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CALCULATION OF HEAT TRANSFER IN TURBULENT 

FLOW WITH ALLOWANCE FOR SECONDARY FLOW 
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.~HHoTaqwsr-M3naraeTcR MeTOg PaCqtiTa IIOJIR TeMIlepZlTypbI B TJ'P6j'JEHTHOM IIOTOKe 

HWAKOCTI~ B KaHanax HeKpyrnoro nonepeworo ceqeHnn. II~BOAHTCH pe3ynbTaTbI pacsBTa 
ZJIFI CJIyYaR TypfiyJIeHTHOrO Te'JeHllR W4AKOCTM B KBaApaTHOM KaHaJIe. j&IfI CPaBHeHLlH 

npI~Bt?~eHbI pe3)'JIbTaTbI IlBMt'peHMci IIOJIR TeMIlepaTypbI B IIOTOKe HWAKOCTII B VCJIO- RWFIX. 

6JIl43KHX K p&'&HbIM. 
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NOMENCLATURE 

side of square duct [m] ; 
coordinates in plane normal to 
axis of duct [m] ; 
coordinates in direction of duct 
axis [m]; 
= (x/b), c2 = (y/b), dimension- 
less coordinates in plane normal 
to axis of duct; 
flow velocity components in plane 
normal to axis of duct x, y [m/s] ; 
longitudinal velocity component 
[mis] ; 
longitudinal velocity component 
at the point <I = l2 = 0 [m/s]; 
= (u/we), I/ = (u/we), dimension- 
less velocity components in plane 
normal to axis of duct; 
= (WI w,), dimensionless longi- 
tudinal velocity component; 
scalar property. transferred by 
turbulent flow ; 

V. 

4, 

Re, 

Pe. 

kinematic viscosity of fluid [m2/ 
s] ; 
heat transfer through duct side 
[Wm’l ; 
= (w,,ble), Reynolds number ; 
= (w,b/u), PM& number; 

4 
Q, 

grid pitch ; 
relaxation parameter. 

1. INTRODUCTION 

THE PROBLEM of transfer of scalar property in 
turbulent flow is one of the more complex 
problems in the theory of turbulence. The cases 
of homogeneous isotropic turbulence [l] and 
of flow in channels of axial symmetry [2] are 
those being most frequently investigated. The 
turbulent flow in noncircular ducts has a peculia- 
rity that lies in existence of the so-called “secon- 
dary flow” in a plane of the duct cross section, 
the intensity of which depends on the shape and 
size of the duct and on the flow regime. 

= (thqb). dimensionless tem- 
perature ; 

References [3-51 are concerned with experi- 

molecular thermal diffusivity of 
mental investigation of the secondary flow. The 

fluid [m”/s] ; 
calculation of hydrodynamic characteristics of 

turbulent components of thermal 
the secondary flow is given in [6]. A solution of 

diffusivity along the axes x and y, 
the problem of transfer of scalar property in 

respectively [m’/s] ; 
fluid flow with inclusion of secondary flow means 

thermal conductivity of fluid 
that the corresponding thermophysical calcula- 

[Wim deg] ; 
tions may be performed with a higher degree of 
accuracy and reliability. 

1033 



1034 M. H. IBRAGIMOV. V. S. PETRISHCHEV and G. I. SABELEV 

2. THE PROBLEM STATEMENT 

The problem has been solved of calculation 
of a temperature field in a turbulent flow within 
a square duct For this case there exist some 
results of measurements of the temperature 
field in water and mercury flows [7], which make 
it possible to compare the experimental results 
with predicted data. 

Herein is considered the case of a steady-state 
flow, when the transfer of the scalar property t 
in a turbulent flow is described by the equation 

The terms u(&/ax) and u(atjay) in equation (1) 
take into account transfer of property t by the 
secondary flow. 

Equation (1) in a dimensionless form reads 

_a l+E’T=2W. 
at2 ( > a at2 

(2) 

The determination of temperature distribution 
in fluid flow is reduced to the solution of 
equation (2) in the region 0 < lI < 1,0 < & < 1 
with the following boundary conditions for T 

aT 

51=o c=O 
aT 

r2=o c=O 

3. ALGORITHM OF SOLUTION 

The problem is solved by the difference 
method. The region 0 < t1 < 1. 0 < r2 < 1 

is covered by a grid of coordinate straight lines 
[ri, t2k (i = 1, 2, . . . , h, k = 1, 2, . . . , h). The 
difference analog of equation (2) is set up by a 
substitution of differential operators by differ- 
ence operators. 

- aikT-rk - CikT+lk - bikTk-1 

- dikTk+ 1 + eikTk =fik 

Pe IUikI + Uik 

%k=~o$$qq + k. 2 - 

Oi+l Pe Uik- IUik( 

Cik = T+ 0.5 P&l Uikl - k’ --2m- 

2 [l + (%ia)]i-,k. [l + (&/a)]ik 
~--- 

Oi = hZ’:l+(E,ja)]i_lk+ [l + (&x/a)]ik 

Pe l”lkl+Fk 

bik = iTc5m;eh p, 1 + k. _ 2 

Peyk - I&k1 
-_ _ - 

dik= l+o:;:h(v,x, h 2 

2 [l + (@a)]ik-1 . [l + (&Ja)lik --- ---. 

eik = Uik f bik f Cik + dik. (4) 

The functions (Q) (t 1, t2X (sy/a) (5 1, t2) are Cal- 
culated by the procedure, proposed in [8], 
allowing for the anisotropy of heat transfer in 
turbulent flow. For the calculation of the velocity 
component W(tl, t2, Re) and also of those of 
the secondary flow U and V use is made of the 
algorithm from [6]. Realization of the condi- 
tions (3) for T at the boundary of the region of 
calculation is reduced to recalculation of the 
coefficients aik, bik, Cik, d, and of the right-hand 
side fik of equation (4) at the points i, k, adjoining 
the boundary. 

The scheme for the solution of equation (4). 
used in the present paper, is 

(0 + e.) Tflt - a.kT!+tk - c.~T!+* 

= (tJ’ - ek) Tj l blT$_ 1 i dl;i;jt+ 1 + fik 

(0 -I- ek) qr’ - bikT$?l - dikT~~~~ 

= oT; - bikT~k_l - dikT~k+, 
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ei >/ aik f Cik, ek 2 bik + dik 

e,TT:’ - bikT$‘IIl - dikT~~~~ 

= f& + (f)Te+*)g 
TIlj+z = “TTt$$ + {ik T:$ + T;k+* 

aik = 2, rik z z 
I 

(DVik = bik(@+k-1 ?-,k-1 $- rik-1 T+,k-,) + 

+ &taik+l ?--,k+, + tik+l T+,k+,)- (5) 

The optimum value of the relaxation para- 
meter d has been selected experimentally, by 
carrying out the trial calculation. Algorithm (5) 
has turned to be rather effective. Thus at the 
assembly of 576 points for optimum (r the 
inequality 

is ful~ll~ after 25 iterations (one iteration is 
considered to be a transition from the I-iterative 
level to the (I + 1) level. 

4. CALCULATION RESULTS 

calculation results of the temperature field 
in a fluid flow (Re = 30000) are presented in 

FIG. 1. 

Re- 3000 

Pr= 0,027 

15 20 25 

FIG. 2 

Figs. 14. The calculations are carried out for 
Pr of 435 (water) and @027 (mercury). The 
results of the measurements of the temperature 
field in a water flow for the case under considera- 
tion are given in Fig. 5 [7]. Figure 6 reports 
the results of calculation of hydrodynamic 
characteristics of the secondary flow. 

Re -30000 

Pr -4.35 

FIG. 3. 

5 
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FIG. 4. 
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lated without allowance for the secondary flow, 
i.e. at u = u = 0 in equation (1) is represented in 
Fig. 3. Attention is drawn to the fact that the 
calculation of the temperature field with inclu- 
sion of the secondary flow (Fig. 1) yields results 
which are in closer aggreement with measured 

FIG. 6. Stream lines of a secondary flow in a duct cross- 
section Re = 30000. 

FIG. 5. Temperature field in flow of water, experiment (71, 
Pr = 4.35. 

data (Fig 5) both with respect to the type of 
isotherms and to the absolute values of tempera- 
ture. For small values of Pr (Figs. 2 and 4) the 
allowance for secondary flow is not important. 

Comparison of the calculated results of tem- 
perature fields in a square duct with experi- 
mental measurements shows that in solving the 
problem the basic factors, connected with the 
effect of the secondary flow on the processes 
involved in the transfer of a scalar property in 
turbulent fluid flow, have been taken into con- 
sideration. 
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AhstractXalculation method is proposed for the determination of the temperature field in a fluid in 
noncircular ducts. The calculation results are given for the case of turbulent flow in a square duct. For 
comparison results of measurements are presented of a temperature field in fluid flow under conditions 

close to those assumed in the calculations. 

cALcuL DU TRANsFERT THERMIQuE DANS UN EC~ULEMENT TURBULENT 
AVEC MOUVEMENT SECONDAIRE 

RCsmn&-On prtsente dans cet article, une methode de calcul du champ de temperature pour un fluide 
a l’inttrieur de conduits non circulaires. Les resultats du calcul sont don& dans le cas d’un ecoulement 
a I’interieur d’un conduit car&. ABn d’etablir une comparison, on prbente les resultats de mesures d’un 

champ de temperature dans un tcoulement de fluide pour des conditions proches de celles ducalcul. 

BERECHNUNG DES WARMEUBERGANGS IN TURBULENTER STROMUNG BE1 
BERUCKSICHTIGUNG VON SEKUNDARSTROMUNGEN 

Zusammenfawmg-Es wird ein Berechnungsverfahren vorgeschlagen fur das Temperaturfeld bei 
Stromungen durch Kanlle mit nichtkreisfiirmigem Querschnitt Rechenergebnisse sind angegeben fur 
eine turbulente Strijmung in einem quadratischen Querschnitt Zum Vergleich werden Messergebnisse 
ftir das Temperaturfeld in einer Striimung angegeben, deren Verhlltnisse Lhnlich denen der berechneten 

sind 


