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THERMAL
CONDUCTIVITY
MEASUREMENTS
OF N-HEPTANE ALONG
THE SATURATION
LINE BY A TRANSIENT
HOT WIRE TECHNIQUE

The thermal conductivity of liquid n-heptane has been measured

at temperatures around room temperature using a transient

hot wire technique. The apparatus has been designed so as

to minimize all possible spurious effects. The thermal conducti-

vity of the liquid is obtained from the slope of the temperature

increase of a 10 p. diameter platinum wire versus logarithm

of time. Convection has been avoided by a careful choice of

the duration of the experiment; small corrections due to the

finite heat capacity of the platinum wire, the bounded medium,

the temperature dependence of fluid properties, the finite

diameter of the wire, were made. The end effects of the wire

have been reduced to less than 0.01 % by a compensation

device, employing a shorter wire as another arm of the

Wheatstone bridge used for the measurement. An automatic

bridge provides the times at which the resistance of the wire

reaches six predetermined values, using a comparator and a

crystal controlled clock of 100 kHz with a resolution of

± 10 p.sec and working in conjunction with a six-channel

counter. The other two arms of the bridge consist of ultrastable

metal-film resistors to avoid resistance drifts.

1 — INTRODUCTION

Accurate values of transport properties of liquids
are required in order to obtain meaningful informa-
tion on the intermolecular potential in the repulsive
region [1]. The energy transfer between molecules
during collision is strongly dependent on the
directional forces between molecules and their
internal degrees of freedom, and there is still a lot
of work to be done on the effect of liquid structure
on the transport properties, even for simple mole-
cules (including the light hydrocarbons) before that
transfer process is completely understood.
Unfortunately, the data available for the thermal
conductivity of liquid hydrocarbons are scarce,
and, moreover, there is considerable disparity
between the results obtained by different workers
and by different techniques. For instance, the
available data for the thermal conductivity of
satured hydrocarbons at 30 °C, taken from 23
different sources [2] are plotted in fig. 1, showing
a considerable scattering of the experimental points,
although most of them seem to lie within a band
whose width extend from about + 6 % for nC s

to + 2 % for nC, a . It is thus clear that there is
a need for reliable measurements of the thermal
conductivity of liquids both for fundamental
studies and also for the purposes of optimal
technological design.
HAARMAN [3, 4] has now developed a refined theory
for the transient temperature behaviour of a thin
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conducting wire, immersed in a fluid, as a result
of a step change in the electrical energy dissipated
within it. We have thus applied Haarman's theory
to the design of an apparatus for the measurement
of thermal conductivity of liquids [5], and some
preliminary measurements of the thermal conducti-
vity of n-heptane are reported here.
DE GROOT et al. [6] applied recently Haarman's
theory to the design of an apparatus to measure
the thermal conductivity of gases, and HEALY et
al. [7] developed a complete and up-to-date theory
for the transient hot wire which can, in part, be
applied to our calculations.

2 — THE APPARATUS

2.1 — MECHANICAL ASSEMBLY AND
THERMOSTATS

Fig. I

Diagramatic plot of the thermal -onductivity of satured

hidrocarbons at 30° C as a function of the number of carbon

atoms
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Fig. 2

Adjustment mechanism of the wire

1— Nut; 2 — electric cable; 3 — metalic ring; 4 — teflon

insulation; 5, 10 — cell parts; 6—adjustment screw; 7—fluid

inlet; 8 —spring; 9 — connection with the Wood metal drop;

II — platinum wire

method has been designed and built according to
theory and features described elsewhere [5].
Two stainless steel cells, the measuring cell and
the compensating one, are immersed in a pressure
vessel within a temperature controlled bath. The
10 i. platinum wire used (Goodfellow Metals
Ltd.) is connected to the cell ends by means of
an adjustment mechanism shown in fig. 2. Because
of the delicacy of thin platinum wire, extreme care
must be taken while assembling the fluid cell. Good
electrical contact with the adjustment mechanism is
achieved with a drop of Wood's metal (b.p. — 70 °C)
near the spot where the platinum wire reaches
part 11 on fig. 2. After assembling, the wire is
annealed until it becomes incandescent in a dark
room for several seconds. Subsequently the wire
is stretched with the aid of the screws 6, placed
horizontally, and his length measured with a
cathetometer within + 0.01 mm.
The pressure vessel is a standard stainless steel
cylinder, fitted with two clamps to hold the cells.

3
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The entire assembly was degreased with Decon 90
solution and acetone.
The pressure vessel was immersed within a tempera-
ture controlled bath, consisting of a thermostat
(LAUDA, type D40) controlled by a PTR tempera-
ture controller (LAUDA type R52 Electronic), and
cryostat (HAAKE, type FK2) acting as the cold
source. Tests have shown that the temperature
stability is very good (around: ± 0.004 K at 288 K
and + 0.01 K at 313 K).

2.2 — THE ELECTRONICS

Our measurement technique is similar to that used
,,by HAARMAN [3] and DE GROOT et al. [6] in their
work for the gas phase. In an earlier communica-
tion [5] we have described the principle of the
method and the design of the bridge. A high
precision Wheatstone bridge with automatic timing
and control equipment was built according to the
specifications required by the proper design. The
details of bridge operation are described else-
where [ 17].

similar to that given by the automatic Wheatstone
bridge, and secondly the knowledge of the wire
temperature with sufficient accuracy for a reliable
temperature resistance coefficient to be obtained.
This is a very delicate procedure, well known to
all who work in platinum resistance thermometry.
We used a DANA 5900 digital multimeter and a
four wire measurement with shielded two conductor
cables, recommended for this kind of measurement.
The precision of the measurement is of the order
of 0.006 %, compared to the estimated accuracy
of the automatic bridge of 0.05 %. The temperature
was measured with a platinum resistance thermome-
ter (TINSLEY TYPE 5187SA) which has an
accuracy of + 0.001 K, with the aid of an automatic
bridge (Automatic Systems Laboratory A6) that
measures Rpt/(R 51 + Rpt), (R SL being a standard
resistance of 100 S2 to one part in 10 6 ).
For the calibration the vessel was filled with helium.
As temperature differences between the thermometer
and the wire were expected, a measurement of the
wire resistance at 20 °C immersed in n-heptane
was done, and no difference was found.
Twenty-two data points were fitted to a quadratic
polynomial between 8 °C and 41 °C and the result
was

3 — EXPERI MENTAL RT = I + 3.9985 x  

3.1 — PURIFICATION OF n-HEPTANE

Comercial BDH n-heptane, with a purity of no
less than 99,5 % was treated with 4A molecular
sieves to remove water, degassed in vacuum and
then destilled under its own vapour pressure. Its
refractive index at 25 °C was found to be 1.38488
(to be compared with the literature values 1.3851 [18]
and 1.3852 [19] at the same temperature).

3.2 — CALIBRATION OF THE WIRE
RESISTANCE

The measuring technique used in this work monitors
the resistance of the wire as a function of time.
In order to find the temperature increase of the
wire during the measurements, it is necessary to
calibrate the resistance of the platinum wire as
a function of temperature. This requires firstly the
measurement of the wire resistance with a precision

R(273 .16)

x 10 -3 (T — 273.16) — 1.700 x 10 -6 (T — 273.16)2

(1)

with a variance of 0.04 O.
The percentage difference between experimental
values (R e%p) and fitted values (R r;t) is presented
in fig. 3 and a scatter of no more than 0.04
is found. An analysis of the figure shows that a
better calibration has been reached for temperatures
above 24 °C where the residuals are smaller (of
the order of 0.01 %). A better calibration for the
temperatures below 24 °C will be tried in the near
future.

3.3 — OTHER EXPERIMENTAL PROBLEMS

3.3.1 — TEMPERATURE STABILITY

After selecting the working temperature, we must
wait for the temperature to stabilize inside the
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Fig. 3

Scattering of resistance fitted values as a function of temperature

vessel, ensuring that the temperature of the wire
is the temperature measured with the platinum
resistance thermometer. Experience shows that a
waiting time of about 11/2 hour is enough to
obtain a temperature stability of the order of
+ 0.005 °C.

3.3.2 — TIME LAPSE BETWEEN RUNS

In order to meet the initial condition of uniform
fluid temperature, it is necessary to estimate the
time needed for the wire to reach again the bath
temperature after a run; in fact, if the temperature
of fluid which surrounds the wire changes by more
than 0.005 K, the behaviour of the hot wire is
markedly altered, and the reproducibility of con-
secutive runs is lost. By trial and error we have
arrived at a time lapse between runs of the order
of 2 minutes; experience shows that longer intervals
will change the temperature of the bath by more
than 0.005 K, and shorter intervals are obviously
insufficient to allow for the wire to cool down.

4 — DATA CALCULATIONS

4.1 — TEMPERATURE AND REFERENCE
TEMPERATURE

The simplest temperature profile that describes the

temperature jump at the hot wire is the solution
for the infinite line source of heat

OT°(a, t) =— 4
ga 

E;( — a 2/4K0

(2)

Assuming that the quantity a 2 /4Kt is sufficiently
small, equation (2) can be put into the form

OT°(a,t) = q ln 	
4Kt

- +
a2C

a2 + ... 1
4Kt47a

q In
4t* + I

47tA C 4t*
(3)

where t* = Kt/a2 is the reduced time.
Our instrument has been designed in such a way
as to follow very closely the behaviour of a finite
portion of an infinitely long and infinitely thin
line source of constant heat flux q [5].
Recently HEALY and co-workers [7] refined the
theory of the hot wire, firstly proposed by HAAR-
MAN [3, 4]. Using a general perturbation technique,
these authors arrived at several correcting terms
which can be analysed separately or as a whole;
these corrections are small (< 1 %) and since they
were fully described elsewhere [4] they will only
be briefly discussed here.
The thermal conductivity of the fluid at temperature
Tr, X„ can be calculated from the slope of the
temperature increase AT versus l nt diagram,
according to the equation

AT
 = q  in 

{ 40,0/p0Cp)t 
47t1, r 	a2C

(4)

where X 0 and p o are the thermal conductivity and
density of the fluid at bath temperature Tb and

AT = OTw(t) -{- E8T,

(5)

OTN,(t) is obtained from the wire resistance and
the 8T i 's are the temperature corrections.
The associated temperature T r is obtained from
the expression

Tr = Tb + 8T 1 *

(6)
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where g„ are the roots of Mg r) = 0.
This temperature profile was calculated using the
first 50 zeros of the Bessel function J o but the
results thus obtained do not agree with those of
MCLAUGHLIN [8]. Our calculations generated nega-
tive temperature corrections 8T 2

81'2 = OTo(a,t) — OT(a,t)
(6)

4.2 — CORRECTIONS

where the correction ' .1. 1 * arises from the tempera-
ture dependence of fluid properties, pCp and X.

co
x E

n=1 

exp (— t*gn2/b* 2)

^ ( Y 1 (gn
/b*) 

)2 
— 1

Yo(gn)
(8)

gn2

b*2

4.2.1 — FINITE VALUES OF THE PHYSICAL
PROPERTIES OF THE WIRE

HEALY et al. [7] have derived an expression for the
deviations of the measured temperature rise of the
wire occuring as a result of its finite diameter,
finite thermal conductivity and finite heat capacity.

81.1 = a2  (PCp)W	 PCP 
at

a2

x 4Kt 2

ATw q 
47ra

K

KW

X

AT(a,t) _ q 
47ra

{2lnb*_4  X

co
X

n=1

exp (— t*go2/b* 2)

(

2 2 gn2

yo gn )  b*2

(8a)
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Fig. 4

Temperature increase of the wire as a function of logarithm

of time

4.2.2 — FINITE DIMENSIONS OF THE CELL

The existence of the cell wall causes the temperature
rise in the fluid to be smaller than that for the
ideal source solution. This fact is due to the heavy
mass and high thermal conductivity of the cell
walls (stainless steel).

FISCHER [9] obtained the solution for the effect
of the cell wall at a finite radius b; according to
MCLAUGHLIN [8], for b* = b/a » 1, that solution
can be approximated by

OT(a,t) =  q 	 2lnb* — 4 x
47ra

decreasing in absolute value when t* —> oo. These
results are meaningless because 8T 2 must be positive
as we explained above and increase with increasing
time.

An alternative to equation (8) is that of FISCHER [9],
valid for b* >> I and 4t* >> 1

The term — q/47tA W , which is very small, is inde-
pendent of time and merely shifts the AT versus
Int diagram without changing the slope from
which the thermal conductivity is calculated. The
remaining terms are important at short times, but
can be estimated with an error — 5 %. Thus, if
we limit the application of such corrections to
cases for which they are less than 1 % of the
measured temperature rise, we may expect that the
resulting departures from the linearity indicated
by equation (4) will be of the order of + 0.05 %.
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which gives the expected values for 8T2 for t* > 200:
these are plotted in fig. 5 for three values of b*.
We can easily see that 8T2 --> 0 as t* -> O and
8T2 -+ O as b* becomes larger. For b* = 1000 this
correction is negligible until t* = 40000, about ten
times the value used in our experiments. This
confirms previous results obtained by us [5] using
the qualitative method due to HAARMAN [3]. In
Table II of reference [5] it is shown that for
t* - 50000, the relative error in assuming that the
medium has infinite dimensions is of the order of
l0 -6 for b* = 1000.
Fig. 5 can be used for a careful choice of cell
dimensions which eliminate this correction, because
8T2 is only a function of t* and b*, and for the
transient regime ATo(a,t) < AT which gives
4t*/C < b* 2 .

4.2.3 — OTHER CORRECTIONS

MCLAUGHLIN et al. [8] have shown that the viscous
dissipation in liquids during the measurement will
not exceed 0.01 % of the conduction heating.
Using their results, a careful choice of the measure-
ment time can be made in such a way as to prevent
the onset of free convection.
The finite length of the wire implies that the
temperature profile cannot be uniform along the
entire length of the wire. To overcome this difficulty
we have used, as shown in a previous report [5],
a compensating wire as the other arm of the auto-
matic bridge, and found that R L/Rs - 1.0001 1 L/l s .
The last problem concern radiation. The simul-
taneous conduction and radiation in a participating
medium has not yet been solved for coaxial cilinders
in a transient regime. Recently MANI [II] attempted
to solve the problem but his results have not yet
become available. Meanwhile we are developing
an approximate model which will allow us to
correct the experimental results for radiative heat
transfer in absorbing liquids. However, the results
presented in this paper have not been corrected
for radiation.

4.2.4 — VALUE OF ST1*

As explained above, the temperature at which the
thermal conductivity of the fluid is measured (the

Rev. Port. Quím., 17, 78 (1975)

so-called associated temperature Tr) is not the bath
temperature, but must be corrected for the tempera-
ture dependence of fluid properties, namely pC i,
and A. This problem has been solved for gases
by HEALY et al. [7], and for liquids MCLAUGHLIN

and PITTMAN [8] have developed a correction which
is only applicable for a small increase of the wire
temperature.
We have applied the results of HEALY et al. which
assume that the fluid properties pC p and A have
a linear dependence on temperature, an assumption
which for liquids is valid for even wider temperature
ranges. The solution of the heat transfer equation
under those boundary conditions gives a correction
8T*, to the reference temperature of the fluid, the
so called bath temperature Tb

T r = Tb -i- 8T1 * = Tb -^-  1  { AT(t1) AT(t2)}
2

pr = p(Tr, Ps) ; Ar = Ar(Tr) at ps
(10)

Fig. 5

Bounded medium correction for diffetent values of b* and t*
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gn

Here t, and t2 refer to the upper and lower limits
of the time range within which AT is found to be
a linear function of I n t to within 0.1 %. Typical
values are OT(t2) = 10K, AT(t,) = 5K. The average
slope of the AT vs I n t line in this range is then
related to the thermal conductivity of the fluid at
temperature Tr .
The experimental range used in our measurements
(t < is) is compared in fig. 4 with the transient
line source and the stationary temperature profile
OT co , for the temperature jumps involved in our
experiments, showing that the corrections are
important only in the earlier part of the measure-
ment.

5 - RESULTS

AT„„ 8T, and 8T*, were computed using a IBM 360
computer; the programs were written in FOR-
TRAN IV. For the calculations, in particular for
6T 1 , an accurate value of a, the wire radius, is
needed; a was measured with an electron microscope
(SIEMENS type 101) and the value obtained was

a= 5.49+0.08 µm

A trial run was carried out for n-heptane and the
results are presented in Table I. Although these

Table I

Experimental values for the thermal conductivity of n-heptane

Tb/K q/Wm-1 Tr/K a/Wm -1K-1

287.99

293.04

1.1874
1.8425
2.6303
2.6307

1.1762
1.1493
1.8254
1.7842
2.6073
2.5471
2.5476

293.60
295.65
298.15
300.15

298.15
298.15
300.15
300.15
303.65
303.65
303.65

0.1253
0.1242
0.1233
0.1227

0.1235
0.1236
0.1229
0.1227
0.1217
0.1219
0.1220

Table II

Comparison of the available data for the thermal conductivity

of n-heptane

T= 293.25K T = 303.15 K Source

0.1244 0.1214 PITTMAN [13]
0.135 VILIM [14]

0.126 TSEDEBERG [15]
0.124 0.121 JOBST [20]
0.127 0.124 MISSENARD [16]
0.1254 0.1219 Present work

are preliminary results, a comparison with the
values obtained by other authors shows a reasonable
agreement - Table II. There are reasons to believe
that Pittman's are the most reliable available data
for n-heptane; our values agree with his to 0.5 %,
which is within the claimed experimental accuracy.

LIST OF SYMBOLS

Mathematical

Ei(- x) -exponential integral
C	 = 1,781072
rs	 = 3.14159
Jo	 - Bessel function of first kind, order zero
Y0, Y, - Bessel function of second kind, orders zero

and one
- nth zero of Jo

Fluid and wire properties

a	 - wire radius
b	 - cell radius
b* = b/a
C,	 -specific heat at constant pressure
K	 - thermal diffusivity
1	 - wire length
PS 	- saturation pressure

q
	 - heat input per unit time and length

- wire resistance at temperature T
- time

t* = Kt/a2 - reduced time
AT0 (a,t) - ideal wire temperature profile
AT (a,t) - real wire temperature profile

- temperature profile obtained from bridge
properties

RT

ATw(t)
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Tr
Tb

T^
8T;
8T I *
w

 Ar

P

— temperature associated to the measured a
— bath temperature
— steady state temperature
— wire temperature corrections
— bath temperature correction
— subscript referring to the wire properties
— thermal conductivity of the liquid
— density of the liquid
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RESUMO

Apresenta-se a medida da condutibilidade térmica do n-heptano

à temperatura ambiente, utilizando a técnica do fio aquecido

em regime transiente. O equipamento de medida foi pro-

jectado de forma a minimizar todos os efeitos secundários

para que a condutibilidade térmica do liquido se possa obter

do declive do acréscimo de temperatura num fio de platina

de 10 pin de diâmetro en, função do tempo. Escolha crite-

riosa da escala de medida permitiu uma eliminação de

convecção livre; fizeram-se pequenas correcções devidas às

propriedades físicas finitas do fio, à limitação do meio e à
dependência de temperatura das propriedades do líquido. Os

efeitos terminais do fio foram reduzidos a menos de 0,01 %

con, a utilização dum sistema de compensação, constituído

por un, fio curto de platina, colocado min, dos braços adjacentes

da Ponte de Wheatstone utilizada. Esta ponte regista os ins-

tantes em que a resistência do fio atinge 6 valores prefixados,

utilizando um comparador electrónico e um relógio de 100 kHz

coe, uma resolução de + 10 µsegundos acoplados a um con-

tador de seis canais. Os outros braços da ponte são formados

por resistências de filme metálico, ultra-estáveis, para evitar

variações de resistência.
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