SIMULTANEOUS MEASUREMENT OF THERMAL CONDUCTIVITY AND
SPECIFIC HEAT OF SHORT-LIVED LIQUID

R. R. Mulyukov and P. A. Pavlov UDC 536.24.083

The thermal conductivity and specific heat of a short-lived liquid are measured
simultaneously by a pulsed version of the probe method. The nonuniformity of
the temperature in the body of the probe is taken into account. A block dia-
gram of experimental apparatus realizing the methoed is described.

The pulsed probe method to be described was developed for the compositive investigation
of the thermophysical properties of short-lived (e.g., chemically reacting) liquids. The
combined heater and temperature sensor consists of a 0.02-mm-diameter platinum wire of
length 100 mm. During the time of measurement (Tt ~ 1072 sec) there is no time for convec-
tion to develop in the heater boundary layer; heat transfer is primarily by conduction.

Let us formulate the thermophysical problem for a wire probe located in a liquid and
heated by ~» pulsed current. A uniform metallic cylindrical conductor of radius b and length
7 with a thermal conductivity A and a spe01f1c heat per unit volume pc contains a source of
heat of comstant specific power Tagpc (Tag is the rate of growth of temperature of the com-
pletely thermally insulated conductor). Heat exchange takes place at the side surface of
the conductor with the surrounding liquid (under investigation), of thermal conductivity A’
and specific heat p'c'. Massive metal contacts are located at the ends of the conductor.

In the case of an infinitely long cylindrical conductor, the temperature is given by
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Since the temperature determined in experiment is the mean over the volume of the probe,
we require to take the average over the radius of the wire probe and its length. Firstly,
let us average the temperature over the radius:
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Utilizing [2}, we obtain:
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The temperature field along a cylindrical conductor with metal contacts at the ends is deter-

mined by the equation
1 2
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Fig. 1. Block diagram of experimental setup.

with boundary and initial conditions:
Tx=0,0H=0,T( t=0)=0. (8)

In terms of Green's function of the first kind for a segment [3], its solution has the form

t 1
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i
The temperature averaged over the length of the conductor can then be written:
: 1 t
(T(t))=T§T(x,0dx=jdt'Q(t')s(t—t'), (10)
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In measurements we have that vat'/l € 1 (in the present method the time t ~ 1 msec, I ~
10 cm). Utilizing the asymptotic expansion of the function s(t) in this small parameter, we

obtain
~ _l_ _____i__l/ar
s(th = pc( 7 ). (12)

We model the power of the heat dissipation in the conductor by the quantity

Q4(t;=pci (TO) (13)

Inserting (T (f)), from (6) into (13) and then the resulting expression together with for-
mula (12) into the integrand in (10), we obtain the following relationship for the tempera-
ture of the conductor averaged over the radius and the length:
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or, remembering thatyx = (1/b)Ya/B, we can write
T ()/Taa = f (@, B, t,Va, b,1). (15)

Here the parameters a and B characterize the investigated liquid; the parameters g, b, A
characterize the measuring probe and are constant at a given temperature. Integral (14) is
subsequently found by means of numerical calculation.

Let us return directly to the method of measurement. At the measurement durations
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encountered in the present experimental setup, only the thermal conductivity and the specif-
ic heat of the liquid can affect the thermophysical process, which can be seen from (14).
Accordingly, the system of equations

f(av B, t=Ti): fb f(av B, t:T2) = fzs (16)

where f; and f, are constants, is a complete system, i.e., in principle, for known constants
f, and f, (and also parameters a, b, 1), the quantities o and B (1A' and p'c') are uniquely
determined by the quantities 7, and T, and conversely. The method described here has both
absolute and relative versions. In practice the relative version is more convenient, as it
does not require exact knowledge of the quantity Tzq, which is indispensible in the absolute
variant. In the relative version of measurement described below, the following condition is
satisfied

fi= —T’—_lfl = consty, fo= —ZZ——TO = const,. (17)

ad ad

This enables the necessary calculations to bedone inadvance and nomograms, e.g., to be construc-
ted of the dependence of o« and B on T, and T1..

A block diagram of an appropriate apparatus 1s shown in Fig. 1. The signal from a
pulse generator | is fed to a measuring bridge consisting of four branches, one of which
contains the probe r [4]. The resistance bridges consisting of the outermost branch rR to-
gether with each of the three remaining branches are brought alternately into balance, the
bridge rRRcalRrt,RM being brought to a state of balance at the initial moment of time by ad-
justing the variable resistor RyM. The signal from the bridge diagonal is fed via a null de-
tection circuit (a low-noise amplifier 2, an amplifier-limiter 3, a comparator 4) to time
measuring circuits (t¢, T:, T2). Resistors Recal, RM, R, Rp; are low~inductance types. As
the probe is being heated, its resistance in the linear approximation is given by:

r{v="To)=ro=rj(1 4 BT, (18)
rie=mt)=r =ri(1+pTy) = ro+rif (Ty—T,), (19)
r(t=g)=r,=ri(l + BTy =ro-+ r (To— Ty, (20)

where ro is the resistance of the probe at 0°C. Also,
RRy = Rogi 7o R(Ry+ Re) = Regy[ro + 18 (Ts — T, @b

where 1 = 1,2;
2. Reatrp (i — T (22)
T; *————R .
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It can be seen from (22) that the temperature through which the probe heats up, T; — To,
does not depend on T, but depends on the constant resistors R, RTi’ the probe material (rjJ,
B), and the variable resistor Rcal. The calibration Rcal aré functions of the temperature of
measurement To. In order to realize conditions (17) it is necessary and sufficient to make
one single determination of the dependence of Rcal on To. This dependence is found for a
standard liquid with known a and B. Using the found values of Rcal(T,) one measures the
times T, and 7T, of heating of the probe in the investigated liquid, and then finds « and B
(A" and p'c') for this liquid using the previously constructed nomograms of the dependence
of « and B on T, and T1,.

The total time of measurement T, is prescribed by choosing the constant f,, which has
the significance of the minimum possible value of T,. For organic liquids the real time of
total measurement is around two times greater than f,. The constant f, is determined from
the condition that the error of solution of system (16) be minimal. Machine experiments
show that the optimum f, ~ 0.5f,. A fragment of the nomogram is shown in Fig. 2. The cal-
culation was performed on a computer for values

f1=3.5-10"4sec,f, = 7.10-¢ sec. (23)

We note that a calculation ignoring the nonuniformity of the temperature field in the body of
the probe gives a deviation 8a ~ 3%, 8B ~ 5%.

Apparatus error is determined mainly by error in the measurement of the moments at
which the bridge is balanced. 1In the tested version of the device, the quantities To, T,
and T2 could be_determined to within +0.2 usec.

The pulse generator (output impedance 0.1 Q) produceda heating pulse of duration 2
msec and amplitude 10 V; the pulse summit was flat to within 0.17.

An error in the determination of the parameters of the probe (in our case a platinum
wire of radius 10 um and length 10 cm) of 20%Z in the thermal conductivity, 207 in the radius
of the wire, and 107 (1 cm) in the length of the wire, gives a contribution to the measure-
ment error of A' and p'c' of less than 1%Z. The total computational error is less than 5%.
The instrument was calibrated using CCl, and used to measure the properties of toluene. In
the temperature interval 15-60°C the discrepancy with reference data [5] was less than 17
for the specific heat and less than 17 for the thermal conductivity.

The above method has been used to investigate chemically aggressive liquids and has
proved to be convenient in operation.

NOTATION

a, thermal diffusivity; b, probe radius; fj, time for completely thermally insulated
probe to heat up; Jy(z), Bessel function; 7, length of probe; Ny(z), Neumann function; r,
radius; T, temperature; Tad, rate of rise of temperature of completely thermally insulated
probe; A, thermal conductivity; pc, specific heat per unit volume; tTj, time for probe to
heat up in investigated liquid; r(<), ri, r3, probe resistance; Rnz1, RM» Rrj, resistors; B,
temperature coefficient of resistance of platinum; x, y, coordinates; t, time; &{(a, c, X),
degenerate hypergeometric function.
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