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Abstract-Consideration is given to the problem of unsteady-state heat transfer and working fluid mixing 
in channels formed by densely packed bundles of oval-shaped coiled tubes with a longitudinally streaming 
flow and in a plane channel with one-sided heat input. Unsteady-state temperature fields are predicted and 
experimental results are given for heat and mass transfer processes in bundles of coiled tubes. New laws 
governing the course of these processes are revealed. It is found that in unsteady-state processes heat transfer 
coefficients of turbulent diffusion are significantly different from their quasi-stationary counterparts. This 
difference is determined by the rates of change of boundary conditions-wall temperature and cooling gas 
Row rate. The explanation for the laws derived is given, as well as recommendations for calculating unsteady- 
state processes of heat transfer and mixing in channels and determining the limits of applicability of quasi- 

stationary values for the coefficients of heat transfer and mixing. 

1. INTRODUCTION 

THE INCREASED interest shown at present to the prob- 
lem of unsteady-state convective heat transfer in chan- 
nels is motivated by the great role played by unsteady- 
state thermal processes in modern power plants, heat 
exchange and technological equipment and also by 
high requirements with regard to the accuracy of cal- 
culation of these power-intensive facilities. Unsteady- 
state processes in these apparatus are characterized 
by rapidly varying parameters which are considered 
to be controlling in a number of cases. Calculations 
of unsteady-state thermal processes in power plants, 
heat exchange apparatus, technological equipment 
and mains must rely on the results of fundamental 
investigations into unsteady-state convective heat 
transfer processes. These investigations are needed to 
create reliable methods for calculating temperature 
fields and thermal stresses, heating and cooling of 
pipelines, mains, elements of power plants and for 
optimizing these processes, for calculating transient, 
starting and emergency conditions of operation of 
various heat exchanging apparatus employed in many 
areas of technology for developing automatic control 
systems. 

Early investigations, generalized in ref. [l], dealt 
with unsteady-state heat transfer in circular tubes. 
Specific features of unsteady-state heat transfer and 
heat carrier mixing in complex-shaped channels for- 
med by bundles of coiled tubes were the concern of 
refs. [2,3]. 

The present paper suggests results of new exper- 
imental investigations of unsteady-state heat and mass 
transfer in non-circular channels-in a bundle of 
oval-shaped coiled tubes, in a longitudinally stream- 
ing flow, and in a plane channel with heating on one 
side. 

Heat exchange apparatus with coiled tubes can be 
applied in power engineering and other areas of tech- 
nology because of their favourable compactness. 
Plane channels are used in systems for cooling energy 
generators and internal combustion engines in plate 
heat exchange apparatus. 

2. BUNDLE OF COILED TUBES 

2.1. Prediction of temperature fields and the problems 
of closing a system of differential equations 

When investigating unsteady-state heat and mass 
transfer under the conditions of non-uniform heat 
generation in the bundle cross-section and deter- 
mining coefficients of turbulent diffusion, use is made 
of the homogenized medium flow model which rep- 
resents an actual bundle of coiled tubes and which has 
proved an efficient means of calculating steady-state 
temperature fields. The homogenized medium consists 
of a working fluid and a ‘solid phase’. But, while in 
the case of a steady-state process the one-temperature 
flow model is used, when calculation of a system of 
equations [4] yields only the distribution of a working 
fluid temperature, then in the unsteady-state case, to 
take into account the thermal inertia of coiled tubes, 
a two-temperature model is used which also takes 
into account the change in time of the ‘solid phase’ 
temperature. In this case, a system of hydrodynamics 
and energy equations is solved for a gas tIow and a 
heat conduction equation is solved for a ‘solid phase’ 
[2]. When the disturbances of the parameters that 
determine the flow process are not large and their 
duration is much in excess of the time of sound wave 
propagation along the length of the bundle, the gas 
dynamics equations can be written in quasi-stationary 
approximation with the continuity equation replaced 
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NOMENCLATURE 

thermal diffusivity 

heat capacity 
maximum dimension of the oval-shaped 
tube 
equivalent diameter 
bundle diameter 
effective coefficient of turbulent diffusion 
cross-sectional area of bundle occupied 
by tubes 
cross-sectional area of bundle occupied 
by heat carrier 

R 
Re 

4” 

Yw 
S 
T 
u, 1’ 

z 

gas constant 
Reynolds number 
density of volumetric heat generation in 
the walls of coiled tubes or in a plane 
channel 
heat flux density on a wall 
pitch of tube spiral 
temperature 
velocities 
longitudinal coordinate. 

Fourier number 
dimensionless number characterizing the 

Greek symbols 

relationship between inertial and 
51 heat transfer coefficient 

centrifugal forces in a twisting flow 
X relative coefficient of working fluid 

acceleration of gravity 
mixing 

mass flow rate of working fluid 
/I thermal conductivity 

mass flow rate of working fluid before 4 effective coefficient of turbulent diffusion 

disturbance introduction kl dynamic viscosity 

mass flow rate of working fluid after 
1’ kinematic viscosity 

disturbance introduction I’, effective coefficient of turbulent viscosity 
r 

dimensionless coefficient of turbulent 
diffusion 
ratio of unsteady-state heat transfer 

coefficient of hydraulic resistance 

I? wetted perimeter 

P density 
+:-, 

coefficient to its quasi-stationary 

counterpart 
parameter of dynamic unsteadiness 
parameter of thermal unsteadiness 
length of a bundle 
turbulent Lewis number 
working fluid-based void content in a 

bubble 
heat loading 
Nusselt number 

static pressure 
turbulent Prandtl number 
radial coordinate 

Subscripts 
b bulk mean 

f working fluid 
m mean 
M modified 

max maximum 

P at p = const. 

qs quasi-steady 

T ‘solid phase’ 

un unsteady 
W wall. 

by the relation for the working fluid flow rate of the 

form 

s 

r.% 
G(r) = 2nm pur dr. (1) 

0 

Here G(r) is the known quantity. Then the equation 
of motion has the form 

In ref. [2], the heat conduction equation was written 
for the case when the thermal conductivity coefficient 
of a ‘solid phase’ A, can be applied as an isotropic 
coefficient which is independent of directions. In 
actual fact, this coefficient depends on coordinates, 

and the heat conduction equation for a ‘solid phase’ 
has the form 

where /ITr and LTr are the thermal conductivity 
coefficients of a ‘solid phase’ in the radial and longi- 
tudinal directions, respectively. In view of the fact that 
the ‘solid phase’ is uniformly distributed throughout 
the volume of the shell with an enclosed bundle of 
coiled tubes, the ‘solid phase’ temperature T, is essen- 
tially the surface temperature of these tubes at a fixed 
point in space at a given time r. Knowing the dis- 
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When the system of equations (l)-(5) was solved 
numerically, the following boundary conditions were 
added to it : 

tribution of the temperature TT over the outer surface 
of the actual tubes, it is possible to solve the problem 
of determining unsteady-state temperature fields in 
the wall of the tubes with boundary conditions of the 
third kind on the inner surface of the tubes. However, 
when solving the system of equations (l)-(3) and the 
energy and state equations 

at the inlet to the bundle (z = 0) 

TT(~, 0,~) = Gin(r, T), T(r, 0,7) = %(I, T), 

dry O, 7, = %nCr, 7)~ p(rt 097) = pi,(T) ; 
(10) 

at the outlet (the condition of the absence of heat 
transfer) 

p=pRT 

aTT(f.9 Z, 7) a W, Z, 7) 

aZ 
= 9 

o 

z=l aZ ==, 
=o; (11) 

(5) 
on the bundle axis (the condition of axial symmetry) 

it is necessary to ensure that the thermoinertial pro- 
perties of the actual bundle and of the homogenized 
medium ‘solid phase’ be the same. It is only in this case 
that the coincidence of the measured and predicted 
temperature fields of the fluid and ‘solid phase’ can 
be achieved. 

In experiments described in ref. [2], the tubes con- 
tained quiescent air and their walls were from 0.2 to 
0.5 mm thick. Under such conditions there was no 
convective heat transfer inside the tubes. Therefore, it 
was possible to use the following calculational 
schemes for determining the quantities pT, c,, &, 
and a,,. 

aTAr, Z, 7) o a T@, Z, 7) 

ar = ’ ar = 
0, 

r=O ,=O 

au 
ar ,=O 

= 0; (12) 

on the outer boundary of the bundle 

_a JTdr,z,7) 
Tr ar ,=,K= 0, 

Thus, in the calculation of pT the volume which is 
occupied by the fluid inside the tubes is taken into 
account 

where E is the ratio of the tube flow area to the total 
area of the tube cross-section. 

PT = PM@ -E)+PfE 

Initial conditions were obtained by solving an un- 
steady-state problem at time 7 = 0. For the solution 

(6) of the system of equations (l)-(5) with boundary 
conditions (lo)-( 13), the quantities accompanying the 
derivatives were preliminarily averaged depending on 
the differentiation coordinates, taken outside the dif- 
ferentiation sign, and then refined in iteration cycles. 

The heat transfer and energy equations were solved 
by the alternating-direction method. Numerical ana- 
logues of the equations were broken down into an 

The thermal conductivity coefficients of the ‘solid 
phase’ in the radial and longitudinal directions, 

Ir, and jlTz, respectively, were determined from the 
equations 

where 1, and 1, are the thermal conductivities of the 
tube material and of the fluid. These relations take 
into account the influence of the design of coiled tubes 
on heat conduction along the bundle ‘skeleton’, they 
were derived using the concept of an equivalent ther- 
mal conductivity coefficient of a multilayered wall 
composed of dissimilar materials (the wall and the 
fluid). The results of numerical experiments with vary- 
ing values of 1, and 1, showed that this approach is 
quite acceptable within the framework of the homo- 
genized model. 

a,, = q+; 
[ 1 

--I 

T f 

ar.- = 1,(1 -&)flf& 

c, = c,(l -.a)++&. 

implicit scheme and were solved by the factorization 

(7) method. The motion and continuity equations were 
also solved by this method. Thus, just as in ref. [2], 

(8) 
the solution was split into successive steps-solution 
of heat transfer equations (3) and (4) and simultaneous 
solution of motion and continuity equations (2) and 
(l), which were thereafter linked via the equation of 
state, equation (5), and iteration cycles. 

An algorithm to generate the solution was realized 
in the form of a computational programme coded in 
Fortran for a BESM-6 computer [6]. 

To close the system of equations (l)-(5), use is 
made of experimental values of the heat transfer 
coefficient a, effective coefficients of thermal con- 
ductivity 1, and viscosity v,, as well as of the hydraulic 
resistance coefficients <. Taking, just as in ref. [2], the 
turbulent Prandtl and Lewis numbers equal to unity, 
PrT = 1 and Le, = 1, it is sufficient to find from 
experiment the dimensionless equivalent coefficient of 

(9) turbulent diffusion 

The heat capacity of the ‘solid phase’ was deter- 
mined from 
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K=$ 
e 

(14) 

because I, = DtpcP and V, = D,. 
Coefficient K is determined by comparing the mea- 

sured and predicted temperature fields of the working 
fluid at each instant of time z. In this case it is deter- 
mined in which way the coefficient K depends on the 
similarity criteria. 

The specific features of heat and mass transfer in a 
bundle ofcoiled tubes are dictated both by the features 
of bundle construction and by the influence of the 
unsteadiness effects. As is known [4], the twisting of 
a flow in a bundle of coiled tubes is determined by the 
relative pitch s/t/ by 

Fr,, = .s’/dl,. (15) 

which characterizes the ratio between inertia and cen- 

trifugal forces acting on the flow in its twisting. The 
number Fr,, represents a complex geometric charac- 
teristic of the bundle. The smaller the s/ti (or Fr,), 

the greater the rate of tlow twisting. The twisting of 

the flow gives rise to fields of transverse velocity vector 
components in the bundle cross-section. In this case 
the wall layer is agitated to a greater degree than the 
core of the flow. Thus, the ratio between the tur- 
bulization levels in these Row regions for a bundle 
with FrM = 178 is approximately twice as high as a 
similar ratio for a circular tube [4]. 

This feature of heat and mass transfer in a bundle 

of coiled tubes seems to be the major factor in the 
enhancement between the wall layer and the flow core. 

The generation of turbulence in the wall layer by 
flow twisting and intensive convective exchange by 
portions of liquid between the wall layer and the flow 
core can enhance the influence of unsteadiness on the 
flow structure. 

In addltlon to Frh,. the similarity criteria include 
the Reynolds number 

and also the working fluid-based void content of the 
bundle which characterizes the fraction of the area 
of radial cross-sections over which the working fluid 
contacts on the boundaries of the adjacent cells of the 
bundle [4] 

111 = FJE‘Z (17) 

where Fz = F,+ F is the cross-sectional area of the 
bundle. Then. the criterion connection for the stabil- 
ized value of K,, for the steady-state regime takes the 
form 

K,, = K(Re, Fr,,m). (18) 

The specific features of heat and mass transfer 
under unsteady-state conditions of the occurrence of 
processes are also due to changes in the turbulent 
structure of flow in its wall region. In this case, the 
mechanism of unsteady-state heat and mass transfer 

in this region is governed by the processes which are 
typical of unsteady-state heat transfer in circular tubes 

[Il. 
Once the analysis is based on the methods of the 

similarity theory. then it is possible, from the complete 
set of equations describing the unsteady-state llou 
of liquid with simultaneous heat transfer, to detcr- 
mine the Fourier number (the criterion of thermal 
homogeneity) which characterizes the relationship 
bctwecn the rate of change in the temperature field of 
the working Cd. its physical propertics and dimen- 
sions of the flow region 

Fo, = 
i,T 

c;,p,,tl, 
I I’)) 

and which is the decisive criterion for describing un- 
steady-state processes with the aid of dimensionless 

equations. 
The controlling parameter in the case of a change 

in the working fluid flow rate at a constant heat flux 
density is taken to be the ratio between the working 
fluid flow rates before and after the introduction of 
disturbance, G,/G,. The dimensionless non-stationary 
effective coefficient of turbulent diffusion will be deter- 

mined by the following criterion connection : 

K,,, = K(Re, Fr,,,, nz. ki),. GZ,G,). (20) 

It may be more convenient to represent experimental 
data on unsteady-state heat and mass transfer with 
the aid of the concept of the relative coefficient of 
mixing ti = KJK,,, where K,, is the quasi-stationary 
value of the dimensionless effective coefficient of tur- 
bulent diffusion. Then the dimensionless equation will 
have the form 

This equation does not include the working fluid- 
based void content of the bundle bccausc this quantity 
influences identically the coefficients K,,, and K,, for 
the bundle of coiled tubes under consideration. The 
dimensionless equation (21) can also involve other 
parameters that take into account the effect of un- 
steady-state boundary conditions on K. 

An experimental investigation of unsteady-state 
heat and mass transfer processes was carried out on 
bundles made of 127 coiled tubes with the relative 
pitches of tube spirals s/d = I:! and 6.1 (which cor- 
respond to Fr, = 220 and 57). with electrical power 

being applied to 37 central tubes, within the Reynolds 
number range RP = 3.5 x 10’P1.75 x 104, maximum 
values of the heat flux density derivative with respect 
to time (FN/iit) = 0.615-3.64 kW s ’ and of time 
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delays in heat loading supply z,, = l-6.5 s (Fig. 1). 
The experiments were run both in the case of rapid 
and slow achievement of steady-state operational con- 
ditions. Models were made of the processes of start- 
up, transition from one to another operational regime 
and of the apparatus stoppage. The working fluid 
temperature fields were measured at the outlet of the 
bundle by a rack of ten chromel-alumel thermo- 
couples. A special automatic system was used to 
control the apparatus, to gather and process exper- 
imental data for the unsteady-state process of mixing 
and heat transfer [2,3]. The temperature fields mea- 
sured for different instants of the unsteady-state heat 
transfer process were compared, by the least squares 
method, with temperature fields obtained in solving 
the system of equations (l)-(5) with different pre- 
scribed values of Ku,. Figure 2 presents the predicted 
and measured temperature distributions for different 
instants of time for one of the operational regimes of 
the bundle with Fr, = 220. Analogous temperature 
fields for the other operational regimes were given in 
refs. [2,3]. The fitting of the data of refs. [2,3] with 
the new results made it possible to reveal the influence 
of the derivative (8N/&),,, on the coefficient 
K = Ku,/Kq, and to correlate experimental data for the 
case of Fr, = 220 and heat flux density increasing at 
the above-mentioned rate by the relation (Fig. 3) 

K = KJK,, = 0.307 x 10-4Fom2 

-0.226x 10-2Fo-‘+0.91 (22) 

where 

The coefficients a = 0.043 and b = 0.263 s kW- ’ 

FIG. 1. Change in time in energy generation: 16, for a 
bundle ofcoiled tubes with FrM = 220 and for Re = 3.5 x 103, 
6.4x IO’, 8.8 x 103, 8.9x lo’, 1.36x 104, 1.75x 104, respec- 
tively; 7-9, same for a bundle with Fr, = 57 and for 

Re = 5.1 x 103, 8.9 x lo’, 1.25 x 104. 

FIG. 2. Working fluid temperature fields in the outlet section 
of a bundle with s/d = 12 (Fr, = 220) at Re = 3.5 x IO’: I- 
18, calculation; l-3, r = 16.85 s, K = 0.1, 0.2, 0.3, respec- 
tively; 46, same for r = 20.8 s; 7-9, same for r = 24.8 
s; 1612, r= 32.8 s, K=0.06, 0.1, 0.2; 13-15, ~=44.8 s, 
K= 0.045, 0.06, 0.08; 1618, same for r = 72.8 s; 19-24, 
experimental data for r = 16.8, 20.8, 24.8, 32.8,44.8, 72.8 s, 

respectively. 

characterize the aspects of heat power when the 
bundles studied reach the unsteady-state operational 
regime (Fig. 1). For the bundle with Fr, = 57 and 
increasing heat power, the influence of the derivative 

(aNjar),,, on K in the case of rapid and slow vari- 
ations of power and during the transition from one 
regime to another is analogous to the case with 
Fr, = 220. Then, the experimental data for Fr, = 57 
can be correlated as (Fig. 3) 

(24) 

indicating a speeding up in the equalization of tem- 
perature irregularities in the working fluid flow with 
a decreasing Fr,. Thus, an increase in flow twisting 
leads to an increase of the level of turbulence in the 
wall layer in unsteady-state heating thus intensifying 
the exchange processes between the wall layer and the 
flow core. The influence of Re on K is not observed in 
the experiments. Experimental data for the bundles 
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FIG. 3. The dependence of K on Fr, : l-5, experimental data 
for FrM = 57 at Reb = 1.25 x I@, (~~1~~)~~~ = 1.212 kW 
SC’; Reb = 8.9x 103, (aNj&),,, = 1.212 kW s-‘; Re,, = 
5.1 X 103, (aNjar),,, = 0.622 kW s-‘; Re,= 5.1 x 103, 
(aNjar),,, = 0.115; Re, = 5.1 x 103, (aN/&),., = 0.35 kW 

s- ‘, respectively; 6, plot for FrM = 57 (24). 

within the ranges FP~ = 57-220 and Fo = 0.25 x 
IUP ‘-1 x 10- ’ can be generalized by a single rela- 
tion of the form 

K = (0.114x lo’-dFo-’ 

-0.1053x lo-2Fu-‘+1.024) 

Fr, - 57 

+ 45.4 x i06Fo& - 18.88 x 104Fo, +245’ (25) 

The investigations of unsteady-state heat and mass 
transfer with an increasing thermal load showed that 
the change in time of the working fluid temperature 
distributions (Fig. 2) and accompanying variations of 
the effective coefficient of diffusion K,,, which char- 
acterizes the transfer properties of the Row, were 
due to the influence of unsteady-state boundary 
conditions. The observed rearrangement of tem- 
perature fields and pronounced enhancement of beat 
and mass transfer at the first instants of time can be 
attributed to the change in the turbulent flow structure 
during unsteady-state heating of the bundle. 

When the power of thermal loading decreases, hc is 
much smaller than unity at the first time instants, i.e. 
the non-stationary value of the diffusion coefficient 
KU’,, is smaller than its quasi-stationary value K,, {2,3]. 
The present paper analyses ex~rimental data 
obtained for this type of unsteadiness over the ranges : 
Re = 5.1 x 103-1.25x 104, ](aN/az),,,] = 1.075-10 
kW s- ‘, and FrM = 57 and 220. The analysis involves 
not only regimes in which the thermal loading power 
decreases to zero, but also the transition from one to 
another operational regime with a smaller heat load 

(Fig. 4). The variation of KU, with Fo, determined 
from equation (23), for the operational regimes con- 
sidered is well described by the following equation 
valid for FCI < 1.4 x lo-’ : 

K = 0.454x 10-5Fo-2-3.86x 10 -‘Fo - ‘+ 1.28. 

(26) 

Equation (26) agrees well with experimental data (Fig. 
5) for both the bundle with Fr, = 220 and the bundle 
with FrM = 57. 

The relation 

K = 0.454x 10-5Fo~2-3.86x 10.-“I%;~‘+ 1.24 (27) 

suggested in refs. [2,3] is valid only in the case of a 
sudden decrease in the power of heat loading to zero 
at I(~~/~~)~~~1 = 7.5-10 kW s- ’ {Fig. 5). 

Thus, the criterion FrM exerts different effects on 
KU, in the cases of increasing and decreasing heat 
loads. In unsteady-state heating of tubes temperature 
irregularities equalize more rapidly with an increase 
in Fr, due to additional flow turbulization in the wall 
layer, whereas during a decrease in heat loading the 
influence of Fr, on K is not observed. 

290 
0 40 60 80 

8 

FIG. 4. Variation of heat loading and of working fluid tem- 
perature in time on transition to the other, lower, operational 
regime: l-3, change in loading at Re = 1.25 x 104, 8.9 x lo’, 
5.1 x lo’, respectively; 413, change in the working fluid 
temperature for Re = 1.25 x 104atv/rK = 0.073,0.128,0.193, 
0.265,0.334,0.408,0.479,0.624,0.770,0.916, respectively. 
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FIG. 5. The dependence of rc on Fourier number on a decrease 
in heat loading : 1, relation (27) ; 2, relation (26) ; 3-5, exper- 
imental data for bundle with Fr, = 220 at Re = 8.9 x lo3 
and I(aN/&),,,j = 7.5 kW s-‘, Re = 1.36x lo4 and l(aN/ 
I%),,,,,[ = 10 kW SKI, Re = 1.75x lo4 and l@N/~r),,,l = 
10 kW s- ‘, respectively; 6, experimental data for FrM = 57, 
Re, = 1.25 x lo4 and I(aN/&),,,l = 1.875 kW s-’ ; 7, same 
at Re = 8.9 x 10’ and ((dN/&),,l = 1.175 kW SK’; 8, same 

at Re = 5.1 x 1O’and I(aN/&),.,l = 1.075 kW s-‘. 

2.3. Unsteady-state heat transfer during a change in the 
WorkingJluidfzow rate. Generalization of experimental 

data 
The influence of acceleration and deceleration of 

the working fluid flow at a constant density of heat 
flux power supplied to 37 central coiled tubes of the 
bundle of 127 tubes was studied experimentally over 
the range G,/G, = 0.594-1.77 at Fr, = 57 and 220. 
The change of the working fluid flow rate in time was 
achieved with the aid of a device operating on the 

principle of a camera shutter [5]. Experimental data 
were processed following the technique described in 
Section 2.1. The processing revealed new trends in the 
unsteady-state heat and mass transfer and in the type 
of unsteadiness considered. It was found that in the 
case of working fluid acceleration and constant heat 
loading a decrease was observed in the working fluid 
temperature in time. Then rc varies as a function of 
Fourier number Fo, in the same way as in the case of 
decreasing heat load (Section 2.2), i.e. at the first 
instant of time K decreases steeply (Fig. 6) and then, 
with an increase of Fob, it tends to unity (K,, + K,,). 
Thus, for the type of unsteadiness considered the main 
influence on Ku, is exerted not by the mechanism 
of flow acceleration, which, by analogy with circular 
tubes, should have led to an increase of Kun [l] at 
T, = const., but rather by the thermal inertia of tubes. 
In the case at hand the thermal inertia of tubes leads 
to a change in time of the temperature fields of 
the working fluid similar to the variation on a de- 
crease in heat load (Fig. 4) when a decrease of Ku,, 

as compared with K,,, is observed at the first 
instant of time, with Ku, = K,,(Foa, GJG,). In 
this case, the experimental data are well correlated by 
(Fig. 6) 

K = AFo$+c (28) 

where A, c and n depend on the ratio GJG, (Table 
1). For the case of low acceleration equation (28) is 
obtained for IC < 1. 

The character of the change of K with G,/G, at 
different Fo,, for the case of flow acceleration can be 
illustrated by Fig. 7 showing the plots of 

1.4 2.4 

O-6 xi-16 ‘L 
o-7 x-17 
b-9 ,#-I6 
o-9 
w-10 1 @-I9 0.6 

j&F1 
o.40 I I I I 

0.2 0.4 10.6 0.6 I .o I.2 
0.4 

Fo,xlO’ 

FIG. 6. Comparison of experimental data on the relative mixing coefficient K with interpolational relations 
at different FrM and flow rate ratios G,/G,: l-5, relation (28) at G,/G, = 1.62, 1.68, 1.71, 1.73, 1.77, 
respectively ; 6, 7, experimental data for I+,., = 57 and GJG, = 1.62, 1.77, respectively; 8-l 1, same for 
I$,, = 220 at G,/G, = 1.68, 1.71, 1.73, 1.77, respectively; 12, 13, relation (28) for FrM 7 22A,at 
GJG, = 0.594 and 0.613, respectively; 14, 15, same for Fr M = 57 at G2/GI = 0.61 and 0.665, respectively; 
16, 17, experimental data for Fr, = 57 at GdG, = 0.61 and 0.665; 18, 19, same for Fr, ~‘220 at 

GJG, = 0.594 and 0.613. 
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Table 1. The values of A, c and n for the case of flow 
acceleration 

Ordinal 
No. G2/G, A ,1 C FM 

1 1.62 3.89 0.0764 -1.66 57 
2 1.68 3.846 0.0966 - 1.425 220 
3 1.71 3.758 0.240 -0.210 220 
4 1.73 3.758 0.240 -0.235 220 
5 1.77 3.758 0.2476 -0.221 57 220 

K = o(gJ+b($)+c (29) 

where a, b and c depend on Fob (Table 2). Equation 
(29) is obtained for K < 1. 

It is seen that the difference of Ku, from its quasi- 
stationary counterpart increases with GJG,. There is 
virtually no influence of Fr, on K, i.e. within the range 
Fr, = 57-220 attained in the experiment Fr, exerts 
the same effect on K,,, and K,,. 

In the case of the working fluid flow deceleration 
(decrease of its flow rate) and at N = const. Ku, 
increases steeply at the first instant of time. then 
decreases smoothly and tends to the quasi-stationary 
value K,,. Consequently, for this type of unsteadiness 
too, the main effect on Kun is exerted not by the flow 
deceleration due to a decrease in the working fluid 
flow rate (which should have been observed in exper- 
iments with T,, = const. by analogy with circular tubes 
[l]). but rather by the thermal inertia of tubes which 
vary in time the working fluid temperature fields in 

the same way as in the case of an increase in heat 
loading at a constant working fluid flow rate (Section 
2.2). Experimental data for the case of the working 
fluid flow deceleration (Fig. 6) are also well correlated 
by the relation of the form of equation (28). but the 
quantities A, c and n are functions not only of the 
ratio G,/G,. but also of FrM (Table 3). In the case of 
flow deceleration equation (28) is derived for ti > I. 

Here, the influence of the ratio GJG, and of FrM 
on ti is much stronger (Fig. 7(b)) than in the case of 
an increase of the working fluid flow rate. The influ- 
ence of Fr, on the coefficient x is more substantial 
than in the case of an increase of heat loading at a 
constant working fluid flow rate (Fig. 3). 

The revealed effects, associated with the influence 
of the considered types of unsteadiness on the process 
of working fluid mixing in bundles of coiled tubes, are 
favourable from the viewpoint of the efficiency of heat 
exchangers and apparatus with coiled tubes. Thus, on 
an increase in heat loading at a constant working fluid 
flow rate or on a substantial decrease in the working 
fluid flow rate at N = const.- --the case possible in 
emergency situations due to the breakage of pipelines 
and to the working fluid loss-an increase of K is 
observed, i.e. the process of mixing is enhanced as 
well as the equalization of the nonuniformities of the 
working fluid temperature fields in a bundle of coiled 
tubes thus facilitating the thermal operation of the 

apparatus. When heat loading decreases or the work- 
ing fluid flow rate increases at N = const., a decrease 
of K and deterioration of fluid mixing at the first 
instants of time are not reflected in the heat exchanger 
efficiency due to a noticeable decline in the working 
fluid mean mass temperature. 

2.4. iJmtea&-state heat transj.kr. Generalized relations 
The unsteady-state heat transfer in bundles of 

coiled tubes was investigated at a constant airflow 

rate and step-wise varying electrical loading over 
the ranges: Re, = 5 x 103-5 x 104: T,/T, = l--1.4; 
i7T,/?s = -50 to 50 K s ’ ; z/de = 7-l 67. The exper- 

imental data were generalized by the following equa- 
tions (Fig. 8) : 

for an increasing heat flux 

for a decreasing heat flux 

K, = 1-0.42[1-exp(l.9K,,x lo’)]. (31) 

It turned out that with an increasing heat flux K, = 2- 
3 and with a decreasing heat flux K, = 0.546 at the 
first instant of time. As the wall temperature is 

r I 

FIG. 7. The influence of the ratio between the working fluid 
flow rates Cl/G, on K: (a) l-5, working fluid flow accel- 
eration for bundles with Fr, = 57-220 and for 
Fo = 0.1 x lo-‘, 0.2 x 10-2, 0.4 x 10-2, 0.6 x lo- ‘, 
0.8 x lo-‘; (b) 6-10, flow deceleration for bundles with 
Fr, = 220 and for the same Fo ; 1 I-15, same as for FrM = 57. 
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Table 2. The values of a, b and c for the case of flow 
acceleration 

Ordinal No. Fob x IO2 a b c 

1 0.1 -0.85 1.62 0.27 
2 0.2 - 1.08 2.435 -0.337 
3 0.4 -1.12 2.845 -0.785 
4 0.6 - 1.235 3.395 -1.3 
5 0.8 - 1.275 3.79 -1.8 

Table 3. The values of A, c and n for the case of flow 
deceleration 

Ordinal 
No. Fr, G,/G, A n C 

1 57 0.61 0.309 -0.3 0.589 
2 57 0.665 2.344 -0.0639 -2.088 
3 220 0.594 2.213 -0.0631 - 1.98 
4 220 0.0613 0.00589 -0.62 -0.90 

stabilized, K, and IC --t 1. At the same values of the 
unsteadiness parameter 

(32) 

the difference of K, from 1 is higher in a bundle of 
coiled tubes than in a circular tube [l]. 

The data obtained for K, and K make it possible to 

2.6 
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FIG. 8. The dependence of K. on KTp for an increasing (a) 
and decreasing (b) heat loading for bundles of coiled tubes : 
14, bundles for T,/T, = I-1.1, 1.1-1.2, 1.2-1.3, 1.3-1.4, at 
Reb = 1 x IO”-5 x 104; 5, 10, tube for Re,, = 1 x 104-5x 104; 
6, relation (31) for bundles; 7-9, bundles for T,/T, = 1. I- 

1.2, 1.2-1.3, 1.3-1.4 at Reb = 1 x 104-5x 10“. 

calculate temperature fields in a bundle of coiled tubes 
with non-uniform heat generation field using the sys- 
tem of equations (l)-(5). 

3. PLANE CHANNEL 

The investigation reported in the present paper was 
concerned with unsteady-state heat transfer in plane 
channels heated from one side. Experiments were car- 
ried out both in a channel with simultaneous for- 
mation of thermal and hydraulic initial segments, 
when the start of heating coincides with the inlet sec- 
tion of the channel (Section No. l), and in a channel 
with a thermal initial segment, when the heated wall 
is located under the conditions of a hydraulically,sta- 
bilized flow (Section No. 2). 

Test Section No. 1 consisted of two thicklwall 
(steel) plates and two textolite inserts, had a flow area 
of 40 x 7 mm and was 300 mm long. Midway between 
these plates there were two stainless steel, 0.2 mm 
thick, 40 mm wide and 230 mm long plates sand- 
wiched with 1.6 mm thick glass cloth. The plates were 
welded to copper busbars and were heated by passing 
a low-voltage current. A spring facility ensured inde- 
pendent pull of both plates on their expansion. Thus 
two plane channels with one-sided heating were 
formed that had a flow area of 40 x 2.5 mm and a 
length of 230 mm. This construction made it pos- 
sible to virtually exclude heat losses. 

Section No. 2 had the same dimensions of the 
heated part of the channel as Section No. 1, but there 
was a non-heated 350 mm long segment ahead of the 
heating element. 

The following parameters were measured in exper- 
iments : the voltage drop and strength of the current 
passing through the test section, the inner surface 
temperature of plates at 12 points, the temperature of 
the non-heated surfaces at 12 points, the flow tem- 
perature at the inlet and exit from the test section, the 
cooling airflow rate, and air pressure at the inlet and 
outlet. 

Investigation was concerned with unsteady-state 
thermal processes caused by an abrupt change of heat 
generation in the channel walls at a constant flow rate 
of the cooling air and by a change in the flow rate at 
a constant wall temperature. 

The main parameters varied within the following 
ranges: airflow rate Gb = 8.5-68.5 g SC’, density of 
volumetric heat generation qv = C4.5 x lo8 W mm3, 
heat flux qw = Cl.8 x lo5 W m-‘, wall temperature 
T, = 278-540 K, flow temperature Tb = 278-310 K, 
temperature factor T,/T, = 1.75, Reynolds number 
&‘b = 1 x 104-8.5 x 104, rate of wall temperature 
change laT,/&l up to 70 K SC’, rate of flow rate 
change ]aG/&] = 4 x 10e3-20 x 10m3 kg sPZ, and rela- 
tive distance from the start of heating z/d, = 4-50. 

In order to experimentally determine the heat trans- 
fer coefficient under unsteady-state conditions 

a”“(.? 7) = 
qw (z, 7) 

Tw (Z, z.) - TdZ, $ 
(33) 
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it is necessary to know the change in time of the 
working fluid mean mass temperature, wall tem- 
perature and of the heat flux density on it. The values 
of T, (3.7) and qw(z, t) were determined from the mea- 
sured temperature of the non-cooled surface of the 
plate T,,(z, T) and q, (2, T) with allowance for heat 
spent to heat or cool the plate itself and for the radiant 
heat transfer in the channel. The values of T,(:.t) 
were found by solving a one-dimensional energy equa- 

tion for the flow from the measured flow temperature 
at the inlet, flow rate G(z) and calculated values of 

y(=. 7). 
As the heat generation in the plate increases, the 

wall temperature increases faster, the greater Z/C& is. 
In this case K, > I, and the difference of K, from 1 is 
greater, the higher ~14 is. At the beginning of the 
process K, = 334. then, as the wall temperature is 
stabilized, K, + 1 (Fig. 9). With an increase of Rq,, the 
influence of the thermal unsteadiness on K, decreases 

(Fig. 10). 
When the heat generation in the plate decreases, the 

wall temperature declines faster, the higher z/d, is. In 
this case K, < 1, with the difference of K, from I being 
greater, the higher IaT,/& is. At the beginning of the 

process K, = 0.7-0.8 (Fig. 9). 
In the absence of the segment of hydrodynamic 

stabilization (Section No. I), the following correlation 

is obtained for the case of the wall temperature 
increase : 

460 8.13 - 
K, = l+AK? = l+ Rrus+ Rp~m& K,<,xlO” 

h h d, 

(34) 
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FIG. 9. Dependence of the wall temperature T, (lines) and FIG. 11. The influence of Re on the dependence of K. on KG 
of the quantity K, (points) on time on a steep increase for z/d. = 19: 1. 2. experimental data for Reh x low4 = lP 

(K, > 1) and a decrease (Ka < 1) of heat loading in the wall 1.5 and 34, respectively; 3, 4, generalizing relations for 

ofTest Section No. 1 : l-5, z/de = 10.6. 19.1.27.7. 36.2.44.0. Re,, x 10m4 = 1.25 and 3.5. 

FIG. 10. Dependence of K, on Re, on an increase of heat 
loading in the plane channel wall (Section No. 1): l-3. 
average relations for KTyx lo4 = 0.23. 0.11. 0.05, respec- 
tively: 46. experimental points for KTy x 10“ = 0.21-0.25, 

0.1-0.12. 0.04-0.06. 

which is valid at Re, = 1.0 x 104-8.5 x 104; K, = O- 
0.22 x IO- 4 ; T,JT, = l-1.75. 

For the case of a decreasing wall temperature the 
following relation is obtained : 

K, = exp(0.813K,, x 104) (35) 

which is valid at Reb = 1.0 x 104-8.5 x 104; KTy = 
-0.22x 10m4 to 0; TWIT,, = I-1.75. 

In the presence of the hydrodynamic stabilization 

segment (Section No. 2) the generalizing relations 
within the same ranges of the parameter KTq have the 
following forms : 

for an increasing heat flux 

K, = I+ a+4.6exp(-0.3Re,x IO-") 

KTq x 10’ (36) 

where u = l.40.2Reh x lo- 4 when Reh < 2 x lo4 ; 
a= 1 whenReh>2x104; 

for a decreasing heat flux 

K, = exp (0.76K,, x 104). (37) 

In experiments with a varying working fluid flow 

rate in the channel the temperature of the electrically 
heated wall was kept constant with the aid of a special 
automatic system to exclude the influence of the tem- 

KG 
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perature unsteadiness. It was found that as the flow 
was speeded up the non-stationary heat transfer 
coefficients could exceed their quasi-stationary 
counterparts by a factor of two, while during the 
deceleration of flow they could be much below their 
quasi-stationary values. As ]aG/&] decreases and Reb 
increases, the value of Km + 1 (Fig. 11). 

According to ref. [I], the influence of the hydro- 
dynamic unsteadiness was taken into account with the 
aid of the dimensionless parameter 

(38) 

For the flow rate increasing in time (& > 0) (for 
Section No. 1) the following generalized relation is 
obtained : 

Reb x lo-“(0.71 

where B = Re, x 10e4- 1. For a decreasing flow rate 
with - 15 < KG < 0 the relation is 

K, = exp (0.0288%). (42) 

Under investigation in a plane channel were also the 
regimes with simultaneously varying wall temperature 
and working fluid rate. It was found that the sim- 
ultaneous influence of the thermal and hydrodynamic 
unsteady states cannot be taken into account by deter- 
mining the values of AK2 and AK, from equations 
(34)-(42) and then by summarizing them as recom- 
mended in ref. [l] for a circular tube, i.e. 

K, # 1 +AKz+AK,. (43) 

Thus, the investigations showed that non-station- 
ary coefficients of heat transfer and mixing in com- 

plex-shaped channels with turbulent flow regimes can 
differ substantially from quasi-stationary values and 
that they are determined by the rates of change of \ 
boundary conditions. 

-0.296Re, x IO-‘)+c+ KG x lo-’ (39) 
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TRANSFERT VARIABLE DE CHALEUR ET DE MASSE DANS DES CANAUX DE 
FORME COMPLIQUEE 

R&aun&On considere le probleme du transfert thermique variable et du melange du fluide dans des 
canaux form&s par des grappes ri assemblage se& de tubes helicoidaux a section ovale, avec un ecoulement 
general longitudinal et dans un canal plan avec chatdfage sur un seul coti. Des champs de temperature 
variable sont calculb et des r&sultats exp&imentaux sont don&s pour les mecanismes de transfert de 
chaleur et de masse dans des grappes de tubes en serpentin. On donne des nouvelles lois sur ces mecanismes. 
On trouve que dans les mecanismes variables les coefficients de transfert thermique et de diffusion turbulente 
sont significativement dit%ents de leur correspondant quasi-stationnaire. Cette difference est determinec 
par la vitesse de changement des conditions aux limites: temperature pa&ale et vitesse du gaz refroidissant. 
On donne l’explication des lois obtenues aussi bien que les recommandations pour calculer le transfert 
thermique et le melange variables et pour determiner les limites d’application des valeurs quasi-stationnaires 

pour les coefficients de transfert thermique et de melange. 



1400 V. M. IYEVLEV et al 

NICHTSTATIONARER WARME- UND STOFFTRANSPORT IN KOMPLIZIERT 
GEFORMTEN KANALEN 

Zusammenfassung-In diesem Beitrag wird das Problem des nichtstationiren Warmetransports und der 
Vermischung des Arbeitsfluids betrachtet. sowohl in Kanllen, die aus dicht gepackten Btindeln von 
aufgewickelten Ovalrohren mit einer Langsstromung bestehen, als such in einem ebenen Kanal. der einseitig 
beheizt wird. Fur die Wirme- und Stofftransportvorginge in Biindeln aufgewickelter Rohre werden 
nichtstationare Temperaturfelder bereclmet und experimentelle Ergebnisse vorgestellt. Es wurden neue 
GesetzmiDigkeiten gezeigt, die den Verlauf dieser Vorgange bestimmen. Es wurde herausgefunden, da13 
sich die Warmeiibergangskoeffizienten bei turbulenter Diffusion in nichtstationaren Prozessen wesentlich 
von denen im quasistationaren Fall unterscheiden. Dieser Unterschied ist durch die Anzahl der Andenmgen 
von Randbedingungen bestimmt : die Wandtemperatur und der Massenstrom des Kiihlgases. Die erhalt- 
enen GesetzmaDigkeiten werden erlautert und Empfehlungen zur Berechnung des nichtstationlren 
Warmetransports und der Vermischung in Kanilen und zur Bestimmung der Anwendungsgrenzen 

quasistationlrer Werte fur die Warmelbergangs- und Mischungskoeffizienten gegeben. 

HECTAHMOHAPHbIti TEI-IJIOMACCOOSMEH B KAHAJIAX CJIO)KHO~ (DOPMbI 

AiurornmIn-PaccMarpweaercn sanaga 0 necrauuonapnoM Tennoo6MeHe H nepeMemtrBatikiki 'rennoao- 

CWTCJIll B KaaHanaX,O6pa30BaHHblx IIJIOTHO yIlaKOBaHHbIMA npOnOnbH0 06TeKaeMbIMB IIyvKaMIl BATbIX 

-rpy6 oaanbnoro npo@t, H B nnocttoM aafiane c OJIHOCT~~OHHBM nonBonoh4 Tenna. QencTaeneHbt 

pe3ynbTaTbI pacueTa HecTaueoHapHbrx noneii TeMnepaTyp w 3KcnepuMeHTanbHoro nccnefioBaHw4 npo- 

UeCCOB TeunOMaCCOIlepeHOCa B UyWaX BWTbIX Tpy6. BbIffBneHbI HOBbIC 3aKOHOMepHOCTEI IIpOTeKaHEVl 

~THX npoueccoB.O6HapyxceHO,~~o B HecraueoHapwdxnpoueccax HaBnlonaeTcncywcTneHHoe ornmine 
KO3+~AuUeHTOB Tennoo6hteHa W $*KTWBHbIX K03@+HWeHTOB Typ6yneHTHOii LUi4V$y3&iEi OT BX KBa- 

3kicTaueoHapHbIx 3Ha~etwifi. 3~0 0Tnkiwe 0npenenneTca CKOpOCTSIMH 83MeHeHBII E'paHWiHbIX 

ycnoeufi-TeMnepaTypbI cTeHKB H pacxona oxnamnawuero ra3a. J(aloTcn 06WICHeHHe nonyqeHHbIx 

3aKOHOMepHOCTeii H paCqeTIibIe ~KOMeH&WHH, IlO3BOn~KWHe IlpOBOLGiTb paC'IeTbl HeCTauBOHapHbIX 

npoueccoa Tennoo6hietia H nepehfemieamir B KaHanax H onpenenmb rpamiubl npmfemih4ocre ma3kfc- 


