s. TIlC 
apparent thermal conductivit,\- obtaine~ from a seL 

of measurements is defined as !<' :lPJ)= ('~t' Xow q, 
the power, is tit l' product of the emf's or the emitter 
and standard resist.or times ft llumber representing 
the calibrat ed factors 1'01' t he voltage dividers, 
divided bv t he resist allce of the s1 an dard resistor. 
The temperature difference, f:J.t , is obtained from the 
emf's of the emitter-receiver diR'eren ce thermo
couples , f:J. Vdt , divided by the calibrat ed value of 
dE/dt for Chrom el-P Alumel a,t the a \' erage telll
peratme. Til us 

This rcq uires 

D~3 
0.23885X 

('n R w i 

(1) 

1.:321 96 

X lO - 11 J. T. cHl cm- 1 sec- 1 (J.iV) -2 

where X is the appropriate factor for t ile yoltage 
dividers. The results in this paper are expressed 
with hea t units in LT. calories, based on the con ver
sion 1 absolute joule= 0.23885 LT. calories. At 
co nstant average gas temperature, dE/dl and cp (0 
are constant. The only variables of eq (1) for an 
iso therm, therefore, are the emf measuremellts . 
The computations arc greatly reduced by processing 
the emf product to obtain the value extrapolated to 
zel'O difference thermoco uple emf. If we pu t 

F em\lstd 

\fr f:J.1'At ' 

lhe coordinates of the extrapolations arc \fr versus 
Ll{ 7At. Correc tions were m ade to \fr for small devia
tions from the steady state . The heat flow between 
emit ter and heat guard, if tile temperature difrerence 

\\-as not zero, was determin ed as a functioll of the 
condu ctivity ancl correction s applied. A linear 
change in the rate that power was supplied to the 
emitter required a correction to represent a steady 
state measuremen t. It wa obtained from K corr = 

!{aDP+ 27f:v, where ex is the relaLive rate of change 

of the heating current , Cp is the heat capaci ty of the 
emitter and C, is the cell constan t. Usually these 
corrections were insignificant and for no measure
men ts did the total conection exceed 0.2 percen t. 
When \fr is extrapolated to zero f:J. V"" to give \fro , 

the corresponding K app is (Kapp)o. Conectio ns fo1' 
the assymetric temperature distribu tion, j(K app )o, 
the perturbation of heat How by the pins, - 7 X 10-< 
(K aPl»)0, and the temperature gradient in the emitter 
and receiver, 10 . 70 (KaPl} )~' were made as "'2:.8K= 
(f- 7 X IO- 4 ) (KapJ))0 + 10 . 70 (Kapp)~. Finally, the 
blank was deducted to arr ive a t the condu ctivity 
of t he gas, K = (K app)0-blank + "'2:.8K. 

4.2. Calibrations of a Reference Thermocouple, 
Extrapolations of \fr Versus Ll V A, and Calculation 
of K 

The reference t hermoco uple was installed so i t 
co uld be calibrated against a platinum r esistance 
tbermometer in the bath. Values of the emf versus 
t were obtained by r epeated measurements at 5 deg 
temperature in tervals. Th e curve of dE/dl versus 
t for Chl'omel-P Alumcl (fig. 2) was obtained by 
numerical differen tia tion . Small adjustmen Ls, Up to 
one part in 2,000, were made and compensated fo!' 

43 . 2 

42 . 8 

42 .4 

" ......... 42 .0 
UJ 

" 

41 . 6 

41 . 2 

40.8 L-__ --' ___ --'-___ ...J.... ___ -'-__ ---' 

-20 

FIGU RE 2. 

o 20 4 0 60 8 0 
TEMP ERAT URE .oc 

dEjdt (!l\' jdeg C) for Chromel-P Alu mel thermo
couples fr om 0 to 75 ° C. 
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in the adjoining values. The in tegra ted valu es for 
E checked t he calibration values of 745 .3, 1691.15, 
and 3202.6 }.Lv wi thin 0.1 }.LV a t 18, 40 , and 75 °C, 
and within 0.2 }LV of 2208.2 }.LV at 52 °C. 

Sample da ta and th e calculated 'If are shown in 
table 1 for one poin t on curve 5, figure 3, for /:l V61 = 
38 }.Lv. R esiduals have been deducted. They were 
about + 0.045 }LV for upper em-rec, and - 0.250 }LV 

for lower em-rec difference thermocouples. 
E xtrapolations exhibiting the change in slope 

typical of the increase of hea t transpor t by t urbulen t 
convection ar e shown in lines 1, 2, 3, 4, and 5 of 
figure 3. X on the lines 2, 3, 4, and 5 indicates the 

TABLE 1. Potentiometer measurements f or thermal conductivity 
of 002«) 

t=75 .26 °C, p=178.2 atm 

6V 

I I I 

: 
Cln-rce Ave 

T ime .. ..IV V @! ,J 1-'em 10- 5 10- 5 (6 \ ' 

I 
"' 'Ii 'liA ve .,) 

A.\"c 
u pper le wer 

-----------_._----

2.00 P 38.261 38. 224 38.244 3008. 2i 3i36.46 2.9J9 2.939 38.2:1 
2.:111 P 38.284 38.209 38. 247 300i. ul 3735. u8 2.938 
2.55 P 38.203 38. 174 38.189 3006.68 3734 . 4i 2. 940 

OOP 38. 198 38.137 38.168 3005.0 l 3732. 08 2.938 2. 93i :38. 15 
4.45 P J8. 147 JS.100 J8.121 J003. 22 3i30.20 2. 939 
5.00 P :lS. 16S :18. 144 38.15G 3001. 83 3728.3u 2.933 

The data fi fC typ ical Cor Ll V.4 !;;:: 25 Jl.V where tllc average deviation was ±O. l % . 
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FIGURE 3. Bxtrapolation curves showing change to turbulent 
convection. 

(1) 1=34.721 cc, p=79.13 atlll; (2) 1=32.054 cc. 11=72.51 atm; (3) 1= 25.99 cc, 
1' =68.71 atm; W 1=25.99 ' c, 1'=75.85 a t m ; (5) / = 75.26 cc, 11=178.2 atm ; (6) 1= 
-11.22 cc , 11=2.31 atm. 

calcula ted valu e of /:l V61 fo), the R eynolds numoer 
R e= 25 . A part of a typical low-pressure extrapola 
tion , line 6, is shown for comparison . 

A summary of all the resul ts is presen ted in table 2. 
Column 3 gives the high est emf of the difference 

thermocouples used in the extrapolations. Column 
4 gives t he emf of the difference thermo couples for 
the transition to t urbulence. D=D23/,~(t). 

The isotherms of K versus p in the region of cri tieal 
density are presen ted grapbically in figure 4. Th e 
detail of the isotherms at 3,662, 26 .00 , 30.90 , 36.24, 
and 4l.22 °C for p< 0.20 g/cm3 are shown in figure 5. 

T ABLE 2. Summary of results 

NT ax~t ([(.pp)o I ;;;0[( I J( 
P (atm) p Exirap '-rurb J.t 10- 5'1'0 

(g/om 3) (,.v ) (I' v) ("v) --
l05cai cm- 1 sec- I dog C-! 

3.662 cO; D = 1.3224X 10- 1I ; dl ,·/dl =41.76,,\·/, lcg C; 105 blank = 0.140 

2.10 0. 004 1 230 -------- ----- --- 3.670 0. 001 :l. 53 
18. 3 . 0409 2iO ----- --- ----- - -- 4.039 . 003 3.90 
:16.3 . 099i 230 --- ----- -------- 5. 143 . 003 5.01 
44. 2 . S9 90 ---- ---- ----- - -- 26. :10 . 216 26.4 
56. 6 . 01 88 -------- ----- - -- 26.98 .239 27.1 

26.00 cO; D~ l.32 19XlO-11 ; dFjd l = 42.48 I'v/ dcg C; 105 blank = 0.155 

2. 18 0, 0036 2:10 - ------- -------- 4. 044 0.003 3. S9 
31.1G .0685 195 _A. 694 .003 4.54 
;'6. 9 . 1696 61 70 6.819 . 006 6.67 
fi8. i .73 16 18 3.515 19.91 . 122 19.9 
75. 9 . 76 26 35 3. 641 20.45 . 132 20.4 

30.90 ' C ; D = 1.3218 XlO- l1 ; dr;;jdl = 42. 65 I'v /dcg C; 10' blank = O.HiO 

2. 18 I O. 0036 I 228 30.82 .O'J5 l 130 
57.6 . 1607 67 1 

.. _____ _ 1 ________ 1 4. 138 1 0. 003 1 3.98 

.. _______ _ .... __ 4.755 .003 4. 60 
00 .. _ .. ___ 6. 520 .005 6.37 

31.3 l cC; D = 1.321S XIO- l1; d£/dl = 42.66 I'v/ti cg C; 10' blank = O.I60 

77 . iO 1 O. (;52 I 13 1 16 I 3. 4951 19.7 1 I O. 120 1 19. 7 

32.05. cC; D = I .3217X W- 1l ; dE/dl= 42. G8 I'v/dcg C; 105 hlan k = 0. 161 

72. 5 l 0.300 G 7 2.295 12.95 0.05 l 12.8 I 
74.29 . 398 1 -------- 5.475 30. 88 .303 3l 
74. 49 .4482 1 ----- .. ]0. 03 56.58 1. OO l 57 
74. 56 . 4i58 2. :l - ------- 12. 16 6S. 59 1. 439 70 
74.62 .498 1.1 - -- - ---- 8.720 49. 19 0.8l2 50 
74.99 .553 1.7 2. 1 4.923 27. 77 . 245 28 
75. 90 .600 2. (j 3.4 3.800 21. 44 . 144 21. 4 
79. 67 .650 7 --- - ---- 3. 476 19.61 . l20 19. 6 

I 

34.721 cC; ]) = Ll2 l7X 10- 11 : dE/dIX42.79 I'v/dcg C ; 105 hlank = 0.]64 

78. 18 1 0.400 I 79. 13 .474 
SO.46 .550 I 

5. 3 I 3. 630 1 20. 53 I o. 132 1 20. 5 4.5 4.570 25.85 . 213 25. 9 
________ 3.545 20.05 . 123 20.0 

36. 24 cC: n =1.32 l6 XIO- l1; d E/iii =42.S l I'v/drg C; 105 blank = 0.166 

1
_ .. _____ 1 ________ 1 4. 256 1 0. 003 1 4.0. 9 1 ___________ .. ___ 4.820 .003 4.66 
________ 1________ 6. 335 .006 6. 18 

2. 18 I o. 0036 1 233 30.2 . 0614 188 
57. 55 . 1490 140 

Prob able 
er ror 
(%) 

0.7 
. 7 

. i 

0 .. ) 
. 5 
.6 

1.0 
0. 8 

0.5 
. 5 
.5 

1. 5 
(i 

7 
8 
7 
6 
4 
2 

0.5 
. . j 
.4 
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T ABL E 2. Summary oj results- Continued 
--

1!(ax~t ( [{.PD)O I LoJ( 
I 

f( Probable 
, (atrn) p Extrap Turb Ll.t 10-'0-0 ('rrOr 

(g/cm') (.u\") (.uv) (I'v) (%) 
105ca l cm- 1 s(,c- 1 deg C - l 

---

40.0R, °0; D~ 1.32 1 5X I O-Il ; dE/dt~42 . 99I'v/dcg 0; 10' blank ~0 .1 70 

85.81 I 0.400 I fi 1- -------I 2.707 1 15. 38 I 0 072 1 15 3 2 88.91 . 474 2 ________ 2. 941 lG. 71 . 087 16. 6 4 
91.85 .550 9 10. 5 3. H2 17.85 . 099 17.8 1.5 

40.10, °0; D~ 1.3215 X10- 1l ; dE/(lt~ 42.99 I'v/dcg 0; 10' bl allk ~ 0.170 

41.22 ° 0 ; D~ 1.3215 X IO-Il; dEldl ~ 42.99 I'y/clog 0; 10' blank ~O.l71 

2.31 10. 0040 1 200 1---- -- --1------- -1 4. 332 1 0. 003 1 4. 16 1 57.69 . 1412 140 ________________ 6. 160 .006 6. 00 

73.79 °0; D~ 1.3207XlO-II; dE/dt~43.04 I'v/c1cg 0; 10' bl a ok ~0.20G 

2.31 10.0036/ 200 /--------1- -------1 4.969 I 0.003/ 4.77/ 

75.26 °0; D~ 1.3207 XlO-ll; dr;;/dt ~ 43.22 I'v/c1cg 0; 10' blank ~0.207 

150.7 1 0.474 
178.2 .575 
300.0 .770 

2.306 1 13. 16 1 0. 052 1 13. 01 I 2. 739 15.63 . 075 .1 5.50 
3. 659 20. 89 . 137 20. 8 

70 

60 

IOsK 

50 

/ _ O.4n 

40 ,. ,. 
IOSK 

30 

D 3.662°C 

20 o 26.00 
• 30.90 
" 31.3 1 
~ 32.054 
~ 34 .7 21 
, 36 . 24 

10 ~ 40 . 087 
, 4 0 . 107 
o 41 .22 
q 73 .79 
o 75 . 26 

0 
0 . 1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 

p( g/ cm3) 

0.5 
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.5 

FIGURE 4. 'Thermal cond1,ctivity oj CO, in the region oj the 
critical point. 

(J( in units of cal cm- I sec-I c1eg 0-1, p in g ern-') 
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FIGURE 5. 

;/ 
/. . 

.05 .10 .15 .2 0 
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'Thermal conductivity oj CO 2 (g) at low den sities 
fr om 3.66 to 41.22 °C. 

]{ in units of cal cm-I scc-I c1eg 0-1, p in g em-') 
Sa me key as figure 4. 

5 . A Study of Convection for the 32.054 
°C Isotherm 

Th e maximwn temperaLure differenee, which ("all 
('xi t before Lhe onset of turbulenee, becom('s sllHtllel" 
ns tb e crtieal condiLions are I1,pprolteh ed. Sinc(, 
there is a loss of precision Itt very sDlrdl tcmpemtul"l' 
differences, it may not be possible to determine b~
experiment wh eLher cXLrapolations of m ettsuremen(s 
dose to tbe critic,tl point a re entirely in the lam inar 
mnge. Thus, the extmpolations for 32.054 0(' 
,wern,ge gas temperatu re Itt 0.398, 0.448, 0.4758, and 
0.498 g/cm3 density, shown i ll figure 6, might include 
one or more poin ts involving t urbulent hCllL 
Lransport. 

Th e tcmpemture differe nce for the tl"lt l1 siLion (0 

turbulen t :fl.ow can b e evaluH ted by ealcuh),ting thn t 
vtLlLle of ilt for \V'hich the ReYll olds nmnber equals 25 . 

From paper I, Re=_g~~3 (~~)p P~2t . Th e evalua

t ion of some of these qUftntiti('s ncar the critical point 
is tenuous, so the results o[ calculations are only 
,)'pproximate. For instance, without a careful study 

leading to a reliable equation of state, (~~)v must 

have an uncertainty of 5 to 10 percen t. It was 

found that (~~)p is wry nearly constant hom 

31.185 to 34.721 °0 for a given p, hence (~~)v W ,I S 

evaluated from (~~)p =-(~;} (~~); Th e experi 

ment,)'l values of the viscosity or CO2 vary even more. 
At 31.10 °C and 0.504 g/cm3 Michels, Botzen, and 
Schuurman reported 7J to be 76 X 10 -5 poise. On 
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IGURE 6. Extrapolation ctl1"ves n ear the critical density for 
the 32.054 °C isotherm. 

(1) p=0.4482 g em- '; (2) p= 0.4758 g em-'; (3) p=0.498 g cm- ' ; (4) p=0.398 g cm-'; 
(5) p=0.553 g cm-'; (6) p=0.600 g em-'; (7) p=0.650 g em-' ; (8) p=0.300 g cm-'. 

the other hand, at 31.14 °C and 0.502 g/cm3, Naldrett 
and Maass reported 11 to be 37.91 X 10 -~ poise, or 
almost exactly one-haH ftS much. In table 3 one 
set o[ values of Dot for transition to turbulence is 
given for t he viscosities reported by YIichels, 
Botzen, Hnd Schuul"man , ttnd anoth er set for th e 
viscosities reported by Naldrett and ~aass. 

Table 3 shows at least two points on every ex
t rapolation line except for p= 0.4758 are within the 
limits of temperature difference for laminar con
vection. For values of viscosity reported by 
Naldrett and Maass, the calculations show that 
turbulence can be expected only when Dot is greater 
than the maximum used in the extrapolat ions for 
p= 0.300 , p= 0. 398, and p= O.553 . For the largest 
temperature difference, t he heat transfer would 
include t urbulence at p= 0.448 and p= 0.498 but 

not for the two smaller t emperature differences. 
However, the rate of heat transfer at the hin'hest 
temperat ure difference at p= 0.4482 or p= 0.498 is 
too low even to be linet),r with other points . At 
p= O.4?58, (approximately the critical density), 
accordmg to the calculation only the lowest tem
perature difference is within the limits of lam.inar 
flow. This is remarkable if true, since the slope of 
the extrapolation at p= 0.4758 is less t han that. at 
p= 0.4482 or p= 0.498, hardly a manifestation o[ 
turbulence. 

The values of viscosit~- r eported by Naldrett and 
\1aass show no unusual increase at the critical 
density. The only significant uncertainty, then, in 
the correct values of the viscositv is between t hose 
values and higher values. If th"e higher values of 
viscosity reported by ~1iche ls, Botzell , and 
SchuUl"Hl an are used , the calculated temperature 
difference for transition to t urbulence is greater thall 
the temperature differences used in the extrapolations 
at all densities except the critical densit.y. 

The usefulness of these considerations is that on e 
must conclude, even from a very conservative 
evaluation, that the impor t ant part of the extrapo
lations are based on measurements made under 
conditions of laminar flow. 

6. Discussion 

At low pressures, the ITl easmemen ts were made 
so that the temperature differen ce indicated by the> 
t.hermocouple emf ;::: 25,uv. This allo'Ns \)Fa t'o 1e 
determined with an uneertaint.,- of about ± O.l 
percent, as a combination. o[ uncertainty in t he 
individual values and the uncertainty introduced by 
the extrapolation. The value of D is uncertain b.\
± 0.1 percent beca use of uncertail1t~- in mechanical 
measurem ents for the cell constant. The dE/dt [or 
the Chromel-P Alllmel thermocouples is considered 
to be uncertain by ± O.l percent also . 

The blank was difficult to determine, and initial 
determinations, shortl.'- after beginning the con
duct ivity rneasurements, varied by ± 5 percent. 

D eterminations made at the conclusion of meas
urements agreed with the initial valu es wit hin t hat 
variation. The uncertainty of the blank is insig
nificant for values of 105 K ;::: 10 cal cm- 1 sec- 1 deg C-l 
relative to the other errors, but at 3.7 °C it COll

tributes ± 0.2 percent for 105 K = 3.5. 

TABLE 3. Temperatw'e difference for transition to turbulent flow at 32.054 °C near the critical density 

p _______ _____ ___ ___ ___________________ __ _ _ g/cm' _- 0.300 0.398 0.4482 0.4758 0.498 0.553 

(bplbt)~:_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-:_-_-_-_-_-_-_-_-at~/d-:i(j~: 72.51 74.29 74.49 74.56 74.62 74.99 
1. 07 1. 45 1. 63 1. 70 1.80 2.06 

Coplop)L ___ ________ . ____ _______ ____ g/ (cm' atm) __ 0.0273 0.175 0.3GO 0.399 0.300 G. 088 
-(oplut) p _ _ ______________ _ _______ . g/(em' deg C) __ . 0292 . 254 .587 .678 .540 .181 
10'n (poise) (Michels, Botzen, and Schuurman) ___ 25 38 50 52 55 52 
!J.t [or transition to turbule nce 

Calculated ____ _____ __________________ __ __ ("v) __ 9.5 1.9 1.3 1.1 1. 5 3.6 
Experi men taL _____ ______________________ ("v) __ 7.6 > 1 > 2 > 2.3 > 1.1 2. 1 

Extrapolation intcrval ___ ________ ___ _____________ 6 1 1 2.3 1.1 1.7 
10'n (poise) (Naldrett and M aass) __ ______________ 25 28. 5 34.7 37 37.9 39 
!J.t [or transition to t urbulen ce Calculated ___ _____ ___ ___ ____ ____ __ _______ ("v) __ 9.5 1.1 0.6 0.55 0.73 2.05 
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The 3.66 °C iso th erm was the first to b e meas ured. 
It is considered that t he reliability of t h e data 
improved with experience, hence a larger estimaLed 
uncertainty for t his isotherm is given in table 2 
t han for other m easurements under co mp arable 
conditions. 

The uncertainty of th e "alu es n car t he critical 
point is consider ed to be primarily du e to lack of 
reprod ucibility of t he small em ['s of the difFerence 
t hermocouples. Measurements at 0.25 MV were 
precise within ± 5 percent (i.e. , ± 0.0003 deg C). 
At least 12 emf measurements are illcluded in t he 
value of a 0.25 IJ.V point. 

The curvature of the extrapolations for p= 0.4 5. 
0.50 and 0.55 g/cm3 ma~' be unaccounted for math
cmat ically b ecause of th e neglect of second order 
t erms, in t.h e expression for K eonv. The importan ce 
of t he second order term s decreases as 6.t decreases, 
h ence t he isotherm s should approach lin earity as 
6.t-J>O. 

Th ere could b e an appreciable error in in terpo
lation of densities on the 32.054 °C isoth erm of t h e 
pVTm easurem ents of .Mich els, Blai se, and M ich els. 
The values of density stated ill table 2 are adj usted 
from th e nominal values of 0.40 , 0.45 , 0.476 , 0.50, 
and 0.55 g/cm3 to give a smooth curve for a plot o[ 
Apj 6.p versus p. This is estim ated to involve an 
error in K of ± 1 percent at p= 0.40 and 0.55 g/cm3 , 

oU:±2 percen t at p= 0.45 and 0.50 g/cm3 , and of 
± 3 percent at p= 0.476 g/cm3 • 

The inset of fig ure 4, a n isometric of 105K versus t 
for p= 0.474 g/cm 3, suggests an extr elll ely high value 
of K at the critical poin t itself. 

At high density , over a limited tempera ture range 
at least, th e thermal conductivity of CO2 appears to 
be nearly constant n,t a given densi ty. Thus 105K 
for CO2 (1) at 26.00 °C and p= 0.76 g/cm3 is 20 .4 and 
for CO2 (g) at 75.26 °C and p= 0.77 is 20.8. For 
p ~ 0 . 74 g/cm3, all points of K vers us p plo t moothly 
on a sin gle curve regltrdless of temperature. 

Any additional in crement of thermal conductivity 
at th e critical density h as neitrly vanish ed at 75 °C, 
and is < 25 percent for 40 °C, The effect lies almos t 
entirely between p= 0.30 and p= 0.60 g/cm 3, which 
at 32.054 °C is between p = 72.51 and 75.90 atmos
pheres. Consequently, most investigations which 
"cover" the critical region in fact slnp it, so that no 
unusual behavior is observed. 

It is no t unusu al to assume that the density and 
temperature to which a measuremen t of the thermal 
conductivity corresponds is the average density and 
average temperature of the gas. Rigorously, the 
thermal conductivity should be defin ed as the limi t 
of measurements at an average gas temperature and 
an average density , extrapolated to zero temperature 
difference. There will b e no significan t difference if 
K may b e satisfactorily represen ted as a linear func
tion of T and p , provided significant convection is 
absent. However , in the cri tical region , K is not 
lin early, or even mono tonically varying with T and 
P, so that for r eliability, K should b e extrapolated 
versus 6.t to zero temperature differ ence, even in the 
absence of conyection. 

The cell used in th ese meas uremen ts was designed 
to give high accuracy under conditions of low trans
port of heat by convection , ,t r equirement in effect 
that th e co nductivity O'ap be large enough to mini
mize the errol' of the cell cons tant. 

It would enh ance the reliability or t he results in 
lhe critical r egion if the co nductivity gap were r e
duced to abou t one-third that used . COlTespond
ingly, the ratio of K convlK gas would b e r educed to 
one eighty-first of what W,tS observed . However , 
the merit of th e equipm ent used is m anifested in the 
accuntey of the thermal conductivi ty at low and high 
densi ties. 

7. Comparison With Other Results 

Recently Sengers nnd Mich els [13] h ave published 
a preliminary paper where m easurements of th e 
thermal conductivity of CO2 in the cri tical region ar e 
reported . The agreemen t between the resul ts pre
sented in this paper nnd tho new work is satisfactory 
in th e r egions O< p< 0.20 g/cm 3 a nd p ~ 0.65 g/cm3 

at all tempera ture , and at all den i ties for t ~ 40 °C. 
In the same uni ts of K , Senge)'s and :Michels show a 
valu e of 105K = 21 for p= 0.466 g/cm 3 and t= 34. °e, 
and a value of 105K = 33 for p= 0.466 g/cm 3 and 
t= 32 .1 °C. In addition , they have a 31.2 °C 
isotherm , with 1Q5K = 81 at p= 0 .466 g/cm 3• There
fore , the resul ts of Sengers and M ich els show a 
marked in crease of th e thermal co nductivity of CO2 

near the critical poin t, but le>'p. than th at reported 
in this paper . 

8. Conclusions 

The th ermal conductivity of carbon rl.ioxide 
increllses rapidly at the cri tical densi ty as the critical 
temperature is approached from higher temperatures . 
R elatively large increases were observed only at 
temperatures less than 10 °C above the critical 
temperature, and over a densi ty r,tnge between 0. 30 
to 0.60 g/cm 3• The cOl'l'espollcling pressure ch ange is 
:3.4 atm at 32.054 °e. Thus most prior measure
ments have not included much of the r egion where 
the phenomeno n occurs. 

The tr anspor t of h eat b~- convection was very high 
for th e m easurem en ts neal' the cri tical density at 
32.054 °C. However , th e limi ting temperature clif
ference for the transition to t urbulent {jow is high 
enough that extrapolation procedures should be valid . 

It is estimated that the th ermal conductivity 
values a t low and high densities have high accurac}~. 
At low densities, th e valu es have the sort of temp era
ture d ependen ce that is regarded as typical of th e 
th erm al conductivi ties of dilu te gases . However at 
densities aboye p= O.74 g/cm 3 , essentially no temp era
ture dependence is m anifested from 3.66 to 75.26 °C. 
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