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The thermal  conductivity of liquid carbon, silicon, ti tanium, germanium,  and tin t e t r a -  
chlorides over  t h e - 2 0  to + 60~ tempera ture  range was measured  by the t rans ient  relat ive 
null method with a hot wire.  

The relation between the thermal conductivity of a liquid and its molecular mass was studied by 
Horrocks, McLaughlin, and Ubbelonde [i], who compared the thermal conductivities of liquids of differ- 
ent isotopic molecular contents: benzene and deuterobenzene, cyclohexane and deuterocyclohexane, etc. 
A shortcoming of this method is that the difference between the mass of a normal and an isotropically sub- 
stituted molecule cannot be made large enough, usually less than 10%. 

The object of this study was to analyze the effect of molecular mass on the thermal conductivity of 
liquids with the variation in molecular mass much wider than would be possible in the isotope substitution 
method, and to compare this effect with that of other molecular parameters. The study was made with 
tetrachlorides of group IV elements in the Periodic Table: CCI 4, SiCl 4, TiC14, GeCI 4, and SnCI 4 with their 
respective molecular masses in the ratio 1 :I.I :1.23:1.39:1.72. These molecules have a simple structure: 

! 

Fig. I 

Rp 

Fig, 2 

Fig. i. Schematic diagram of a test ceil. 

Fig. 2. Schematic diagram of the electrical apparatus: 
Ill, R 2 are the cells, R 3, R 4 are the resistance boxes, 
Rp is the tuning potentiometer, GZ-34 is the audio 
oscillator, U-2-4 is the instrument amplifier, and N- 

700 is the loop oscillograph. 
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TABLE 1. Values of kiMi Obtained in Measuring the Ratio of Thermal  
Conductivities,  CC14 to Toluene, and Results of Interpolation to kM = 0 

T=I,6~ T=20 ~ T=40 ~ 

'---- hM~ A_ hMi '_ hM ~ ?i ?i ?i 

1,0522 1,0522 1,0522 

1.0318 

1~0000 

0,8514 

0,8842 

149,4 
151,9 
150,7 
147,6 
148,3 

126,5 
132,6 
132,1 
136,3 
128,2" 

95,0 
99,6 
99,2 
96,8 

100,0 

--61,5 
--65,4 
--59,4 
--63,2 
--57.7 

--24,1 
--23,5 
--24,6 
--23,2 
--23,9 

1 
--=0,9082 
? 

s=0,0026 

1,0318 

1,0000 

0,8842 

0,8514 

173,0 
174,4 
166,2 
165,6 
169,3 

146.3 
143,7 
143,2 
154.1 
150,6 

111.9 
115.7 
118,7 
113,3 
109,1 

--23,6 
--27,3 
--22,2 
--29,1 
--23,1 

--62,8 
--63,8 
--65,8 
--68,5 
--68,5 

1,0318 

1,0000 

0,8842 

0,8514 

--~0,9061 
? 

s=0,0033 

187,3 
188,5 
186,6 
184,7 
184,1 

171,6 
170,5 
167,6 
169,3 
167,0 

122,1 
120,4 
125,4 
116,9 
115,7 

--12,5 
--16,8 
--16,8 
--17,6 
--17,4 

---60,6 
,--64,8 
--65,8 
--63,5 
--64,5 

~0,9004 ? 
s=0,0037 

the chlorine atoms form a te t rahedron around the center  atom. The shape of these molecules  is nearly 
spher ical .  The cha rac te r  of the intermolecular  forces  is the same in all these liquids; it is determined by 
the interaction between e lec t ron shells in the chlorine a toms.  

Experimental  P a r t .  The measurements  were  made by the relat ive null method with a hot wire  under 
t ransient  thermal conditions [2]. Specimens of the tes t  liquid and the re fe rence  liquid were poured'  s epa ra t e -  
ly into two identical cel ls  shown schematical ly  in Fig. 1. The inside d iameter  of a glass cylinder (1) was 
13 mm.  Liquid was poured in through tubes 2 which had been fused into the cylinder at  the top. A platinum 
wire  3 0.03 mm in d iameter  and 130 mm long s t re tching along the cylinder axis served as both heater  and 
res i s tance  the rmomete r .  The electr ical  res i s tance  of this wire  was 6.66 ~. The wire  was s i lve r - so lde red  
to platinum leads 4. One of the leads terminated into a spr ing 5 of platinum wire 0.3 mm in d iameter ,  by 
means of which wire  3 was held tight. The amount of tension was set  by suspending a 5 g plummet  on the 
lead which had been soldered to the cylinder las t .  

The cells  were placed in an aluminum case  inside a vessel  with double walls. The vesse l  was the r -  
mally insulated on the outside. A liquid (wate r -a lcohol  solution of ethylene glycol) f rom a model TS-24 
thermos ta t  was c i rculated between the wails.  The tempera ture  inside the vesse l  was maintained at the 
n e c e s s a r y  level  within 0.05~ 

The electr ic  c i rcu i t  is shown schemat ical ly  in Fig. 2. The two cell r es i s tances  R l and R 2 were  con-  
nected here  as  separa te  a r m s  of the bridge. The other  two a r m s  were var iable  res i s tances  R 3 and R4 ad-  
justable so as  to make the total res is tance  constant  and equal to 511.0 ~2. Model R14 plug-type res i s tance  
boxes of c lass  0.1 accuracy  were used he re  in the a r m s  R 3 and R 4. Resis tance Rp was here  a spec i a l -pu r -  
pose potent iometer  made of constantan wire  with a total res i s tance  of 9 ~ and with a s i lver  contact.  The 
bridge drew 100 mA supplied from a 400 Hz osci l la tor  model GZ-34. Into the diagonal branch with the in- 
dicating mete r  was also connected a model U2-4 ins t rument  amplif ier .  The nar row-band sensit ivity of this 
amplif ier  was 1 mV pe r  full scale deflection. The amplified signal was recorded  with a model N-700 o s -  

ci l lograph.  
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T A B L E  2. T h e r m a l  Conduct iv i ty  of  T e t r a e h l o r i d e s ,  k .  10 2 W / m .  ~ 

Ternperat~e, 
o C -20 -10 0 I0 20 30 40 60 

CCI 4 
SiCl 4 
TiC[ 4 
GeCl 4 
SnCI 4 

11,26_ 11,13 

14,8o I 14,71 
11,001 10,83 
11,951 11,83 

11,00 

14,61 
10,72 
11,78 

10,85 
10,14 

10,54 

�9 I0,70 
9,99 

14,42 
10,39 
11,45 

10,57 
9,87 

10,45 
9,76 

14,22 
10,15 
11,20 

10,20 

14,03 
9,90 

10,93 

Following the procedure, the measurements consisted in finding an arms ratio R3/R 4 = Y at which 
the bridge circuit would become insensitive to a change in the resistances R 1 and R 2 of the platinum wires 
due to their heatup after energization with electric current. This ratio was calculated from measurements 
of the rate at which the magnitude of the bridge unbalance changed between various settings of the arms 
ratio Ti. To each value of the arms ratio Yi set by the resistance boxes RI4 corresponded a definite set- 
ring on the potentiometer Rp. The potentiometer setting was matched by means of plugs in such a way that, 
as the bridge supply was switched on, the unbalance voltage changed from some maximum level (within the 
range of the instrument scale) down to zero. In the transient hot-wire method the unbalance voltage is pro- 
portional to the logarithm of the heatup time. The graph of voltage versus logarithm of time is a straight 
line. The slope of this line k i multiplied by the bridge constant M i (which depends on Yi) is proportional to 
the difference between i/y i in a given measurement and 1/y corresponding to zero bridge sensitivity. The 
values of 7i and the values of kiM i determined in tests were then used for calculating the unknown ratio Y 
for zero bridge sensitivity (k= 0). The ratio of thermal conductivities 2/~ref, testliquid to reference 
liquid, was calculated by the formula 

)~/~ref= 7/70, (i) 

with Y0 denoting the arms ratio obtained in calibration tests with the reference liquid in both cells. 

Evaluation of Errors. The errors of the transient hot-wire method have been thoroughly analyzed 
by Falcao in [3]. According to preliminary calculations by the formulas and the graphs in [3], all errors 
due to the cell geometry, the heatup time (approximately 5 sec), the heat convection, and the temperature 
drift were negligibly small under our test conditions. Most significant, much larger than the other errors, 
was the error due to stray heat leakage from the wire-heater terminals to the soldered joints. In absolute 
measurements by the hot-wire method with the same cell and the same test substances this error would 
be, according to [3], 0.9, 1.0, and 1.1% at 0.3, 1.0, and 5.0 sec after the current has been switched on. 
In relative measurements by the hot-wire method this error was largely compensated and equal to A2/Aref 
(AA = A- Aref), i.e., a fraction of the error in absolute measurements. For the test substances and car- 

bontetrachlorideas the reference liquid this fraction amounted to 0.07, for carbon tetraehloride with toluene 

as the reference liquid this fraction was 0.26. Therefore, those errors were respectively 0.06, 0.07, 0.08 

and 0.23, 0.26, 0.29%. 

The errors in this method are: the error in determining the ratio of arm resistances in the bridge 
circuit, the error in setting the amplifier gain in the instrument by calibration, and the error in measuring 
the distances on an oscillogram. The first of these errors may be considered equal to double the error in 
the resistance box, namely 0.2%. The second and the third errors together are estimated as 2%. Of such 
a magnitude are also the errors in the test values of kiM i, from which the ratio 1/7 for a zero bridge 
sensitivity is calculated. The error 6(1/7) in determining 1/y is a function of the relation error 5(kM) 
/kM and of the interval A(I/7) = i/7 i -i/yi used for finding 1/y by interpolation. If the interpolation is 

based on the results of two measurements only, then 

In  ou r  e x p e r i m e n t  the m i n i m u m  in te rva l  A ( 1 / 7 )  was  0.116, the m a x i m u m  in te rva l  was  0.201 (Table 
1). T h e r e f o r e ,  the uppe r  l i m i t  of  e r r o r  6 ( 1 / 7 )  l a y  be tween  0 .116 .2% = 0.23% and 0.201 -2% = 0.40%. 

F o r  a statist ical ,  e s t i m a t e  of  the e r r o r  and for  a comple t e  checkou t  of  this en t i r e  p r o c e d u r e ,  con t ro l  
m e a s u r e m e n t s  w e r e  m a d e  with l iquids  whose  t h e r m a l  conduct iv i ty  had been  checked  m a n y  t imes  aga ins t  
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Fig. 3. Comparison between the thermal  conductivities (~ �9 102 
W / m  .~ of toluene and CCI~. Data for toluene according to: 
Riedel [4] (I), Challoner and Powell [5] (H}, Ziebland and Burton 
[6] (HI), Horrocks andMcLaughlin [7] (IV), Vargaftik [8] iV), Ras tor -  
guev, Grigor 'ev,  and Bogatov [9] (VI). Most reliable est imates 
according to [5] (1), according to [10] (2). Data for CCI~ accord-  
ing to Davis [11] (VII), Challoner and Powell [5] (VIII}, Riedel [4] 
(IX), Schmidt and Leidenfrost  [12] (X), Mason [13] (XI), Weber 
[14] (XII). Our calculations based on [5] (XIIIand 3), on [10] (4). Tem-  
perature  t (~ 

Fig. 4. Ratio of thermal  conductivities,  te t rachlor ides  to CC14: 

~SiC14/;%CC14 (1), ~GeC14/~CC14 (2), ~SnC14/~CC14 (3), ~TiC14 
/ZCC14 (4). Tempera ture  t (~ 

carbon te t rachlor ide and toluene. The ratio of the thermal  conductivities, CC14 to toluene, was measured  
at  tempera tures  1.6, 20, and 40~ In Table 1 a re  given the values of 1 / 7  i, the corresponding test  values 
of kiMi, the sought values of 1 / 7  calculated by interpolation to kM - 0 b y t h e  method of leas t  squares ,  and 
the standard deviation of tes t  points from the s traight  interpolation line. For  the pa ramete r  s, which cha r -  
ac ter izes  the e r r o r  of a single measurement ,  we obtained the values 0.0026, 0.0033, and 0.0037. This 
agreed with the ea r l i e r  es t imate  of 0.23-0.40%. The e r ro r  5(1 /7  ) depends on the number of tes t  points n 
used for interpolation and, at  a given probabili ty p, is equal to the product of s / / - f ix-2 by the appropriate 
coefficient in the Student's equation. 

The ~CC14/Ztoluene rat ios  according to formula (1) were  compared with data published in the techni-  
cal l i t e ra ture .  The resu l t s  of this comparison a r e  given in Fig. 3. In the upper par t  has been plotted the 
thermal  conductivity of toluene according to tes t  values obtained by Riedel [4], Cballoner and Powell [5], 
Ziebland and Burton [6], Horrocks and McLaughlin [7], Vargaftik [8], and Rastorguev, Grigor 'ev,  and 
Bogatov [9]. The s t ra ight  l ines 1 and 2 represent  average values suggested as  the most  rel iable ones: 1 
based on the es t imate  by Challoner and Powell  [5], 2 based on the est imate by MeLaughlin [10]. In the 
lower par t  has been plotted the thermal  conductivity of CC14 according to tes t  values obtained by Davis [11], 
Challoner and Powell [5], Riedel [4], Schmidt and Leidenfrost  [12], Mason [13], and Weber [14]. The 
s traight  l ines 3 and 4 a re  based on our test  points. If the values suggested in [5] and represented by line 
1 a re  taken for the thermal  conductivity of toluene as  the reference  liquid, then the values for the thermal  
conductivity of CC14 will fit on line 3. If the values suggested in [10] (line 2) a re  taken for toluene, then 
the values for CC14 will fit on line 4. Our data lie within the l imi ts  given by the various other authors.  

Thermal  Conductivity of Tetracb/or ides .  The tes t  substances met  the following specifications: CCI 4 
grade GDR chemically pure  (99.5% basic substance), SiC14 extra pure,  TiC14 (99.5% basic substance ), GeC14 
and SnC14 chemical ly pure.  The specimens were  not additionally purified. 

In Fig. 4 a re  shown the rat ios  of thermal  conductivity, tes t  liquids to CC14, with that of the la t ter  
taken as  unity at  all  t empera tures  and indicated on the diagram by a dashed line. The absolute values of 
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t h e rma l  conductivi ty w e r e  calcula ted with the values  for CC14 taken f rom [5]. The resu l t s  a r e  shown in 
Tab le  2. 

The r e su l t s  of m e a s u r e m e n t s  show that  the t he rma l  conductivi ty of liquids in the t es t  s e r i e s  is not a 
monotonic function of the mo lecu l a r  m a s s .  The t he rma l  conductivity d e c r e a s e s  f r o m  CC14 to SiC14 and then 
i n c r e a s e s  to a m a x i m u m  for  TiC14, a f t e r  which it again  d e c r e a s e s  for  GeC14 and inc rea se s  for  SnC14 A 
smooth  change in the t h e r m a l  conductivity will be noted only in a s e r i e s  of four t e s t  subs tances ,  namely  of 
those whose center  a toms  belong to the s a m e  subgroup of group IV: the carbon group C, Si, Ge, Sn. The 
t he rma l  conductivity of these  subs tances  can be r ep re sen t ed  as a quadrat ic  function of the molecu la r  m a s s .  
The inve r se  p ropor t ion  between the t he rma l  conductivity and the square  roo t  of the molecu la r  m a s s  appl ies  
only to the f i r s t  two m e m b e r s  of this s e r i e s :  CC14 and SiC14 with the the rmal  conductivity of SiC14 1.07 t imes  
s m a l l e r  and the squa re  root  of its mo lecu l a r  m a s s  1.05 t imes  l a r g e r  than those of CC14 respec t ive ly .  
Fur the r  along the s e r i e s ,  the t he rma l  conductivity does not d e c r e a s e  but i n c r e a s e s  and, as  a resu l t ,  the 
produc t  of t h e r m a l  conductivi ty by the square  root  of the mo lecu l a r  m a s s  does not r e m a i n  constant  but  in-  
c r e a s e s  as  1 : 1.17 : 1.41. These  numbers  indicate tha t the  H o r r o c k s - M a e L a u g h l i n - U b b e l o h d e  theory  [1] 
for  i sotopical ly  subst i tu ted molecu les  cannot be extended to molecu les  of this c l a s s .  Significant in our  
ca se  is p robab ly  not only the m a s s  but a l so  other  mo lecu l a r  p a r a m e t e r s :  the i r  d imens ions ,  the mean  in-  
t e r m o l e c u l a r  d i s t ances ,  the e las t ic  moduli  of i n t e rmolecu la r  fo rces ,  etc.  The effect  of these  p a r a m e t e r s  
other  than the m a s s  is evident in the t h e r m a l  conductivity of TiC14, where  the cen te r  a tom belongs to a n -  
other  subgroup of group IV e lement s .  The the rma l  conductivity of TiC14 di f fers  g rea t ly  f rom that  of the 
other  four l iquids and cannot be fitted on the s a m e  curve  r ep re sen t i ng  the t he rma l  conductivity as  a func- 
t ion of the m o l e c u l a r  m a s s .  The r e a s o n  for this is that the p a r a m e t e r s  of a TiC14 molecule  do not have the 
s a m e  values  which a molecu le  of the s a m e  m a s s  would have if it belonged to  the ca rbon  subgroup.  Con- 
s ide r ing  the d i f fe rences  between mo lecu l a r  radi i  and between i n t e rmo lecu l a r  d is tances  in the liquid t e t r a -  
chlor ides  s e r i e s  as  a function of the m o l e c u l a r  m a s s ,  one notes that  these p a r a m e t e r s  i nc r ea se  monotoni -  
cal ly  only as  f a r  as  the t e t r ach lo r ide s  of the s ame  subgroup a r e  concerned.  T h e s e  s a m e  p a r a m e t e r s  of a 
TiC14 molecule  drop out of this t rend.  I ts  radius  is l a r g e r  and the i n t e rmo leca l a r  d is tance  is s m a l l e r  than 
those  of t e t r~ch lor ide  molecu le s  in the ca rbon  subgroup.  

NOTATION 

k is the slope of the voltage versus logarithm of time curve; 
M is the bridge constant; 
R is the electrical resistance; 
s is the standard deviation of test points from the straight interpolation line; 

T is the bridge arms ratio; 
T0 is the bridge arms ratio at zero sensitivity during calibration with the same reference liquid in both 

cells; 
A is the difference between two values; 
5 is the e r r o r ;  

is the t h e r m a l  conductivity.  

Subscript 

i denotes to measurement at a certain bridge arms ratio. 
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