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A study is made of the effect of different parameters on the effective diffusion 
coefficient in the intertube space of a heat exchanger. Flow is lengthwise over 
the oval-profiled tubes. A generalizing relation is obtained for calculating 
this coefficient. 

Heat exchangers with spiral tubes are characterized by intensive interchannel mixing in 
the space between the tubes. This intensive mixing is the result of the spiral twisting of 
the heat carrier, leading to the appearance of transverse velocity components and to addi- 
tional agitation and secondary circulation of the flow. The effective diffusion coefficients, 
determining the process of transverse mixing in such apparatus, is more than I0 times greater 
than the coefficient of turbulent diffusion on the axis of a circular pipe [1-5]. 

The mixing of a heat carrier in a bundle of spiral tubes has been studied by different 
methods. The works [i, 2] used the method of heat diffusion, based on a statistical Lagran- 
gian description of the turbulence field, in the course of investigating the history of mo- 
tion of individual particles continuously emitted by a point source. The empirical data on 
the dimensionless effective diffusion coefficient obtained in this case in the range of 
Reynolds numbers Re = 4.3.103-8.2.103 is described well by the relation [2]: 

kas~  0.0356 (1 @ 8.1 F r ~  '2z8 ), ( I )  

where 

Frm=s~dde" (2) 

In  d e t e r m i n i n g  kas  , use  was made of  the  l i m i t i n g  s o l u t i o n  of  the  T a y l o r  e q u a t i o n  f o r  u n i f o r m  
and i s o t r o p i c  t u r b u l e n c e  w i t h  long  d i f f u s i o n  t i m e s .  

The e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s  were  d e t e r m i n e d  in  [1,  3 -5]  by t he  method o f  d i f f u -  
s i o n  from l i n e a r  h e a t  s o u r c e s  on the  b a s i s  of  an E u l e r i a n  d e s c r i p t i o n  of  t u r b u l e n t  f low in  a 
s t u d y  o f  the  mo t ion  o f  p a r t i c l e s  as  a f u n c t i o n  of  t ime and c o o r d i n a t e s  of  p o i n t s  r e l a t i v e t o  which 
the  medium was moving.  In  a c c o r d a n c e  w i t h  t h i s  method,  one i s  examining f r e e  f low w i t h  s l i p  
of  a homogenized  medium c o n t a i n i n g  d i s t r i b u t e d  s o u r c e s  of  v o l u m e t r i c  e n e r g y  r e l e a s e  and d rag  
a t  b o u n d a r i e s ,  w h i l e  c o n s i d e r i n g  the  d i s p l a c e m e n t  t h i c k n e s s  of  the  boundary  l a y e r  6 " .  The 
b o u n d a r y  l a y e r  i s  d e s c r i b e d  by c o n t i n u i t y  e q u a t i o n s ,  w h i l e  the  e f f e c t  o f  h o m o g e n i z a t i o n  i s  
a c c o u n t e d  f o r  by i n t r o d u c t i o n  o f  the m u l t i p l i e r  (1--m)/m. The f o l l o w i n g  sys t em of  e q u a t i o n s  
i s  used to  s o l v e  the  a x i s y m m e t r i c  p rob lem:  

p u - - - -  + - - -  krvef Or ] ~ 2de Ox dx r 01" 

OT 1 d {r~. OT'~ 4_ 1 - - m  pu cp - -  - -  

rk 
G = 2 ~ m  Ipurdr '  (5) 

P = pRT (6) 
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with the boundary conditions 

T(0, r ) -  7in , u (0, r)-----"in, p (0, r ) =  Pin, (7)  

aT: c?~(x' r) , -=o= O, Ou (x,Or r) "=~ = O, (8 )  

OT (x, r) r=r'k--= 0, c)u (x, r) r=r k :  0. Or Or ( 9 ) 

The coefficient D t is linked with the effective coefficient of turbulent viscosity ~ef 
and the effective coefficient of turbulent thermal conductivity Xef at Pr t = 1 by the relations 

Dt = We#P, (i0) 

D~ = ke~pCv, (ii) 

determined from comparison of measured heat-carrier temperature fields with predicted fields 
obtained from numerical solution of system (3)-(6). 

In [i, 3-5], the coefficients k = Dt/ud e, determined by the above method, were gene- 
ralized by the relation 

~lkas = 1 - -  exp [- -  0.0504 (2ax/d)], (12)  
where 

a = 0.0745 -}- 11,37Fr~ ~- 246Frm 2. (13) 

Here it was assumed that the integral three-dimensional Lagrangian~ L and Eulerian~ E turbu- 
lence scales were equal and that the coefficient k depended only on the number Fr m and the 
length of the bundle: 

k= k(Frm, x). (14) 

Altho~gh the use of Eqs, (i), (12), and (14) for generalizing empirical data on the co- 
efficient k is valid given the assumptions made, it is necessary to establish how k is affec- 
ted by such parameters as the length of the spiral tube bundle, the level of the initial 
turbulence, the Reynolds number, and the three-dimensional integral turbulence scales. In 
fact, according to [6], the ratio ~E /~L~IOn the axis of a circular pipe. This can also 
be seen in a bundle of spiral tubes. Evaluation of the length of the initial section on the 
basis of the works [7, 8] suggests that bundle length has a lesser effect on k than follows 
from Eq. (12). The range of Reynolds numbers covered in [1-5] was narrow and did not reveal 
the effect of the Re number on the coefficient k. 

To solve these problems, we performed an experimental--theoretical study of the mixing of 
a heat carrier in bundles of spiral tubes 0.5 and 1.5 m long with numbers Fr m = 56 and 220 in 
the range of Re = 3,4.103-3.8.10 ". The porosity range m = 0.49-0.511, while the level of 
initial turbulence e = i-6%. The maximum dimension of the oval profile of the tubes was 
12.2 mm. The study was conducted by the method of heat diffusion from linear sources. We 
solved an axisymmetric problem of equalization of temperature irregularities in a homogenized 
formulation. The experimental unit was described in [9]. The heat carrier was air. The 
effective diffusion coefficients were determined in a manner similar to the method in [i, 
3-5]. Measurements of the temperature field in the outlet section of the bundle were compared 
with calculated fields. The limiting error of k was 25-50%. The temperature fields were 
calculated by solving nonlinear parabolic system (3)-(6) by the grid method using an explicit 
scheme. The test and calculated data were compared by a modification of the least-squares 
method and a statistical method [3] which allowed us to find the most reliable values of the 
dimensionless coefficient k and the confidence intervals of k from the test sample. 

Figure 1 shows the results of the study. It follows from this data that the Reynolds 
number affects the coefficient k only in the region Re < i0 ~, regardless of Fr m, The level of 
turbulence at the inlet of the bundle has almost no effect on this coefficient. The certain 
increase in k for a bundle with Fr m = 220 at I = 0.5 and e = 6% (Fig. la) can be attributed 
to the effect of E on k in the initial section, However, the fact that e has a similar 
effect for a bundle with Fr m = 56 and ~ = 1.5 m at e = 6.0% but no effect for Fr m = 56 and 
I = 0.5 m (Fig. ib) allows us to attribute this phenomenon to the systematic error of the 
experiment. Since it is known that e can affect the character of transfer only in the initial 
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Fig. i. Dependence of the effective diffu- 
sion coefficient on the Reynolds number, level 
of initial turbulence of the flow, and length 
of the bundle of spiral tubes with Fr m = 220 
(a) and Fr m = 56 (b): i, 2) test data for 1 = 
0.5 m, e = 1% and use of the least-squares 
method and statistical method, respectively; 
3, 4) same, with l = 0.5 m and e = 6%; 5, 6) 
same, with 1 = 1.5 m and e = 1%; 7, 8) same, 
with 1 = 1.5 m and e = 6%. 

section of the flow-- the length of which decreases with an increase in e [6] -- it becomes 
necessary to evaluate the length of the flow stabilization section by another method. 

The data in [7, 8] can be used to evaluate the length of the initial section in the case 
of axisymmetric nonuniformity of the energy release over the bundle radius. Such an evalua- 
tion is necessary to establish the stabilized temperature profile for this case. The follow- 
ing relation [2, 7] determines the length of the section over which the profile of the veloci- 
ty or temperature or the heat carrier is stabilized when the stream propagates on the scale 
of the maximum dimension of the tube oval in a bundle of spiral tubes: 

(2axld)b = 2,56. (15) 

A length xh/d e [8] is required to develop a temperature nonuniformity in the core of the 
flow on the scale of the maximum dimension of the oval when the tubes are heated by an elec- 
trical current. This length is equal to the length of the initial thermal section in the 
case of uniform heating of the tube bundle over its radius. Then the length of the initial 
section, with axisymmetric nonuniformity of energy release, will be composed of these two 
lengths and will be determined by the relations 

Xhblde= 8.019Fr~ 226 

or  

(16) 

Xh,b.jd = 12,2a-~Fr~ '27s" (17) 

C a l c u l a t i o n  o f  the  l e n g t h  Xh.b ,  w i t h  Eqs,  (16)~ (17) shows t h a t  a l l  o f  t h e  b u n d l e s  of  
spiral tubes examined in this article and in [i, 3-5] had lengths 1 > Xh.b,. This allows us 
to suggest that the coefficients k in these works were studied on sections of stabilized flow 
and that the resulting values of k are stabilized values k s. The stratification of the em- 
pirical data seen here can be attributed to the accuracy of the determination of the coeffi- 
cients k and to the effect of the porosity of the bundle. In fact, coefficients k for the 
same number Fr m but different lengths were determined on bundles of different porosity due 
to the difficulty of ensuring the same assembly of tubes for bundles of different lengths. 
Thus, the porosity of the bundle to the heat carrier can be regarded as one of the determin- 
ing parameters. In [i0], it was also observed that the porosity of bundles of finnned rods 
affects the mixing rate. It turned out that the rate of mixing of the heat carrier in the 
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Fig. 2. Effect of porosity of a bundle of spiral tubes and the 
number Fr m on the mean effective diffusion coefficient with the 
number Re ~ i0~: 1-4) Eq. (19) at numbers Fr m = 1050, 232, 64, 
and 56, respectively; 5, 6) test data [i, 3, 5]; 7) results of 
present experiment. 

Fig. 3. Comparison of different methods of generalizing experi- 
mental data : i, 2) test data from [i, 3, 5] analyzed in the 
form k/kas and k/ks, respectively; 3, 4) the same, for our re- 
sults; 5) Eq. (12); 6) Eq. (23); 7, 8) lines drawn through test 
points for bundles with Fr m = 220 and 56, respectively. 

bundle decreased with a decrease in the porosity of the bundle [i0]. Thus, we may seek a 
criterional relationship for a stabilized value of the coefficient k s in the form 

k s =  k(Frm, Re, m). (18) 

Figure 2 shows results of tests by different authors in the form (18) for numbers 
Re~104. In this Reynolds number region, the coefficient k s is nearly independent of Re 
(see Fig. i), and the test data (Fig. 2) is described well by the relation 

ks = 0 .136Fr~  '2~6 ~- 10Frm ~ ( m - -  0.46). (19) 

In  the  r ange  Re = 3 . 4 . 1 0 3 - 1 0 4  , the Re number has  an e f f e c t  on the  c o e f f i c i e n t  k s s i m i l a r  to  
the  e f f e c t  o f  Re on the  c o e f f i c i e n t  o f  t u r b u l e n t  d i f f u s i o n  i n  the  c i r c u l a r  p i p e  [ 6 ] ,  and the  
f o l l o w i n g  fo rmula  i s  v a l i d :  

k s = 3,1623 [0,136Fr~ ~ ~- 10Frm ~ (m - -  0,46)] Re -~ (20) 

E q u a t i o n s  ( 1 9 ) ,  (20) were  o b t a i n e d  i n  the  p a r a m e t e r  r a n g e s :  m = 0 . 4 6 - 0 . 5 6 ;  Fr m = 55-1080 ;  
e = 1-6%; l / d  e>  Xh.b / d e ,  where Xh.b .  i s  d e t e r m i n e d  by Eqs.  (16) and ( 1 7 ) .  

The coefficients k s can be related to the coefficients kas. Considering that these co- 
efficients are proportional to the spatial scales of turbulence~ E andS'L, respectively [6], 
we obtain 

ks/kas = ~ /~L"  (21) 

Equation (21) can be used to determine the order of magnitude of the ratio~E/~~ L. Thus, for 
bundles with m = 0.475 and Re = 8-103 , examined in [2], the ratio~oE/~L can be expressed as 
a function of the number Frm: 

~ E / ~ L  = 0 '785Fr-~ 12 z. ( 22) 
m 

Calculation with Eq. (22) shows that in the range Fr m = 55-1080, the ratio~E/~ L 
changes within 0.5-0.3. This agrees with the results of Michelson's tests [6] for nearly uni- 
form and isotropic turbulence in the core of a flow on the axis of a tube with a diameter of 
0.2 m at Re = 2.105-6.105. Michelson separately measured the longitudinal and Lagrangian 
correlation coefficients and determined that the mean value of the ratio ~E/~ L = 0.6 in the 
above range of Reynolds numbers, which increases linearly with an increase in the flucutation 
velocity. 
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Figure 3 shows test data from different authors analyzed in the form of the functions 
k/kas = f(2ax/d) and k/k s = ~(2ax/d), where they are compared with Eqs. (12) and 

~ks = I (23) 

respectively. Equation (23) is valid for 2aXh.b.~d~24.4 Fr~ ~ The spread of empirical 
data for Eq. (23) does not exceed the limiting error in the determination of ~ (Fig. 3). At 
the same time, the test results for bundles of spiral tubes 1.5 m long deviate markedly from 
Eq. (12). 

The completed analysis and generalization of test data allowed us to establish a new 
criterional relation for determining effective diffusion coefficients. The relation can be 
used to calculate temperature fields with allowance for interchannel mixing of the heat 
carrier in bundles of spiral tubes. 

NOTATION 

Re, Reynolds number; Frm, criterion characterizing features of flow in a bundle of spiral 
tubes; Prt, turbulent Prandtl number; k = Dt/ude, dimensionless effective diffusion coeffi- 
cient; Dt, effective diffusion coefficient; u, velocity; de, equivalent diameter; s, pitch 
of tube spiral; d, maximum dimension of tube profile; p, density; T, temverature; P, pressure; 
Cp, specific heat; G, mass flow rate of air; x, r, longitudinal and radial coordinates; qv' density of 
energy release; m, porosity of bundle to heat carrier; rk, radius of bundle; k, mean value of coef- 
ficient k; ks, stabilized value of coefficient k; l, bundle length; ~E' 9L, three-dimensional in- 
tegral turbulence scales in Eulerian and Lagrangian descriptions of the flow; ~, level of turbulence 
of the flow at the bundle inlet; a, structure coefficient of the jet. 
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