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EFFECT OF A CHANGE OF THE TURBULENT STRUCTURE OF A FLOW 

ON UNSTEADY HEAT EXCHANGE UPON HEATING OF GASES 

AND LIQUIDS IN PIPES 

G. A. Dreitser UDC 536.24 

The article presents the results of experimental investigations of the unsteady 

heat exchange upon heating of gases and liquids and of the change in heat libera- 
tion from the pipe walls, as well as of the generalization of the experimental 
data which confirm the model of the effect of a change in the turbulent structure 
of the flow on the heat exchange. 

Earlier investigations of the heat exchange accompanying the heating of a gas in a chan- 
nel and of the change of heat flow density on the wall vs time [i] showed that the effect of 
the thermal nonsteady state on the heat emission coefficient increases with decreasing Rey- 
nolds number. The results of [i] were obtained chiefly for Re b = 8"i0~-5.8"i05, and the pipes 
used had almost equal diameters (d = 5.56 and 5.39 mm). It is therefore of interest to in- 
vestigate unsteady heat exchange accompanying turbulent flow in a pipe with smaller Reynolds 
numbers Re b and to verify the previously obtained theoretical dependences in pipes with other 
diameters. 

An analysis in [2] showed that the difference between the unsteady and the quasisteady 
heat emission coefficients is due to the change of turbulent structure of the flow when the 
wall temperature increases or decreases. The main part in this is played by the nonsteady 
state of the turbulent boundary conditions 8Tw/DT which, as was shown in [3, 4], is most con- 
veniently taken into account by the parameter 
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(1) 

Investigations with water [5-7] showed that in distinction to gases, the deviation of 
the unsteady heat emission coefficient from the quasisteady-state value in the given case 

is due to the superposition of nonsteady thermal conductivity on steady convective heat ex- 
change, as well as to the effect of the nonsteady-state boundary conditions on the turbulent 
structure of the flow. The relation between these effects depends on the channel diameter. 
Therefore, the generalizing dependences for unsteady heat exchange upon change of the thermal 
load and constant flow rate of the liquid were obtained in the form 

If = 1 -}- AK1 tKq, R%, Po,) ~- AK2 (K}a R%), (2) 

where AK~ is the change of K caused by nonsteady-state thermal conductivity; Kci= 0q,~ d z , 
onT q~:ct 

corresponding parameter of thermal nonsteadiness; and AK2, change of K due to the change of 
m J" the turbulent structure of the flow, and depending on the parameter ~g determined by (i). 

If we compare the values of AK2 = K -- 1 -- AK~ for liquids with the values of AK2 = K -- 1 for 
gases, we can evaluate the correctness of the model of the effect of variable wall tempera- 
ture on the structure of the turbulent flow and on unsteady heat exchange explained in [i, 

3, 4]. 

Experiments with unsteady heat exchange upon heating of air were carried out in a pipe 
with inner diameter d = 12.44 mm, wall thickness 6 = 0.165 mm, length L = 1209 mm. The pipe 
was heated by directly passing low-voltage ac through it. The following types of nonsteady 
change of the boundary conditions were investigated: increase of the wall temperature with 
stepped or stepless increase of heat liberation in the wall and lack of initial heat libera- 
tion, and decrease of wall temperature with stepped or stepless decrease of heat liberation 
in the pipe wall. The flow rate of air was set beforehand and remained unchanged during the 
experiment. 

During the experiments we recorded changes of the temperature of the outer pipe wall vs 

time in seven sections which were situated at the following distances from the point where 
heating began; x/d = 4.97, 17.3, 29.6, 42, 54.5, 67.4, 79.2; we also recorded the tempera- 
ture of the streamat the inlet to and the outlet from the experimental section, the air pres- 
sure at the inlet and outlet, the voltage drop, and the intensity of the current passing 
through the pipe. 

For determining the unsteady heat emission coefficient 

q,,, C', ~) ~(x, T)= (3) 
T,~ (x, T) -- Y~ (v, T) 

it is indispensable to know the time-dependent change of the mean mass temperature of the 
stream T b (x, T), of the wall temperature T w (x, T), and of the density of the heat flow on 
the wall qw (x, T). The values of T w (x, T) and qw (x, T) were determined from the solution 
of the inverse problem of thermal conductivity from the experimentally measured temperature 
of the outer wall surface T H (x, T) and the volumetric heat liberation qv (x, T), and from 
the previously determined heat leaks from the outer pipe surface qH (x, T). The temperature 
T b (x, T) was found from the solution of the linear equation of energy for the stream. The 
calculation of the heat emission coefficients was carried out for eight sections of the pipe, 
which had the following distances from the point where heating begins: x/d = 2.48, ii.I, 

23.5, 35.8, 48.9, 60.9, 73.3, 84.5. 

With constant flow rate of the gas, the unsteady heat emission is 

Xu~, = / ( R % ,  Pr~, T,~./T> x/d, K*~),, (4) 

and the quasisteady heat emission is 

Nu,,o = f0(Re~, Pr~, 7"~,/Y> x/d). (5) 

The numbers Reb, P rb ,  and Nu b were d e t e r m i n e d  from the  mean mass t e m p e r a t u r e  o f  the  f low 
in  t he  g i v e n  s e c t i o n .  From t h e  same t e m p e r a t u r e  we d e t e r m i n e d  Cp and t in  the  p a r a m e t e r  
K T (1 ) .  The i n v e s t i g a t i o n s  [1] showed t h a t  Nu b and NUbo depend e q u a l l y  on x /d  bu t  the  e f f e c t  
ofgReb and Tw/T b on them i s  d i f f e r e n t .  The Pr b number f o r  g a s e s  i s  c o n s t a n t .  T h e r e f o r e ,  
t a k i n g  (4) and (5) i n t o  a c c o u n t ,  t he  o b j e c t  o f  the  e x p e r i m e n t  i s  to  d e t e r m i n e  
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K - -  Nut) --[l(K~g, Reb, TSTb). (6) 
Nubo 

The q u a s i s t e a d y  v a l u e  o f  NUbo was c a l c u l a t e d  by t h e  f o r m u l a  

Nu~0 = 0.018 Re~ "a (T,JT~) -~ 'as L, - (7) 

whe re  t h e  c o r r e c t i o n  f o r  t h e  i n i t i a l  s e c t i o n  c L was t a k e n  f o r  t h e  h y d r o d y n a m i c  s t a b i l i z a -  
t i o n  o f  t h e  f l o w  a h e a d  o f  t h e  s e c t i o n  o f  h e a t  e x c h a n g e  

e L = 1 + O , 5 ( d / x ) .  (8) 

Formula (7) with a scatter of • describes the experimental data on local steady-state 
heat emissiQn obtained in the given pipe, with Re b = 6"103-4"105 , Tw/T b = 1.1-2.7, during the 
preliminary experiments with steady-state regime. The method and the experimental installa- 

tion are described in detail in [8]. 

The experiments were carried out with Re b = 7"103-1.5"105; Tw/Tb = 1-1.9; gas pressure 
at the inlet ~' = (2-10)'105 N/m 2, rate of change of the wall temperature $Tw/~T = (--200- 

300)~ K~g = (--0.7-0.8)'i0-4. 

With stepped increase of heat emission in the wall pipe, T w increased more quickly for 

larger x/d. The stabilization time of T w is the longer, the larger the thermal load, the 
samller Reb, and the larger x/d. The coefficient K drops from 2-3 at the beginning of the 
process to I. When the load is removed, T w decreases more quickly for large x/d. At the be- 
ginning of the process K = 0.6-0.8, and then it increases to i. 

Stepless increase of the thermal load was ensured by increasing the electric heating 
approximately linearly for 2-10 sec. Then the temperature T w increased more quickly, the 
larger x/d was, and the coefficient K dropped from 1.5-2 at the initial instant to 1 at the 
end of the process. With stepless decrease of the thermal load, the electric heating de- 
creased for 2-10 sec. At the same time the parameter K decreased at the beginning of the 

process from 1 to 0.6-0.8, and then it increased to i. With T = const the value of K is the 

smaller, the larger x/d. 

First the experimental points which were obtained with stepped change of heat libera- 
tion were analyzed. Since the principal parameters of unsteady heat exchange of gases K~g, 

Reb, and Tw/T b changed interconnectedly in the experiments, the experimental data were pro- 
cessed with the object of revealing the effect of these parameters on unsteady heat exchange. 
All the experimental points were divided into several ranges of Re b and Tw/T b. For each of 
t~ese ranges we determined the dependences of K (or of AK2) on K~g for different x/d. With 
K~.g > 0 AK2 > 0 (K > i), and with K~g < 0 AK2 < 0 (K < i). The dependences of K on K~g are 
the same for all x/d, i.e., in the processing of K = f~ (K~g, Reb, Tw/Tb), the parameter K 
does not depend on x/d. When K~g < 0, K depends the more strongly on K~g, the smaller Re b. 
With increasing Tw/Tb, K decreases. With KTg < 0, the effect of KTg on K also decreases with 
increasing Re b. An increase of the temperature factor entails an mncrease of K, i.e., it 
lowers the effect of thermal unsteadiness on K. The obtained data agree satisfactorily with 

previously obtained results [I, 4]. 

The reduced effect of thermal unsteadiness on K with increased Re b is due to the de- 
creased relative change of turbulence on account of unsteady thermal influence because the 
level of turbulence increases rapidly with increasing Re b. With increasing turbulent thermal 
conductivity the relative contribution of heat transfer also decreases because of unsteady 
thermal conductivity. With increasing Tw/T b the temperature gradient (T w -- Tb) increases, 
and the relative influence of a change in wall temperature (the derivative ~Tw/~T) on the 
turbulent structure of the flow and on the heat exchange decreases. With increasing Re b the 
effect of the temperature factor on unsteady heat exchange decreases. 

The results of experiments with stepped change of the thermal load are generalized by 

the dependences: 

i) Increasing wall temperature (AK2 > 0) 

AK2=K--I=(2--O.83 T,,,) Tb ( 10 .4 - -  19.2R%.10-5)• 

• (K*g. 10q (1 .s4-o,66R%.10-~) 
(9) 
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Fig~ I. Dependence of AK~ on ' "  for differ- Tg 
ent Re b with increasing (a, b) and decreasing 
(c, d) thermal load in heating gas, and Tw/T b= 
1.1-1.3: 1-8) x/d = 2.48, Ii.i, 23.5, 35.8, 
48.9, 60.9, 73.3, 84.5; a, c) Re b = (i-2)~ ~- 
b, d) Re b = (1-1.5).10 ~. 
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F i g .  2. Dependence o f  AK2 on KZ" f o r  hea t>ng  g 
o f  gas w i t h  i n c r e a s i n g  (a) and ~ e c r e a s i n g  (b)  
thermal load and Tw/T b = 1.1-1.3; 1-7) Reb'10 -4= 
0.085, 0.15, 0.25, 0.65, 0.75, 1.25, 2. 

for KTg = 0-0.4-10-a; Re b = 7.10s-2.5"i04; Tw/T b = 1-1o7; 

AK2= K - - l =  (2--0.83 T '")  ( 4 " 6 - T ~  1'46 R%'10-5) • 

X ( K ~ g -  l (}z~} 1 '  6 0 , 5 - 0 , 1 R e  6 . I 0 - 

f o r  KTg = 0 - 0 . 4 . 1 0  -4 ;  Re b = 2 .5"10  - 2 . 1 0  s;  Tw/T b = 1 -1 .  7 

2) decreasing wall temperature (AK2 < 0) 

A K 2 = K - - I  = - - l , 2 5 ( 2 - - T ~ / T z j [ ] - -  

-- (0.325+0,206 R%. 10-s)I K*g I ~176176 ,2r] 

f o r  KTg = - - 0 . 4 . 1 0  -4 - - - 0 . 0 5 - 1 0 - 4 ;  Re b =  7 .10 3 - 2 . 1 0 s ;  Tw/T b 1-7; 

A K 2 = K - - 1  = 1.25 ( 2 - - T ~ I ( 4 , 8 5 - - 2 , 2 R % . 1 0 - 5 ) K * g  I 0~ 
\ Tb, I 

f o r  KTg = - - 0 . 0 5 - 1 0 - a - 0 ;  Re b = 7"10~-2"105 ;  Tw/T h = 1 - 1 . 7 .  

(lO) 

( n )  

(12) 
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Fig. 4. Comparison of the data on unsteady 
heat exchange in heating gases and liquids: 
i) water, Pr b = 4-12 (3), Pr b = 3-12 (4); 
2) air; a, d) Re b = 8.103; b, e) Re b = 2.5" 
104; c) Re b = 5- 104. 
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Relations (9)-(13) were obtained for stepped increase of the thermal load from zero 
initial heat liberation (qv~ = 0), and stepped decrease of the thermal load with zero final 

heat liberation (qv2 =0); to verify the possibility of using these relations, they were compared 

with the results of experiments with stepless change of heat liberation. The experimental 
data for stepless changes of heat liberation agree perfectly satisfactorily with the de- 

pendence (9)-(12) for their stepped change. Earlier [I, 4] it was shown that the dsts for 
different regularities of change of heat liberation in walls, obtained with pipes with smaller 

diameters, also agree well with each other. 

Thus, dependences (9)-(12) may be applied while using the parameter K~g, determined by 
(i), for the heating of gases and for different relationships of change in heat flow density 
on the wall or in wall temperature vs time. The investigation showed that in a wide range 
of changes of the Reb numbers, the unsteady heat emission coefficient does not depend on the 
regularity of change of the wall temperature or of the heat flow density on the wall, but 
that it is unambiguously determined by the derivative ~Tw/DT or by the corresponding dimen- 

o. 

sionless parameter K~g. 

As previously mentioned, a comparison of the values AK2 = K -- 1 for gases and AK2 -- 
K 1 -- AK~ for liquids makes it possible to evaluate the correctness of the model of the 
effect of variable wall temperature on the turbulent structure of the flow and the intensity 
of heat exchange, adopted in [i, 3, 4]. According to this model, the change in turbulence 

of the flow near the wall and of the heat exchange is the greater, the larger the product 
0T~ 

~u. or the corresponding dimensionless parameter KTg (i). & 

The corresponding comparison showed that the values of AK2 for gases and liquids upon 
their heating and with equal K~g and Re b do not coincide (for gases we took points for Tw/ 
T b ~ i, i.e., for conditions close to isothermal ones, in order to eliminate the effect of 

variable density). The reason is that with constant R%, ---0T~' ~ .... and d, the parameter K* de- 
0T Tg 

pends on the Re b number. In fact, 

p ,  ___ dT / r, j~ _ 
i b m .  < . 

where 

i~'{: - o'/~ c%~ ! / 6 
#.!T / ~ ( 14 ) 

is the parameter of thermal unsteadiness, which does n o t  depend on Re b and Pr b. Sinee Pr b 
is larger for liquids than for gases, the parameter KSZ_ for gases is larger with equal 

OT,,o / d ~ p,. ~/ ----g , and therefore its effect on unsteady heat exchange is smaller. 

Proceeding from these considerations, we processed the available experimental points of 
unsteady heat exchange of air, given in [i, 4] and in the present article, and of water [5- 

71, with the object of obtaining the dependences of ~K2 on K~, Reb, %/% for gases and of 
AK2 on K}g, Reb, Pr b for liquids. Figure 1 presents the dependences of AK2 on K~[ for dif- 
ferent ranges of Re b for gases and Fig. 2 shows the averaging dependences of AK2 on K** 

' Tg 
with different Re b and with Tw/T b = 1.1-13. The dependence of AK2 on K~* is the stronger, 
the smaller..Re b and.,Tw/T b. The formulas for these dependences are obtained by replacing the 
parameter K~g by K}~ in (9)-(12) in accordance with the relation (13). 

The results of conversions for unsteady heat exchange in heating liquids are presented 
in Fig. 3 for increasing (kKs > 0) and for decreasing (AK2 < 0) thermal load. This illustra- 
tion shows the results of calculations of separate points belonging to different ranges of 
Pr b numbers and the results of conversion of the average empirical dependences for different 
P r b ,  g i v e n  i n  [ 5 ] ,  by  r e p l a c i n g  K~g i n  t h e m ,  i n  a c c o r d a n c e  w i t h  ( ! 3 ) ,  by  K=~. 

A comparison of the results obtained for gases and liquids is shown in Fig. 4. The 
hatched regions for liquids belong to the range of changes of Pr b = 3-10 which take place in 
experiments with water; the dashed lines concern the data obtained with air. It can be seen 
from this figure that with equal K~ and Reb, the values of AK2 for liquid and gas (with 
Tw/T b close to i) pract'cally coincide, whereas their thermal coefficients of volume ex- 
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pansion Bw differ by a factor of 40. This confirms the correctness of the model of the 
effect of a change in the turbulent structure of a flow on the unsteady heat exchange, pre- 
sented in [i, 3, 4]. 

Thus, the experiments and their analysis showed that a change in the turbulent structure 
of flow has a substantial effect on unsteady heat exchange both in gases and liquids. There- 
fore, the theoretical models of unsteady heat exchange based on the hypothesis of quasisteady 
structure of turbulent flow cannot yield satisfactory results. 

NOTATION 

a is the thermal diffusivity; Cp, heat capacity; d, inner pipe diameter; G, mass flow 
rate; g = 9.8 m/sec2; qw, heat flow ~ensity on the wall; Tw, wall temperature; Tb, mean-mass 
flow temperature; x, distance from inlet; ~, heat emission coefficient; Bw, thermal coeffi- 
cient of volume expansion of gas or liquid at the wall temperature; i, thermal conductivity; 
6, thickness of the pipe wall; T, time; K = Nu/Nuo; Nu, unsteady-state Nusselt number; Nuo, 
quasisteady-state.,..~ Nusselt number; Re, Reynolds number; Pr, Prandtl number; and Kq, K~, 
K}2, parameters of thermal unsteadiness. Subscripts: w, relating to wall temperature; b, 
re~ating to mean-mass flow temperature. 
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