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Forced-convection heat transfer in a crossflow microchannel heat exchanger (MCHE) was investigated via
experiment. The microchannels on the plates of the MCHE were machined using a chemical etching method
from 0.4-mm-thick stainless steel plates, and the plates were bonded together by vacuum diffusion bonding.
The influence of the aspect ratio of microchannels was analyzed based on MCHEs with two plates. The
maximum volumetric heat-transfer coefficient using deionized (DI) water as the working fluid reached 11.1
MW m-3 K-1, with a corresponding pressure drop of <6 kPa when the Reynolds number (Re) in the
microchannels was ∼64. Besides, the maximum volumetric heat-transfer coefficient, using air as the working
fluid, was 0.67 MW m-3 K-1, with a corresponding pressure drop of ∼30 kPa when Re ≈ 1026. Correlations
of the average Nusselt number (Nu) and Re values were obtained from MCHEs with 2 plates, and their
validity was confirmed by MCHEs with 2 and 10 plates.

1. Introduction

Metallic microstructure devices are increasingly applied in
thermal and chemical process engineering, and the character-
istics, advantages, and potentials of microstructure devices have
been described in some references.1-6 The microchannel heat
exchanger (MCHE) is an essential microchemical engineering
unit process device, which is suitable for many thermal and
chemical processes with relatively large heat fluxes, such as
electronic components colding,7-9 turbine blade colding,10

recovery of energy of miniature hydrogen production systems,11

ammonia chiller,12 etc.
However, relatively few definitive heat-transfer coefficients

of MCHEs with different geometric structures and dimensions
are offered in the published literature. Although intensive
research investigating the laminar heat transfer in microchannels
has been published over the past decades, most research was
focused on fully developed regions in straight single micro-
channels. Moreover, some published results have significant
differences, compared with the situation in large-scale channels.
Wu et al.13 reported that the Nusselt number (Nu) in laminar
flow was closely related to the boundary conditions of heating
surface of microchannels. Wang et al.14 concluded that laminar
heat transfer in microchannels was complicated, which was
influenced by liquid temperature, velocity, and microchannel
dimensions. Peng et al.15 found that laminar heat transfer was
dependent on the aspect ratio and the ratio of the hydraulic
diameter to the center-to-center distance of microchannels.
Possible reasons to interpret the discrepancies included surface
roughness, variation of the predominate forces, surface elec-
trostatic charges, axial heat conduction, measurement accuracy,
etc.16 Note that the effect of variation of predominate forces,
surface electrostatic charges, and axial heat conduction were
relatively small when the microchannel dimensions were more
than a few hundred micrometers.

Harms et al.17 investigated the convective heat transfer in
rectangular microchannels ∼1000 µm deep, with deionized (DI)
water as the working fluid, through a single-channel system and
a multiple-channel system. The widths of channels and channel
walls in the multiple-channel system are 251 and 119 µm,

respectively. Compared with the multiple -channel system, the
unique difference in the single-channel system is the lack of
channel walls. The results showed that the experimental Nu
value for the single-channel system was higher than that
predicted via classical relations presented by Shah and London
(1978) and Gnielinski (1976), for laminar flow and turbulent
flow, respectively. They considered this enhancement to be
possibly caused by the effect of the inlet bend. The results for
the multiple-channel system were consistent with classical
relations at high flow rates, but deviated obviously at low rates.
Harms et al. believed that this deviation was induced by flow
bypass in the manifold. Nevertheless, they still felt that the
classical relations are appropriate for designing microchannel
systems under the condition of reasonable manifold design.

Unfortunately, for multiple-channel plates of different geo-
metric structures, the degrees of inlet effect, fluid distribution,
and channel roughness in channels exert different influences.
In a previous study, our research group investigated the overall
performance of counterflow MCHEs with multiple plates. The
correlations of the average Nu value to the Reynolds number
(Re) in microchannels were presented for designing MCHEs
with multiple plates, and the validity of correlations was verified
using MCHEs with 2 plates and 10 plates.18 In the plates of
counterflow MCHEs, the distribution chamber accounted for a
relatively large area, which led to a smaller heat-transfer area.
Besides, the pressure drop induced by the distribution chamber
is relatively big. Based on these two points, the performance
of crossflow MCHE was investigated.

2. Analysis

The heat-transfer coefficients on both hot and cold sides are
an essential factor for designing MCHEs. The overall heat-
transfer coefficient of MCHEs can be obtained using experi-
mental data, by

where Qm is the heat-transfer rate between hot and cold fluids.
∆tm is the logarithmic mean temperature difference. A is the
total heat-transfer area on one side of the plate. F is the
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correction factor for a cross-flow heat exchanger, which was
discussed in detail by Smith19 and Bowman et al.20

The relationship between the respective heat-transfer coef-
ficients on the two sides and the overall heat-transfer coefficient
was proposed by Wilson.21 If the channels on the hot and cold
sides have almost the same geometric structure, the Wilson plot
method could be expressed as

where λw and δw are the thermal conductivity of plate material
and the thickness of partition wall, respectively. If the flow rate
on the two sides can be almost equally controlled, it is
reasonable to assume that the heat-transfer coefficient is the same
on both sides; that is,

The Nusselt number (Nu) is defined as

The volumetric heat-transfer coefficient could be expressed
as

where B is area density (the ratio of the total heat-transfer area
on one side of the exchanger plate to the total volume of the
plate).

Heat-exchanger effectiveness is defined as follows:

where ∆tmax is the maximum temperature difference for both
sides.

For a single pass, crossflow heat exchanger with both fluids
unmixed, the heat-exchanger effectiveness can be obtained via
the number of transfer units (NTU) and Cr by the following
formula:22

where Cr and NTU are defined by

3. Experimental Apparatus and Procedure

Figure 1 shows a schematic diagram of the experimental
apparatus used to test the performance of crossflow MCHEs
using DI water as the cold fluid and air as the hot fluid. The
test setup contains a pump, an electrical heater, a mass flow
controller, a drying tube, an adjustment valve, an air compressor,
an instrument to measure temperature, a personal computer (PC)
data acquisition system, two water tanks, two filters, two
differential-pressure transmitters, and an MCHE. The hot air
was supplied via an air compressor to the MCHE after drying

and heating. The cold water provided from one cold water tank
flowed through the MCHE to the other cold water tank for
recycling when the water recovered to ambient temperature. A
similar experimental apparatus was adopted if the performance
of crossflow MCHEs was investigated using DI water or air as
the working fluid on both the hot and cold sides.

In this research, the plates of the MCHE were manufactured
via a chemical etching method from 0.4-mm-thick stainless steel
plates; the plates then were bonded via vacuum diffusion
bonding. One exploded view of a crossflow MCHE and the
geometric dimensions of the plate are presented in Figures 2
and 3, respectively. The detailed microchannel dimensions,
channel number, and plate number of different type MCHEs
are listed in Table 1. The surface roughness (Ra) of the plate
was ∼0.30 µm.

For each test, volumetric flow rates, pressure drops, and inlet
and outlet fluid temperatures were measured at steady state. The
flow rates of water and air were measured using the weighing
method and a soap film gas meter, respectively. The maximum
error in the flow rate was <1.6%. The pressure drops were
measured using differential-pressure transmitters connected to
digital display meters. The measurement uncertainty of dif-
ferential pressure transmitters was within (0.25 kPa. The
temperatures are measured using Type T thermocouples, con-
nected through a multiplexer to a PC. The multiplexer recorded
the inlet and outlet temperatures of hot and cold fluids
simultaneously every 2 s. Each measured temperature was
usually the average of values recorded via the multiplexer within
∼1 min. Temperature measurement errors were <1.0 K. Besides,
the experimental errors in the heat balance were <5.0%.

To easily obtain the convection heat-transfer coefficients of
different working fluids on both sides of the MCHE plate, the
almost-equal volumetric flow rates of DI water or air were
supplied to both passages of MCHEs with two plates. After
that, the performance of the MCHE with 2 plates using DI water
as the cold fluid and air as the hot fluid and the performance of
the MCHE with 10 plates using DI water as both the cold fluid
and the hot fluid were measured under the condition that the
hot fluid flow rate was fixed and the cold fluid flow rate
increased gradually. The purpose of the experiments is to verify
that the convection heat-transfer coefficient obtained via MCHEs
with 2 plates can be used to design MCHEs with multiple plates.
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Figure 1. Schematic of the experimental apparatus. Legend: 1, water tank;
2, filter; 3, water pump; 4, differential-pressure transducer; 5, electric heater;
6, mass-flow controller; 7, drying tube; 8, adjustment valve; 9, air
compressor; 10, multiplexer and computer; and 11, MCHE.
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4. Results and Discussion

4.1. Performance of MCHEs Using Deionized Water as
the Working Fluid. Figure 4 shows the volumetric heat-transfer
coefficient in the MCHEs using DI water as the working fluid.
The figure shows that the volumetric heat-transfer coefficient
ascends dramatically as the Re value increases, when Re < 20.
After that, the volumetric heat-transfer coefficient increases
steadily as the Re value increases. The possible reason for this

phenomenon is that the nonuniform fluid distribution in the plate
seriously limits the normal performance of the MCHE when
Re < 20. This suggests that the MCHEs do not bring their
potential into full play when Re < 20. Moreover, we can see
from the figure that the volumetric heat-transfer coefficient
decreases as the channel width increases. The maximum
volumetric heat-transfer coefficient arrives at 11.1 MW m-3 K-1

in MCHE 3 when Re ≈ 64. When Re > 20, the maximum
relative errors in the logarithmic mean temperature difference
and the volumetric heat-transfer coefficient are 14.8% and
15.6%, respectively.

Table 2 gives a comparison of the performance of MCHEs
in this study, relative to that of microchannel heat exchanger
devices investigated previously, using DI water as the working
fluid.

To predict the heat-transfer performance of MCHEs with
multiple plates via experimental data obtained from MCHEs
with two plates, the relationship of the average Nu and Re values
in the microchannels of the MCHE 1-MCHE 3 is shown in
Figure 5, when Re > 20. According to the figure, the average
Nu value increases as the Re value increases. The correlation
of the average Nu value and the Re value in the microchannels
of the MCHEs, which can be merged into one correlation gained
by the least-squares fitting, is expressed as follows:

Compared with one correlation of the average Nu value and
the Re value gained through counterflow MCHE (eq 22 in ref
18), the average Nu value obtained from experimental data of

Figure 2. Exploded view of a crossflow MCHE with four plates.

Figure 3. Geometric dimensions of a plate of the MCHE.

Table 1. Geometry Dimension of Crossflow MCHEs

MCHE 1 MCHE 2 MCHE 2* MCHE 3

number of plates 2 2 10 2
number of channels 19 32 32 49
channel length (mm) 55 55 55 55
channel width (µm) 2197 1194 1194 646
channel height (µm) 200 200 200 200
fin width (µm) 181 220 220 278
heat-transfer area (mm2) 2203 2277 2277 2289
area density (m2/m3) 979 1012 1012 1017

Figure 4. Volumetric heat-transfer coefficient in the MCHEs using DI water
as the working fluid.

Table 2. Performance of Microchannel Heat Exchanger (MCHE)
Devices

reference
hv

(MW m-3 K-1)
∆p

(kPa)
hv/∆p

(kW m-3 K-1 Pa-1)

Cao et al.18 5.2 20 0.260
Jiang et al.23 38.4 70 0.548
Kang et al.24 188.5 2470 0.076
Hornung et al.25 34.7 3000-4000 0.008-0.012
experimental
observations

11.1 6 1.85

Nu ) 1.72Re0.296 (10)
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crossflow MCHE is obviously larger. One possible reason for
this result is that the internal fluid distribution in the crossflow
plate is better than that of counterflow plate.

Moreover, the maximum pressure drop of MCHEs investi-
gated was <6 kPa when the Re value in the microchannels was
∼64. This implies that full advantage of these types of MCHEs
could be taken under higher volumetric flow rates and a larger
volumetric heat-transfer coefficient could be obtained.

4.2. Performance of MCHEs Using Air as the Working
Fluid. The volumetric heat-transfer coefficient in the MCHEs
using air as the working fluid is shown in Figure 6. As shown
in the figure, the volumetric heat-transfer coefficient increases
gradually as the Re value increases. Besides, the influence of
the dimensions of MCHEs on the volumetric heat-transfer
coefficient is not as strong as the situation using DI water as
the working fluid. To explain this phenomenon, it is necessary
to mention the following points. First, the influence weight of
the degree of uniformity of the internal fluid distribution in the
plate on the volumetric heat-transfer coefficient may increase
as the Re value increases. Second, as the Re value increases,
the increasing length of the thermal developing region could
weaken the influence of the dimensions of microchannels.
Moreover, the maximum volumetric heat-transfer coefficient
arrives at 0.67 MW m-3 K-1 in MCHE 1 at an Re value of
1026. Analysis shows that the maximum relative errors of
logarithmic mean temperature difference and volumetric heat-
transfer coefficient are 4.5% and 6.7%.

Figure 7 shows that the average Nu value increases as the
Re value and the channel width each increase. Besides, the
critical Re value lies between 520 and 680, and varies with
channel width. Correlations of the average Nu value and the
Re value in microchannels of MCHEs gained by the least-
squares fitting are expressed as follows.

Re < 520:

Re > 680:

Compare these results with the correlation of average Nu and
Re values introduced by Jiang et al.23 According to the
dimensions of MCHE 3, the average Nu value obtained from
experimental data is obviously larger than the literature values
when Re > 320.

The inconsistency of plates induced by chemical etching and
diffusion bonding often causes a pressure drop discrepancy
between the hot side and cold side, which are comprised of the
same type plate. To truthfully reflect the influence of the
dimensions of MCHEs as much as possible, the smaller pressure
drop between both sides comprised of the same type plate is
chosen to analyze the difference of pressure drops among plates
of different types. As shown in Figure 8, the difference of
pressure drops between MCHE 1 and MCHE 2 is small;
however, the pressure drop in MCHE 3 is obviously higher than
the two mentioned previously. The maximum pressure drop
reaches 40.3 kPa in MCHE 3 at Re < 1123.

Figure 5. Average Nusselt number (Nu) as a function of the Reynolds
number (Re) in microchannels for MCHEs, using DI water as the working
fluid.

Figure 6. Volumetric heat-transfer coefficient in the MCHEs, using air as
the working fluid.

Figure 7. Average Nusselt number (Nu) as a function of the Reynolds
number (Re) in microchannels for MCHEs, using air as the working
fluid.

Figure 8. Pressure drop as a function of Re in the microchannels.

Nu(1) ) 0.0068Re1.063 (11)

Nu(2) ) 0.0072Re1.030 (12)

Nu(3) ) 0.0053Re1.045 (13)

Nu(1) ) 0.0975Re0.639 (14)

Nu(2) ) 0.1139Re0.590 (15)

Nu(3) ) 0.0881Re0.608 (16)
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4.3. Performance Prediction. 4.3.1. Performance of
MCHEs with Different Working Fluids. To verify the
correlations of the average Nu value obtained, MCHEs with
two plates can be used to design corresponding MCHEs; the
performance of MCHE 2 was measured experimentally using
air as the hot fluid with a fixed flow rate and DI water as the
cold fluid with a varied flow rate.

Figure 9 shows that the predictive values of the outlet
temperatures of MCHE 2 via eqs 10 and 15 agree with
experimental values under the following conditions: a fixed hot
air volumetric flow rate (20 L/min) and varied cold DI water
volumetric flow rate (ranging from ∼30 mL/min to 80 mL/
min) and the maximum temperature difference of predictive and
experimental values is ∼1.7 K. Figure 10 shows the predictive
and experimental heat exchanger effectiveness, which is de-
pendent on eqs 7, 10, and 15. The heat-exchanger effectiveness
exceeds 90% within this research scope and increases as the
volumetric flow rate of cold DI water increases. The maximum
heat-exchanger effectiveness difference between predictive and
experimental values is only 1.2%. This means that the correla-
tions of the average Nu value obtained can be used to design
corresponding MCHEs.

4.3.2. Scale-up Performance of MCHE. To further prove
the correlations can be used to design corresponding MCHEs
with multiple plates, the performance of MCHE 2* was
investigated using DI water as the working fluid of two streams.

Figure 11 indicates that the predictive results of outlet
temperatures of MCHE 2* via eq 10 are consistent with
experimental results, under the following conditions: fixed hot
fluid volumetric flow rate (265 mL/min) and varied cold fluid
volumetric flow rate (ranging from ∼154 mL/min to 395 mL/
min). The difference between the experimental value and the
predictive value decreases as the fluid flow rate increases, and
the maximum temperature difference value is ∼2.5 K when the
corresponding cold fluid flow rate reaches its lowest point. This

suggests that the performance of MCHEs with multiple plates
can be effectively predicted through the correlations obtained
from experimental data. Besides, the outlet temperatures of the
experimental values of the cold fluid and the predictive values
of the hot fluid are, respectively, higher than corresponding
predictive values and experimental values in the region of
relatively low volumetric flow rate. The reason for this may be
that the fluid distribution in MCHE 2* is improved, compared
with that of MCHEs with two plates in this region. This implies
that the fluid distribution in MCHE with multiple plates is better
than that of MCHEs with two plates if the mean volumetric
flow rate is the same in the each plate.

Figure 12 shows the heat-exchanger effectiveness of MCHE
2* via experiment and prediction, depending on eqs 7 and 10;
the difference is relatively large in the region of relatively low
volumetric flow rate. Besides, the real values of heat-exchanger
effectiveness of MCHE 2* are better than that of the predictive
values. This also indicates the fluid distribution in MCHE with
multiple plates is better. Moreover, the heat-exchanger effective-
ness, ranging from ∼0.7 to 0.9, decreases initially as the
volumetric flow rate increases and reaches the bottom when
the cold fluid volumetric flow rate is almost equal to the fixed
hot fluid volumetric flow rate and then increases as the
volumetric flow rate increases.

5. Conclusion

The fluid flow and forced convectional heat-transfer perfor-
mance of crossflow microchannel heat exchangers (MCHEs)
were investigated via experimental methods. The thermal
performance of crossflow MCHEs with two plates, using
deionized (DI) water as the working fluid, was successfully
tested with Reynolds number (Re) values in microchannels of
<70; the corresponding volumetric heat-transfer coefficient
increases as Re increases but decreases as the channel width

Figure 9. Experimental and predictive outlet temperature of MCHE 2.

Figure 10. Experimental and predictive heat-exchanger effectiveness of
MCHE 2.

Figure 11. Experimental and predictive outlet temperatures of MCHE 2*.

Figure 12. Experimental and predictive heat-exchanger effectiveness of
MCHE 2*.

Ind. Eng. Chem. Res., Vol. 49, No. 13, 2010 6219



increases. The maximum volumetric heat-transfer coefficient
reached 11.1 MW m-3 K-1. Besides, the thermal performance
of crossflow MCHEs with two plates, using air as the working
fluid, was investigated with the Re value in the microchannels
ranging from 200 to 1200, and the corresponding volumetric
heat-transfer coefficient increases with the increasing Reynolds
number. However, the influence of channel width to volumetric
heat-transfer coefficient is not strong. The maximum volumetric
heat-transfer coefficient is 0.67 MW m-3 K-1. Moreover, the
performance of crossflow MCHE with 2 plates, using DI water
as the cold fluid and air as the hot fluid, and crossflow MCHE
with 10 plates using DI water as the working fluid, was
successfully predicted via the correlations obtained from
experimental data of crossflow MCHEs with 2 plates.
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Nomenclature

A ) heat-transfer area (m2)
B ) area density (m2/m3)
cp ) specific heat (J kg-1 K-1)
Cr ) ratio of heat capacity
Dh ) hydraulic diameter of the channel (m)
F ) heat-exchanger correction factor
h ) heat-transfer coefficient (W m-2 K-1)
U ) overall heat-transfer coefficient (W m-2 K-1)
hv ) volumetric heat-transfer coefficient (W m-3 K-1)
m ) mass-flow rate (kg/s)
Nu ) Nusselt number
∆p ) pressure drop (kPa)
Q ) heat-transfer rate (W)
Re ) Reynolds number
Ra ) arithmetical mean deviation of the profile
T ) temperature (K)
∆tm ) logarithmic mean temperature difference (K)
∆tmax ) maximum temperature difference for both sides (K)
Greek Symbols
δ ) wall thickness (m)
λ ) thermal conductivity (W m-1 K-1)
ε ) heat-exchanger effectiveness
Subscripts
c ) cold fluid
cal ) calculated results
exp ) experimental results
f ) fluid
h ) hot fluid
i ) inlet
m ) mean
o ) outlet
w ) wall
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