
POSSIBILITY OF MEASURING THERMOPHYSICAL PROPERTIES OF 

LIQUIDS IN FLOWS BY THE PERIODIC HEATING METHOD 
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The possibility of using the periodic heating�9 method to measure thermophysical 
properties of liquids in flows is demonstrated. 

The necessity of measuring thermophysical properties of materials during development 
and refinement of technological processes and apparatus as well as during chemical produc- 
tion requires the development of methods which permit measurements of liquids in flows. 
The periodic heating method may be used for this purpose. A unique feature of this method, 
the short temperature wave damping length, ensures that the flow will have negligible effect 
on measurement results over a certain velocity range. The same fact is responsible for the 
weak effect of the flow produced by convection (a special case of flow hydrodynamics), a fac- 
tor which often complicates measurement of the thermal conductivity of gases and liquids. 

The periodic heating method is one of a number of promising techniques for study of the 
thermophysical properties of liquids [1-4]. It consists of recording the temperature oscil- 
lations of a thin platinum wire heated hyan ac current. The amplitude and phase of wire 
temperature oscillations depend on the thermophysical properties of the liquid in which it 
is immersed (the thermal conductivity X and heat capacity per unit volume Cpp). Amplitude 
and phase measurements by radio techniques permit determination of the thermophysical charac- 
teristics. 

As the probe is heated by the ac current, aside from the pulsation component of the 
temperature which is used to determine the thermophysical propertiea, it is unavoidable that 
a constant temperature head develops in the probe relative to the cell walls. The frequency 

of the temperature oscillations (v~40 Hz)is relatively high, while the time for estab- 
lishment of convection, I-i0 sac, is many times greater than the characteristics time of the 
process, T = 1/~, and therefore the temperature oscillations cannot set a liquid at rest into 
motion. The value of the constant temperature head may vary from several tenths of a degree 
to several degrees depending on experimental conditions. In the latter case it is difficult 
to avoid convective flow. In [5] experiments were performed in cells of various diameters 
with varying mean temperature heads so that the value Pr Gr varied over a range of almost 
100 : 1. Up to Pr Gr ~ 10 s convection had no effect on the measurement results. In [6] it 
was suggested that the small effect of convection in the periodic heating method might be 
expected due to the presence of a boundary layer which develops when the liquid flows along 
the probe surface: if the temperature wave damping length is less than the thickness of 
the boundary layer, then practically immobile liquid is tested. 

A special experiment was performed to determine the limits at which hydrodynamic flow 
begins to affect measurement results and to verify the proposal referred to above. A wire 
probe (2r~ 5 Bm, L~ 2-3 cm) was placed in a tube with diameter D ~ 6 or 8 m m, 3-4 m long. 
The probe was oriented along the tube axis, butnot placed under great tension, nor were 
special measures taken to ensure centering of the probe, which corresponds to real experi- 
ment conditions for measuring thermophysical properties. The liquid used was iso-octane 
(with the exception of one experiment with n-pentane) at a temperature of ~ 2980K. The 
mean velocity over tube section was determined from the mass flow rate of the liquid. 

Results of temperature oscillation amplitude and phase measurements as a function of 
flow velocity, normalized to corresponding values in a medium at rest, are shown in Fig. I. 

Figure 2 shows temperature pulsation amplitudes at four with increase in velocity the 
temperature pulsation amplitude IUI slowly increases, reaching a meximumwhich exceeds the 
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Fig .  1 F ig .  2 

Fig. i. Diagram of experimental apparatus and measurements of rela- 
tive pressure  puisat ion  amplitude l l/leol (2) and phase angle ranT! 
tango (1) ve r su s  f low v e l o c i t y V  (cm/sec)  and Reynolds number Re. 

F ig .  2. R e l a t i v e  probe  t e m p e r a t u r e  p u l s a t i o n  ampl i tudes  v e r s u s  f low 
v e l o c i t y  V and Re f o r  v a r i o u s  f r e q u e n c i e s :  1) 23.3 Hz; 2) 70.1;  3) 
119.0;  4) 230.3 Hz. 

value 1Sol for the liquid at rest by 0.5-2%, and then begins to fall off relatively rapidly. 
For the tangent of the temperature oscillation phase tan ~ ( ~ characterizes the lag of the 
temperature oscillations relative to the phase of the power introduced into the probe) the 
value is constant over a certain velocity range, after which tan ~ begins to decrease with 
increase in flow velocity. The velocity V~ at which the phase angle begins decrease is much 
lower than the corresponding velocity Ve for temperature pulsation amplitude. These limiting 
velocities increase with increase in temperature pulsatlon frequency. Experiments were per- 
formed with various probes and vertical and horizontal orientations of the tube. There was 
some difference in velocities V~ and V o and the slopes of the curves I~I/[Ool - fx(V) and 
tang/tan ~o = f2(V) forvelocities aboveV 0 andV~, which is apparently connected with some 
difference in the probe position relative to the direction of flow in each individual experi- 
ment. However, the principles enumerated above were confirmed in all cases. 

In order to show the correspondence of the principles observed with the explanations 
offered above, we will consider a simplified problem modeling the existence of a boundary 
layer. Let the probe wire be located in a layer ofllquld at rest of thickness 8, while due 
to motion of the liquid, the medium beyond t~Ls layer is thermally stabilized, i.e., outside 
the layer the temperature pulsation amplitude is equal to zero. Thus, it is necessary to 
find a solution of the thermal conductivity equation for the complex temperature pulsation 
amplitude [6] 
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The boundary c o n d i t i o n s  a t  x = 0 a r e  the  e q u a t i o n  of  thermal  ba l ance  f o r  the  w i r e ,  r e -  
f l e c t i n g  the  f a c t  t h a t  the  power d i s s i p a t e d  i n  t h e  wi re  Wo by t he  e l e c t r i c a l  c u r r e n t  of  
f r e q u e n c y  ~ i s  expended i n  h e a t i n g  the  probe and i s  removed from i t s  s u r f a c e  by a thermal  
c o n d u c t i v i t y  

W 0  __ 2 g ; m ' [ O  

S S 
- - ~ g - - 2 ~  ~-~-ex L=o ; g =  o(o) C2) 

The second boundary c o n d i t i o n  w i l l  be e q u a l i t y  to  ze ro  of  t e m p e r a t u r e  p u l s a t i o n  ampl i -  
t ude  on t he  boundary  of  the  l a y e r  6(6) = 0. S o l u t i o n  of  Eq. (1) l e a d s  to  the  f o l l o w i n g  
e x p r e s s i o n  f o r  the  complex ampl i tude  of  t he  w i r e  t e m p e r a t u r e  p u l s a t i o n s :  
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Fig .  3. R e l a t i v e  t empera tu re  o s c i l l a t i o n  ampl i tude  and phase ve r sus  
d imens ion less_ f low v e l o c i t y  V*, cor responding  to  Eqs. (4) ,  (5):  I~1/ 
[00[- -2 ;  t a -n~ / tan~o  -- l .  

Fig. 4. Measurements of relative probe temperature oscillatlon am- 
plltudes versus flow veloclty V for iso-octane (1) and n-pentane (2). 

Wo { 1 + exp [--(1 + i)z]}-' 0= - - - - - ~  di + b(l + i) (3) 
2s 1 - -  exp [--(1 + i)z] 

(z = 2~-~d), from which there follow expressions for the amplitude and phase tan ~ of 
the temperature oscillations: 

W0 
I01 -- 2s V j b  yAz (z) + Bs (z) + '2B (z) ~ + ~ ' (4) 

- s (z) + 
tg  q~ = A (z) ' ( 5 )  

wher �9 

I -- exp (--2z) + 2exp (--z) sin z 
A (z) - 

I + exp (--2z) + 2exp (--z) cos z 

1 --  exp (--2z) - -  2exp (--z) sinz . d 
B (z) = 1 + exp (--2z)--  2exp (--z) cos z ' ~ = ~ ; 

the  q u a n t i t y  d c h a r a c t e r i z e s  the  t h e ~ n o i n e r t i a l  p r o p e r t i e s  of  the  probe.  I f  we i d e n t i f y  the  
q u a n t i t y  6 wi th  some e f f e c t i v e  boundary l a y e r  t h i c k n e s s ,  then  the  dependence of ~ on f low 
v e l o c i t y  w i l l  have the  form ~ ~ 1 ~  [7] .  Consider ing  t h i s ,  we w i l l  assume t h a t  z - 1 ~ ,  
where V* = V/V M i s  the  d imens ion les s  v e l o c i t y ;  V H i s  the  v e l o c i t y  s c a l e  f a c t o r ,  which a s ide  
from f requency-depends  on a number of  o the r  f a c t o r s  which a r e  d i f f i c u l t  to  d e f i n e  w i t h o u t  
so lv ing  a mor e p r e c i s e l y  formula ted  problem. The dependence on V* of the  q u a n t i t i e s  I~] /  
[8o[ and t a n ~ / t a n ~ o a t  E = O t s  shown in  Fig .  3, whence i t  i s  ev i den t  t h a t  t h i s  q u i t e  coa r se  

model p r o p e r l y  d e s c r i b e s  the  p r i n c i p l e s  observed in  exper iment :  over  the  l i m i t s  of  some 
velocity interval neither l~I nor tart ~ aredependent onV*. For I~I there is a maximum, wlth 
a significantly weaker one in tan ~ (the appearance of maxima can be explained as the result 
of reflection of a temperature wave from the boundary of the layer). The frequency depend- 
ence of the curves is determined by the fact that V M ~ ~, i.e., the maxima are shifted 
toward higher velocities in direct proportion to the frequency (at ~ > 0 the max~ma decrease 
somewhat, spread out, and shift to the right, while the dependence of their positions on 
probe heating frequency becomes more complex). 

It should be noted that the maxlma of the curve [~I/[6oI - ft(V) at a frequency of 
23 Hz correspond to Reynolds numbers much less than the critical value Re ~ 2000, so that 

the observed phenomena are not related to flow turbullzatlon. 

The quantity 6; which defines the velocity interval over which the effect of the hydro- 
dynamic flow on temperature pulsations is insignificant, must be related to the thickness 
of the temperature, rather than the dynamic, boundary layer. This is indicated by the gen- 
eral considerations stated above. ~t is outside of this temperature layer that the liquid 
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has an unperturbed temperature, the temperature of the flow incident on the probe, i.e., 
the boundary of the temperature layer is the thermostabillzation llne of the model con- 
sidered above, beyond which thermal perturbations from the probe do not penetrate. This 
is also indicated by experiment. In one of the experiments n-pentane was used instead of 
iso-octane. At one end and the same flow velocity the ratio of dynamic boundary layer 
thickness to the temperature wave damping length z = 2~/Z (Z ffi ~7~ is the temperature 
wave damping length) for iso-octane is % 1.5 times greater than for pentane. Therefore 
the velocity V 8 at which a maximum is observed in 181 for pentane would be markedly less 
than for iso-octane, if 6 were identified with the dynamic boundary layer thickness. In 
fact, the velocities V 8 are approximately equal (Fig. 4), corresponding to the fact that 
the quantity ~ which defines the dependences is the thickness of the temperature layer. 

Thus, if we take as the limit V~, then in the velocity range 0-V~ the periodic heating 
method will allow measurement of thermophysical properties of liquids in flows. Under the 
conditions studied here at % 23 Hz V~ is ~ 1.5 cm/sec, and depends, in particular, on the 
ratio of the temperature boundary layer thickness to the temperature wave damping length. 
The useful velocity range can be extended by increasing the operating frequency. The un- 
certainty in measuring thermal conductivity A in the flow is estimated to be % 2-3%, while 
that in heat capacity per unit volume Cpp % 4-6%, so that in this respect the periodic heat- 
ing method is equal to the method specially developed for measurement of liquid thermophysi' 
cal properties in a laminar flow regime [8]. The studies performed also indicate the possi- 
bility of using the method for measurement of thermal conductivity under developed convec- 
tion conditions, for example, in study of the region adjacent to the critical point of a 
material, in which it is difficult to avoid convection. 

NOTATION 

~, thermal conductivity; cp, @pecific heat; p, density; a, thermal diffusivity; b = 
~c/~-~pp, thermal activation; d ffi ~cpp'h, parameter characterizing thermoinertial properties 
of foil; Cp', specific heat of foil; p', foil density; h, loll thickness; r, radius of wire 
probe; L, probe length; ~, 8o; ?, ~o, complex amplitudes and phases of probe temperature 
oscillations in moving and at-rest liquid; s, area of one side of foil; m, cyclical frequency 
of electrical current exciting probe; Wo, probe heater power; V, mean liquid flow velocity 
over section; Re = pVD/n, Reynolds number; D, tube diameter; n, viscosity. 
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