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This paper presents the experimental and theoretical analysis of a micro heat exchanger
designed for the waste heat recovery from a high concentration photovoltaic (HCPV) sys-
tem. A test bench was built to analyze the thermal behavior of a heat exchanger targeted
to work in a similar condition of an existing HCPV panel. A high power heater was
encapsulated inside a copper cartridge, covered by thermal insulation, leading to dissi-
pated heat fluxes around 0.6 MW/m2, representative of the heat flux over the solar cell
within the HCPV module. The experimental campaign employed water as the coolant
fluid and was performed for three different mass flow rates. An infrared camera was used
to nonintrusively measure the temperature field over the micro heat exchanger external
surface, while thermocouples were placed at the contact between the heat exchanger and
the heater, and at the water inlet and outlet ports. In the theoretical analysis, a hybrid
numerical–analytical treatment is implemented, combining the numerical simulation
through the COMSOL MULTIPHYSICS finite elements code for the micro heat exchanger, and
the analytical solution of a lumped-differential formulation for the electrical heater car-
tridge, offering a substantial computational cost reduction. Such computational simula-
tions of the three-dimensional conjugated heat transfer problem were critically compared
to the experimental results and also permitted to inspect the adequacy of a theoretical
correlation based on a simplified prescribed heat flux model without conjugation effects.
It has been concluded that the conjugated heat transfer problem modeling should be
adopted in future design and optimization tasks. The analysis demonstrates the enhanced
heat transfer achieved by the microthermal system and confirms the potential in reusing
the recovered heat from HCPV systems in a secondary process.
[DOI: 10.1115/1.4041439]
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1 Introduction

According to the United Nations, global energy and food
demand are predicted to increase by around 50% by 2030, while
that of water by 30% [1,2]. The depleting earth resources and
increasing demand due to projected rise in global population and
urbanization make it imperative to develop novel sustainable tech-
nologies. For instance, integrating water-cooled high concentra-
tion photovoltaic (HCPV) systems with one or more waste heat
recovery technologies can have major positive impact on water,
energy, food, healthcare and environmental challenges, being
well-aligned with the idea of sustainable development. HCPV
systems exploit concentrated solar flux using cheap optical com-
ponents in lieu of large area and expensive photovoltaic cells.
However, HCPV chips—due to their higher energy flux—
generate considerable amount of heat which not only lowers their
energy conversion efficiency drastically but also gets wasted.
Novel microscale water cooling systems [3–8] can effectively reg-
ulate the photovoltaics cell temperature, thereby enhancing the
cell energy efficiency [9–15]. The heat extracted by the coolant
can, for instance, be reused in food and pharmaceutical storage,
through an absorption cycle microrefrigeration unit, such as for
food preservation and storage of vaccines, in membrane-based
water desalination processes to make saline water suitable for

human and agricultural use, and in the efficient continuous synthe-
sis of biodiesel [15–20].

Concerning the conception and design of microheat exchangers,
numerous works are still aimed at the investigation of the most
adequate models and solution methodologies for describing the
physical phenomena that take place in such microscale heat
transfer devices. For instance, it has been observed for different
microscale applications that effects such as conjugated
conduction–convection, axial fluid heat conduction, viscous
dissipation, rarefaction and compressibility, can be essential in
appropriately predicting heat transfer rates. Correlations for over-
simplified theoretical formulations and/or experimental correla-
tions from data originally obtained for macroscale problems,
when such effects are indeed irrelevant, may lead to erroneous
predictions for thermal microdevices [21–26].

In this context, the experimental part of this study is aimed at
obtaining accurate temperature measurements using both thermo-
couples and infrared thermography, so as to assess the influence
of conjugate heat transfer effects in such microthermal systems,
for different values of the coolant mass flow rate. The experimen-
tal temperature results are then critically compared with the
numerical predictions. The theoretical analysis introduces a rele-
vant improvement in terms of computational cost reduction, by
combining analytical and numerical solution procedures. The tem-
perature field in the electric heater cartridge is handled analyti-
cally, by implementing a lumped-differential formulation for the
two-dimensional transient heat conduction problem, through the
so-called coupled integral equations approach (CIEA) [27–31].
The solution for the micro heat exchanger is then obtained
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through the finite element method, implemented in the commer-
cial COMSOL MULTIPHYSICS platform [32], solving for the associated
conjugated heat transfer model with adequate boundary conditions
suited to the experiments. In addition, the numerical results from
this three-dimensional conjugated heat transfer model are
employed to inspect for the adequacy of a theoretical correlation
for simplified prescribed wall heat flux condition, in estimating
the corresponding global heat transfer coefficient for the analyzed
microthermal device, aimed at its adoption in future optimization
and design tasks.

2 Experimental Work

2.1 Micro Heat Exchanger. Correa et al. [2] designed a
micro heat exchanger for active cooling of a commercial HCPV
module that concentrates 1200 suns (Sunflower, ATS Pyron),
using water as working fluid in a closed loop. This device was fab-
ricated by micromilling, and a subsequent numerical and experi-
mental analysis was carried out by Guerrieri and Naveira-Cotta
[1].

However, the geometries of the inlet and outlet exchanger ple-
nums were not optimized by Correa et al. [2] and Guerrieri et al.
[1], who proposed just a plain rectangular plenum for the fluid dis-
tribution and collection. Nevertheless, it is well known that a rec-
tangular plenum favors a flow maldistribution [33–35]. In fact, the
simulation of the flow distribution for the micro heat exchanger
studied by Correa et al. [2] and Guerrieri et al. [1], employing the
COMSOL MULTIPHYSICS software [32], confirms such a maldistribu-
tion of fluid flow among the microchannels, as one can see by the
simulated fully developed velocity profile, provided in Ref. [1],
for each microchannel in Fig. 1.

This work was then first aimed at implementing such an
improvement in the design of the originally proposed micro heat
exchanger [1,2]. The present microdevice has a total of 24 micro-
channels and was built with a trapezoidal geometry for the inlet
and outlet plenums, so as to minimize the maldistribution of the
fluid flow among the microchannels. Figure 2 presents the techni-
cal drawing and detailed dimensions for the base and cover of the
redesigned micro heat exchanger. Then, Fig. 3 presents the
COMSOL simulated velocity profiles for the same input conditions
adopted by Guerrieri and Naveira-Cotta [1] and presented in
Fig. 1, but considering this new heat exchanger configuration with
trapezoidal plenums, which results in a more uniform fluid flow
distribution within the channels when compared to the previous
rectangular plenums configuration proposed in Refs. [1] and [2]
(Fig. 1). It was observed as a reduction on the standard deviation
of the averaged maximum velocity from 12.8% for rectangular
plenums to a 5.4% standard deviation for the trapezoidal plenums.
The inclination for this trapezoidal plenum was determined
through a parametric analysis in the fluid flow numerical

simulation within the micro heat exchanger varying from 0 deg
(rectangular plenum) to 25 deg (trapezoidal plenum), achieving
the minimum standard deviation of 5.4% in the averaged maxi-
mum velocity at an angle of 10 deg.

The micro heat exchanger here analyzed was then manufac-
tured in aluminum with a micromilling CNC machine from Mini-
tech Machinery Corporation, containing 24 microchannels with a
cross section of 400 lm� 945 lm and 13 mm in length, and mill-
ing tolerance of 1 lm (see Fig. 2). The final surface area occupied
only by the microchannels, of 172.64 mm2, as highlighted in Fig.
2, was designed to be the same as the area of the commercial solar
cell manufactured by Azur Space Solar Power GMBH (type
3C42A), as presented in a closer view in Fig. 4. The overall
dimensions of the sealed device are: 21.05 mm in width,
35.02 mm in length, and 0.82 mm in thickness. The fabricated
micro heat exchanger is presented in Fig. 5(a), in an open view.
Additionally, for sealing purposes, four screws were fixed at the
corner of the micro heat exchanger and two extras, on both sides,
were used to fix the heat exchanger in the main solar board, also
depicted in Fig. 5(b).

2.2 Test Setup. In the experimental setup, distilled water
was employed as the cooling fluid, which is withdrawn from the
reservoir and pumped into the system (the micro heat sink
mounted solar cell) using a helicoidal positive displacement
pump controlled by a frequency inverter and able to steadily
operate at low mass flow rates (Netzsch, NM003BY11S12B). At
the outlet of the micro heat exchanger, the fluid is stored in the
container placed over an electronic scale to measure the mass
flow rate.

Fig. 1 COMSOL simulated velocity profile for each microchan-
nel with a rectangular plenum, Guerrieri et al. [1]

Fig. 2 Technical drawings of the proposed micro heat
exchanger: (a) open view of the bottom plate and (b) channel
details and dimensions

Fig. 3 COMSOL simulated velocity profile for each microchan-
nel for the proposed micro heat exchanger with trapezoidal
plenums
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The heater used in the apparatus was selected considering a
desired direct normal solar energy incidence of 600 W/m2 that,
according to Correa et al. [2], is a representative average value
from the Rio de Janeiro region. Then, combining this direct nor-
mal solar energy with a Fresnel Lens with capacity of concentra-
tion of 1000 times (Knight Optical), the incident irradiation over
the cell would be around 0.6 MW/m2. To achieve this power level
within the experimental setup, an electrical heater of 238 X was
chosen, which had a maximum dissipated power of 67.76 W at
127 V (AC). The dimensions of the heater are: 8.0 mm of radius,
60 mm in length positioned inside a specially prepared copper car-
tridge to direct a uniform heat flow to an area of 10� 10 mm2,
where the micro heat exchanger is positioned, and thus limited to
a theoretical maximum heat flux of 0.67 MW/m2. Figure 6 depicts
the electrical heater inside the copper cartridge with the related
dimensions. To minimize heat losses, the whole heating module
was covered with thermal insulation made of fiberglass (Termovid
901) with 3.25 cm of thickness in the radial direction. Table 1
presents the dimensions of the copper cartridge and of the thermal
insulation around the cartridge. The insulation under the cartridge
is square shaped with a dimension of 75.7 mm� 75.7 mm and
3 mm of thickness.

Figure 7 illustrates the experimental hydraulic circuit, and
Fig. 8 shows the overall experimental setup, comprising the fol-
lowing devices: an acquisition data system Agilent 34972-A (a), a
computer for data acquisition (b), a calibrated infrared thermo-
graphic camera (Flir SC645) (c), the heat exchanger, the heater
system, and insulation (d), and the electronic scale (e).

The transient temperature measurements were performed using
the infrared camera to capture the temperature distribution on the
top external surface of the exchanger. Also, five thermocouples
were placed at different essential locations: at the inlet (tp1) and
outlet (tp2) fluid connections, at the contact of the heating system
and the micro heat exchanger (tp3), at the lateral external surface
of the heating system insulation (tp4), as schematically shown in
Fig. 9, and a last one (tp5) measuring the ambient temperature
(not shown in the figure). In Fig. 9, it can also be seen that the top
surface of the micro heat exchanger is painted with a graphite ink
to a known value of emissivity (0.97), reported by the paint

Fig. 4 Azur space solar cell (type 3C42A): (a) actual picture and (b) schematic drawing

Fig. 5 Fabricated micro heat exchanger: (a) open view of the
heat exchanger bottom plate and (b) closed view of the heat
exchanger

Table 1 Dimensions of the thermal insulation

Parameter (Unit) Value

ri (m) 7.5� 10�3

re (m) 4� 10�2

H (m) 7.4� 10�2

Fig. 6 Schematic drawing of the heating system assembly
with the external insulation cover: (a) electrical cylindrical
heater, (b) schematic drawing of the heater inside the copper
cartridge, and (c) dimensions of the copper cartridge and ther-
mal insulation
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manufacturer (Graphit 33, Kontact Chemie), for accurate thermo-
graphic measurements.

2.3 Test Procedure. The experiments were started with the
pump set to a constant water mass flow rate of 20, 24, or 28 g/min,
with the uncertainties in the flow rate being 61% of the measured
value. The temperature measurement devices are then started, still
without heating. Then, the electrical heater is turned on. All the
measurements are monitored with the Agilent (34972-A) data
acquisition system connected to a computer. Along the experi-
ment duration, the temperatures at the external surface of the
micro heat exchanger are recorded with the infrared camera
(FLIR SC645). Temperature measurements were continuously
collected at 10 s intervals. Steady-state is reached within 60 min

Fig. 8 Overview of the test bench: (a) data acquisition system, (b) computer for acquisition and data process-
ing, (c) thermography camera, (d) heater system and (e) scale

Fig. 9 Thermocouple positions: (tp1) inlet fluid port, (tp2) outlet fluid port, (tp3) contact
between heating system and micro heat exchanger, and (tp4) fixed on the lateral external
surface of insulation; (a) schematic drawing of the heat exchanger assembly and (b)
assembled system

Fig. 7 Schematic drawing of the hydraulic circuit
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for all the cases analyzed, and thus after this elapsed time, the
thermal resistance is turned off.

Once all the temperature sensors have returned to room temper-
ature, a new experimental run can be initiated. Data from these
measurements are then imported to the MATHEMATICA software
[36], and subsequent data handling involves built in functions on
this platform for analysis and graphical representation. All experi-
mental error bars presented are obtained from a repeatability anal-
ysis using at least five replicas.

3 Numerical Approach

A 3D numerical model of the heat exchanger was developed
using the COMSOL MULTIPHYSICS 4.4 software [32], making use of
the conjugated heat transfer equations with the following assump-
tions: internal flow, laminar regime, continuity conditions of heat
flux and temperature at the solid–fluid interfaces, and constant
thermophysical properties. The continuity, momentum, and
energy equations were solved in order to model the fluid flow and
heat transfer in the micro heat exchanger with the main boundary
conditions as illustrated in Fig. 10. A uniform heat flux was
imposed at the center of the bottom exchanger face, in a region of
100 mm2 (Fig. 10(a)). The region immediately around it, at the
bottom face and in contact with the fiberglass insulation, was
considered to be insulated (Fig. 10(b)), while the lateral faces
(Fig. 10(c)) and top face (Fig. 10(d)) walls were considered to be
losing heat by both natural convection and radiation.

The input parameters considered in the analysis are taken from
the experimental data and are presented in Table 2.

Before starting the numerical simulation of the micro heat
exchanger itself in the COMSOL [32], a reduced mathematical
model is proposed here to model the heating system comprising
the heater, the cartridge, and the insulation cover, so as to reduce
the overall modeling cost. This hybrid numerical–analytical treat-
ment is based on reformulating the heat conduction problem for
the heater cartridge through the so-called CIEA [27–31], which
allow for the derivation of improved lumped-differential formula-
tions. The idea is to reduce the model through integration in one
or more space coordinates, employing Hermite formula for
integration that take into account the boundary information in
approximating the integrals [28]. The aim is to achieve a new

formulation as simple as the classical lumped system analysis but
with markedly improved accuracy, in light of the consideration of
temperature gradients in the coordinates where the integration is
performed.

In this sense, the transient heat conduction problem for the heat-
ing system was formulated, approximating the heater as a homo-
geneous cylinder with uniform volumetric heat generation rate, as
presented in the energy equation for the temperature distribution
below:

1

a

@Tcart r; z; tð Þ
@t

¼ 1

r

@

@r
r
@Tcart r; z; tð Þ

@r

� �
þ @

2Tcart r; z; tð Þ
@z2
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kcart

0 < r < ri; 0 < z < H (1a)

where the heat source, G, can be related to the voltage applied to
the heater and its volume by

G ¼ V2

Vol�R (1b)

and considering the following boundary and initial conditions:

@Tcart r; z; tð Þ
@z

����
z¼0

¼ 0 (1c)

Tcart r;H; tð Þ ¼ Tc tð Þ (1d)
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þ heff Tcartðri; z; tÞ � T1ðtÞð Þ ¼ 0 (1f )

Tcart r; z; 0ð Þ ¼ T0 (1g)

where the effective heat transfer coefficient can be described by
Eq. (2), once the electrical–thermal analogy is applied to the ther-
mal insulation, as

heff ¼
1

Acart

ln
re

ri

� �
2pkisolH

þ 1

2phereH

0
B@

1
CA
�1

(2)

From the definition of the heating element temperatures averaged
across the r and z directions, we have

�T cart z; tð Þ ¼
1

pri
2

ðri

0

2prTcartðr; z; tÞdr (3a)

Fig. 10 Adopted boundary conditions in the computational
simulation and their respective places of application illustrated
by the dark grey region: (a) imposed heat flux (bottom face), (b)
insulated area (bottom face), (c) natural convection and radia-
tion heat losses (lateral faces), and (d) natural convection and
radiation heat losses (top face)

Table 2 Relevant data for the three experimental cases

Symbols (units) Case 1 Case 2 Case 3

_m (g/min) 20 24 28
T1 (�C) 25.97 26.61 25.83
Tin (�C) 35.74 37.05 36.34

heff (W/m2 K) 3.08
kisol (W/m K) 4.3� 10�2

kcart (W/m K) 386
Acart (m2) 3.4� 10�3

V (V) 120
R (X) 238
P (W) 60.5
Vol (m3) 1.4� 10�5

G (W/ m3) 4.32� 106
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��T cart tð Þ ¼ 1

H

ðH

0

�T cartðz; tÞdz (3b)

A lumped system analysis was then implemented in approximat-
ing the heat conduction problem in Eq. (1). It is assumed that in
the radial direction, the traditional lumped analysis is sufficient to
adequately approximate the averaged-temperature field along the
radial coordinate, which essentially assumes the radially averaged
value to equal the surface temperature value at r¼ ri. On the other
hand, an improved lumped-differential approach [27–31] is
adopted in the axial direction, where more significant spatial vari-
ation in the temperature distribution is to be expected. Therefore,
integrating Eq. (1a) first in the radial direction, then in the axial
direction, making use of Eqs. (3a) and (3b) and the boundary and
initial conditions given by Eqs. (1c)–(1g), problem (1) can be
rewritten as

1

a
d ��T cartðtÞ

dt
¼ 2heff

rikcart

T1 tð Þ � ��T cart tð Þ
� �
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�
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����
z¼0

�
þ G

kcart

(4a)

and initial conditions are rewritten in terms of the average
temperature

��T cart 0ð Þ ¼ T0 (4b)

It is possible to achieve improved approximations for the average
temperature using Hermite formulae for integrals [26], such as the
H1,1 and H0,0 approximations, which are the corrected and trape-
zoidal rules, respectively, as presented in Eqs. (5a) and (5b)
below:
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(5b)

So, an improved approximation for the average temperature
��T cart tð Þ, given in Eq. (3b), can be expressed using the formula
H1,1 from Eq. (5a), in the form

��T cart tð Þ¼ 1
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and the trapezoidal rule can be used to approximate the heat flux
integral employing the H0,0 formula, from Eq. (5b), as

ðH

0
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An algebraic system with Eqs. (6a) and (6b), with the boundary
conditions in the z direction, Eqs. (1c) and (1d), after averaging
across the r direction, can be solved for the temperatures and tem-
perature gradients at the boundaries, and then the following rela-
tions are determined:

�T cart 0; tð Þ ¼ 1

2
��T cart tð Þ � Tc tð Þ
� �

(7a)

�T cart H; tð Þ ¼ Tc tð Þ (7b)
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����
0

¼ 0 (7c)

@ �T cart

@z

����
H

¼ �
3

��T cart tð Þ � Tc tð Þ
� �

H
(7d)

Such lumped-differential analysis is aimed at estimating the
imposed heat flux to the heat exchanger substituting Eq. (7d) into
the Fourier’s Law applied at the bottom surface of the exchanger,
z¼H (see Fig. 6)

qz ¼ �kcart

d �T cart zð Þ
dz

����
z¼H

(8)

However, the imposed heat flux will be a function of the average
temperature

��T cart tð Þ, which on the other hand is to be determined
from the solution of the ordinary differential equation (4a). How-
ever, since the solution of interest here is for the steady-state
regime only, one may neglect the transient term in Eq. (4a), and
the mathematical formulation, with the use of Eq. (7d), can be
rewritten as

0 ¼ 2heff

rikcart

T1 � ��T cart

� �
� 1

H

3
��T cart � Tc

� �
H

( )
þ G

kcart

(9)

Equations (9) and (10) below need to be solved simultaneously
within COMSOL MULTIPHYSICS [32], to appropriately represent the
boundary condition in the dark grey region illustrated in Fig.
10(a), i.e.,

qz ¼ kcart

3
��T cart � Tc

� �
H

 !
(10)

4 Results and Discussion

First, the experimental results for the three considered mass
flow rates are presented, followed by the computer simulations
making use of the experimental conditions reported herein, aimed
at providing a critical comparison between the numerical and
experimental analysis. In this sense, Fig. 11 illustrates the evolu-
tion of the temperature at the micro heat exchanger internal sur-
face, in contact with the copper cartridge (measured by the
thermocouple tp3), in dimensionless form, for five different runs
of case 1 (mass flow rate of 20 g/min). The dimensionless temper-
ature is defined as

hc tð Þ ¼ Tc tð Þ � Tc 0ð Þ
T1 tð Þ (11)

The repeatability of the five experiments for case 1 (20 g/min) is
clearly observable. A similar behavior was achieved for the other
two mass flow rates. It can be noticed from Fig. 11 that within
60 min, the experiment has already reached steady-state. At
steady-state, the average temperature for mass flow rate of
20 g/min was 161.8 �C with a standard deviation of 1.3 �C; for
mass flow rate of 24 g/min, it was 158.3 �C with a standard devia-
tion of 0.7 �C; and for 28 g/min, it was 154.2 �C with a standard
deviation of 0.9 �C. As expected, the interface temperature gradu-
ally decreases with the increase of the mass flow rate.

Figure 12 shows the evolution of the difference between the
outlet and inlet water bulk temperatures, as obtained from
the thermocouples tp2 and tp1with the error bars estimated from
the repeatability analysis with five replicas. Figure 13 presents the
inlet (three bottom curves) and the outlet (three top curves) bulk
temperatures after 40 min of experiment. As expected, the outlet
fluid temperature decreases with the increase on mass flow rate.
At steady-state, the inlet fluid bulk temperature for the mass flow
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rate of 20 g/min was estimated as 35.4 �C with a standard devia-
tion of 0.3 �C, while for 24 g/min it was 36.6 �C with standard
deviation of 0.5 �C, and for 28 g/min it was 35.8 �C with standard
deviation of 0.6 �C. On the other hand, the outlet fluid bulk tem-
perature for the mass flow rate of 20 g/min was 71.3 �C with a
standard deviation of 0.2 �C; for 24 g/min, it was 67.0 �C with

standard deviation of 0.6 �C; and for 28 g/min, it was 62.4 �C with
standard deviation of 0.7 �C.

Figure 14 shows the evolution of the top surface temperature,
as obtained from infrared thermography, and averaged on a
13 mm� 13.2 mm area on the external surface of the micro heat
exchanger, corresponding to the microchannels total area just
below the top cover. Also shown are the corresponding infrared
images for five different instants, associated with the dots that rep-
resent the average temperatures over this 13 mm� 13.2 mm area.

Table 2 summarizes some important experimental data, for the
three cases analyzed here, that will be used as input for the

Fig. 11 Dimensionless temperature at the micro heat exchanger lower surface, at the contact
with the copper cartridge, for five repeated tests at the flow rate of 20 g/min (case 1)

Fig. 12 Difference between the outlet (tp2) and inlet (tp1) water
temperatures obtained from the thermocouple measurements,
i.e., DT 5 tp2 2 tp1 Fig. 14 Evolution of average surface temperature (dots) of the

top external surface for case 1 and the corresponding infrared
images for five different times

Table 3 Mesh refinement runs for the grid independence
analysis

Total number of elements (Nn) Maximum element size, n (mm)

383,472 0.496
2,648,633 0.174
4,896,429 0.15
5,491,042 0.14
6,328,931 0.13
7,332,547 0.12

Fig. 13 Outlet (three top curves) and inlet (three bottom
curves) water temperatures obtained from the thermocouples
measurements, tp2 and tp1, respectively, after 40 min and up to
steady-state
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theoretical analysis. For the fluid (water) and for the heat
exchanger walls material (aluminum), was used the library of
properties of COMSOL, for temperature-dependent thermophysical
properties.

For the present conduction–convection–radiation numerical
simulation, first of all, a grid independence analysis was carried
out using data from case 1, in terms of the maximum element size
(n) and the total number of elements (Nn). In this sense, the maxi-
mum element size was varied, mainly in the fluid region, thereby
varying the total number of elements in the mesh. As a result, the
computational time jumped from 40 min for the case with 383,472
elements in the grid, to almost 36 h for the case with 7,332,547
elements in the grid, on an Intel Xeon 2.10 GHz, with 128 GB
RAM. Table 3 presents the number of elements (Nn) and the max-
imum element size (n) for each analyzed grid.

Figure 15(a) shows the computational grid for the base and the
cover of the micro heat exchanger, while Fig. 15(b) shows the
grid in transverse view at the microchannels region, both for the
case with a total of 383,472 elements. Figure 16 shows the reduc-
tion on computational error with the increase on the total number
of elements (Nn), corresponding to the relative error of the aver-
age velocity in a cross section located in the middle of the micro-
channel length and to the relative error of the average temperature
on the top surface of the micro heat exchanger. This relative error
was estimated based on the most refined mesh, and clearly indi-
cates that it is monotonically reducing when the number of ele-
ments in the mesh increases, as expected. In the following
analysis and in the comparisons against the experimental data, the
simulation results obtained with the most refined mesh (7,332,547
elements in the grid) were used throughout as best estimates.

Figure 17 presents a comparison of the fluid bulk temperatures
at the outlet of the micro heat exchanger for the three cases, from
40 min up to steady-state. The solid lines represent the numerical
simulation results for the steady-state, and the symbols are for the
experimental results, reaching steady-state by the end of the
experiment. This comparison shows the reasonably good agree-
ment between the predictions and the test data, within the experi-
mental error bars.

The infrared thermography measurements were also compared
with the simulated temperature data for the external surface tem-
perature on the top surface of the micro heat exchanger. Figure 18
presents a typical infrared image with two central lines that trans-
versely (red line) and longitudinally (green line) cross the external
top surface of the micro heat exchanger, along with some
theoretical–experimental measurements will be presented below.

Figure 19 shows the comparison of the external top surface
temperatures, at steady-state, for the numerical (in color) and
experimental (in black) estimates, with mass flow rate of 20 g/min
over the area corresponding to the microchannels region (i.e., the
black square region in Fig. 18). The experimental surface temper-
ature, averaged over this black square region, is 67.0 �C with a
standard deviation of 0.3 �C, while the same averaged surface
temperature from the numerical simulation yields 67.4 �C.
Although not graphically presented here, a similar analysis was
performed for the mass flow rate of 24–28 g/min. For a mass flow

Fig. 15 Illustration of the computational grid for the case with
a total of 383,472 elements: (a) Mesh for the base and cover of
the micro heat exchanger and (b) mesh at microchannels
region

Fig. 16 Error reduction in both average velocity and top sur-
face temperature with the increase on the total number of ele-
ments (Nn) in the computational grid

Fig. 17 Comparison between steady-state numerical (solid
line) results and experimental results (dots) from t 5 40 min up
to steady-state, of the outlet fluid bulk temperature, for the
three cases analyzed
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rate of 24 g/min, the experimental averaged surface temperature is
63.6 �C with a standard deviation of 0.2 �C, while the simulated
result is 64.5 �C. For a mass flow rate of 28 g/min, the experimen-
tal average surface temperature is 60.5 �C with a standard devia-
tion of 0.3 �C, while the simulated average surface temperature is
60.7 �C.

Figure 20 shows the comparison between the numerical (solid
line) and the experimental results (symbols) of the external top
surface temperature along the longitudinal (green line illustrated
in Fig. 18) and transversal (red line in Fig. 18) centerlines of the
microchannels region, at steady-state, for mass flow rate of 28 g/
min). Again, a good agreement is achieved, with a deviation of at
most 2.5 �C.

Table 4 consolidates the major comparative results from the
experimental and theoretical thermal analyses of the designed
micro heat exchanger, for the three different mass flow rates.
From the measured and simulated outlet temperatures, the total
heat transfer rate to the fluid (Q) can be determined, yielding rela-
tive deviations of at most 2.4% in case of mass flow rate of 24 g/
min (case 2).

The most important parameter that can be determined from the
experimental analysis of this microthermal system is the global
heat transfer coefficient, U. According to heat exchangers theory,
it is given as

U ¼ Q

A:LMTD
(11a)

where the log mean temperature difference is given by

LMTD ¼ Tout � Tinð Þ

Log
Tc � Tin

Tc � Tout

� � (11b)

The obtained global heat transfer coefficient can be directly com-
pared to a theoretically proposed correlation for fully developed
Nusselt numbers in rectangular microchannels, for prescribed heat
flux boundary conditions (H2 condition) [37], valid for 0:1 � a �
10 and laminar flow condition. Here, the case of one single heated
wall is considered, corresponding to the exchanger bottom wall in
contact with the resistance. The recommended correlation is then
given by

NuH2 ¼ 1:6980� 10�4a6 � 5:7050� 10�3a5

þ 7:5552� 10�2a4 � 0:5054a3

þ 1:8448a2 � 3:8559aþ 5:2720

(12)

where a is the aspect ratio of the rectangular microchannel, in this
case equal to 0.423.

Fig. 18 Typical infrared thermographic image with two central
lines that transversally (dashed line) and longitudinally (dotted
line) cross the external top surface of the micro heat exchanger

Fig. 19 Experimental (hollow contour) and numerical results
(solid contour) for the temperatures at the external top surface
of the micro heat exchanger for a mass flow rate of 20 g/min

Fig. 20 Comparison of surface temperatures along longitudi-
nal and transversal centerlines: numerical (solid line) and
experimental (dots) temperatures at the external top surface of
the micro heat exchanger (mass flow rate of 28 g/min): (a) longi-
tudinal centerline and (b) transversal centerline
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The global heat transfer coefficient is determined from Eq. (11)
and based on the experimental data presented in Table 4, as well
as from the correlation in Eq. (12), to yield the results in Table 5.
The correlation here employed for comparison is based on numer-
ical simulations for the case of one single wall being uniformly
heated, while the other three walls are kept insulated. Although
these simplified conditions are not exactly the same as for the real
situation dealt with here, such a comparison allows for the inspec-
tion of the deviations that might occur when the thermal experi-
mental setup does not perfectly match the available working
expressions. Clearly, there is an increasing deviation between the
present experimental values for the global heat transfer coefficient
with respect to the values obtained from the theoretical correlation
for idealized conditions. Certainly, at such microscale device,
effects such as conjugated heat transfer and axial heat diffusion,
play some role in the thermal behavior, requiring more detailed
modeling to recover the present experimental results, such as
demonstrated by the excellent agreement of the experimental and
simulation results presented in Table 4. Therefore, correlations
based on over simplified theoretical models and/or experimental
results for macroscale devices should be employed with care for
micro heat exchangers.

5 Conclusion

A micro heat exchanger was designed to cool a multijunction
photovoltaic cell employed in a HCPV system and recover the
resulting waste heat. Prior to its installation and testing in the
actual HCPV module, a theoretical–experimental study was car-
ried out in order to understand the thermal behavior of the pro-
posed micro heat exchanger. Experimental runs were performed
for three different mass flow rates, so as to analyze the effect on
the micro heat exchanger internal surface temperature and on the
temperature difference between the inlet and outlet fluid ports.
Regarding the theoretical analysis, a hybrid numerical–analytical
simulation was implemented aiming at computational cost reduc-
tion, combining the analytical solution of a lumped-differential
heat conduction model for the heater cartridge, with a finite ele-
ments numerical solution for the micro heat exchanger, where the
adopted boundary conditions were as close as possible to the
actual experimental situation. The improved lumped-differential
formulation was derived for the heater-cartridge system analysis,
through the CIEA, then coupled to the finite element method solu-
tion (COMSOL) of the conjugated heat transfer problem in the
microdevice.

Good agreement between the experimental and numerical
results was demonstrated, with regard to fluid and wall tempera-
tures. In addition, an existing correlation for the global heat trans-
fer coefficient in fully developed flow and prescribed uniform

heat flux conditions has been employed to offer a critical compari-
son with the experimentally determined values. Such analysis
showed that microscale effects not accounted for in the simplified
model, such as the conjugated heat transfer and fin effects pro-
moted by the heat exchanger external and internal walls, can limit
the range of applicability of the simpler practical correlations and
require more advanced computational analysis for further design
improvement.
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Nomenclature

a ¼ aspect ratio of the rectangular microchannel
Acart ¼ lateral area of the cooper cartridge (m2)

As ¼ surface area (m2)
cp ¼ specific heat (kJ/kg K)
g ¼ gravity acceleration (m/s2)
G ¼ volumetric heat generation rate (W/ m3)

GrL ¼ local Grashof Number
h ¼ hermite integration interval
H ¼ height of the copper cartridge (m)

hav ¼ average convection heat transfer coefficient (W/m2 K)
he ¼ external convective heat transfer coefficient (W/m2 K)

heff ¼ effective heat transfer coefficient (W/m2 K)
H0,0 ¼ trapezoidal integration rule
H1,1 ¼ corrected trapezoidal integration rule

HCPV ¼ high concentration photovoltaic system
kair ¼ thermal conductivity of air (W/m K)

kcart ¼ thermal conductivity of the resistance cartridge
(W/m K)

kisol ¼ thermal conductivity of the thermal insulation (W/m K)
Lc ¼ characteristic length (m)

LMTD ¼ log mean temperature difference
_m ¼ mass flow rate (g/min)

Nuav ¼ average dimensionless Nusselt number
NuH2 ¼ Nusselt numbers correlation for prescribed heat flux

boundary conditions
Nn ¼ number of elements in the grid

P ¼ dissipated power in the electrical resistance (W)
Pr ¼ dimensionless Prandtl number
Q ¼ thermal load in the fluid (W)

Table 4 Consolidation of experimental and simulation results

Symbol (units) Exp. Num. Exp. Num. Exp. Num.

Mass flow rate _m (g/min) 20 24 28
Room temperature T1 (�C) 25.97 26.61 25.83
Average top surface temperature Tw (�C) 67.05 67.40 63.59 64.54 60.49 60.74
Inlet fluid temperature Tin (�C) 35.74 37.05 36.34
Outlet fluid temperature Tout (�C) 71.21 71.39 67.20 67.92 63.19 63.60
Thermal load in the fluid Q (W) 49.43 49.69 50.42 51.62 52.37 53.17
Heat losses QL (%) 17.27 16.35 15.76 13.32 12.60 10.84

Table 5 Comparison of experimental and theoretically corre-
lated [37] global heat transfer coefficients, U (W/m2 � C)

Mass flow rate (g/min) 20 24 28

U corr. (W/m2 �C) (Eq. 11b) [37] 4395.83 4395.83 4395.83
U exp. (W/m2 �C) 4593.78 4771.07 5004.78
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qz ¼ heat flux component in the z direction (W/m2)
Qair ¼ heat losses by natural convection (W)
QL ¼ system losses (%)

Qrad ¼ heat losses by radiation (W)
R ¼ electrical resistance (X)
re ¼ outer radius of the thermal insulation (m)
ri ¼ inner radius of the thermal insulation (m)

r, z ¼ spatial coordinates
t ¼ time (s)

T ¼ temperature (�C)
Tc ¼ contact temperature at the micro heat exchanger and the

copper cartridge interface (�C)
Tcart ¼ local heating system temperature (�C)

Tf ¼ film temperature (�C)
Tin ¼ fluid temperature at the inlet of the micro heat

exchanger (�C)
Tout ¼ fluid temperature at the outlet of the micro heat

exchanger (�C)
Tw ¼ surface temperature (�C)

T1 ¼ external ambient temperature (�C)
T0 ¼ initial temperature (�C)

�T cart ¼ averaged cross section heating system temperature (�C)
%Tcart ¼ volume-averaged heating system temperature (�C)

tp ¼ thermocouple
u ¼ velocity (m/s)
U ¼ overall heat transfer coefficient (W/�C m2)
V ¼ voltage (V)

Vol ¼ volume of the copper cartridge (m3)
x, y ¼ spatial coordinates
hc ¼ dimensionless contact temperature at the micro heat

exchanger and the copper cartridge interface

Greek Symbols

a ¼ thermal diffusivity (m2/s)
b ¼ coefficient of thermal expansion (K�1)

DT ¼ temperature difference (�C)
�air ¼ air kinematic viscosity (Pa	s)

n ¼ maximum element size in the grid (mm)
r ¼ Stephan–Boltzmann constant (W/(m2 K4))
2 ¼ emissivity of the micro heat exchanger surface [1]
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