
SIMITLTANEOUS MEASUREmeNT OF THE~IAL 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 method 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 I00 rmn. During the time of measurement (T ~ 10 -3 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 
heeted by o 2~!sed current. A uniform metallic cylindrical conductor of radius b and length 
I with a thermal conductivity % and a specific heat per unit volume pc contains a source of 
heat of constant specific power TadPC (Tad 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 %' 
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 
[J]: 

8 ~ " I [ 1 -- exp (--y2Bt)] Jo (yr/Zb) J~ (y/Z) dy, (1) T (r, t) -- zz B Tad . Z # [,2 (V) + ~ (Y)] 
0 

where 

(2) 

(3) , (y) = 2XJ~ (y/Z) Jo (Y) - -  ~do (y/Z) Jt (y); 
,p (y) = 2ZJ~ (y/Z) No (y) - -  =do (y/Z) N~ (y); 

] / f ~ ,  ~'c__j_' a' 
Z =  ; ~ x = 2  pc ; B =  b2 (4) 

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: 

b 

1 ~ T (r, t) 2~trdr. (5) < T (0 >, = ~b---F.. 
0 

Utilizing [2], we obtain: 
=0 

< T ( t ) > ~  16 c, Zz( '[1--exp(--y2Bt)]d~(y/X)dy.  
T~d = ~-T-B J # [*~ (V) + ~2 (V)I (6) 

0 

The temperature field along a cylindrical conductor with metal contacts at the ends is deter- 
mined by the equation 

( 1 0 0 2 ) Q(t) 
T (x, t) -- (7) 

a at ax2 z, 

Ural Scientific Center, Academy of Sciences of the USSR, Sverdlovsk. 
Inzhenerno-Fizicheskii Zhurnal, Vol. 38, No. 4, pp. 716-720, April, 1980. 
submitted August 29, 1979. 

Translated from 
Original article 

0022-0841/80/3804-0435507.50 �9 1980 Plenum Publishing Corporation 435 



Fig. 1. Block diagram of experimental setup. 

with boundary and initial conditions: 

T ~ = 0 ,  t; 0 = 0 ,  T~,  1 = ~ = 0 .  (8) 

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

t l 

T (X, l)= ~ ~'~ dx'Q ~')O~--x', l--l'). (9) 
0 

The temperature averaged over the length of the conductor can then be written: 

where 

l t 

<T(t))= t ~ 0 = (t--t'),  
0 

(io) 

l l 

'SS s (x )=  T dx d~'O(x--x', ~). (11) 
U 0 + 

In measurements we have that ac~Ft'/~ << 1 (in the present method the time t ~ 1 msec, l 
I0 cm). Utilizing the asymptotic expansion of the function s(T) in this small parameter, we 
obtain 

1 4 ~ (12)  

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

0 
Q(t) = pc-~-- <T(0>r. (13)  

Inserting <T(/)> r from (6) into (13) and then the resulting expression together with for- 
mula (|2) into the integrand in (I0), we obtain the following relationship for the tempera- 
ture of the conductor averaged over the radius and the length: 

exp (--~St) 
k 

0 

8 V; :B~(l, S/2;--:BO[~f(=,I B, t, X, V;, 0 

or, remembering that X = (i/b)/a/B, we can write 

T (t~Tad = [ (~, B, t, V'~, b, l). 
Here the parameters a and B characterize the investigated liquid; the parameters a, b, Z 
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 

(14) 

(15) 
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Fig. 2. Fragment of nomogram of dependence of e 
and B on T~ and T2. The numbers in the field of 
the nomogram equal the values of T2 at these points. 
T~, "ra are in ~sec, B in sec -~ 

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(a, B, /=xi)= fl, f(a, B, t = T 9  = h, (16) 

where fl and f2 are constants, is a complete system, i.e., in principle, for known constants 
fl and f2 (and also parameters a, b, l), the quantities a and B (X' and p'c') are uniquely 
determined by the quantities TI and T2 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 Tad, which is indispensible in the absolute 
variant. In the relative version of measurement described below, the following condition is 
satisfied 

T~--To 
[ i  - -  T I - - T o  _ consti,  [2 = = const2. 

T~d Tad (17) 
This enables the necessary calculations to be done in advance andnomograms, e.g., to beconstrue- 
ted of the dependence of a and B on T~ and T2. 

A block diagram of an appropriate apparatus is shown in Fig. I. The signal from a 
pulse generator I 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 rRRcalRToRM being brought to a state of balance at the initial moment of time by ad- 
justing the variable resistor R M. 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 (To, T~, T2). Resistors Rcal, RH, R, RTi are low-inductance types. As 
the probe is being heated, its resistance in the linear approximation is given by: 

r (~ = T o ) ~ r o  = r~ (1 + ~ T ~ ,  ( 1 8 )  

r (x = xi) ~ -  rt = r~ (I + ~TI) = re + r ~  (TI - -  To), ( 1 9 )  

r (~ = %) ---~ r~ = r~ (1 + ~Te) = r e +  r ~  (T2 - -  TO), ( 2 0 )  

where r~ is the resistance of the probe at 0~ Also, 

(21) 
RRM = Rca 1 re, R (R~ + R~,) = Rca 1 [re + r ~  (T~ - -  To)], 

w h e r e  i = 1 , 2 ;  

Re al r o[~ (Tz - -  To) ( 2 2) 
R~i = R 
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It can be seen from (22) that the temperature through which the probe heats up, T i -- To, 
does not depend on To but depends on the constant resistors R, RTi, the probe material (r~, 
B), and the variable resistor Rcal. The calibration Rcal are 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(To) one measures the 
times T~ and Tu of heating of the probe in the investigated liquid, and then finds a and B 
(k' and O'c') for this liquid using the previously constructed nomograms of the dependence 
of ~ and B on T~ and Tu. 

The total time of measurement T2 is prescribed by choosing the constant f2, which has 
the significance of the minimum possible value of T2. For organic liquids the real time of 
total measurement is around two times greater than fu. The constant f~ is determined from 
the condition that the error of solution of system (16) be minimal. Machine experiments 
show that the optimum fl ~ 0.5f2. A fragment of the nomogram is shown in Fig. 2. The cal- 
culation was performed on a computer for values 

f i  = 3 . 5 . 1 0 - ~  ~-.c, f2 = 7-  IO -~ inc .  ( 2 3 )  

We note that a calculation ignoring the nonuniformity of the temperature field in the body of 
the probe gives a deviation ~e ~ 3%, 6B ~ 5%. 

Apparatus error is determined mainly by error in the measurement of the moments at 
which the bridge is balanced. In the tested version of the device, the quantities To, T:, 
and T= could be determined to within • ~sec. 

The pulse generator (output impedance t0.l ~) produced a heating pulse of duration 2 
msec and amplitude 10 V; the pulse summit was flat to within 0.1%. 

An error in the determination of the parameters of the probe (in our case a platinum 
wire of radius 10 ~m and length I0 cm) of 20% in the thermal conductivity, 20% in the radius 
of the wire, and 10% (l cm) in the length of the wire, gives a contribution to the measure- 
ment error of ~' and 0'c' of less than l%. The total computational error is less than 5%. 
The instrument was calibrated using CCI~ and used to measure the properties of toluene. In 
the temperature interval 15-60~ the discrepancy with reference data [5] was less than 1% 
for the specific heat and less than I% 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; fi, time for completely thermally insulated 
probe to heat up; J~(z),.Bessel function; l, length of probe; Nv(z), Neumann function; r, 
radius; T, temperature; Tad, rate of rise of temperature of completely thermally insulated 
probe; k, thermal conductivity; pc, specific heat per unit volume; Ti, time for probe to 
heat up in investigated liquid; r(T), ri, r~, probe resistance; Rcal, RM, RTi, resistors; B, 
temperature coefficient of resistance of platinum; x, y, coordinates; t, time; r c, x), 
degenerate hypergeometric function. 
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