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Microchannel heat exchangers (MCHE) can be made with channels of various geometries. Their size and
shape may have considerable effect on the thermal and hydraulic performance of a heat exchanger. In
this paper numerical simulation is carried out to solve 3D developing flow and 3D conjugate heat transfer
of a balanced counter flow microchannel heat exchanger (CFMCHE) to evaluate the effect of size and
shape of channels on the performance of CFMCHE for the same volume of heat exchanger. The effect of
shape of the channels on its performance is studied for different channel cross-sections such as circular,
square, rectangular, iso-triangular and trapezoidal. Results show that for the same volume of a heat
exchanger, increasing the number of channels lead to increase in both effectiveness and pressure drop.
Moreover circular channels give the best overall performance (thermal and hydraulic) among various
channel shapes. New correlations are developed to predict the value of heat exchanger effectiveness and
performance index as a function of relative size of channels with overall heat exchanger volume, Reynolds
number and thermal conductivity ratio.

© 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

In recent years, progress in micro fabrication and assembling
various small systems has lead to the development of extremely
small scale machines commonly referred to as MEMS (Micro Elec-
tromechanical Systems). These systems are generally defined as
electro mechanical devices having a characteristic length scale be-
tween 1 mm and 1 μm such as microchannel heat exchangers,
microreactors, micro sensors, etc. [1]. Microchannel heat exchang-
ers have found applications in highly specialized areas such as
microelectronics cooling, aerospace, biomedical processes, metrol-
ogy, robotics, telecommunications and automotive industries [1,2].
Channel size and cross sectional shape can have significant influ-
ence on the fluid flow and heat transfer characteristics in such
microchannels.

Conventional design techniques for conventional heat exchang-
ers such as F correction charts or ε–NTU relations cannot be ap-
plied directly to the microchannel heat exchangers since for their
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design it is assumed a constant value of overall heat transfer coeffi-
cient U . The value of heat transfer coefficients can be obtained us-
ing various correlations for individual ducts. While in counter flow
microchannel heat exchangers (CFMCHE), the area of the walls sep-
arating the channels are comparable to the area of the channels
and thermally fully developed flow may not exist over a large por-
tion of the heat exchanger. For such condition, heat conduction in
thick walls, short length of heat exchanger with developing flow,
and the entrance region will play an important role. Due to these
two important parameters (entrance region and axial conduction
in the walls) are variables along the CFMCHE, and specific simula-
tion must be made to calculate temperature distribution and then
calculating local value of U in each point along the heat exchanger
for its thermal design consideration.

The cooling concept of microchannel heat sinks was first intro-
duced by Tuckerman and Pease [3], and ever since, the heat trans-
fer and fluid flow characteristics in microchannels and microchan-
nel heat sinks have been studied extensively. Peng and Peterson [4]
performed experimental investigations on pressure drop and con-
vective heat transfer of water flowing in rectangular microchannels
and found that the cross-sectional aspect ratio had significant in-
fluence on the pressure drop and convective heat transfer in both
laminar and turbulent flows.

Rachkovskij et al. [5] studied heat transfer in micro tubes of
cross flow micro heat exchanger and examined the changes in heat
transfer due to decrease of tube size and relative length. An esti-
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Nomenclature

A cross-sectional area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

a,b sides of trapezoidal and triangular channels . . . . . . . m
C p specific heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J/(kg K)
Dh hydraulic diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
H channel height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
h convection heat transfer coefficient . . . . . . . . . . W/m2 K
k thermal conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . W/m K
L channel length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
LMTD long mean temperature difference
m mass flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/s
NTU number of transfer units
P pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
q heat transfer rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
qmax maximum heat transfer rate . . . . . . . . . . . . . . . . . . . . . . . W
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
t separating wall thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . m
u fluid x-component velocity . . . . . . . . . . . . . . . . . . . . . . . m/s
U overall heat transfer coefficient . . . . . . . . . . . . . . W/m2 K
UA thermal conductance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W/K
v fluid y-component velocity . . . . . . . . . . . . . . . . . . . . . . . m/s
V volumetric flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3/s
v in average velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
w fluid z-component velocity . . . . . . . . . . . . . . . . . . . . . . . m/s
Wch channel width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
x axial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
y vertical coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

z horizontal coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
�P pressure drop across heat exchanger . . . . . . . . . . . . . . Pa

Greek symbols

η performance index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2/N
η∗ performance factor
ε heat exchanger effectiveness
μ dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa/s
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

Dimensionless groups

Kr = ks/k f thermal conductivity ratio

Re = ρui Dh
μ Reynolds number

Vr void ratio; Vr = Volume of single channel to the vol-
ume of overall heat exchanger

Subscripts

c cold fluid
f fluid
h hot fluid
i inlet
max maximum value
min minimum value
o outlet
s solid
w wall
mated, volumetric heat transfer coefficient of a single symmetric
air–air micro cross flow heat exchanger modules of 50 mm3 vol-
ume and 6 mm height is 4.3 MW/m3 K (at 260 Pa pressure drop,
temperature difference of 5 K, micro tube size of 128 × 1200 μm).
The increase in temperature of axial conduction under conditions
of decreasing relative tube length leads to a decrease of heat ex-
change in micro tube. However, this effect should be taken into
account for very short pipes with diameters of the order of their
length. Also they found that the influence of the hydrodynamically
entrance region does not change with a decrease in relative length
of micro tube.

Albakhit et al. [6] numerically investigated the flow and heat
transfer in parallel flow microchannel heat exchangers. They used
a hybrid approach, in which the nonlinear momentum equations
for one or two channels were solved using CFD codes. The veloc-
ity field was an input into a user developed code for solving the
energy equation and they studied heat transfer for thermally de-
veloping laminar flow in two parallel rectangular channels which
represent some kind of heat exchangers. From the results, it is
found that in the entrance region the developing velocity profiles
lead to higher values of overall heat transfer coefficient.

Brandner et al. [7] studied various microstructured cross flow
heat exchangers and compared their thermal performances. They
found that heat transfer in micro heat exchanger can be enhanced
by decreasing the hydraulic diameter of microchannels. They even
fabricated heat exchangers with two different layouts of micro col-
umn arrays (aligned and staggered) and compared these devices
with respect to their heat transfer capabilities at a given mass flow.
The staggered array of microcolumns maximized heat transfer in
a given active volume and at the same time it was favorable re-
garding cocurrent minimization of pressure drop across the heat
exchanger.

Foli et al. [8] presented two methods for determining the op-
timal design parameters of microchannels in microchannel heat
exchanger (MCHE) for maximizing heat transfer rate subjected to
specified design constraints. The first approach that combines CFD
with the analytical solution of simplified transport equations for
momentum and heat transfer is used to optimize the dimensions
of a microchannel with predetermined geometry. It is used to find
the optimum value of aspect ratio of channels. The second ap-
proach involves the usage of multi-objective genetic algorithms in
combination with CFD. It has been demonstrated that performance
of a MCHE depends on the operating conditions and aspect ratio
of the microchannels that make up the flow passages.

Ngo et al. [9] investigated numerically the thermal hydraulic
characteristics of a new microchannel heat exchangers with s-
shaped and zigzag fins using 3D fluid dynamic (3D CFD) FLUENT
code. They fund that the microchannels heat exchanger (MCHE)
with s-shaped fins provided 6–7 times lower pressure drop while
maintaining heat transfer performance that was almost equivalent
to that of a conventional MCHE with zigzag fins. Correlations of
Nusselt number and pressure drop factors for new MCHE with
s-shaped fins and for a zigzag fins as a function of Reynolds num-
ber and Prandtl number were developed.

Literature shows that the microchannels and microchannels
heat sinks were studied extensively but there are limited re-
searches related to the performance of two fluids microchannel
heat exchangers and there are no comprehensive investigations to
study the effect of channels shape on the performance of two flu-
ids CFMCHE. Thus the objective of this study is to investigate the
effect of size of channels and various shapes on the overall thermal
and hydraulic performance of balanced counter flow microchannel
heat exchangers.

2. Mathematical model

Schematic structure of a counter flow microchannel heat ex-
changer with square channels is shown in Fig. 1. Fig. 2 illustrates
details of channels with square/rectangular, circular, trapezoidal
and iso-triangular profiles.
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Fig. 1. A schematic model of a CFMCHE.

To study the entire CFMCHE numerically, it is complicated and
needs huge CPU time. Due to symmetry between channels rows
we will consider an individual heat exchange unite which consists
of two channels (hot and cold) and a separating wall as shown in
Fig. 2. If a CFMCHE has 16 channels in total (8 channels for each
of the fluids) then the number of heat exchange unit would be 8.
The volume of each heat exchange unit is determined by dividing
the volume of the CFMCHE by the total number of heat exchange
units with fixed value of wall thickness. Heat is transferred from
hot fluid to cold fluid through the thick wall separating them and
this heat exchange unite represents a complete CFMCHE and gives
an adequate indication about its performance.

Assumptions:

(1) The CFMCHE operates under steady state conditions.
(2) The fluids do not undergo phase change while moving through

the CFMCHE.
(3) The ends of the wall separating the channels are insulated.
(4) No slip boundary condition is assumed in the channels.
(5) Viscous dissipation, flow maldistribution and external heat

transfer in the CFMCHE are neglected.
(6) Thermophysical properties of the fluids and heat exchanger

material are assumed to be constants.

The governing equations and its boundary conditions in Cartesian
coordinates for 3D, laminar incompressible flow (square and rect-
angular shapes) are:

Continuity equation

∂u j

∂x
+ ∂v j

∂ y
+ ∂ w j

∂z
= 0 (1)

Momentum equations

u j
∂u j

∂x
+ v j

∂u j

∂ y
+ w j

∂u j

∂z

= − 1

ρ

∂ P

∂x
+ μ j

ρ

(
∂2u j

∂x2
+ ∂2u j

∂ y2
+ ∂2u j

∂z2

)
(2)
j j
(a) (b)

(c) (d)

Fig. 2. A schematic of a heat exchange unite with (a) square and rectangular channels, (b) circular channels, (c) trapezoidal channels, (d) triangular channels.
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u j
∂v j

∂x
+ v j

∂v j

∂ y
+ w j

∂v j

∂z

= − 1

ρ j

∂ P

∂ y
+ μ j

ρ j

(
∂2 v j

∂x2
+ ∂2 v j

∂ y2
+ ∂2 v j

∂z2

)
(3)

u j
∂ w j

∂x
+ v j

∂ w j

∂ y
+ w j

∂ w j

∂z

= − 1

ρ j

∂ P

∂z
+ μ j

ρ j

(
∂2 w j

∂x2
+ ∂2 w j

∂ y2
+ ∂2 w j

∂z2

)
(4)

Energy equation

u j
∂T j

∂x
+ v j

∂T j

∂ y
+ w j

∂T j

∂z

= k j

ρ j Cp j

(
∂2T j

∂x2
+ ∂2T j

∂ y2
+ ∂2T j

∂z2

)
(5)

Where j = h and c for hot and cold channels, respectively.

The energy equation for the solid wall is

∂2Ts

∂x2
+ ∂2Ts

∂ y2
+ ∂2Ts

∂z2
= 0 (6)

The boundary conditions are:

Lower channel (hot fluid) (0 < y < Hh)

at x = 0

uh = uhi, vh = wh = 0, Th = Thi

at x = L

∂uh

∂x
= vh = wh = 0,

∂Th

∂x
= 0

at z = 0

uh = vh = wh = 0,
∂Th

∂z
= 0

at z = Wch

uh = vh = wh = 0,
∂Th

∂z
= 0

at y = 0

uh = vh = wh = 0,
∂Th

∂ y
= 0

Solid–fluid interface

at y = Hh

uh = vh = wh = 0, −kh
∂Th

∂ y
= −ks

∂Ts

∂ y

Upper channel (cold fluid) (Hh + t < y < Hh + t + Hc):

at x = 0

∂uc

∂x
= vc = wc = 0,

∂Tc

∂x
= 0

at x = L

uc = uci, vc = wc = 0, Tc = Tci

at z = 0

uc = vc = wc = 0,
∂Tc

∂z
= 0

at z = Wch

uc = vc = wc = 0,
∂Tc = 0

∂z
at y = (Hh + t + Hc)

uc = vc = wc = 0,
∂Tc

∂ y
= 0

Solid–fluid interface

at y = (Hh + t)

uc = vc = wc = 0, −kc
∂Tc

∂ y
= −ks

∂Ts

∂ y

Solid wall B.C. (Hh < y < Hh + t):

at x = 0, L

∂Ts

∂x
= 0

at z = 0, Wch

∂Ts

∂z
= 0

at y = Hh

−kh
∂Th

∂ y
= −ks

∂Ts

∂ y

at y = Hh + t

−kc
∂Tc

∂ y
= −ks

∂Ts

∂ y

For circular shape governing equations and B.C. in cylindrical co-
ordinates were used. Also for trapezoidal and iso-triangular shapes
a transformation of coordinates is used from physical space into
computational space [10].

By solving the above governing equations using FLUENT 6.3
code the velocity distribution, pressure and temperature distribu-
tion are determined in the fluid and solid domains. From these
distributions one can determine heat exchanger effectiveness, ther-
mal conductance, heat transfer rate, pressure drop, pumping power
required, overall heat transfer coefficient and overall performance
index.

Heat exchanger effectiveness is the ratio of actual heat transfer
to the maximum possible heat that can be transferred:

ε = q

qmax
(7)

where

qmax = Cmin(Thi − Tci) (8)

and

q = Ch(Thi − Tho) = Cc(Tco − Tci) (9)

where

Ch = mC ph and Cc = mC pc

Thermal conductance

UA = q

LMTD
(10)

LMTD = (Tho − Tci) − (Thi − Tco)

Ln Tho−Tci
Thi−Tco

(11)

So

ε = Ch(Thi − Tho)

Cmin(Thi − Tci)
= Cc(Tco − Tci)

Cmin(Thi − Tci)
(12)

The pumping power required to circulate hot and cold fluids in a
CFMCHE is:

P .P = Vh�Ph + V c�Pc (13)

Where V is the volumetric flow rate (m3/s).
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V = v in A (14)

�Pt = �Ph + �Pc = (Phi − Pho) + (Pci − Pco) (15)

Where �Pt is total pressure drop in heat exchange unit.
To calculate the overall performance of a counter flow MCHE,

performance index is determined, which is represented by the ra-
tio of CFMCHE effectiveness to the total pressure drop [11]. Perfor-
mance index link the thermal and hydrodynamic performance to
obtain an indication about the overall exchanger performance.

η = ε

�Pt
(16)

A different form of performance index defined as the ratio of heat
transferred between the fluids to total pumping power which can
be used for determining overall performance of a CFMCHE as:

η∗ = q

P .P
(17)

Both η and η∗ can be used to obtain practical and physical in-
dication about the exchangers overall performance. They link the
thermal and hydrodynamic performances of the exchanger and the
trends of variation of η and η∗ are the same although their values
are different.

3. Numerical solution

A computational fluid dynamic code is used to calculate flow
velocity, pressure and temperature in the channels of a CFMCHE.
Finite volume method (FVM) was used to convert the governing
equations to algebraic equations accomplished using an “upwind”
scheme. The SIMPLE algorithm was used to enforce mass conser-
vation and to obtain pressure field [12]. The segregated solver was
used to solve the governing integral equations for the conservation
of mass, momentum and energy.

A mesh was generated by descretizing the computational do-
main (two channels and the separating wall). For a square chan-
nel of length L = 10 mm, channel height H = 100 μm, width
W = 100 μm and wall thickness t = 50 μm, the mesh used is hex-
ahedral elements. For a flow of Re = 50 three mesh sizes were
used. The first mesh set was (90 × 16 × 16) and (90 × 8 × 16) in
x-, y-, and z-directions for channels and wall respectively. The sec-
ond mesh was (110 × 20 × 20), and (110 × 10 × 20) and the third
mesh was (110 × 25 × 25) and (110 × 15 × 25). The computational
results for CFMCHE effectiveness and central velocity in the fully
developed region for the three meshes are listed in Table 1.

Table 1 shows that the solution becomes almost independent of
grid size and from second configuration further increase the grids
will not have a significant effect on the solution and results of such
arrangement are acceptable.

The grid size of (110 × 25 × 25), (110 × 15 × 25) was used
for the square shape. The dimensions of shapes other than the
square were calculated based on fixed value of heat exchange unit
volume of (2.5 × 10−10 m3). For the rectangular channels with as-
pect ratio of 0.5 the channel width Wch = 135 μm, channel height
H = 67.5 μm, length L = 10 mm and wall thickness t = 50 μm.
For circular channels the diameter D = 100 μm, length L = 10 mm
and wall thickness t = 50 μm. For the trapezoidal channels the
channel width Wch = 143.5 μm, channel sides a = 71.75 μm, chan-
nel height H = 62.1 μm, length L = 10 mm and wall thickness
t = 50 μm. For triangular channels the channel sides a = 122.7 μm,
channel long side b = 173.5 μm, length L = 10 mm and wall
thickness t = 50 μm. The grid size used for (rectangular, circular,
trapezoidal and triangular) shapes are the same for square in the
x-direction while in y- and z-directions. The interval size of grid
was calculated by dividing the dimensions of square channel by
the number of points in the grid used and the interval size was
Table 1
Grid independent study.

Mesh configuration Effectiveness Fully developed central velocity

1 0.4281 0.6401 m/s
2 0.4226 0.6489 m/s
3 0.4222 0.6490 m/s

used to mesh the channels. The convergence rate to control the
solution for momentum and energy equations were set to be less
than 10−6.

4. Results and discussion

For thermal analysis the fluid used is water with constant
properties determined at the mean temperature across the entire
length of channels. The inlet temperatures of hot and cold fluids
used as boundary conditions are Thi = 373 K and Tci = 293 K. The
inlet velocities are computed according to the value of Reynolds
number, hydraulic diameter and the properties of fluid. Reynolds
number is

Re = ρui Dh

μ
(18)

where

Dh = 2(HchWch)

Hch + Wch
(19)

The thermal conductivity ratio used in our calculations is the ratio
of thermal conductivity of solid wall to the thermal conductivity of
fluid, Kr = ks/k f . Transition from laminar to turbulent flow in mi-
crochannels is occur early compared with the flow in conventional
channels. The value of Re = 1000 is nearly agreed as the transition
value at which the flow changes from laminar to turbulent in mi-
crochannels [13–16]. In this paper the value of Reynolds number is
always selected below 1000 and maximum value of Re is chosen
900 to ensure that the flow is in the laminar region.

To check the validity of built numerical model, verification
was made by solving the work of Wie [15] numerically by the
present numerical model and compares the numerical and exper-
imental measurements. The model presented in [15] is a stacked
microchannel heat sink used for cooling of electronic devices con-
sists of two rows of rectangular microchannels with counter flow
configuration. The hydraulic diameter of microchannels is 92 μm
and its length is 10 mm. The thermal boundary condition used is
constant heat flux of 70 (W/cm2) subjected on the bottom wall of
heat sink, a constant velocity and uniform temperature are applied
at the inlet of channels.

The comparison between the numerical results of present
model with the numerical and experimental results of [15] is
shown in Fig. 3. This figure shows the distribution of experimen-
tal and numerical values of wall temperature along the heat sink.
From this figure the agreement between the numerical results of
[15] and numerical results of the present model are good and max-
imum error is 1.59% with maximum difference of wall temperature
0.56 K. Also the agreement between the present numerical results
and experimental data of [15] is acceptable since the maximum er-
ror is 5.1% and maximum difference in wall temperature is 1.7 K.
The slight deviation of temperature at the beginning and end of
the channel may be due to the end effects and experimental un-
certainly.

From these results one can conclude that the built numerical
model is reliable and can be used to study the thermal perfor-
mance of CFMCHEs.

Fig. 4 shows variation of effectiveness with number of channels
for fixed volume for three values of Reynolds number Re = 20,50
and 200. From this figure it can be seen that the effectiveness
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Fig. 3. Comparison of variation of wall temperature along a heat sink (Re = 66).

Fig. 4. Variation of effectiveness with number of square channels in a heat exchanger (Kr = 90, Pr = 3.89).
of CFMCHE increased with increase of number of channels i.e.
decrease the volume of channels. This is the main feature of mi-
crochannels since it offer higher heat transfer abilities over a small
volume and its ability to handle higher heat transfer with decrease
of its size. The effectiveness of CFMCHE decreases with increase of
Reynolds number due to increase the velocity of flow and therefore
decreasing the residence time taken by fluids inside the channels
of heat exchanger. Also the increase of effectiveness with increase
of channels numbers is higher for low Reynolds numbers. There-
fore to obtain higher thermal performance for CFMCHE its better
to divide this heat exchanger into large number of channels and
work under low flow Reynolds number.

In addition to the advantage of increasing thermal performance
with decreasing of channels volume there is a drawback associ-
ated with increase of the pressure drop across heat exchanger.
Fig. 5 shows variation of total pressure drop in a counter flow
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Fig. 5. Variation of total pressure drop in a CFMCHE with number of square channels (Pr = 3.89).

Fig. 6. Variation of performance index with number of square channels (Kr = 90).
microchannel heat exchanger with number of channels for three
values of Reynolds number Re = 20,50 and 200 and �Pt = �Pch ×
Nch. Figs. 4–5 illustrate that reducing hydraulic diameter is respon-
sible for large heat transfer performance which lead also to high
pressure drop. Therefore increasing or decreasing the channels size
in a CFMCHE depends on the application at which this CFMCHE
will be used and the penalty of high electrical power. For land
based systems such pressure drop may be tolerated therefore the
trend is to decrease the size of channels to get high heat transfer
benefits. In contrast in space applications the pressure drop across
the system must be minimized because incredible payload costs
are associated with the total mass of the system (pump, motor,
etc.), therefore the size of channels must be increased to avoid the
extra increase in pressure drop against the heat transfer character-
istics.

Variation of performance index η with number of channels is
presented in Fig. 6. From this figure it can be seen that for the
same heat exchanger volume, the overall performance is decreased
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Fig. 7. Variation of thermal effectiveness with Kr for different channel shapes (Re = 50).
with increasing the number of channels. From heat transfer point
of view, it means that a CFMCHE with small channels is the best
but from the pressure drop and pumping power point of view the
CFMCHE with larger channels are the best. In all cases the flow
with low Reynolds number, Re = 20 have high performance index,
i.e. having higher overall thermal and hydrodynamic performance
because it has higher effectiveness and lower pressure drop.

Fig. 7 shows the variation of the effectiveness of the balanced
CFMCHE with respect to thermal conductivity ratio (Kr) for differ-
ent channel shapes occupying the same volume of heat exchange
unit. From this figure it can be seen that for low values of ther-
mal conductivity ratio the trapezoidal channel is the best followed
by iso-triangle but with increasing (Kr) the circular channel gives
highest effectiveness due to increase the effect of axial conduc-
tion which lead to decrease of effectiveness in trapezoidal and
triangular shapes more than in circular cross-section. These two
shapes have area of separating wall larger than for circular and
other shapes. Also it can be seen that for all shapes studied the
effectiveness increased with increase of thermal conductivity ra-
tio due to reduction in thermal resistance of the wall until reach
the optimal value of Kr which gives maximum effectiveness. As Kr
is further raised beyond the optimal value the effectiveness of the
CFMCHE is dropped due to the presence of axial heat conduction.

Distribution of pressure drop along the channel length for var-
ious shapes under consideration is shown in Fig. 8. The channel
which has largest pressure drop is the triangular since it has low-
est hydraulic diameter followed by trapezoidal. The square channel
has the lowest pressure drop since it has high hydraulic diameter
and maximum cross-sectional area compared with other shapes.
Note that channels with different profile have different hydraulic
diameter or volume even though they have the same volume for
the heat exchange unit.

The two important parameters in a CFMCHE design are effec-
tiveness and pressure drop which are represented as performance
index η. Variation of performance index with Kr at Re = 50 for dif-
ferent channel profiles is illustrated in Fig. 9. The circular channel
has the high η since it has largest effectiveness with low values of
pressure drop. This means that the circle channel is the best option
for a counter flow MCHE. The second best option would be square
channels followed by other shapes. Also it can be seen from this
figure that the performance index increased with increase Kr un-
til reached its maximum value and then decreased due to increase
the effect of axial conduction. This trend remained the same in
Fig. 10 which represent the variation of η∗ with respect to Kr at
Re = 50. It gives an indication about the overall performance of a
CFMCHE where the circle is the best shape.

Variation of effectiveness of counter flow MCHE with Re for dif-
ferent channel shapes at Kr = 90 is illustrated in Fig. 11. This value
of Kr is the optimized conduction ratio which gives the highest ef-
fectiveness as shown in Fig. 7. From Fig. 11, it can be seen that at
low values of Reynolds number the channels with circular shape
has the highest effectiveness while at high Re the CFMCHE with
triangular channels become the best followed by trapezoidal and
then the circular one. This may be explained due to the effect
of entrance region since the entrance length is longer in trian-
gle and trapezoid than the circle channel and other shapes. The
effect of entrance region increases with increase in Reynolds num-
bers. Therefore in applications at high values of Reynolds number,
Re > 200, the triangular shape is preferred while for low Reynolds
number applications, Re < 200, the circular shape is preferred. Also
in general the effectiveness decreased with increasing Re due to
increase of flow velocity and there by reducing the residence time
inside the CFMCHE.

Fig. 12 shows the variation of performance index with Re for
different channels shapes at Kr = 90. From this figure it can be
noticed that the circular channel has the higher performance index
than other shapes. Moreover the performance index is decreased
with increase of Re. This is due to the reduction of effectiveness
and increase of the pressure drop.

Fig. 13 shows the variation of η∗ with Re. The trend is the same
as in Fig. 12, hence the circular channel is the best shape as it gives
high heat transfer rate with low pumping power.
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Fig. 8. Variation of pressure drop for one channel of different shapes (Re = 50).

Fig. 9. Variation of performance index η with Kr for different channel shapes (Re = 50).
For practical design applications a new correlation is devel-
oped to calculate the effectiveness of a balanced counter flow mi-
crochannel heat exchanger with square channels as a function of
affecting parameters, ε = f (Vr,Re,Kr).

It should be mentioned that in spite of high performance in
microchannel heat exchanger with circle cross section, microchan-
nel heat exchangers with square channels have more applications
in related industries. Since square channels have the highest per-
formance after circle channels and lowest pressure drop. Based on
the numerical results presented in this paper and by using linear
algebra technique with the aid of Matlab package a correlation for
heat exchanger effectiveness and performance index are developed
for the range of:

20 � Re � 900 and 0.024 � Vr � 0.20

as follows:
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Fig. 10. Variation of heat transfer rate over pumping power required for different channel shapes (Re = 50).

Fig. 11. Effectiveness versus Re for different channel shape (Kr = 90).
For 0.1 � Kr � 90

ε = (
312.7e(0.00068 Kr) − 297e(−0.93 Kr))Re−0.55 Vr−0.065 (20)

with 15% mean error.

For 91 � Kr � 10000

ε = 164.95 Re−0.44 Vr−0.148 Kr−0.025 (21)

with 2.8% mean error.
Based on the numerical results for square channels another cor-
relations for the performance index are obtained to get an indica-
tion about the overall performance of counter flow microchannel
heat exchangers for 20 � Re � 900 and 0.024 � Vr � 0.20 as fol-
lows:

For 0.1 � Kr � 90

η = (
280.5e(0.000745 Kr) − 266.5e(−0.94 Kr))Re−1.60 Vr1.99 (22)

with 30% mean error.
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Fig. 12. Performance index versus Re for different channel shapes (Kr = 90).

Fig. 13. Heat transfer rate over pumping power versus Re for different channel shapes (Kr = 90).
For 91 � Kr � 10000

η = 150.30 Re−1.48 Vr1.94 Kr−0.024 (23)

with 0.24% mean error.

High mean error in relations (20) and (22) with the compared
numerical results is due to sharp variation of η with low value of
Kr (Kr < 90). But for higher Kr variation is more smooth.
5. Conclusion

In this paper numerical simulation is made to study the effect
of size and shape of channels in counter flow microchannel heat
exchangers. From the results it is concluded that:

1. By decreasing the volume of each channel or increasing num-
ber of channels in a certain CFMCHE, heat transfer increases
and required pressure drop and pumping power is also in-
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creased. Therefore the decision to increase or decrease the
number of channels in a CFMCHE depends on the application.

2. Effect of various channels shape on heat transfer and pres-
sure drop shows that the circular shape gives the best overall
performance including both thermal and hydrodynamic. The
second best overall performance is provided by square chan-
nels.

3. Irrespective of the profile of the channel the performance in-
dices decreased with increase in Reynolds number.

4. Correlations for predicting effectiveness (ε) as well the perfor-
mance index (η) of a CFMCHE have been developed in this
study. These correlations are based on Re, Kr and Vr, and are
fairly valid over a wide range of operating parameters.
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