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For laminar and turbulent convective heat transfer, the synergy among vectorial physical quantities of a fluid particle is analyzed 
to reveal the relation between the multi-field synergy mechanism and heat transfer enhancement. Additionally, the efficiency 
evaluation criterion (EEC) is proposed to evaluate the overall performance of heat transfer enhancement. Meanwhile, using syn-
ergy angles , , ,  and , a unified evaluation system and corresponding evaluation indexes for heat transfer enhancement are 
suggested. A model of a heat-transfer-enhanced tube inserted with poles in a triangular configuration is built, and a corresponding 
numerical simulation is conducted to verify the proposed evaluation system and criterion. The calculation results show that there 
is correlation between synergy angles reflecting the direction of heat transfer enhancement and evaluation criterion reflecting the 
effect of heat transfer enhancement. In the Re number range of 300–1800, the performance evaluation criterion PEC lies in the 
range of 1.2–2.3, but the efficiency evaluation criterion EEC lies in the range of 0.33–0.45. 
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To make heat exchangers more efficient, the most important 
thing is to raise the heat transfer coefficient and reduce the 
fluid power consumption in the transport processes. Addi-
tionally, designing heat exchangers with small size and low 
weight is important to save energy. Therefore, the problem 
is how to improve the comprehensive performance of a heat 
exchanger by reconciling heat resistance with flow re-
sistance. For almost half a century, various approaches of 
heat transfer enhancement had been developed and applied 
to improve the performance of heat exchangers. Researchers 
have made efforts to classify such approaches; e.g., Webb 
[1] classified the approaches as active enhancement, passive 
enhancement and composite enhancement, and Bergles [2] 
described the evolution of those approaches in four genera-
tions. These classifications, however, did not relate to the 
mechanism of enhancing heat transfer and reducing flow 
resistance, and did not involve any evaluation standard. Guo 
et al. [3] provided a new insight into the physical mecha-

nism of convective heat transfer by analyzing the relation 
between flow field and heat flux field. Considering that the 
heat transfer can be related to distribution characteristics of 
the velocity field and temperature field, Guo et al. proposed 
the field synergy principle of heat transfer enhancement. 
Verified in a series of experiments and numerical simulations 
[4–21], the principle provided a theoretical foundation for 
evaluating the performance of heat transfer enhancement.  

1  Performance evaluation for heat transfer 
enhancement  

A problem we face in developing approaches to enhance 
heat transfer is that heat transfer is enhanced at the cost of 
an undesirable increase in flow resistance. Sometimes the 
energy saved by enhancing heat transfer may be less than 
the increase in energy cost due to flow resistance. Therefore, 
an objective evaluation of the effect of heat transfer en-
hancement is necessary in designing high-efficiency and 
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low-resistance heat transfer units and exchangers.  

1.1  Synergy based on the momentum and energy equa-
tions  

The momentum equation for laminar convective heat trans-
fer is  
 2p      U U U ,  (1) 

and that for turbulent convective heat transfer is  
   2

mp         U U U ,      (2) 

where  is fluid density,  is fluid viscosity, v is molecular 
momentum diffusivity, and m is turbulent momentum dif-
fusivity.  

Using eqs. (1) and (2), refs. [19–21] established a two- 
dimensional momentum synergy equation for laminar flow,  
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and a two-dimensional momentum synergy equation for 
turbulent flow,  
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where Eul and Eut are the Euler numbers for laminar flow 

and turbulent flow respectively, 
2
m

p
Eu

u


 ; Rel and Ret are 

Reynolds number for laminar flow and turbulent flow re-
spectively; 1  and 2  are the ratios of the entrance re-

gion and fully developed region of the channel to the total 
channel length respectively;   is the ratio of the entrance 
length to channel height; and U  and u  are the dimen-
sionless velocity vector and velocity. The first and second 
terms on the right hand side of eqs. (3) and (4) are flow re-
sistances in the entrance region and fully developed region 
respectively. The dot product of the dimensionless velocity 
vector and velocity gradient can be expressed both for lam-
inar flow and turbulent flow as  

 cosu u   U U .      (5) 

From eqs. (3)–(5), it is found that the larger the angle  
between vectors U  and u , the smaller the dot product 

uU  and thus the smaller the Euler numbers of laminar 
flow and turbulent flow. Therefore, increasing the angle  
will reduce the pressure drop. Here the synergy angle  is 
universally expressed as  

 arccos 



u

u

U

U
.              (6) 

For a heat exchanger, when power consumption is con-
stant, less flow resistance results in higher fluid velocity, 
which implies better heat transfer. In this case, there are two 
aspects to the improvement in the performance of the heat 
exchanger: the reduction of flow resistance and the en-
hancement of heat transfer. However, when the fluid is ac-
celerated by increasing pump power, not only does convec-

tive heat transfer between the fluid and the solid wall 
strengthens, but the flow resistance increases as well. 
Therefore, enhancing convective heat transfer by merely 
increasing the fluid velocity or reducing flow resistance by 
merely decreasing the fluid velocity does not make sense as 
an approach to improve the comprehensive performance of 
a heat transfer unit. Thus, when a heat transfer unit is to be 
evaluated in terms of its performance of heat transfer en-
hancement, the fluid velocity could be assumed as being 
constant.  

There are two cases to consider when U  is constant. (1) 

If u  is constant, then the larger the synergy angle  , 

the smaller the dot product uU  and thus the smaller the 
Eu  number. (2) If angle   is constant, then the smaller 

the u  value, the smaller the dot product uU  and 

thus the smaller the Eu  number. In addition, when U  is 

constant, the smaller u  is, the smaller p  will be. As 

a result, the flow resistance of fluid will be lower.  
For laminar convective heat transfer, the energy equation 

is  
 c T   q U ,              (7) 

and for turbulent convective heat transfer, the energy equa-
tion is  

   2
p h pc T c T      U ,         (8) 

where  is fluid conductivity, cp is the specific heat of the 
fluid, and h  is turbulent thermal diffusivity.  

From eqs. (7) and (8), refs. [3] and [19–21] established a 
two-dimensional energy synergy equation for laminar flow,  
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and a two-dimensional energy synergy equation for turbu-
lent flow,  
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  U ,       (10) 

where Nul, Nut, Rel, Ret, Prl and Prt represent the Nusselt 
number, Reynolds number and Prandtl number for laminar 
flow and turbulent flow respectively, and T  is a dimen-
sionless temperature gradient. The dot product of the di-
mensionless velocity vector and temperature gradient can be 
expressed both for laminar flow and turbulent flow as  

 cosT T   U U .          (11) 

From eqs. (9)–(11), it is found that the smaller the angle 
 between vectors U  and T , the larger the dot product 

TU  and thus the larger the Nu  number. Thus, con-
vective heat transfer between the fluid and solid wall will be 
enhanced. Here the synergy angle   can be universally 

expressed as  

 arccos
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As before, there are two cases to consider when U  is 

constant. (1) If T  is constant, then the smaller the angle 

 , the larger the dot product TU  and thus the larger 

the Nu  number. (2) If angle   is constant, then the 

larger the T  value, the larger the dot product TU  

and thus the larger the Nu  number. As a result, the con-
vective heat transfer between the fluid and tube wall in-
creases.  

In the situation of heat transfer enhancement in a tube, 
there is a main-flow direction along the axis of tube. There-
fore, u  can be taken as a reference vector, and vectorial 
physical quantities of the fluid particle M can be represented 
as a tetrahedron volume described by synergy angles ,  
and , as shown in Figure 1.  

To assess the heat transfer performance of heat transfer 
units, refs. [22,23] defined a comprehensive evaluation  
index:  
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where Nu, Re and Pr denote the Nusselt number, Reynolds 
number and Prandtl number of laminar flow or turbulent 
flow; P is the power consumption of the fluid; h is the coef-
ficient of convective heat transfer; f is the resistance coeffi-
cient; and A is the area of heat transfer. With the same Re 
number, when physical properties of the fluid remain un-
changed and the area of heat transfer area is fixed, eq. (13) 
can be rewritten for the same power consumption as 

 0
1/3

0

/
PEC

( / )

Nu Nu

f f
 ,             (14) 

where Nu0 and f0 are the Nusselt number and resistance co-
efficient of a bare tube respectively.  

From the above analysis, it is seen that the synergy rela-
tion given in Figure 1 is related to the performance evalua-
tion criterion in eq. (14). If the objective is to enhance heat 
 

 

Figure 1  Synergy relations among the velocity vector, velocity gradient 
and temperature gradient of a fluid particle M. 

transfer, the synergy between the velocity vector U and 
temperature gradient T  should be considered, and the 
smaller the synergy angle  is, the more effective the con-
vective heat transfer will be. As a result, Nu/Nu0 and PEC 
will increase. If the objective is to achieve minimum flow 
resistance, the synergy between the velocity vector U and 
velocity gradient u  should be considered, and the larger 
the synergy angle  is, the smaller the momentum loss will 
be. As a result, 1/3

0( / )f f  will decrease and PEC will in-

crease. In addition, the smaller u  is, the smaller the 

flow resistance will be; and the larger T  in the bound-

ary layer is, the more effective the convective heat transfer 
will be.  

1.2  Synergy based on the conservation equation for 
mechanical energy  

Multiplying both sides of eq. (1) by the velocity vector U 
yields  

  2p        U U U U U ,       (15) 

and multiplying both sides of eq. (2) by the velocity vector 
U yields  

   2
mp           U U U U U .   (16) 

The vector mode equations of the conservation of me-
chanical energy for laminar flow and turbulent flow can be 
expressed as  

 2p      U U U U U ,       (17) 

and 

   2
mp         U U U U U ,   (18) 

where p U  is the rate at which work is done by the 

fluid and p U  is pump work consumed by the fluid.  

Eqs. (15) and (16) describe the conservation relation of 
the mechanical energy of fluid, which states that the work 
consumed by the fluid equals the sum of kinetic energy loss 
and viscous dissipation work. Eqs. (17) and (18) show that 
less power consumption means lower kinetic energy and 
viscous dissipation losses.  

From the mechanical energy conservation expressed in 
the above equations and the relation among vectorial physi-
cal quantities of a fluid particle M, we can obtain the syn-
ergy relation between velocity vector U and pressure gradi-
ent p  both for laminar flow and turbulent flow as  

   cosp p    U U ,         (19) 

or  
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From eqs. (17)–(20), one finds that (1) if the dot product 

 p U  is fixed, then the smaller the angle  is, the less 
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the power consumption pU  will be, and (2) if the 

angle  is fixed, then the smaller the dot product  p U  

is, the less the power consumption pU  will be. Thus, 

reducing synergy angle means consuming less pump pow-
er, which increases the energy savings for heat transfer units.  

The vector tetrahedral volume in Figure 2 shows that if 
the angle  is fixed, then the smaller the angle  is, the 
larger the angle  will be; or the smaller the angle  is, the 
larger the angle  will be. Therefore, the objective of inten-
sifying heat transfer opposes that of reducing flow re-
sistance. When the heat transfer is enhanced, the flow re-
sistance increases; or when the flow resistance decreases, 
the heat transfer will weaken. Obviously, there must be a 
certain optimization relation among synergy angles ,  and 
.  

If heat transfer performance is evaluated according to 
fluid power consumption, we can define efficiency evalua-
tion criterion as  

 0 0

0 0 0

/ /
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/ ( ) / ( )

Q Q Q Q

P P V p V p
 

 
,      (21) 

where the numerator represents the heat flux income, the 
denominator represents the power consumption cost, Q is 
heat flux, P is power consumption, and V is the volume flow 
rate of the fluid. The subscript 0 indicates the bare tube. 
When the flow rate remains unchanged, eq. (21) can be 
written as  

 0

0

/
EEC

/

Q Q

p p

 

.             (22) 

Compared with PEC, EEC clearly represents the compre-
hensive performance of a heat transfer unit. When the flu-
id’s physical properties and the area of heat transfer remain 
unchanged, eq. (22) becomes  
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Figure 2  Synergy relation among the velocity vector, temperature gradi-
ent and pressure gradient of a fluid particle M. 

where w fT T T    is the difference between the tube 

wall temperature and fluid mean temperature, 0T   

0 0w fT T  is the temperature difference for the bare tube, 

and 0/T T     is a factor of the temperature difference. 

Therefore, EEC not only represents the difference in the 
heat transfer ability and the characteristic of flow resistance 
between the heat-transfer-enhanced tube and bare tube, but 
it also considers the effect of temperature variation on heat 
transfer.  

Figure 2 reflects the synergy relation in the flow field of 
convective heat transfer, which is closely related to the 
evaluation criterion defined in eq. (22). For example, the 
smaller the angle  is, the larger the ratio of Q/Q0 will be; 
while the smaller the angle  is, the smaller the ratio of 

0/p p   will be. This will lead to a higher EEC value. 

Therefore, the performance of heat transfer enhancement 
can be improved by reducing synergy angles  and . In 
addition, in the system constructed in Figure 2, the smaller 

p  is, the smaller the flow resistance will be; and the 

larger T  in the boundary layer is, the stronger the con-

vective heat transfer between the fluid and solid wall will be.  
The above analysis shows that the angles  and  formed 

by vectors U, T  and p  not only reflect the relation 

between heat transfer and flow, but also reveal the mecha-
nism of enhancing heat transfer and reducing flow re-
sistance, which is beneficial to achieve the ultimate goal of 
improving the comprehensive performance of a heat trans-
fer unit.  

1.3  Comprehensive evaluation indexes of heat transfer 
enhancement 

Following Figures 1 and 2, the synergy relations among all 
vectors are shown in Figure 3, in which the synergy angles 
formed by U, u , T  and p  reflect the mechanism 

of heat transfer enhancement, while the mode values U , 

u , T  and p  reflect the field intensity of con-

vective heat transfer and are quantified by the Nusselt 
number, convective heat transfer coefficient, fluid resistance 
coefficient, heat transfer rate and pressure difference. Ac-
cordingly, we define a set of indexes to evaluate the per-
formance of heat transfer enhancement; e.g., , , , Nu, f, 
PEC, Q, p , and EEC. If comparing the heat-transfer-  

enhanced tube with the bare tube, we can take ,  and EEC 
as basic indexes.  

The relation between micro-element areas and vectors of 
a fluid particle is shown in Figure 4, in which A represents 
the micro-element area of mass flow, with U as its normal 
vector; B represents the micro-element area of driving po-
tential, with p  as its normal vector; and C represents 
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Figure 3  Three-dimensional synergy relation among vectors for a fluid 
particle M. 

the micro-element area of heat flux, with T  as its nor-
mal vector. The fluid particle M is located at the intersection 
of the three micro-element areas. Figure 4 shows that there 
exists competition between synergy angles. For a certain 
angle , if vector U leans toward vector T , then synergy 
angle  decreases, leading to a reduction in thermal re-
sistance. If vector U leans toward vector p , then syner-

gy angle  decreases, leading to a reduction in flow re-
sistance. It is thus concluded that the comprehensive per-
formance of heat transfer enhancement would be improved 
by optimizing synergy angles ,  and .  

Figure 5 shows the framework of the multi-field synergy 
principle of heat transfer enhancement. In the figure, the dot 
product of U and u  from the momentum equation forms 
synergy angle ; the dot product of U and T  from the 
energy equation forms synergy angle ; the dot product of 
U and p  from the mechanical energy conservation 

equation forms synergy angle ; vectors u  and T  
form synergy angle ; and vectors T  and p  form 

synergy angle . With all these angles, the basic relation of 
the multi-field synergy principle is expressed, which reflects 
the regularity between heat transfer enhancement and synergy 
among the velocity field, temperature field and pressure field.  

 

 

Figure 4  Relation among the micro-element areas and vectors for a fluid 
particle M and micro-element areas of mass flow (A), driving potential (B), 
and heat flux (C). 

 

Figure 5  Framework of the multi-field synergy principle for convective 
heat transfer enhancement. 

2  Computation and analysis of heat transfer 
enhancement 

To verify the proposed evaluation indexes through numeri-
cal computation, we choose a model of a circular tube in-
serted with triangular arrangements of tiny poles as shown 
in Figure 6. The length of the tube is 500 mm, the diameter 
of the tube is 20 mm, and the diameter of a pole is 1 mm. 
The triangular pole arrangements are themselves arranged 
in a staggered pattern with an angle of rotation of 60 and 
an interval of 10 mm. The space between the tube wall and 
the end of a triangular arrangement is 1 mm.  

A generalized governing equation for laminar convective 
heat transfer can be expressed as  

 

( ) ( ) ( )

,

u v w

x y z

S
x x y y z z

     

    

  
 

  

                         

 

(24)

 

where  is fluid density; u, v and w are velocity components 
along the x, y and z directions;   is generalized diffusivity 
[24]; S is a source item;   is a universal variable, with 

1   for the continuity equation; , ,u v w   for the mo-

mentum equations; and T   for the energy equation.  
The finite difference approach is adopted for numerical 

computation and the SIMPLE approach is used for pres-
sure–velocity coupling. The difference scheme takes the 
second-order upwind difference, and the QUICK scheme is 
employed for the convection term. In the calculation, the 
tube wall temperature wT  and fluid inlet temperature T  

are set at 350 and 293 K respectively, and water is taken as 
 

 

Figure 6  Computational model of a circular tube inserted with thin tri-
angular pole arrangements. 
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the fluid with its physical properties remaining constant.  
Figures 7 and 8 illustrate the heat transfer and flow be-

haviors of the model. It is seen that the flow resistance in 
the heat-transfer-enhanced tube is greater than that in the 
bare tube because of fluid disturbance through the triangular 
pole arrangements. The average synergy angle  drops by 
6–11 within a range of the Reynolds number from 300 to 
1800. However, heat transfer is apparently enhanced, with a 
decrease in average synergy angle  of 7 within a range of 
the Reynolds number from 300 to 1800. Therefore, control-
ling synergy angles  and  in the flow field can intensify 
convective heat transfer and reduce flow resistance.  

Figure 9 shows power consumption in the heat-transfer- 
enhanced tube. The one-way resistance and local resistance 
are greater in the heat-transfer-enhanced tube owing to the 
disturbance created by the triangular pole arrangements, and 
the kinetic loss is thus greater. As a result, synergy angle  
rises dramatically around 50 when Re = 300–1800. To re-
duce flow resistance, we can adjust the pole diameter and 
the arrangement interval, and then make the calculation 
judgment again using synergy angle . It should be noted 

 

 

Figure 7  Synergy angle  versus Reynolds number for a bare tube and 
heat-transfer-enhanced tube. 

 

Figure 8  Synergy angle  versus Reynolds number for a bare tube and 
heat-transfer-enhanced tube. 

that synergy angle  provides more information than synergy 
angle  in evaluating the pressure drop in a heat transfer unit.  

Figures 10 and 11 indicate the heat transfer ability and 
flow resistance of the heat-transfer-enhanced tube. It is seen 
that with an increase in the Reynolds number, the Nusselt 
number increases quickly and approaches 67 when Re = 
1800. This shows that the poles have the effect of enhancing 
convective heat transfer between the fluid and tube wall. On 
the other hand, the resistance coefficient rises by a factor of 
5.5–8.3 within a range of the Reynolds number from 300 to 
1800. Figure 12 shows the overall performance of heat- 
transfer-enhanced tube. When Re = 1800, the Nusselt num-
ber increases by a factor of 5.4, while the resistance coeffi-
cient increases by a factor of 8.3. Here PEC reaches 2.3.  

Figure 13 shows the temperature profiles of the fluid in 
the bare tube and heat-transfer-enhanced tube downstream 
at z = 465 mm with Re = 1800. It is seen that compared with 
the case for the bare tube, the temperature in the core flow 
area of the heat-transfer-enhanced tube tends to be more 
uniform. This leads to a larger fluid temperature gradient 
near the tube wall, and it is beneficial to heat transfer. As 
the fluid region with uniform temperature becomes larger, 
the difference between the tube wall temperature and fluid 

 

 

Figure 9  Synergy angle  versus Reynolds number for a bare tube and 
heat-transfer-enhanced tube. 

 

Figure 10  Nusselt number versus Reynolds number for a bare tube and 
heat-transfer-enhanced tube. 
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Figure 11  Resistance coefficient versus Reynolds number for a bare tube 
and heat-transfer-enhanced tube. 

 

Figure 12  Value of PEC versus Reynolds number for a bare tube and 
heat-transfer-enhanced tube. 

 

Figure 13  Fluid temperature profiles for a bare tube and heat-transfer- 
enhanced tube (Re = 1800, z = 465 mm). 

mean temperature decreases, which means that thermal re-
sistance between tube wall and fluid will be small at a certain 
boundary heat flux, and the transferring of heat will be better.  

Figure 14 shows the variation in the Nusselt number  
with the Reynolds number for the bare tube and heat-     
transfer-enhanced tube. From the figure, we find that the 
heat transferred by the heat-transfer-enhanced tube is 2–3.3 
times greater than that transferred by the bare tube in the 

range of Re = 300–1800. In Figure 15, however, the calcu-
lation shows that the flow resistance of fluid is 4–9 times 
greater in the heat-transfer-enhanced tube than in the bare 
tube in the range of Re = 300–1800. Figure 16 shows that 
EEC for the heat-transfer-enhanced tube is relatively small, 
and its maximum value is only 0.45 in the range of Re = 
300–1800. Therefore, the triangular pole arrangement is not 
recommended in engineering application. In general, we 
hope that the heat flux amplitude is close to or greater than 
the pressure difference amplitude, so that EEC can approach 
or exceed a value of 1.  

In summary, synergy angles , , ,  and  are formed 
from the velocity vector U, velocity gradient u , temper- 
ature gradient T  and pressure gradient p , and they 

denote the relation between field synergy and convective 
heat transfer enhancement. Mathematical formulas were 
established to describe the multi-field synergy principle. 
One can then use the principle to evaluate the performance of 
heat transfer units, and guide the design of heat exchangers. 

3  Conclusions  

Synergy angles , , ,  and  reflect multi-field synergy 
 

 

Figure 14  Nusselt number versus Reynolds number for a bare tube and 
heat-transfer-enhanced tube. 

 

Figure 15  Pressure difference versus Reynolds number for a bare tube 
and heat-transfer-enhanced tube. 
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Figure 16  Value of EEC versus Reynolds number for a bare tube and 
heat-transfer-enhanced tube. 

regularity in convective heat transfer. The higher the syner-
gy degree is, the more effective the heat transfer enhance-

ment will be. The vector mode values T , u  and 

p  describe the intensity of heat transfer and flow. The 

larger the T  value in the boundary layer is, the greater 

the heat transfer will be; the smaller the u  or p  

value is, the smaller the flow resistance will be.  
The performance of a heat transfer unit can be evaluated 

with synergy angles  and , and also with the efficiency 
evaluation criterion EEC, which represents the overall effect 
of heat transfer enhancement. The smaller the angles  and 
 are, the smaller the heat resistance and the flow resistance 
will be; the greater the EEC value is, the better the comprehen-
sive performance of the heat-transfer-enhanced tube will be.  

From calculations for the heat-transfer-enhanced tube 
with inserts of triangular arrangements of tiny poles, we 
find that the average synergy angle  decreases from ap-
proximately 90 for the bare tube to about 83 for the heat- 
transfer-enhanced tube, which indicates an obvious en-
hancement in heat transfer; the average synergy angle  
increases from approximately 0 for the bare tube to about 
50 for the heat-transfer-enhanced tube, which indicates a 
quick increase in flow resistance; when Re = 1800, PEC 
reaches 2.3, but EEC is about 0.45. The latter finding 
demonstrates the overall relation between income and cost 
in energy utilization.  
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