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Abst rac t - -To calculate the maximum wall temperature for a turbulent mercury flow in circular 
tubes with l id ffi 44.6 and 67 for a sinusoidal heat load distribution along the axis the following 
formula was derived 

( t , ) ~ ,  - t, 
0m,x = 0 " 2 2  Pe °'2~ 

t~ - t, 

at  Pc = 400-3900, which can be used for the estimation of heat transfer in tubes with sinusoidal heat 
distribution sources. 

The experimental data were obtained on heat transfer to mercury when q = qo" sin ~x/ l  in annular  
channels with d ,  ---- 5.4 ram and 3.5 mm which can be used for comparative estimation. 

The experimental data qualitatively agree with the solution of the present problem on an electric 
integrator 

R&mmb---Pour calcuier la teml~rature maximum de paroi relative /t un ¢~couiement turbulent  de 
n g r e u ~  darts des tubes circulaires pour lesquels l /d = 44,6 et 67, darts le cas d 'une distribution sinu- 
soldale des charges thermiques sur l'axe, on a ~tabli la formule suivante 

(t,),~,. - t, 
Omax = 0,22 Pe°, 27 

t~ -- t a 

pour  Pe  = 400-3900. Cette formule peut ~tre utilis6e pour  le transfert de chaleur dans des tubes avec 
des appons  de chaleur ~ variation sinusoldale. 

Les r~ui ta t s  exp~rimentaux obtenus sur le transfert de chaleur ave¢ du mercure pour  q ffi qe" sin ,rx/l 
dans des conduits annuiaires d,, -- 5,4 mm et 3,5 mm peuvent ~tre utilis£'s k titre de eomparaison. 

Les r~sultats exp£'rimentaux concordent bien avec eetm que l 'on obtient par  le calcul it l 'aide des 
machines ~lectriques. 

Z m a m m e n f a n m g - - Z u r  Berechnung der maximalen Wandtemperatur  einer turbuienten Queek- 
silberstrOmung im Kreisrohr mit  l id = 44,6 und 67 bei sinusfOrmig ltinss der Achse verteiltem 
WArm~trom wird die Gleichung 

(t,)m,, - t.  
Om~, = = 0.22 l e ° ,  ~ 

t b - -  t a 

ffir Pe 400 bis 3900 abgeleitet. 
Verstr.hswerte tiber den Wiirmeflbergang an Quecksilber mit q •qo"  sin ~x/I in rinsfOrndgen 

K a n ~ e n  mit d ,  ,= 5,4 mm und 3,5 mm k6nnen als Vergleich dienen. 
Die Versuchswerte stimmen qualitativ mit der L6sung dieses Problems durch den elektrisehen 

Integrator tiberein. 

A i l l l l l l ~ - - , ~ l l  BUql lC~eHHfl  Martenua~snolt  veMnepa rypu  evenrtu npl t  Typ6yaenraoM 
reqenKH p r y r n  s ~ p y r n ~  r p y 6 a x  e I/d ~- 4it,6 tt 67 n p n  etmyeon~tam,nOM paenpene:~eam~ 
TerLnoBo~ n a r p y z m t  v~to.ab ocH no=yqeua  paeq~amas qMpMyaa 

O m x  = ( t J m a x  - -  l a  = O , 2 2 e e e , , ,  
tb - -  t a  

n p n  Pe = 400 - 3900, ~oropo~ y~o6no n o ~ s ~ o ~ a r s e a  ~ s  oHenoqn~x  pacq~ro~ ~enno- 
o r~aqn  s r p y 6 a x  n p n  cnnyeon~a~bnoM renaoem~e~enn~ .  
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116 V . I .  P E T R O V I C H E V  

H o ~ y q e u u  aKcnepuMeuTa~buue ~aHeue  no TennooTKaqe pTyT[z np~[ q = q0" sin ~x/l B 
Ko~bues~x HaHa~ax dm = 5,tt ~ H 3,5 ITLrn, I~oTopHe soryT 61~'b IiCIIO~bBOg~l~II~ ~JIff 
cpaBH;fre~bHHX oueHo~. 

8~cnepH~eHTa~H~e  ~aHHbIe ~aqecTBeHHo cor~acy~Tc~ c pacq~To.~[ ~aHHo~ 3a~aqH Ha 
vneh'Tpom~TerpaTope [ 6 ] .  

IT is known from analytical investigations 
[1-4] that boundary conditions for a turbulent 
flow have greater effect on the heat trans- 
fer from liquids with low Prandtl numbers, i.e. 
from liquid metals, because of their high 
"molecular" thermal conductivity. 

Having in view the modern development of 
physical power plants where heat sources are 
distributed sinusoidally, investigation of the 
influence on heat transfer of such heat load dis- 
tribution along the length of a channel is of great 
interest. One may suppose that the influence of 
the sources of heat distribution along the length 
of a channel will also affect the heat transfer 
from liquid metals to a greater extent in com- 
parison with the transfer from agents with 
Prandtl numbers of the order Pr ~ 1. 

The calculation of heat transfer for a sinu- 
soidal heat load distribution along the length of 
a channel for laminar flow of a heat transfer 

agent in a circular tube and between parallel 
planes was made by Dznng [5]. In a previous 
paper [6] we calculated the heat transfer for a 
turbulent flow of liquid metal when Pr = 0.025 
in a circular tube for various ratios of lid. The 
purpose of this investigation is to check the results 
given in reference [6] and to perform some 
more calculations. 

EXPF.mMENTAL MgrtlODS 
The experimental installation for the investi- 

gation of heat transfer in mercury for a sinusoidal 
heat load distribution along the length of a chan- 
nel represents (as shown in Fig. 1) a circulation 
contour which consists of a mercury container, 
a centrifugal pump, a Venturi nozzle, a differen- 
tial manometer, a water cooler, a regulating 
valve and an experimental heat exchanger. All the 
parts of the installation in contact with mercury 
are made of stainless steel. For each series of 
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FIG. 1. Experimental installation scheme: (1) mercury container;  (2) circulating pump;  (3) 
relulating valve; (4) Veaturi ao=de; (5) water cooler; (6) experimental heat excl~mler; (7) 

differential manometer; (8) tank with a constant cooling water level. 
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118 V.I .  PETROVICHEV 

experiments the mercury was faltered and purified 
by nitric acid, alkali and alcohol before being 
poured into the installation. Visual observations 
of the mercury surface in the container during 
the experiments pointed to the absence of 
any contamination. 

The tests were carried out with two different 
experimental heat exchangers. The experimental 
heat exchanger NI was made in the form of a 
steel tube 600 mm length, with an outside diameter 
of 14 nun and an inside diameter of 9 ram. The 
tube has inlet and outlet chambers for mercury at 
each end, from the cross-cut ends of which it is 
possible to clean the inside of the tube surface and 
visual observation of its state can be carried out. 
The tube was divided into twelve parts by circular 
grooves to decrease axial heat losses, which 
could happen for low Pe numbers. An electric 
heater was wound over the outside tube surface 
and it provided for heating according to the 
sinnsoidal law. 

Control of the winding accuracy was per- 
formed by measuring its resistance along the 
length by a Wheatstone bridge to within 0.01 [2 
for a total resistance of the heater equal to 20 f2. 
A compensating heater also wound according to 
the sinusoidal law, was mounted above the main 
heater to compensate for heat losses. Three sec- 
tions of heat measuring apparatus were mounted 
between the heaters to control the compensation 
of heat losses. 

The electric heaters are fed by a direct current 
of 130 V from a constant current source. The 
stability of mercury cooling is possible due to 
the tank with cooling water at a constant level. 
The wall temperature is measured by twelve 
copper-constantan thermocouples placed in the 
middle of each part of the tube (twelve in all). 
Mercury intake temperature and the temperature 
at which mercury leaves the heat exchanger 
are also measured by copper--constantan thermo- 
couples placed in the wells of the chambers. 

The electromotive force of the thermocouples 
is measured by a potentiometer. The maximum 
heat unbalance between the electrical power 
supplied to the experimental heat exchanger 
and mercury heating does not exceed 3-4 per 
cent. The experimental heat exchanger N2 has 
the same length of 600 nun and is made of the 
same material, but as shown in Fig. 2, it was 

divided into twenty-four parts and differs from the 
first heat exchanger in having a tube of larger 
diameter (di = 13.5 mm and d, = 17.5 ram, 
lid = 44.6). The experimental heat exchanger 
inlet and outlet chambers were designed in such 
a way, that it is possible to insert displacers with 
an outside diameter of 8.1 mm and 10 mm into 
the tube, forming an annular clearance with the 
ratio d~Jda = 1.68 and 1.35 for the mercury flow 
through it. The displacers are put into the experi- 
mental heat exchanger in jackets at both sides. 
This prevents deformations when thermal ex- 
pansion occurs and allows the displacers to be 
regulated in order to measure the influence of 
possible eccentricity. Three narrow stops are 
placed into one section of the displacers at an 
angle of 120 ° to avoid eccentricity. The 
winding of the heater and the whole measuring 
scheme is the same as with the experimental heat 
exchanger N1. Thus, the heat exchanger N2 
allowed heat transfer to mercury for two geome- 
tries to be measured: in a circular tube with 
l/d = 44.6 and in annular clearances with the 
ratios l/d = 110 and 170. 

The experiments were performed at an average 
mercury temperature of 40 ° to 60°C and at a 
maximum heat flow at the centre of the tube 
50 × 10 s kcal/m ~ hr. 

RF_~ULTS 
Experiments were held with the same experi- 

mental heat exchangers and the same then'no- 
couples on determination of heat transfer to 
mercury in a circular tube with boundary condi- 
tions q ,  - -  const, to control the correctness of 
the work of the installation. In this case a new 
electric heater with a constant space between the 
turns of the wire was wound over the tube. 
The experimental data for the heat exchanger 
N1 are exact to +5 per cent and coincide 
with those given by Johnson [8] on heat transfer 
from mercury with q, = const. For the experi- 
mental heat exchanger N2 the values are some- 
what higher due to different intake conditions. 

If we have a sinusoidal heat load distribu- 
tion along the length of the channel, then the 
value of the maximum wall temperature is of 
particular interest. The results are therefore 
given in the form of a relationship between 
the maximum dimensionless wall temperature 
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and the number  Pe.  The distribution of  the wall 
temperature along the channel was found for each 
experiment. An average liquid temperature 
distribution along the length may  be found f rom 
the heat balance equation. Thus, we can find the 
local temperature differences and calculate 
the local dimensionless heat transfer coefficient 
N u x  w i t h  the help of  the temperature distribution 
throughout  the wall and in the liquid. I t  must 
be emphasized that the temperature throughout 
the wall in the maximum region has a gently 
sloping form. An exact definition of  the position 
of  this maximurn is therefore not quite easy and 
strictly we may  only speak of  the value of  the 
maximum. 

The results o f  heat transfer measurements to 
turbulent mercury flow in a circular tube with 
sinusoidal heat load distribution along the 
length of  the tube are shown in Fig. 3 in the 
form of  the dependence 

(ts)ma x - -  t a 
= f ( P e )  

t b  - -  I a 

for l id  = 44-6 and 67. Consequently f rom the 
examination of  this figure all the experimental 
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FzG. 3. Heat transfer to mercury in the circular tube 
at q = qo "sin =x/i; © lid = 44.6; • lid = 67. 

points within these co-ordinates may be repre- 
sented with an exactness equal to -4-7 per cent 
by a single dependence 

(ts)max - -  ta 
0m~x = = 0"22 P e  °'z~ 

tb - -  t a  

The same dependence for the channels with an 
annular section ( l id  = 110 and 170) is depicted 
in Fig. 4. An equivalent hydraulic diameter 
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FzG. 4. Heat transfer to mercury in the annular 
channels at q = q0 "sin ~rx/l; O d,  = 5.4 ram, 

l id  = 1 1 0 ;  • d,,, = 3.5 n u n ,  l id  = 1 7 0 .  

d m =  d~ --  dl is taken here for a determinative 
value in numbers Pe.  So one can draw the 
conclusion that  0max in annular channels at  
q = qo • sin =x / l  in a first approximation will be 
uniform for both  annular clearances (din = 5.4 
m m  and 3.5 ram). Thus we can see that  for 
annular clearances at q = qo " sin =x / l  besides 
the ratio l/d, the  equivalent diameter d ,  in- 
fluences the heat transfer. Strictly speaking, the 
equivalent diameter cannot  be applied to the 
calculation of  heat transfer f rom a liquid metal 
in an annular clearance. 

Fig. 5 gives a comparison of  the local num- 
ber Nux  for a circular tube of  the present in- 
vestigation with the solution of  the problem on an 
electric integrator [6]. The solution was derived 
for two approximations of  a turbulent thermal 
diffusivity coefficient in previous works [1, 2, 7]. 
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Fxo. 5. Comparison of local mercury heat transfer in 
circular mbcs for q = qo" sin ~rx/l with the solution 
on an electric integrator [6] for Re = 100 × 10 s, 
Pr ~ 0"025, (a) with ar  == vT, (b) aT according to 
[71, C) I/d ffi 44.6, Pe ---- 2480; • lid = 67, 
Pe = 2 4 4 0 ; - - - f o r l ] d  = 67; . . . .  for lid = 44.6. 
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Fig. 5 shows that the data of the experimental 
investigation are qualitatively in agreement 
with the solution and are placed between two 
extreme limits of  approximation a~,. The experi- 
mental data for l id = 44.6 are somewhat higher 
in comparison with the calculated values and it 
can be explained, perhaps, by the different intake 
condition of  the experimental heat exchanger N2, 
which differs from that of  the heat exchanger N1, 
which has a rounded entrance. 

While winding the electric heater sinusoidaUy 
the space between the turns of  the wire and the 
edges was made comparatively larger and it 
essentially influences the accuracy of  the deter- 
mination of  local values along the length of  a 
channel. But the heat flow values and the wall 
temperatures decrease at the edges and these 
regions are therefore of  less interest for the 
investigation. We are interested more in the 
region of  a maximum heat flow and a 
maximum wall temperature (i.e. the regions at 
the centre of  the tube) where the space between 
the turns of  the wire is of  the order of  thickness 
of  the wall tube and the error due to it does not 

exceed 3 per cent. The estimation of  heat ex- 
pansion over the tube wall gives evidence of  the 
fact that even at Peclet numbers greater than 
100 the error due to expansion does not exceed 
0.1 per cent. 
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