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INTRODUCTION

Guo et al. (1998) and his co-workers (Wang et al., 

1998) proposed a novel concept for enhancing con-

vective heat transfer of parabolic fl ow: the reduction 

of the intersection angle between velocity and tem-

perature gradient can eff ectively enhance convective 

transfer. Tao et al. (2002) extended the major idea 

of this novel concept to the elliptic convective heat 

transfer situation. Th is novel concept will be referred 

to as the fi eld synergy principle (FSP) hereafter. 

Th e major idea of the FSP is briefl y reviewed 

here. By integrating the energy equation over the 

entire domain, we obtain following expression of the 

convective term 
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It actually represents the energy transferred by 

convection. Th us it is clear that for a given fl ow rate 

and temperature diff erence, a better synergy (i.e., de-

creasing the intersection angle θ between the velocity 

vector and the temperature gradient) will make the 

integration ρc U gradT dxdyp i( )∫∫Ω
 larger—i.e., en-

hancing the heat transfer. 

Th e above idea has been widely validated for many 

laminar convective heat transfer problems. Th e pur-

pose of this paper is to show by numerical examples 

that the above idea is also valid for turbulent fl ow 

situations. Th e turbulent fl ow and heat transfer across 

discrete parallel and staggered plates will be care-

fully examined by adopting a low Reynolds number 

turbulence model. At fi rst, we check that whether 

the variation trend of the above integration with the 

Reynolds number is the same as the variation of the 

averaged Nusselt number, which is computed from 

the overall heat transfer rate of the entire domain. 

Th en, under the same mass fl ow rate, we change the 

thickness of the plate to see if the intersection angle 

variation is consistent with the variation of the heat 

transfer rate. In addition, we compare the heat transfer 

characteristics of parallel and staggered plate arrays. 

Fınally, some remarks are concluded. 

PHYSICAL PROBLEMS

Th e parallel and staggered plate arrays considered for 

the numerical simulation are shown in Fıgure 1 and 

Fıgure 2, respectively. Th e computation condition is 

as follows: L1 = L2, H/L1 = 1, d/L1 = 0. 2 ~ 0. 4. Air is 

used as the heat transfer medium. Th e computation 

domain is surrounded by the broken lines. All the 

fl ows computed are assumed to be turbulent, and the 

NOMENCLATURE

A surface area, m²

Cp specifi c heat capacity, J/(kg · K)

d plate thickness, mm

H duct height or transverse distance plates (mm)

U  velocity vector

u, v velocity component in x and y direction, m/s

x, y  Cartesian coordinates intersection angle between 

velocity and temperature gradient fl uid density, 

Kg/m³, turbulent energy dissipation, m²/s³

Int integral, ρC U gradT dAp ( )⋅∫∫Ω
, W

k turbulent kinetic energy, m²/s²

L length, mm

Nu Nusselt number

Pr Prandtl number

Q total heat in a cycle, W

Re Reynolds number

T temperature, °C

Subscripts

in inlet

w wall
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low Reynolds number k–ε model of Jones/Lauder 

( Jones and Lauder, 1973) is adopted. For the valida-

tion of FSP, numerical computations are carried out 

to obtain the integral of ρC U gradT dAp i( )∫∫Ω  over 

the whole computation domain and the averaged 

Nusselt number for the confi guration studied. For 

the simplicity of presentation, the integral will be 

represented by “Int” hereafter. 

NUMERICAL METHOD

Th e numerical modeling approach is now briefl y de-

scribed. Th e governing equations are omitted here to 

save space. Th ey are discretized by the fi nite volume 

method on a staggered grid system (Tao, 2000; Tao, 

2001). Th e power-law scheme is used to discretize the 

convection and diff usion terms. Th e velocity/pressure 

coupling is achieved through the use of the continuity 

equation by applying the simplec algorithm (Van 

Doormaal and Raithby, 1984). Th e resulting algebraic 

equations are solved by using the adi-tdma.

Th e velocity boundary conditions at the wall are 

of the no-slip type (u = v = k = ε = 0). Th e surface tem-

perature is kept constant. 

Periodicity conditions are used at the inlet and 

outlet of the fl ow domain in order to represent a fully 

developed fl ow fi eld for the enhanced passage calcu-

lated. Fully developed fl ow requires identical inlet 

and outlet profi les for the velocities, turbulent kinetic 

energy, and turbulent energy dissipation. Th e driving 

force for the fl ow is a constant pressure diff erence that 

exists between the inlet and outlet of the passage. It 

should be noted that for the periodic condition of the 

temperature, it is the dimensionless temperature that 

must be identical between the inlet and outlet. 

To implement the low-Re k–ε model, a very fi ne grid 

mesh is used adjacent to the plate surface. Th e mesh 

size is then gradually expanded away from the surface, 

as shown in Fıgure 3. Th e fi rst near-wall grid point 

is located well within the laminar sublayer (y+ = 0.1) 

for all computations. Th e number of grids outside the 

laminar sublayer is always larger than 85. Grid inde-

pendency tests are performed for the two examples. 

Fıgure 4 shows the grid independency test results of 

the fi rst case. In the fi gure, Q represents the cyclic heat 
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FIGURE 1. Flow and heat transfer across discrete parallel plates.

FIGURE 2. Flow and heat transfer across discrete staggered plates.
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transfer rate. Th e grid system of 304 × 92 is adopted 

for all computations. Th e convergence criterion for 

the iteration is that the normalized mass residual (the 

maximum residual of control-volume divided by the 

total mass fl ow rate) is less than 1 × 10–⁶. 

RESULTS AND DISCUSSION

Heat Transfer for Fluid Flowing 

Across Discrete Parallel Plates

For comparison purposes, the parameters L1, L2, and 

H are kept constant with the thickness of d varying 

from 2 mm to 4 mm. Th e characteristic length of the 

Nusselt number and Reynolds number is taken as 2H 

for all cases. In the computation of parallel plates the 

Reynolds number varies from 5,000 to 15,000. 

Th e numerical results are shown in Fıgures 5, 6 

and 7. Two features may be noted. Fırst, the variation 

trends of Int and Nu with Re are very similar, and 

both Int and Nu become higher with the increase in 

thickness d. Second, the intersection angle θ between 

the velocity vector and the temperature gradient de-

creases with the increase of plate thickness d at the 

same mass fl ow. Th e same features can be observed 

from the results for the staggered plate array. Th ese 

results are consistent with the major idea of FSP, thus 

proving that the fi eld synergy principle can also be 

applied to the turbulent fl ow. 
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FIGURE 3. Schematic grid distribution of the fi rst case.

FIGURE 4. Grid independency 

test of the fi rst case.
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FIGURE 5. The variation of Int with Reynolds number 

(fl ow across discrete parallel plates).
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From Fıgure 7 it can be seen that for a fi xed plate 

thickness d, the intersection angle θ increases with 

the mass fl ow rate, indicating some deterioration of 

the synergy between velocity and temperature gra-

dient. Although the overall convective heat transfer 

increases with the Reynolds number (Fıgs. 5 and 6), 

the increasing tendency gradually becomes less and 

less. Th is feature is common to all convective heat 

transfer problems, leading to the general expression 

of Nu ~ Ren with n less than 1. 

(a) Variation of Int with Reynolds number 

(b) Variation of Nu with Reynolds number 

(c) Variation of θ with Reynolds number 
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FIGURE 6. The variation of Nu with Reynolds number 

(fl ow across discrete parallel plates).

FIGURE 7. The variation of θ with Reynolds number 

(fl ow across discrete parallel plates).

FIGURE 8. Results for d = 2 mm.
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COMPARISON BETWEEN DISCRETE 

PARALLEL PLATES AND DISCRETE 

STAGGERED PLATES

It is well known that discrete staggered plates have a 

better heat transfer performance than discrete parallel 

plates at the same conditions. Here we compared the 

values of Int, Nu, and θ between these two confi gu-

rations for d  =  2 and 4 mm. Th e Reynolds number 

is from 5,000 to 50,000. Th e numerical results are 

shown in Fıgures 8 and 9, respectively. We can see 

that both Int and Nu of the staggered plates are much 

higher than those of the parallel plates. However, the 

intersection angle θ of the discrete staggered plates 

is smaller than those of the discrete parallel plates. 

Fıgures 8 and 9 once again indicate that the fi eld 

synergy principle is applicable to the turbulent fl ow 

and heat transfer. 

CONCLUSION

In this paper, the fi eld synergy principle is briefl y 

reviewed. According to this principle, reducing the 

intersection angle between the velocity and the tem-

perature gradient can enhance the convective heat 

transfer. Two numerical examples are provided to 

show the validity of the principle for the turbulent 

fl ow and heat transfer situations. 
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