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Abstract

Three dimensional numerical studies were performed for laminar heat transfer and fluid flow characteristics of wavy fin heat exchang-
ers with elliptic/circular tubes by body-fitted coordinates system. The simulation results of circular tube were compared with the exper-
iment data, then circular and elliptic (e = b/a = 0.6) arrangements with the same minimum flow cross-sectional area were compared. A
max relative heat transfer gain of up to 30% is observed in the elliptic arrangement, and corresponding friction factor only increased by
about 10%. The effects of five factors on wavy fin and elliptic tube heat exchangers were examined: Reynolds number (based on the smal-
ler ellipse axis, 500 � 4000), eccentricity (b/a, 0.6 � 1.0), fin pitch (Fp/2b, 0.05 � 0.4), fin thickness (Ft/2b, 0.006 � 0.04) and tube span-
wise pitch (S1/2b, 1.0 � 2.0). The results show that with the increasing of Reynolds number and fin thickness, decreasing of the
eccentricity and spanwise tube pitch, the heat transfer of the finned tube bank are enhanced with some penalty in pressure drop. There
is an optimum fin pitch (Fp/2b = 0.1) for heat transfer, but friction factor always decreases with increase of fin pitch. And when Fp/2b is
larger than 0.25, it has little effects on heat transfer and pressure drop. The results were also analyzed from the view point of field synergy
principle. It was found that the effects of the five factors on the heat transfer performance can be well described by the field synergy
principle.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Fin-and-tube heat exchangers are widely used in many
engineering applications, for example, applications in such
areas like air conditioning units, process gas heaters and
coolers, compressor intercoolers, etc. Since majority of
the thermal resistance of fin-and-tube heat exchanger is
on the air side, improving air side fin and tube configura-
tions, enhancing their heat transfer is the most effective
way to improve the performance of the heat exchanger.
There are two conventional methods for enhancing air side
heat transfer, one is circular tube heat exchanger with wavy
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fin or slit fin and the other is elliptic tube with plain plate
fin.

A lot of experimental and numerical studies have been
conducted on airside heat transfer performances of wavy
fin and circular tube heat exchangers. Wang et al. (1997,
1999) made extensive experiments on the heat transfer
and pressure drop characteristics of wavy fin and tube heat
exchangers. Jang and Chen (1997) numerically studied the
heat transfer and fluid flow in a three-dimensional wavy
fin-and-tube heat exchanger. Somchai and Yutasak
(2005) experimentally investigated the effect of fin pitch
and number of tube rows on the air side performance of
herringbone wavy fin and tube heat exchangers. Manglik
et al. (2005) analyzed the effects of fin density on low Rey-
nolds number forced convection flow in three-dimensional
wavy-plate-fin compact channels by numerical simulation.
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Nomenclature

a larger ellipse semi-axis (m)
A surface or cross-sectional area (m2)
b smaller ellipse semi-axis (m)
Cp specific heat (J/kg K)
D tube outside side diameter (m)
e ellipse eccentricity, b/a
f friction factor
Fp fin pitch (m)
Ft fin thickness (m)
h heat transfer coefficient (W/m2K)
k thermal conductivity (W/m K)
L flow length (m)
M module production
N the number of control volume or point
Nu average Nusselt number, (h Æ 2b)/k
p pressure (Pa)
Dp pressure drop in flow direction (Pa)
�p bulk average pressure (Pa)
Q heat transfer capacity (W)
Re Reynolds number based on smaller ellipse axis

(Uc2b/t)
S1 spanwise tube pitch (m)
S2 longitudinal tube pitch (m)
T temperature (K)
Tin inlet temperature (K)
Tw wall temperature (K)

T bulk average temperature (K)
u,v,w x,y,z velocity components (m/s)
uin frontal velocity (m/s)
Uc velocity at the minimum cross sectional area

(m/s)
~U velocity vector (m/s)
U,V,W transformed velocity (m/s)
Wp wave pitch (m)
x,y,z Cartesian coordinates

Greek symbols

a wavy angle (�)
l dynamic viscosity (Pa s)
t kinematic viscosity (m2/s)
q density (kg/m3)
h the local intersection angle (�)

Subscripts
in inlet parameters
m mean or average value
n,g,f body-fitted coordinates
out outlet parameters
w at wall conditions
C boundary segment
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The plain plate fin and elliptic tube heat exchanger were
studied experimentally by Brauer (1964), Jang and Yang
(1998), Saboya and Saboya (2001). These studies showed
that elliptic tubes presented more heat transfer than the cir-
cular ones. Matos et al. (2001) performed a two-dimen-
sional heat transfer analysis of non-finned circular and
elliptic tubes heat exchangers. Numerical results showed
a relative heat transfer gain of up to 13% in the optimal
elliptical arrangement, as compared to the optimal circular
arrangement. Matos et al. (2004) presented a three-dimen-
sional numerical and experimental geometric optimization
study to maximize the total heat transfer between a bundle
of finned tubes in a given volume and external flow for
staggered arrangements of circular and elliptic tubes with
plain plat fin. A relative heat transfer gain of up to 19%
was observed in the optimal elliptic arrangement as com-
pared to the optimal circular one.

The foregoing literature review shows that both wavy fin
and elliptic tube can enhance heat transfer. All these pub-
lished studies only reported the results with some explana-
tions from convective heat transfer and fluid flow
considerations, not enough in explaining why things hap-
pens the way it happened. In this study, the focus will be
not only on the effects of the parameters on heat transfer
and fluid flow but also on the physics of the reasons for
enhancement or deterioration of the convective heat trans-
fer with different parameter combinations. In 1998, Guo
et al. (1998) proposed a novel concept about the enhance-
ment of convective heat transfer for parabolic flow and
showed that the reduction of the intersection angle between
the velocity and temperature gradient can effectively
enhance the heat transfer. Later, Tao et al. (2002a,b) dem-
onstrated that this idea is also valid for elliptic flow if the
flow Peclet number is not too small. This concept is now
called as field synergy principle, since the word ‘‘synergy’’
means cooperative action of two forces or the like (Gural-
nik, 1979). An extension of the field synergy principle to
more general transport phenomena was made by He
(2002) and He et al. (2004), and a comprehensive review
on the recent development of the study on the field synergy
principle was conducted by Tao and He (2002), He and
Tao (2002).

In this paper, the numerical study of a new type of fin-
and-tube heat exchanger with wavy fin and elliptic tube
was performed. The comparisons of the elliptic tube and
circular tube arrangements were presented. The effects of
five factors on the heat transfer and fluid flow of the new
type heat exchanger were examined: Reynolds number,
eccentricity, fin pitch, fin thickness and spanwise tube
pitch. The results were explained from the view point of
field synergy principle. Numerical simulation for wavy fin
and elliptic tube heat transfer surface is conducted with
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body-fitted coordinates system, and the volume average
intersection angle between the velocity and temperature
gradient and the module production of velocity and tem-
perature gradient within the computational domain are
determined. Then compare the trend of heat transfer with
the trends of the average intersection angle and module
production with the same parameters to see if the trends
are consistent with the new concept. Numerical results
show that the trends are consistent with the new concept
very well.

The details of the field synergy principle can be found
from the above-referenced papers, and for the simplicity
of presentation, it is not re-stated here.
X

S2

S1

Fig. 1. Schematic diagram of a wavy fin-and-tube heat exchanger and
computation domain. (a) Schematic of wavy fin-and-tube heat exchanger
(b) Schematic of computational domain for circular tube (c) Schematic of
computational domain for elliptic tube.
2. Model description

2.1. Physical model

The schematic diagram of a wavy fin and tube heat
exchanger is shown in Fig. 1(a). Fig. 1(b) and (c) give a
top view of the computation domain of the two-row wavy
fin heat exchanger with circular and elliptic tube respec-
tively, where the smaller ellipse axis of the elliptic tube
equals to the outside diameter of the circular tube. The geo-
metric parameters for the circular tube case are listed as
following: the tube outside diameter (D) of 10.55 mm, fin
pitch Fp as 2.096 mm, fin thickness (Ft) of 0.2 mm, span-
wise tube pitch (S1) of 25.0 mm, longitudinal tube pitch
(S2) of 21.65 mm, wave angle (a) at 17.44� and wave pitch
(Wp) of 10.825 mm. The actual computation domain was
7.5 times of the original heat transfer zone. The domain
was extended 1.5 times of the original heat transfer zone
for the entrance section to ensure the inlet uniformity,
and at the exit of heat transfer region, the domain was
extended 5 times of the original heat transfer zone in order
to make sure that the local one-way method can be used for
the numerical treatment of the outer flow boundary condi-
tion. In Fig. 2, the pictorial view of the computational
domain is presented, where the upstream and downstream
parts of the computation domain are not presented propor-
tionately in order to save the space. In these two parts of
the computational domain a much coarser grid distribution
was adopted to save the computing resource.
Fig. 2. A pictorial view of the computational domain.
2.2. Grid generation technique

Traditional methods to simulate the fin-and-tube heat
exchanger were mostly performed in Cartesian coordinates,
the step-approaching method was adopted at the tube sur-
face, and this approximation method will cause some
errors related to the grid precision. The more coarse of
the grid, the larger of the error. Too fine grid will lead to
more computation time, and the complicated computation
domain makes the use of step-approaching method more
difficult. In this paper, the body-fitted coordinates was
adopted, it helps to transform the complex computational
domain in real space into a simple domain in the trans-
formed space.

The basic idea of the body-fitted coordinate is to numer-
ically generate a curvilinear coordinate system having coor-
dinate lines coincident with each boundary of the real
computational domain, regardless of the shapes of these
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boundaries. This is implemented by solving elliptic partial
differential equations. Constant values of one of the curvi-
linear coordinates are specified as Dirichlet boundary con-
ditions on each boundary. Values of the other coordinates
are either specified by a monotonic variation over a bound-
ary as Dirichlet boundary conditions, or determined by
Neumann boundary conditions. In the latter case, the cur-
vilinear coordinate lines can be made to intersect the
boundary according to some specified conditions, such as
being normal or parallel to some given directions. It is also
possible to exercise control over the spacing of the curvilin-
ear coordinate lines in the field in order to concentrate lines
in regions of expected high gradients. In any case, the
numerical generation of the coordinate system is done
automatically for any shape boundaries, requiring only
the input of points on the boundary.

In order to obtain a grid in the transformed space, a grid
system generating method needs to be developed. The sim-
plest equation that could be used to generate the grid is the
Laplace’s equations:

r2ni ¼ 0; i ¼ 1; 2; 3 ð1Þ

The commonly used grid generation techniques are
based on the Poisson equation proposed in Thompson
et al. (1974). The 3D Poisson equation in the physical space
can be expressed as:

o
2n

o2x
þ o

2n

o2y
þ o

2n

o2z
¼ Pðn; g; 1Þ

o
2g

o2x
þ o

2g

o2y
þ o

2g

o2z
¼ Qðn; g; 1Þ

o21

o2x
þ o21

o2y
þ o21

o2z
¼ Rðn; g; 1Þ

ð2Þ

where: P,Q,R are functions for controlling the spacing be-
tween coordinate lines. The above partial differential equa-
tions are subject to a set of Dirichlet boundary conditions,
such as

n

g

f

2
64
3
75 ¼

n1ðx; y; zÞ
g1

f1ðx; y; zÞ

2
64

3
75; ðx; y; zÞ 2 C ð3Þ

where: g1 is a specified constant, n1(x,y,z) and f1(x,y,z) are
specified monotonic functions on a boundary segment C.

The above equations are transformed into the computa-
tional space where the Cartesian coordinates are the depen-
dent variables. Then we have:

a11xnn þ a22xgg þ a33xff þ 2a12xng þ 2a13xnf þ 2a23xgf

þ J 2ðPxn þ Qxg þ RxfÞ ¼ 0

a11ynn þ a22ygg þ a33yff þ 2a12yng þ 2a13ynf þ 2a23ygf

þ J 2ðPyn þ Qyg þ RyfÞ ¼ 0

a11znn þ a22zgg þ a33zff þ 2a12zng þ 2a13znf þ 2a23zgf

þ J 2ðPzn þ Qzg þ RzfÞ ¼ 0

ð4Þ
where: ajk ¼
P3

m¼1bmkbmk, and bmk is the cofactor of the
(m,k) element in the matrix M:

M ¼
xn xg xf

yn yg yf

zn zg zf

2
64

3
75; and J ¼ det jM j ð5Þ

Thus,

a11 ¼ b2
11 þ b2

21 þ b2
31

a22 ¼ b2
12 þ b2

22 þ b2
32

a13 ¼ b2
13 þ b2

23 þ b2
33

a12 ¼ b11b12 þ b21b22 þ b31b32

a13 ¼ b11b13 þ b21b23 þ b31b33

a23 ¼ b12b13 þ b22b23 þ b32b33

ð6Þ

The transformed boundary conditions are:

x

y

z

2
64
3
75 ¼

f1ðn; g1; fÞ
f2ðn; g1; fÞ
f3ðn; g1; fÞ

2
64

3
75; ðn; g1; fÞ 2 C� ð7Þ

where: f1(n,g1,f), f2(n,g1,f) and f3(n,g1,f) are determined by
the known shape of the boundary segment C and the spec-
ified distribution of n thereon. C* is the boundary segment
of C in the transformed space.

In order to improve the quality of the generated grid sys-
tem, especially for the parts of wave crest and wave trough,
the final grid systems were generated by the block struc-
tured method with body-fitted coordinates (Tao, 2001).
The pictures of the generated grid systems for the fin part
will be presented in Section 3.
2.3. Governing equations

The governing equations in Cartesian coordinates are:

Continuity equation :
o

oxi
ðquiÞ ¼ 0 ð8Þ

Momentum equation :
o

oxi
ðquiukÞ ¼

o

oxi
l

ouk

oxi

� �
� op

oxk

ð9Þ

Energy equation :
o

oxi
ðquiT Þ ¼

o

oxi

k
Cp

oT
oxi

� �
ð10Þ

The governing equations in the computational space are:

o

on
ðqUÞ þ o

og
ðqV Þ þ o

o1
ðqW Þ ¼ 0 ð11Þ

o

on
ðqUUÞ þ o

og
ðqV UÞ þ o

o1
ðqW UÞ ¼ o

on
a
J

CU oU
on

� �

þ o

og
b
J

CU oU
og

� �
þ o

o1
c
J

CU oU
o1

� �
þ JS ð12Þ

where: U,V and W are velocity components in transformed
space.
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U ¼ a1uþa2vþa3w; V ¼ b1uþb2vþb3w; W ¼ c1uþ c2vþc3w;

J ¼ xnygzfþ xgyfznþ xfynzg� xfygzn� xgynzf� xnyfzg

ð13Þ
2.4. Boundary conditions

The fluid is assumed to be incompressible with constant
property and the flow is laminar and in steady state condi-
tion. The fin surfaces are considered as part of the solution
domain and will be treated as a special type of fluid with
infinite viscosity, but with actual thermal conductivity.
The heat conduction in the fins is considered. In the fins,
the periodic conditions are adopted to solve energy equa-
tion, and the temperatures in the fins are determined by
the full-field computation method. The governing equa-
tions are discretized by using the control volume method
(Tao, 2001). The SIMPLE algorithm is used to ensure
the coupling between velocity and pressure. The convection
term is discretized by the power-law scheme.

The boundary conditions are described for the three
regions as follows.

(a) In the upstream extended region

At the inlet boundary:

u ¼ uin ¼ const; v ¼ w ¼ 0; T ¼ T in ¼ const

At the upper and lower boundaries:

ou
oz
¼ ov

oz
¼ 0; w ¼ 0;

oT
oz
¼ 0

At the front and back boundaries:

ou
oy
¼ ow

oy
¼ 0; v ¼ 0;

oT
oy
¼ 0
(b) In the downstream extended region

At the upper and lower boundaries:

ou
oz
¼ ov

oz
¼ 0; w ¼ 0;

oT
oz
¼ 0

At the front and back boundaries:

ou
oy
¼ ow

oy
¼ 0; v ¼ 0;

oT
oy
¼ 0

At the outlet boundary:

ou
ox
¼ ov

ox
¼ ow

ox
¼ oT

ox
¼ 0
(c) In the fin coil region

At the upper and lower boundaries:

Velocity condition: u = v = w = 0
Temperature condition: periodic conditions

At the front and back boundaries:

Fluid region :
ou
oy
¼ ow

oy
¼ 0; v ¼ 0;

oT
oy
¼ 0

Fin surface region : u ¼ v ¼ w ¼ 0;
oT
oy
¼ 0

Tube region : u ¼ v ¼ w ¼ 0; T ¼ T w ¼ const
3. Parameter definitions and grid independency validation

The definitions of Re, average Nu number and friction
factor are as follows.

Re ¼ U cD=t;Nu ¼ hD=k; f ¼ DpD=½ð1=2ÞqU 2
cL� ð14Þ

where: Uc, t, and k are the air velocity in the minimum flow
cross-section of the tube row, kinetic viscosity and thermal
conductivity, D is the outside diameter for circular tube
and the smaller ellipse axis for elliptic tube, Dp is the pres-
sure drop along the air flow direction, and L is the fin
length along the air flow direction.

The mean temperature and pressure of a cross-section
are defined as:

T ¼
R R

A uTdAR R
A udA

; p ¼
R R

A pdAR R
A dA

ð15Þ

The total heat transfer, pressure drop and log-mean tem-
perature difference are expressed as:

Q ¼ _mCpðT out � T inÞ; DP ¼ �pin � �pout;

DT ¼ ðT w � T inÞ � ðT w � T outÞ
ln½ðT w � T inÞ=ðT w � T outÞ�

: ð16Þ

The heat transfer coefficient is defined as: h = Q/(ADT),
where A is the total air side heat transfer area (both tube
and fin surface).

For the presentation of numerical results in terms of the
field synergy principle, the following parameter is
introduced:

M ¼
X
j~U jjgradT j=N ð17Þ

where: N is the total number of the control volume. Obvi-
ously, the value of M corresponds to the full synergy case,
where the intersection angle between velocity and tempera-
ture gradient becomes zero, and the production of velocity
vector and temperature gradient is the largest. For simplic-
ity it will be called module production.

The local intersection angle is determined by the follow-
ing equation

h ¼ cos�1
u oT

ox þ v oT
oy þ w oT

oz

j~U jjgradT j
ð18Þ

And from the local intersection angle, the average intersec-
tion angle of the computation domain of the fin area can be
obtained by using numerical integration,

hm ¼
P

hi;j;kdvi;j;kP
dvi;j;k

ð19Þ

where: dvi,j,k is the volume element of the control volume
(i, j, k).

In order to validate the solution independency of the
grid number, four different grid systems are investigated.
They are 78 · 12 · 12, 142 · 12 · 12,142 · 22 · 12, 142 ·
32 · 12. The predicted averaged Nu numbers for the four
grid system are shown in Fig. 3. From the figure it can
be seen that the solution of the grid system of
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142 · 22 · 12 can be regarded as grid-independent. In order
to check the grid system in z-direction, the grid system
142 · 22 · 22 was studied and found that at Re = 1000,
the grid 142 · 22 · 22 yields a Nu number about 2% lower
than that of the grid 142 · 22 · 12. So the system
142 · 22 · 12 is adopted in the following calculations. Sim-
ilar examinations were also conducted for the other cases.
The grid systems generated by body-fitted coordinates are
illustrated in Fig. 4. Only the fin region is presented in
the figure for simplicity.
4. Simulation results and discussions

The effects of the Reynolds number, eccentricity, fin
pitch, fin thickness and spanwise tube pitch on heat trans-
fer and fluid flow were analyzed by the self-developed code.
The simulation results were discussed and analyzed from
the view point of field synergy principle. The major results
are presented in the following section.
4.1. Code validation, Re number effect and the comparisons

of elliptic and circular tube arrangements

In order to validate the reliability of the numerical sim-
ulation procedure and the self-developed code, numerical
simulation was carried out at the same fin and tube geo-
metrical configurations as presented in Xin et al. (1994).
Schematic and geometric parameters of the fin and tube
heat exchanger are shown in the physical model (see Sec-
tion 2.1). The Re number defined in Eq. (14) ranges from
500 to 4000, the corresponding frontal air velocity ranges
from 0.464 to 3.71 m/s. The results of the simulations
and the comparisons between simulation and experiment
are shown in Fig. 5(a) and (b), where the experimental cor-
relations of the Nu and f are adopted from Xin et al. (1994).
As can be seen from the figures, the agreements are very
good, with the mean deviation in Nu and f being 3.3 and
1.9 percent, respectively.

Then the comparisons of the heat transfer and fluid flow
characteristics of circular tube and elliptic tube (e = b/
a = 0.6) arrangements with the same minimum flow
cross-sectional area (the smaller ellipse axis equals to the
outside diameter of the circular tube) were performed. It
can be seen from Fig. 5(a) that with the increase of Rey-
nolds number, the Nu number of both circular tube and
elliptic tube increase, and the values of elliptic tube are
always larger than that of circular tube. Within the range
of the calculation, the Nu number of elliptic tube can be
enhanced up to 30% due to the tube surface and air flow
velocity in fin coil of the elliptic tube larger than those of
circular tube. At the same time the friction factor of both
elliptic tube and circular tube decrease with the increase
of Reynolds number, and the friction factors of the elliptic
tube are always larger than circular tube because the flow
velocity of the elliptic tube arrangement is higher than
the circular one. The max friction factor increase is about
10%. This result implies that the elliptic tube arrangement
can greatly enhance the heat transfer with a little penalty in
pressure drop when compared to circular tube
arrangement.

There may be has a question. As all of us known, the
elliptic tube is more accordant to air dynamics and the
pressure drop of elliptic tube should be smaller than circu-
lar one. Why is the friction factor of the elliptic tube larger
than circular one? In order to study the problem, the sim-
ulations are performed for the elliptic tube (elliptic tube B)
with the same tube perimeter as circular tube and the smal-
ler friction factors in elliptic tube B case are found as
shown in Fig. 5(c). The elliptic tube A is the one studied
in above paragraphs, which has the same minimum flow
cross-section area with circular tube case. The widths of
the computational domain for the three cases are same.
The difference between the two elliptic tubes is that the
air flow cross-section area of the elliptic tube A is smaller
than that of the elliptic tube B, as shown in Fig. 5(d).
The total air flow rates are same for the three cases, so
the flow velocity in the fin coil of the elliptic tube A is
higher than the circular tube and the elliptic tube B, which
leads to the pressured drop of the elliptic tube A is larger
than circular tube and elliptic tube B. In Fig. 5(c) the fric-
tion factor is defined based on the inlet velocity and fin
pitch, in other sections, the friction factor is defined as
Eq. (14).

Fig. 6(a) shows the variation of the average intersection
angle between velocity and temperature gradient and
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Fig. 6(b) provides the relation of M � Re for both circular
tube and elliptic tube. It can be seen from Fig. 6(a) that the
average intersection angle increases with increasing Re

number, which implies the deterioration of the synergy
between velocity and temperature gradient. The intersec-
tion angle of elliptic tube is larger than that of circular
tube, which indicates the synergy effect of the elliptic tube
is worse than circular tube. But Fig. 6(b) shows that the
value of M is quickly increased with the increase of Re

number. The value of elliptic tube is larger than that of
the circular tube and the increasing degree of module pro-
duction is larger than intersection angle. The positive effect
resulted from the module production increase is much lar-
ger than the negative effect of the intersection angle
increase. Thus it becomes clear that the increase of average
Nu number with replacing circular tube by elliptic tube is
resulted from the increase in module production, and
which is accordant with field synergy principle.

The local flow and thermal fields at different Reynolds
are presents in Fig. 6(c), (d) and (e). With the increasing
of the Reynolds number, the streamlines in most parts
are the same, but the circumfluence region at the back of
the tube increase. More and more isothermals incline to
the streamline with increasing Re number, especially at
the back half region, which increases the intersection angle
between velocity and temperature gradients as shown in
Fig. 6(a). The increase of the circumfluence region also
decreases the synergy effect.
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4.2. Eccentricity effect

For examining the effects of the eccentricity on heat
transfer and fluid flow, the simulations were performed
under the same parameter conditions as circular tube
defined in physical model, only the eccentricity of the ellip-
tic tube was changed from 0.6 to 1.0, and the smaller ellipse
axis always equals to the outside diameter of the circular
tube. The Reynolds number is taken as 1000 (the corre-
sponding inlet velocity is 0.927 m/s).
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Fig. 7(a) shows the relation of Nu number and eccentric-
ity. It can be seen that the Nu number decreases with the
increase of eccentricity. The decreasing tendency is slower
at first, and then it decreases quickly with the increase of
eccentricity. Because of limited by the geometry parameter
of the physical model, the eccentricity varies only from 0.6
to 1.0, and in this range the optimal eccentricity is not been
observed. But analyzing from the tendency, we can infer
that there exists an optimal eccentricity. In Fig. 7(b), the
effect of eccentricity on friction factor is presented, where
the friction factor decreases quickly with the increase of
the eccentricity at first, and then it slows down, and at last
it almost keeps as constant which is almost contrary to the
variety tendency of Nu number. With the increase of the
elliptic eccentricity, the elliptic tube more and more
approaches to circular tube, so the heat transfer and pres-
sure drop more and more near to circular tube. The rela-
tions between Nu, friction factor and eccentricity are
accordant with the conclusions in Section 4.1.

The field synergy presentations are provided in Fig. 8. It
can be concluded from Fig. 8(a) that with the increase of
the eccentricity the average intersection angle decreases
quickly at eccentricity less than 0.7, then it slows down at
0.7 � 0.9, and decreases quickly again at eccentricity larger
than 0.9. The variety tendency of the module production is
similar to the intersection angle, but the degree is more
tempered. And from further comparison between the
effects of intersection angle decrease and the module pro-
duction decrease, it can be found that the negative effect
resulted from the module production decrease is much lar-
ger than the positive effect of the intersection angle
decrease. The decrease of average Nu with the increase of
eccentricity is resulted from the decrease of the module
production.
4.3. Fin pitch effect

The effects of the fin pitch on average Nusselt number
and friction factor are shown in Fig. 9. The non-dimen-
sional fin pitch based on smaller ellipse axis varies from
0.05 to 0.4, eccentricity equals to 0.6 and the other param-
eters (Ft,S1,S2,a and Wp) remain the same as circular tube
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defined in physical model. The Reynolds number is taken
as 1000 (the corresponding inlet velocity is 0.927 m/s).

Fig. 9(a) shows the relation of fin pitch and Nu number.
It can be seen that the Nu number reaches the maximum at
the non-dimensional fin pitch Fp/2b of 0.1. Departure away
from this fin pitch will lead to the decrease of the average
Nu number. When the non-dimensional fin pitch is larger
than 0.25, the fin pitch has little effect on the average Nu

number. The effect of fin pitch on the friction factor is pre-
sented in Fig. 9(b), which indicates that with the increase of
the fin pitch, f will always decrease, and when the non-
dimensional fin pitch is larger than 0.25, the fin pitch has
little effect on f too.

The field synergy presentations are provided in Fig. 10.
It can be concluded from the results that the increase of fin
pitch leads to the increase in the intersection angle, which is
very sensitive to the fin pitch at first, and once the non-
dimensional fin pitch is greater than 0.25, the dependence
becomes weaker with increasing fin pitch. The module pro-
duction increase with the increase of fin pitch too, and after
the fin pitch reaches 0.25, the dependency is weaker and
weaker, which is accordant with the variety tendency of
Nu. The intersection angle increases with the increase of
the fin pitch, at the same time the module production
increase too. So there exists an optimal fin pitch at which
the Nu is the maximum. This is coincident with the ten-
dency of the Nu vs. fin pitch, as shown in Fig. 9(a). And
the optimum Nu number presents to the fin pitch, at which
the module production increases most strongly. So, we can
say the effect of the fin pitch on Nu number is coincident
with the field synergy principle.
4.4. Fin thickness effect

For examining the fin thickness effect, the simulation
were performed for differential non-dimensional fin thick-
ness varied from 0.006 to 0.04, the eccentricity equals to
0.6 with smaller ellipse axis equaling to circular tube outside
diameter, the other parameters (Fp,S1,S2,a and Wp) are the
same as circular tube defined in physical model. And the
Reynolds number is taken as 1000 (the corresponding inlet
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velocity is 0.927 m/s). The results are shown in Fig. 11.
Because the minimum free flow cross-sectional area
decreases with the increase of fin thickness, which leads to
the increase of the velocity in the minimum flow cross-sec-
tion, so in this section, the Reynolds number and friction
factor are both based on the inlet velocity in stead of the
velocity at the minimum flow cross-section.

Fig. 11(a) shows the variation of the average Nu number
with the non-dimensional fin thickness. According to the
figure, the Nu number increases with the increase of fin
thickness, but the increasing tendency is weakened gradu-
ally. The effects of the thermal resistance in the fins increase
with the increase of the fin thickness, which leads to the
decrease of the heat transfer capacity. The increase of the
Nu number is due to the increase of the velocity in the fin
coil. The friction factor based on total pressure drop
increases with the increase of fin thickness, and the increas-
ing tendency is strengthened gradually due to the increase
of the air flow velocity in the fin coil and entrance contrac-
tion and exit expansion.
The intersection angle is provided in Fig. 12(a). The
average angle decreases with the increase of fin thickness,
and the decrease tendency is very little at non-dimensional
fin thickness less than 0.01, then the decrease tendency
increase gradually. But the module production increase
with the fin thickness increase. With the increase of fin
pitch, the average intersection angle decrease and module
production increase, so the increase of fin thickness leading
to the increase of average Nu number is accordant with
field synergy principle.
4.5. Spanwise tube pitch effect

The effects of spanwise tube pitch on heat transfer and
fluid flow are presented in Fig. 13. The non-dimensional
spanwise tube pitch based on smaller ellipse axis varies
from 1.0 to 2.0, eccentricity equals to 0.6 with smaller
ellipse axis equaling to circular tube outside diameter and
the inlet velocity is taken as 0.927 m/s. Because the mini-
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mum free flow cross-sectional area increases with the
increase of spanwise tube pitch, which leads to the decrease
of the velocity in the minimum flow cross-section, so in this
section, the Reynolds number and friction factor are both
based on the inlet velocity, and in other sections the defini-
tions are expressed in Eq. (14).

The average Nu number decreases with the increase of
the spanwise tube pitch and the decrease tendency slows
down gradually, after the non-dimensional spanwise tube
pitch reaches 1.6, the increase of tube pitch has little effect
on average Nu number, as shown in Fig. 13(a). Fig. 13(b)
presents the relation of friction factor and spanwise tube
pitch, the friction factor decreases with the increase of
the tube pitch and the tendency is weaker and weaker. With
the increase of the spanwise tube pitch, the velocity in the
fin coil decreases, so the heat transfer and pressure drop
both decrease.

The relation of intersection angle and spanwise tube
pitch is shown in Fig. 14(a). The average intersection angle
decreases with the increase of the spanwise tube pitch. And
the module production is shown in Fig. 14(b). It can be
seen that with the increase of the spanwise tube pitch the
module production decreases too. And further comparison
between the effects of intersection angle decrease and the
module production decrease, it can be found that the neg-
ative effect resulted from the module production decrease is
much larger than the positive effect of the intersection angle
decrease. Thus it can be concluded that the decrease of
average Nu with the increase of spanwise tube pitch is
resulted from the decrease of module production, which
is coincident with the field synergy principle.
5. Conclusions

In this paper, 3-D numerical simulations are conducted
to compare the heat transfer and fluid flow characteristics
between wavy fin heat exchangers with circular tube and
elliptic tube arrangements, and the effects of the Reynolds
number, eccentricity, fin pitch, fin thickness and spanwise
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tube pitch on the heat transfer and fluid flow characteristics
of wavy fin and elliptic tube heat transfer surfaces were
examined. The numerical results are analyzed from the
view point of the field synergy principle. The effects of
the five factors on the heat transfer performance can be
well described by the field synergy principle. The following
conclusions can be made.

(1) For wavy fin and tube heat exchangers, the elliptic
tube arrangement can enhance heat transfer by
30% and friction factor increases only about 10%,
when compared to circular tube arrangement with
the same flow obstruction cross-sectional area. So,
the wavy fin and elliptic tube can greatly enhance
heat transfer with a little penalty in pressure drop
and will be widely used in the field of enhancement
heat transfer.

(2) The increase of Re number leads to the increase of the
Nu number and the decrease of f. The synergy effect
of velocity and temperature gradient becomes worse
and worse with Re number increase. The enhance-
ment of heat transfer is due to the increase of the
module production of velocity and temperature
gradient.

(3) The average Nu number and friction factor decrease
with the increase of the eccentricity. The decreasing
tendency of Nu number is slow at first, and then it
decreases suddenly with the increase of eccentricity
when eccentricity is larger than 0.8. The friction fac-
tor decreases quickly at first, and then the decrease
tendency slows down at eccentricity larger than 0.8.
The decrease of the Nu number is resulted from the
decrease of the module production.

(4) There is an optimum fin pitch (Fp/2b = 0.1) at which
the Nu number is the maximum, and the correspond-
ing variety tendency of module production is the
most strong. But f always decreases with the increase
of fin pitch. And when Fp/2b is larger than 0.25, it has
little effects on heat transfer and pressure drop.

(5) Both Nu number and f increase with the increase of
fin thickness due to the increase of the air flow veloc-
ity in the fin coil. The increase of average Nu number
can also be explained from the decrease in the inter-
section angle between the velocity and temperature
gradient and the increase of the module production.

(6) The average Nu number and f factor decrease with
the increase of spanwise tube pitch. The decrease ten-
dency of Nu number slows down gradually, after the
non-dimensional spanwise tube pitch reaches 1.6, the
increase of tube pitch has little effect on average Nu

number. The friction factor decreases generally with
tube pitch and the tendency is weaker and weaker.
The decrease of the Nu number is due to the decrease
of the module production.

(7) Some more studies such as the effects of the parame-
ters on fin efficiency could be done in the following
research.
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