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Based on the principle of physical quantity synergy in the field of laminar heat transfer, and according to the models of zero equa-
tion and k-ε two equations for the turbulent flow, the synergy equations for both energy and momentum conservation in the tur-
bulent heat transfer are established. The synergy regulation among heat flux, mass flow and fluid driving force, and the mecha-
nism of heat transfer enhancement it reflects are revealed. The synergy principle of physical quantity in the thermal flow field is 
extended from laminar flow to turbulent flow. The principle is verified to be universal by the calculation of heat transfer en-
hancement in a tube with an insert of helical twisted tape. Thus, corresponding to the synergy relation among physical quantities 
in the turbulent flow field, the performance of convective heat transfer and flow resistance for the tubes with different heat trans-
fer components and surface can be compared through theoretical and computational analysis, which thereby provides a guidance 
for designing heat transfer units and heat exchangers. 
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Heat exchangers are widely applied to various industries 
such as power generation, petrochemistry, steel, metallurgy, 
refrigeration, cryogenic engineering, etc. The overall per-
formance of the heat exchangers may be improved effec-
tively by enhancing the convective heat transfer and reduc-
ing the flow resistance. The conventional heat transfer en-
hancement approach, however, only focuses on enhancing 
heat transfer. As a result, the fluid flow resistance often in-
creases significantly [1,2]. The performance of heat ex-
changers may be further improved if more efforts are made 
to reduce the fluid flow resistance while maintaining certain 
heat transfer intensity. In addition, if the pump power con-
sumption of the heat exchangers remains constant, reducing 
the flow resistance would increase the fluid velocity, 
thereby to achieve a better heat transfer effect. Therefore, 
reducing fluid friction resistance is another effective way to  
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enhance heat transfer. 
In order to reveal the physical mechanism of heat trans-

fer enhancement for the process of energy transfer in heat 
exchangers, Guo et al. [3] developed the field synergy 
principle for enhancing heat transfer from the energy equa-
tion. They suggested that physical performance of convec-
tive heat transfer would depend on the synergetic relation 
between its velocity field and heat-flux field. Under the 
same boundary conditions of velocity and temperature, the 
better the synergy between the velocity field and the 
heat-flux field was, the higher the heat transfer intensity 
would be. Some numerical computation and experiments in 
[4−19] verified that the field synergy principle could be 
used as a guide to design the heat transfer surface and heat 
exchangers. In addition, numerical computation in [20−22] 
showed that the synergic relations expressed in the field 
synergy principle were also suitable for turbulent heat 
transfer. 
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1  Physical field quantity synergy for turbulent 
heat transfer 

Based on the principle of field synergy for heat transfer en-
hancement, the physical quantity synergy in the laminar 
flow field is analyzed in [23,24] according to the physical 
mechanism of convective heat transfer between fluid and 
tube wall. Due to the random fluctuation of fluid particles in 
turbulence, the heat transfer mechanism between fluid and 
solid wall is more complex in turbulence than that in the 
laminar flow. 

1.1  Description of the turbulent flow  

In general, physical quantities in turbulent flow can be ex-
pressed as the sum of time-averaged quantities and fluctua-

tion quantities. If the Reynolds stress u'v'ρ−  caused by 

turbulence fluctuation in momentum equations is expressed 
in the form of shear stress similar to the laminar flow, 
whereas the turbulent fluctuation thermal diffusion 

cv Tρ ′ ′−  in energy equation is also expressed in the similar 

form of laminar flow diffusion, then the two-dimensional 
boundary layer conservation equations in the Cartesian co-
ordinates are 
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where ρ is the fluid density, v and εm are the molecular 
momentum diffusivity and the turbulent momentum diffu-
sivity respectively, α and εh are the molecular thermal dif-
fusivity and the turbulent thermal diffusivity respectively. 

For momentum equations, taking into account the lami-
nar shear stress caused by the molecular momentum transfer 
and turbulent shear stress caused by the momentum transfer 
due to turbulence fluctuation, the total shear stress is ex-
pressed as 
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where τl and τt are laminar and turbulent shear stress re-
spectively. The turbulent momentum dissipation εm can be 
determined by mixing-length theory, i.e. zero-equation 

model: 2 d
dm m
ul
y

ε = , where lm is the mixing length which 

characterizes the distance traveled by fluid particle before it 
becomes blended with neighboring particles. In this way, 
the Reynolds stress in eq. (2) can be expressed as 
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In addition, according to -k ε  two-equation turbulent 
model proposed by Jones and Launder [25,26], the Rey-
nolds stress is stated as 
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where the empirical constant cμ=0.09. The equation about 
the turbulent kinetic energy k is 
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The equation for turbulent dissipation rate ε is 
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In the above equations, when the Reynolds number is 
large, the empirical constants can be taken as c1=1.45, c2=2, 
σk=1, σε=1.3. 

For the energy equation, the total heat transfer flux in the 
form of molecular diffusion and turbulent fluctuation is ex-
pressed as 
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where ql and qt are the thermal diffusion in laminar flow and 
turbulent flow defined in the form of Fourier heat conduc-
tion law respectively. 

Eqs. (2) and (3) are very similar to the equations of the 
laminar boundary layer, so the synergy equations among 
turbulent physical quantities can be deduced from eqs. (2) 
and (3) by adopting similar approaches [23]. It is notewor-
thy that, when determining the turbulent momentum dissipa-
tion εm, either the zero-equation model or the two-equation 
model may be used. For the latter, although the Reynolds 
stress expression of eq. (6) changes, the nature of the turbu-
lent momentum equation has not changed. So choosing dif-
ferent turbulence models will not affect theoretical deriva-
tion of the synergic equations for turbulent momentum. 

1.2  Characteristic of boundary layer for the turbulent 
flow  

For the energy equation in the turbulent boundary layer, we 
have 



 LIU Wei, et al.  Chinese Sci Bull  August (2010) Vol.55 No.23 2591 
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where the total turbulent heat flux can be defined according 
to the Fourier heat conduction law: 
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So, for each fluctuation particle of fluid in the turbulent 
boundary layer, we have 
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Integrating eq. (12) along the y direction within the ther-
mal boundary layer, we have 
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The turbulent heat transfer coefficient is defined by heat 
flux density in unit solid-wall area and temperature differ-
ence across the turbulent boundary layer, namely, 
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where the fluid temperature Tf can be fluid temperature T∞ or 
average temperature Tm, depending on different circum-
stances. Therefore, taking into account the temperature con-
tinuity between laminar substrate and the turbulent core area, 
for the unit area for heat transfer, integrating the right hand 
side of eq. (13) across the turbulent boundary layer yields: 
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As seen from the above expression, thermal energy 
transported by turbulent boundary layer is transferred 
through the solid walls, and the energy equations for lami-
nar flow and turbulent flow are similar in form. However, 
for the turbulence problem, we need to define the turbulent 
Nusselt number, the turbulent Reynolds number and the 
turbulent Prandtl number according to the characteristics of 
the turbulent boundary layer: 
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where d is the characteristic length. Since εh and εm are not 

the physical property parameters of fluid, λt, vt and αt are 
defined as the turbulence equivalent thermal conductivity 
coefficient, the turbulent equivalent momentum diffusion 
coefficient and the turbulent equivalent thermal diffusion 
coefficient respectively. 

In different regions of the turbulent flow field, turbulent 
Ret and turbulent Prt can be simplified. In the laminar sub-
strate, εm<<v, εh<<α, so Pr=v/α, Re=umd/v; in the turbulent 
core area, v<<εm, α<<εh, so Prt=εm/εh, Ret=umd/εm. 

1.3  Energy synergy equation  

Consider the steady turbulent heat transfer in a two-dimen- 
sional parallel channel with height H and length L. For sim-
plification, it is analyzed symmetrically by taking h=H/2 
channel length and the following dimensionless quantities 
are introduced, 
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where h is the half-height of two-dimensional parallel 
channel, U is the velocity vector, um is the fluid average 
velocity, Tw is the wall temperature, Tm is the average tem-
perature for the fluid, T∞ is the inflow fluid temperature. 
Thus, the non-dimensionless energy synergy equation can 
be obtained from eq. (5), 
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layer merges in the center plane of channel, then integral 
limit becomes δ/h=1, which means the channel flow be-
comes fully developed, thus eq. (19) can be applied to the 
whole channel. 

In eq. (19), dot product of dimensionless velocity and 
dimensionless temperature gradient can be expressed as 

cos .T T β⋅∇ = ∇U U            (20) 

After substituting eq. (20) into eq. (19), it is known that 
dot product T⋅∇U  increases with the decrease of synergy 
angle β between vectors U and T∇ . Obviously, the in-

crease of dot product T⋅∇U  means the increase of tNu  

number, and as a result, convective heat transfer between 
the fluid and the solid wall will be enhanced. The physical 
mechanism expressed by the synergy relations can be stated 
in this way: if the direction of fluid velocity is more close to 
that of heat flux, the effect of convective heat transfer will 
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be better in the turbulent flow field.  
It is noteworthy that the above coordination mechanism 

in the turbulent heat flux field is not applicable for the re-
versed flow locations, because the heat can only transfer 
from positions with high temperature to positions with low 
temperature. Also, fluid temperature gradient in reversed 
flow zone does not change to the opposite direction, while 
the mass flow might point to the opposite direction of the 
mainstream. 

1.4  Momentum synergy equation  

For the turbulent flow in the two-dimensional parallel 
channel mentioned above, its momentum conservation 
equation can be obtained by rewriting eq.(2): 
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Integrating the above equation along y direction within 
the boundary layer yields: 
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By integrating eq.(22) along x direction from the channel 
inlet to its outlet, we obtain:  
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where τw is the turbulent shear stress of wall, and it can be 
expressed as 
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where
1wτ and

2wτ represent the shear stress in the channel 

entrance region and the fully developed turbulent flow re-
gion respectively. According to [27], we can obtain 

1wτ  

and 
2wτ  as 
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where Le stands for the length of the channel entrance re-
gion. 

Substituting eqs. (24)−(26) into eq. (23), we have 
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The dimensionless numbers are introduced as 
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where tEu  refers to the turbulent Euler number; Δp refers 

to the pressure drop between the channel inlet and outlet; χ1 
and χ2 are the length percentage of entrance region and the 
full developed region respectively; Λ is the ratio of the en-
trance length to channel height; i and j refer to unit vectors 
of x and y coordinates respectively. 

After dimensionless treatment, eq. (27) can be expressed 
as 
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where δ/h refers to dimensionless thickness of the velocity 
boundary layer. If the velocity boundary layer merges in the 
center plane of the channel, integral limit becomes δ/h=1, 
which means the channel turbulent flow becomes fully de-
veloped. I refers to unit vector. The integral term on the 
right-hand side of eq. (28) refers to dimensionless pressure 
drop for the parallel channel with height h=H/2, which can 
be expressed as 
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From eqs. (28) and (29), an expression for dimensionless 
momentum synergy equation can be deduced: 
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where dot product of dimensionless velocity and the dimen-
sionless velocity gradient can be expressed as 

cos .u u α⋅∇ = ∇U U              (31) 

After substituting eq. (31) into eq. (30), we can find that 
dot product u⋅∇U  decreases with the increase of synergy 
angle α between vectors U and u∇ . But it can be noted 
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that the decrease of dot product u⋅∇U  leads to the de-
crease of the Eut number, and as a result, the flow resistance 
of fluid will decrease. Obviously, focusing on improving the 
synergy relations may be a new direction for reducing fluid 
friction resistance, which is important for designing heat 
exchangers for lower flow resistance. 

1.5  Evaluation of heat transfer enhancement  

In the traditional heat transfer method, heat transfer is en-
hanced but with a cost of the increase of flow resistance, 
especially in the turbulence zone. Under some circum-
stances, when the increase of flow resistance is too large, 
heat transfer may not be enhanced; on the contrary, if the 
flow resistance and power consumption are smaller, the 
fluid flow conditions in heat exchanger are better, and as a 
result, heat transfer efficiency will be improved accordingly. 
Therefore, two aspects of the heat transfer enhancement 
design for heat transfer should be considered: (1) enhancing 
convective heat transfer; and (2) reducing flow resistance. 
In order to evaluate the comprehensive performance of heat 
transfer enhancement, the following formula can be used: 

0
1/ 3
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/
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( / )
t tNu Nu

f f
=                (32) 

where Nut and Nut0 are the turbulent Nusselt numbers for 
enhanced tube and bare tube respectively, f and f0 are the 
friction coefficients for enhanced tube and bare tube respec-
tively. 

On the basis of analyzing the vector quantities relation in 
the non-isothermal laminar flow field, Liu et al. [23] set up 
the synergy relation among the velocity vector U, velocity 
gradient u∇ , temperature gradient T∇  and pressure gra-
dient p∇ . From the turbulent synergy equations of eqs. (19) 

and (30), it can be obtained that the vector quantities in tur-
bulent flow should also meet the synergy relationship. 
Therefore, the synergy angle between T∇  and u∇  can 
be expressed as 

arccos .T u
T u
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∇ ∇
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From the synergy angles α, β and γ of fluid particles in 
the turbulent convective field, it can be obtained that smaller 
synergy angle β and larger α will result in larger synergy 
angle γ. As a result, it can be induced that synergy angle γ 
can reveal the extent of heat transfer enhancement and flow 
resistance reduction. That is to say, the larger angle γ is, the 
better the comprehensive performance of the heat exchanger 
would be. Therefore, angle γ can be seen as a criterion for 
evaluating heat transfer enhancement. 

In the same way, the synergy angle between velocity U 
and pressure gradient p∇  can be expressed as 
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As shown in eq. (34), the smaller the synergy angle θ is, 
the better the synergy between U and p∇  would be, and 

the better the coordination between mass flow and driving 
potential would be, which would result in the decrease of 
flow resistance. As far as flow resistance reduction is con-
cerned, although physical meanings of eqs. (31) and (34) are 
the same, the latter is more intuitive for understanding the 
flow resistance reducing mechanisms. It is obvious that im-
proving the synergy relation can reduce the flow resistance. 

Figure 1 shows the synergy relation of physical quanti-
ties of fluid particle. In the figure, u i , v j and w k are the 
components of velocity vector U in x, y and z direction re-

spectively, 
uu
x
∂

∇ =
∂

i u
y
∂

+
∂

j u
z

∂
+
∂

k  is the velocity gra-

dient in x direction. It can be seen in the figure that intersec-
tion angles of u∇  with U, T∇ , and p∇  are all smaller 

than 90°. Therefore, u∇  can be used as a reference vector 
when characterizing the synergy relation between vector 
physical quantities U, T∇  and p∇ . 

The above analysis suggests that there exists a specific 
relation between physical quantity synergy and heat transfer 
enhancement in the non-isothermal turbulent flow field. If 
the physical quantities of all fluid particles satisfy the 
synegy relation, turbulent heat transfer will be enhanced and 
flow resistance will be reduced, and as a result, enhanced 
heat transfer will be achieved. 

2  Calculation and analysis for heat transfer en- 
hancement  

Based on the physical model in which helical twisted tape for 
disturbing fluid is interpolated in a tube, numerical verifica-
tion for the synergy principle among physical quantities is 

 
Figure 1  The diagram of vector relation at a fluid particle M among ve-
locity, velocity gradient, temperature gradient and pressure gradient. 
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carried out. 
In order to strengthen temperature distribution uniformity 

or increase fluid disturbance, a helical twisted tape is de-
signed as shown in Figure 2. 

2.1  Mathematical model 

From the physical model shown in Figure 2, the RNG k-ε 
model combined with mass, momentum and energy con-
servation equations is employed to numerically simulate the 
flow and heat transfer. The following assumptions are made 
to establish the mathematical model: (1) The physical prop-
erties of fluid are constant; (2) The fluid is incompressible, 
isotropic and continuous; (3) The fluid is Newton fluid; and 
(4) The effect of gravity can be ignored. The common equa-
tions for flow and heat transfer are expressed as [28] 
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The turbulent kinetic energy k and the dissipation rate ε 
for RNG k-ε turbulence model are obtained from the fol-
lowing transport equations: 
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In the above equations, for the continuity equation, Φ=1, 
Γ=0, S=0; for the momentum equation, Φ=u,v,w, Γ=μeff =μ+μt, 
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Figure 2  The physical model of heat-transfer enhanced tube with an 
insert of helical twisted tape. 
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 η0=4.377, β=0.012, where μ is the 

dynamic viscosity, Pr is the fluid Prandt number, σT is the 
turbulence Prandt number, p is the fluid pressure, T is the 
fluid temperature, μ, v and w are the velocity components, Γ 
is the generalized diffusion coefficient, Φ is the universal 
variable, and S is the source item. 

To solve the above governing equations, SIMPLEC al-
gorithm was used for pressure-velocity coupling, and 
QUICK scheme was chosen to discretize momentum equa-
tion and energy equations. The wall function method was 
used to treat the near-wall region. 

2.2  Results and discussion 

For the physical model shown in Figure 2, the parameters 
for computation are set as follows: Tube length L=1500 mm, 
tube diameter D=25 mm, inner diameter of helical twisted 
tape d1=5 mm, outer diameter d2=20 mm, tape width W=d2

－d1=15 mm, tape thickness t=1 mm, pitch s=18 mm. In 
this study, water is used as the fluid, and the inlet tempera-
ture is 353 K, wall temperature is set at 298 K. 

Figures 3 and 4 show the calculation results for the en-
hanced tube with the helical twisted tape inserted. From the 
figures it can be seen that the Nusselt number of the en-
hanced tube is 1–1.2 times larger than that of the bare tube 
in the Reynolds number of 6000 to 12000, while the in-
crease of the flow resistance of the former is only about 
30% higher than that of the latter, which indicates that the 
helical twisted tape is an ideal heat transfer component with 
high heat transfer efficiency and low flow resistance. Figure 
2 shows the comparison of PEC for the enhancing tube and 
bare tube. From the figure it can be observed that the in-
crease of the amplitude of PEC value for the enhanced tube 
is significant and the value is about 2. 

Figure 6 shows the comparison of averaging synergy an-
gle β for the enhanced tube and the bare tube. It can be 
found that the average synergy angle β is much smaller than  

 

Figure 3  The variation of Nut number with Ret number for heat-transfer 
enhanced tube with helical twisted tape and bare tube. 
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Figure 4  The variation of resistance coefficient f with Ret number for 
heat-transfer enhanced tube with helical twisted tape and bare tube. 

 

Figure 5  The variation of PEC value with Ret number for heat-transfer 
enhanced tube with helical twisted tape and bare tube. 

 

Figure 6  The variation of average synergy angle β with Ret number for 
heat-transfer enhanced tube with helical twisted tape and bare tube 

that of the bare tube, which indicates that the heat transfer 
efficiency increases significantly, an outcome that is con-
sistent with the calculation results shown in Figure 3. Of 
course, for higher heat transfer enhancement requests, we 
can optimize the structure and size of the helical twisted 
tape to further reduce the average angle β, improve the dis-
turbance effect, and increase the heat transfer intensity. 

Figures 7 and 8 show the comparisons between the syn-
ergy angles α and θ for the enhanced heat transfer tube 
and the bare tube. As shown in Figure 7, when the bare 
tube is replaced by the enhanced tube, the average synergy 
angle α decreases from 86° to 64°; consequently, the flow 
resistance will increase. But the increase of flow resistance 
is not particularly large, and its growth rate is smaller than 
that of the Nusselt number. In addition, as shown in Figure 
8, the average synergy angle increases from 1° as in the 
bare tube to approximately 55° as in the enhanced tube, 
which suggests that, after inserting the helical twisted tape, 
the direction of the mass-flow driven force in the turbulent 
flow field is deviated. As a result, the flow resistance in-
creases. Therefore, synergy angle θ may be used to evalu-
ate flow resistance reduction, which is similar to the case 
in which synergy angle β is used to evaluate heat transfer 
enhancement. 

Figure 9 shows the comparison between the average syn-
ergy angles γ for the helical twisted tape inserted tube and 
the bare tube. As shown in the figure, the synergy angle γ of 
the bare tube is small (about 5°), indicating that there is no 
enhancing effect. For the enhanced tube, the average angle 

 

Figure 7  The variation of average synergy angle α with Ret number for 
heat-transfer enhanced tube with helical twisted tape and bare tube. 

 

Figure 8  The variation of average synergy angle θ with Ret number for 
heat-transfer enhanced tube with helical twisted tape and bare tube. 
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Figure 9  The variation of average synergy angle γ with Ret number for 
heat-transfer enhanced tube with helical twisted tape and bare tube. 

exceeds 47°, which is about 8 times larger than that of the 
bare tube, indicating an excellent comprehensive perform-
ance of heat exchange enhancement. Therefore, the helical 
twisted tape is a recommendable heat transfer unit tube and 
can be applied to heat transfer enhancement of tube side in 
various types of heat exchangers, such as shell-and-tube 
heat exchangers, tubular heat exchangers and jacket-tube 
heat exchangers, for energy conservation. 

3  Conclusions  

This paper first defines the turbulence equivalent thermal 
conductivity, turbulence equivalent thermal diffusion coef-
ficient and turbulence equivalent momentum diffusion coef-
ficient according to turbulent model and characteristics of 
the boundary layer. Then, it establishes turbulent synergy 
equations for energy and momentum transfer, and describes 
the synergy relations among heat flow, mass flow and driv-
ing force in the turbulence flow field, which reveals the 
relations between the physical quantities synergy and the 
heat transfer enhancement. The principle of physical quan-
tity synergy is also extended for heat transfer enhancement 
from the laminar flow to the turbulence flow. 

The synergy angles α, β and γ in the turbulent flow field 
of convective heat transfer can reveal the heat transfer en-
hancement intensities. The smaller the synergy angle α is, 
the lower the flow resistance coefficient f will be, and the 
smaller the pressure drop will be correspondingly; the 
smaller the synergy angle β is, the bigger the heat transfer 
coefficient ht will be, which means convective heat transfer 
between the fluid and the tube wall will be stronger. The 
bigger the synergy angle γ is, the higher the PEC value will 
be. This means the comprehensive performance of a heat 
transfer unit will be improved. 

When the Reynolds number is within the range of 
6000–12000, the average synergy angle α of helical twisted 
tape is about 64°, and compared with the bare tube the in-

crease of flow resistance is about 30%. For heat transfer, the 
average synergy angle β of helical twisted tape is about 80°. 
Compared with the bare tube, the heat transfer coefficient 
increases by 100%–120%. The average synergy angle γ is 
about 47°, and the PEC value is close to 2. As seen above, 
the increase in the rate of flow resistance is less than that of 
the heat transfer for the helical twisted tape inserted tube. 
Meanwhile, the PEC value is higher. Therefore, the en-
hanced tube is a heat transfer component with high com-
prehensive performance. 
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