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This article reports a numerical and experimental study on flow maldistribution and
heat transfer intensification in a mini heat exchanger with constructal distributor/col-
lector integrated. The flow distribution characteristics of the constructal component
functioning as a fluid distributor or as a fluid collector have been investigated and
compared using computational fluid dynamics simulations. An experimental setup is
designed and constructed for thermal and hydraulic performances tests. The effects of
various assembly configurations on heat transfer characteristics and pressure drops
are discussed. The results indicate that the integration of one constructal collector at
the outlet of the heat exchanger can achieve almost uniform flow distribution and con-
sequently better intensify the heat transfer. It is also the most advantageous configura-
tion based on a balanced consideration of heat transfer intensification and pump
power consumption under the investigation conditions. � 2008 American Institute of

Chemical Engineers AIChE J, 54: 2796–2808, 2008

Keywords: heat transfer intensification, flow maldistribution, constructal component,
distributor, collector, pump power consumption

Introduction

The deterioration in heat transfer of a multi-channel heat
exchanger due to the flow rate (velocity) difference over the
different channels, or ‘‘Maldistribution,’’ is an important
issue, especially, when the channels of the heat exchanger
are in the range of micro- or mini-scale. Considerable atten-
tion has been paid to find effective solutions and thus inten-
sify the heat transfer.

Besides the passage-to-passage flow maldistribution
induced by manufacturing imperfections, fouling, condensa-
ble impurities, etc., the gross flow maldistribution which is
generally associated with the improper entrance configuration
of a fluid distributor (or the exit configuration of a fluid col-
lector as well) has been well recognized.1–14 Currently avail-
able research articles on this topic reveal that solutions can

be mainly classified into two categories: the insertion of po-
rous media and the modification of the distributor’s geometri-
cal parameters. More details are tabulated in Table 1. These
two kinds of methods would both increase the pressure drop
of the heat exchanger system as a compensation for more
uniform flow distribution.

Novel fluid distributors were proposed by Tondeur and
Luo25,26 to equalize the flow distribution with the least
increase of pressure drop. Their multi-scale internal chan-
nel structures are optimized by minimizing the viscous dis-
sipation and the residence time simultaneously according
to the ‘‘constructal theory.’’27–29 Polymer prototypes of the
constructal components were manufactured using Stereoli-
thography30,31 at the ‘‘Département de Chimie Physique
des Réactions’’ in Nancy, France. These fluid distributors,
along with other multi-scale components such as mixers,
heat exchangers,32 are to our knowledge the first series of
‘‘constructal’’ prototypes realized for engineering applica-
tions. After that, polymer constructal distributor prototypes
were assembled with a mini crossflow heat-exchanger to
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evaluate the effects of flow distribution on its thermal and
hydraulic performances by experiments22 and by Computa-
tional Fluid Dynamics (CFD) simulations.21 The prelimi-
nary results indicate that the integration of constructal dis-
tributor/collector can, to some extent, equalize the flow
distribution and consequently enhance the heat transfer
under laminar flow condition. The integration of one con-
structal collector at the outlet surface of the heat exchanger
shows a better thermal performance. The encouraging con-
clusion is, however, limited in very small Re range (50 \
Channel Re \ 250) with small temperature differences (0–
308C) of working fluids because of the physical property
restrictions of polymer material: polymer prototypes are
very fragile and cannot bear high temperature or high
static and dynamic pressures.

The present study aims at extending the previous conclu-
sion to a wide range of flow rate (average channel Re between
800 and 3500) and fluid temperatures (25–758C) on one hand,
and giving a comprehensive investigation of the flow distribu-
tion, thermal and hydraulic performances of a metallic con-
structal distributor/collector-mini heat exchanger system on
the other hand. Both CFD simulation and experimental meth-
ods are employed. The enhancement of heat transfer realized
by flow uniform distribution and the thermal-hydraulic bal-
ance are discussed. The results may provide some original in-
formation and thoughts to the design and optimization of heat
exchangers and flow distribution/collection systems.

Devices

Mini crossflow heat exchanger

The mini heat exchanger used in this study is a single
pass, both fluids unmixed crossflow heat exchanger manufac-
tured in the ‘‘Laboratoire des Sciences du Génie Chimique’’
in Nancy, France. Two perpendicular sets of channels that
are devoted to hot and cold fluids, respectively, were drilled
in a cubic solid block of aluminum. Each set of channels is
composed of 16 rows and 8 columns, the total number of
channels thus being 128, all with the diameter of 2.5 mm

and the length of 56.5 mm. Detail dimension parameters of
the heat exchanger are given in Ref. 21.

Constructal component

The metallic constructal distributors were manufactured by
CYBERSCULPTURE & CO SARL (Dombasle-en-Argonne,
France), using direct metal powder stereolithography. The
material used consists of 60% stainless steel and 40% bronze
powder mixture (Norm S4). It has a good temperature and
pressure proof nature allowing tests involving a wide range
of temperatures and flow rates. Figure 1 shows a schematic
view of the binary 3-D constructal component and its detail
dimension parameters are given in Ref. 22. Conventional py-
ramidal distributors fabricated with the same metal material
are introduced for comparison. Instead of the bifurcated inte-
rior structure, they show a simple pyramidal space from one
inlet tube to a square surface.

Coupling multi-scale distributors
with the heat exchanger

Previous study indicates that the levels of distribution uni-
formity reached may be different when the constructal com-
ponent is used as a fluid distributor or as a fluid collector. To
estimate the effect of flow distribution that is associated with
the sort of inlet distributor or outlet collector or both, four
configurations are considered as follows. Figure 2 gives an
example of the test section (CEP) that is formed by the dis-
tributor, the heat exchanger, and the collector.

CEP: Constructal inlet – Exchanger – Pyramidal outlet;
PEC: Pyramidal inlet – Exchanger – Constructal outlet;
CEC: Constructal inlet – Exchanger – Constructal outlet;
PEP: Pyramidal inlet – Exchanger – Pyramidal outlet.

Flow Distribution

The application of exact visualization techniques such as
the particle image velocimetry in this case is difficult, not
only because of the relative small channel diameter but also

Figure 1. Prototype of the metallic multi-scale flow distributor and its inner channel structure.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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because of the complexity of the 3-D geometry: channels
hide themselves and couch together. As a result, CFD simu-
lation tools are adopted here to obtain some general compre-
hensions of flow patterns in the channel structure of the con-
structal component.

The previous studies21,22 found that the heat exchanger
had better thermal performance and relative low pressure
drops, whereas its outlet surface was equipped with a con-
structal collector (PEC). Now we try to explain this phenom-
enon explicitly from the flow distribution point of view. That
is, the flow distribution in the PEC is more uniform than that
in the CEP and, in consequence, leading to a better thermal
performance of the exchanger. This section deals with com-
parative simulations realized with the aim of investigating
the influence of fluid direction on the flow patterns and the
flow maldistribution in the constructal component. The simu-
lations take into account the multi-scale channels in the con-
structal component and the parallel channels of the heat
exchanger as well.

Numerical simulation

The software GAMBIT was used to build up and mesh the
geometry model of the constructal component. Smooth tran-
sition was introduced at the junctions and channel turns.
Unstructured tetrahedral regular elements were applied for
meshing the computational project. A meshing validity study
was made to be sure that it does not influence the results.
Note that with the symmetric assumption, one quarter of the
real object was adopted as the model for the purposes of
lessening the computational burden.

Pure water was used as working fluid with the assumptions
of steady-state incompressible hydrodynamics and isothermal
conditions. The boundary conditions were the same for the
distributor case and the collector case. At the inlet port, a con-
stant velocity normal to the entry surface was used as initial
boundary condition. All of the 32 outlet ports were defined as
pressure-outlet, with a zero relative pressure. Walls were set with
a no-slip condition. Finally, two axes of symmetry were set.

The FLUENT software package was employed as the
equation solver to solve Navier-Stokes equations. Turbulent
segregated solver (RNG k-e) was adopted, mainly because
strong mixing and turbulence of fluid occur at elbows
and bifurcations even under laminar flow conditions. The
SIMPLE algorithm was selected to couple the velocity
and the pressure, and the calculations were performed in
double precision. The solution was considered to be con-
verged when the sums of the normalized residuals for each
control equations were all within the order of magnitude of
1 3 1026.

The relative flow rate deviation defined as the deviation of
local flow rate at one port to the average value of flow rate
is calculated and studied.

Di ¼ fi � fave
fave

(1)

Di: relative deviation of local flow rate at port i
fi: value of flow rate at port i
fave: value of average flow rate
Another global parameter, namely, the maldistribution fac-

tor Dg is also employed for comparison.

Dg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

XN
i¼1

fi
fave

� 1

� �2

vuut (2)

Here, N stands for the sampling outlets’ number and it is 32.
The smaller the values are, the more uniform the flow distri-
bution is.

Influence of flow direction

In the view point of fluid dynamics, the behaviors of the
flowing fluid inside the constructal component are rather
complex because it may be far from fully developed flow
conditions due to the strong influence of inner structure
boundaries. Pressure drops or energy dissipations are gener-
ally produced by the sudden changes of flowing directions in
the constructal component (bifurcations and 908 elbows).
Figure 3 shows a comparison of velocity vectors passing
through the channels of three horizontal layers with opposite
directions. The total inlet velocity is 1 ms21, corresponding
to an average Re of 127 in the smallest channels.

In the distributor case (left column of Figure 3), fluids
with high velocity are generally located next to the wall of
the channels. There is a strong viscous friction between the
fluids and the wall. Moreover, fluids crush against the wall
located in front of the flowing direction in the first horizontal
layer, leading to the generation of vortex and turbulences
and an immediate segregation of velocity vectors. Conse-
quently, the flow rate in the ‘‘child’’ branch situated in the
natural direction of the ‘‘mother’’ channel increases. It can
also be observed that vortex and turbulences are still in pres-
ence in the channels of the second and third layers. As a
result, flow rates at outlet channels are not equal; flow mal-
distribution still exists. Note that even under the theoretical
laminar flow condition, which meets the average Reynolds
criteria (Re channel 5 127), the flow patterns are locally tur-
bulent as the values of local Re could be very high. In gen-

Figure 2. Photo of the test section configuration exam-
ple (CEP).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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eral, any change of flow velocity, in either direction or mag-
nitude, can generate vortices that develop when normal
streamlines are disturbed and when boundary layer separation
occurs, as indicated in Figure 3.

On the other hand, in the collector case (right column of
Figure 3), fluids with high velocity are generally situated at
the center of the channels instead of against the walls. The
velocity profile in each channel and the streamlines are well
kept at each collecting level. Fluids are ‘‘aspired’’ from each
inlet channel and mixed regularly at each converge point

with less vortex or turbulences produced. The multi-scale
structure of the constructal component works as a well-func-
tioned fluid drainage device with the capability of approach-
ing a uniform and stable flow distribution.

Figure 4 gives a comparison of the velocity magnitude in
the smallest channels of the two cases. It is clear that in the
collector case, the velocities in the inlet channels are almost
identical, indicating perfect flow distribution (Dg 5 0.23%).
On the contrary, in the distributor case, the velocities in the
outlet channels are not uniform (Dg 5 17.02%). In conclu-

Figure 3. Velocity vectors in the channels of three horizontal distribution layers of the constructal component (left:
distributor; right: collector).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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sion, the constructal component used as a fluid collector,
compared with the distributor case, can guarantee the more
uniform flow distribution.

Robustness in relation to flow rate

The results of the relative flow rate deviation Di with the
total velocity (velocity in the single largest channel) ranging
from 0.1 ms21 to 10 ms21 are reported in Figure 5. Table 2
also gives the simulated maldistribution factors Dg for sev-
eral total velocities of fluids.

In the distributor case, the flow maldistribution becomes
much more serious with the increasing of flow rate, because
the inertial effect plays a dominant role under high flow rate
condition. The Dg for the distributor case is in the order of
magnitude of several tenth percent (about 40% maximum).
On the contrary, the constructal component used as a fluid
collector can always guarantee an almost uniform flow distri-
bution, even under high flow rate conditions: the maximum
Dg for the collector case is less than 3%, significantly lower
than that in the distributor case.

It can be concluded with this comparison that the fluid
direction in the constructal component has a great influence
on the flow maldistribution. The constructal component inte-
grated at the outlet surface of the heat exchanger seems to be
more advantageous because of its uniform flow distribution
capability and the robustness of this capability even under
high total velocity conditions.

The significant difference in flow patterns implies that the
flow direction may also have effects on the thermal and
hydraulic performances of the heat exchanger system. Exper-
imental results will be reported and discussed in the next
section.

Experimental validation

A simple experiment of optical tracer visualization is con-
ducted to validate the obtained numerical results, using a
transparent polymer prototype. The idea here is to visualize
the progression and the development of a small volume of

black ink as tracer in interior channels and around the outlet
surface of the prototype. Tests were repeated to verify that
the progression process was reproducible.

Figure 6 gives a comparison of the simulation result and
the picture recorded by a high-speed camera (PHOTRON
PCI R2, 1000 images per second) of the outlet flow distribu-
tion. It can be observed that the two pictures share similar
flow distribution behavior: there exits a residence time differ-
ence over different channels and some outlet ports are better
supplied than the others. Undersupplied zones can be high-
lighted, mainly situated at the four corners and near the cen-
ter of the upper and lower edges. Zones with oversupplied
flows can also be located, mainly with a rhombus shape that
intercepts the external outlet surface. Good agreement is
found between simulation and experimental results.

The fluid flow is equally separated at the first and second
splitting points because the four parts of the external surface
(upper left, upper right, lower left, lower right) have almost
the same distribution behavior. The final distribution is axi-
symmetric. The crash and bump between the fluid flow and
the wall in front of the flowing direction generate vortex and
turbulence and fluid with high velocity is located next to the
channel wall, as shown in the distributor case in Figure 3. As
a result, the ‘‘child’’ channel situated in the natural flow
direction of the ‘‘mother’’ channel receives more fluid than
the one in the opposite does. This is the initial predisposing
cause of the final flow maldistribution. After that, the fluid
flow is unequally separated at every splitting point, leading
to the final shape shown in Figure 6. In the collector case,
however, vortex and turbulence can generally be avoided and
streamlines can be kept. The two ‘‘child’’ channels are
expected to supply equal fluids to the mother channel, which
mix regularly at every merge point, leading to the uniform
flow distribution.

In Figure 6, the flow velocity at the single inlet channel
(diameter 5 8 mm) of distributor is 1.12 m s21, correspond-
ing to the total flow rate of 2.2 liter per min and the Re of
900. The calculated average Re in the outlet channels (diam-
eter 5 2.5 mm) is 173. The observed flow turbulences con-

Figure 4. Contour of velocity magnitude in the smallest channels (left: distributor; right: collector).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

AIChE Journal November 2008 Vol. 54, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 2801



firm that the use of RNG k-e model in the CFD simulation is
suitable. Note that the flow distribution on the outlet surface
of the distributor is generally symmetric, implying the valida-
tion of the representative quarter model set-up. Our next step
is to verify the flow behavior in both distributor and collector
cases using more advanced visualization techniques. And
also, geometric modifications and optimizations are expected

to alleviate the unequal flow distribution in the distributor
case.

Thermal and Hydraulic Study

Now let us turn back to the notion of heat transfer intensi-
fication and the relationship between flow distribution and

Figure 5. Comparison of Di for constructal component used as distributor or as collector.

(Total velocity corresponds to the velocity in the largest channel; Re channel corresponds to the average Re number in the smallest chan-
nels). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Table 2. Comparison of the Maldistribution Factor Dg. and Di

Velocity in the Largest
Channel (m s21)

Average Re in the
Smallest Channels

Dg |Di| Max

Distributor Case Collector Case Distributor Case Collector Case

0.1 12.7 9.01% 0.51% 29.7% 0.5%
1 127 17.02% 0.23% 37.8% 1.3%
10 1270 40.15% 2.85% 85.4% 6.4%

2802 DOI 10.1002/aic Published on behalf of the AIChE November 2008 Vol. 54, No. 11 AIChE Journal



thermal performance of a heat exchanger. The work starts
with the four configurations described earlier (CEP, PEC,
CEC, PEP). Measuring both pressure drop and thermal flux
transferred as a function of flow rates gives the global impact
on performances.

Experimental set-up

As shown in Figure 7, the experimental setup constructed
specially for this study is composed of a test section, hot and
cold circuits, and the data acquisition system. Tap water was
used as working fluid and balanced flow was taken for both
hot and cold circuits. The flow rate ranged between 10 3

1023 m3 per min and 40 3 1023 m3 per min, corresponding

to a channel Re from 800 to 3100 for the cold side. Two

auxiliary heat exchangers (SWEP, 25 kW max) were in-

stalled for cooling the outlet cold water and for heating the

outlet hot water to maintain the desired temperature differ-

ence. Water temperature in each tank was regulated by a

three-way-valve (SAMSON SA, 3226 K) connected to and

controlled by a PID controller (ASCON, M5 line). The con-

nections of the piping system were designed such that parts

can be easily modified and repaired. The tightness of the set-

up was verified before every test to avoid leakage. The test

section is assembled to resist pressure and insulated by heat-

Figure 7. Sketch of the experimental setup.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 6. Comparison of simulation and experimental results of outlet flow distribution.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

AIChE Journal November 2008 Vol. 54, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 2803



barrier materials to avoid heat loss to the environment. The
calculated heat losses between the heat transferred by the hot
side and received by the cold side were less than 65%,
implying that good heat balance was achieved.

Parameters measurement and uncertainties

The flow rate, temperature, and absolute pressure were
measured. Flow rate was measured by calibrated rotating
vane flow meters (KOBOLD DRG-1125 G4 L442) with
plug-on display. The measure range is 5–90 3 1023 m3 per
min with the accuracy of 63% of full scale. Pressure and
temperature measuring points were located at the inlet and
the outlet of the test section for the determination of the
water state values. The temperatures were measured with
RDT PT100 sensors, which were calibrated in melting ice at
08C before the experiments and connected to a data-acquisi-
tion unit to record the mean temperatures of the fluids. Four
pressure sensors (KOBOLD SEN-3231) with plug-on display
were used to tract the isothermal absolute pressure. Once the
temperature and the absolute pressure of the fluid are deter-
mined, other values of thermodynamic properties are calcu-
lated referring to NBS/NRC Steam Tables.33 Details about
the instruments and the uncertainties of the measurements
are presented in Table 3.

The uncertainty analysis for the derived quantities was cal-
culated following the Moffat method.34 The uncertainty calcu-
lation showed that maximum of 4.1% for Reynolds number
Re, 1% for the effectiveness (Eq. 7), and 0.5% for pressure
drop Dp. It should be claimed here that these estimations are
rather conservative because most uncertainties between chan-
nels generated by imperfections and irregularities in fabrica-
tion were considered to be at the minimum level.

Data reduction

The basic physical equations used to describe the heat
transfer process of the exchanger are developed with the fol-
lowing simplifying assumptions:

� The fluid flow rate is steady.
� Heat transfer rate is steady.
� Heat loss between the system and environment is negli-

gible.
� The kinetic energy and the potential energy changes of

the fluids in and out of the heat exchanger are negligible.
The heat transferred from the hot side is given as the vari-

ation of the enthalpy of the fluid per unit time,

Qhot ¼ _mhotðHhot;in � Hhot;outÞ (3)

and the heat received by the cold side is

Qcold ¼ _mcoldðHcold;out � Hcold;inÞ (4)

Here H is the specific enthalpy (J kg21) of the fluid. Since
the heat balance was achieved, the average value between
Qhot and Qcold was considered as the correct value.

Qave ¼ Qhot þ Qcold

2
(5)

The effectiveness of a heat exchanger is defined as the ratio
of the actual heat transfer to the maximum possible heat
transfer. For the balanced flow ( _mhot 5 _mcold), Effectiveness
can be rewritten as

e ¼ Qave

Qmax

¼ Hhot;in � Hhot;out

Hhot;in � Hcold;in
¼ Hcold;out � Hcold;in

Hhot;in � Hcold;in
(6)

For crossflow heat exchangers with both fluids unmixed, the
effectiveness can be expressed by the following relation
(Kays and Crawford)39

e ¼ 1� exp
expð�NTUC�NTU�0:22Þ � 1

C�NTU�0:22

� �
(7)

where C* is the ratio between maximum heat capacity
( _mCp)max and minimum heat capacity of fluids ( _mCp)min. For
balanced flow (C* 5 1), Eq. 7 becomes

e ¼ 1� exp
expð�NTU0:78Þ � 1

NTU�0:22

� �
(8)

The number of heat transfer units (NTU) can be expressed as

NTU ¼ UA

ð _mCpÞmin

(9)

The actual heat transfer area and the overall heat transfer
coefficient are denoted as A (5.68 3 1022 m2 in this case)
and U, respectively. As a result, the overall heat transfer
coefficient of the heat exchanger can be calculated by the
following equation:

U ¼ ð _mCpÞmin NTU

A
(10)

For proper heat exchanger design, heat transfer enhancement
techniques improve the thermal performance, but generally
they also increase the friction factor associated with the flow.
As a result, heat transfer and pressure drop are two factors
that should be considered together. Energy dissipated due to
pressure drops is indicated by the pump power per unit heat
transfer surface area,35 which is defined as follows:

P ¼ 2 _mDp
A

(11)

Table 3. Range and Precision of Experimental Data

Parameter Device Range Unit Precision

Flow rate KOBOLD DRG-1125 G4 L442 rotating vane flowmeter 5–90 3 1023 m3 min21 63% of full scale
Temperature RTD-PT100 sensor 3 mm diameter 3 100 mm long 225–200 8C 0.5%
Pressure KOBOLD SEN-3231 pressure sensor 0–10 Bar 60.5% of full scale
Thermodynamic property NBS/NRC steam tables (Haar et al.33) 0–800 8C

0–10,000 Bar
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Results and Discussion

Heat transfer

Figure 8 shows the overall heat transfer coefficients of the
heat exchanger as a function of the average channel Re num-
ber of the cold side. Compared with the results of the ther-
mal tests in pure laminar flow conditions,22 similar tendency
is observed. The overall heat transfer coefficients increase
with the Re, mainly because of the reduced thermal boundary
layer by the increasing flow velocity. Under the same Re
conditions, the overall heat transfer coefficients of the config-
urations that involve constructal distributors/collectors (CEC,
CEP, and PEC) are higher than that of the reference configu-
ration PEP. The heat transfer intensification represented by
the augmentation of the overall heat transfer coefficient is
obvious. Configurations CEP and CEC have similar effect on
the enhancement of heat transfer. Compared with the refer-
ence case, the overall heat transfer coefficient of these two
configurations increases from about 29.0% to 21.2% when
the Re increases from 800 to 3100. A noticeable feature is
that among all the tested configurations, it is the PEC, inte-
gration of constructal collector at the outlet surface of the
heat exchanger that has the best thermal performance. It can
lead to an augmentation of about 45.2%–29.2% in overall
heat transfer coefficient compared with the reference case.

The theoretical overall heat transfer coefficient is
expressed by combined conduction and convection in the
heat exchanger, by simply using the classic correlations and
taking the entrance effect into consideration36:

1

U
¼ 1

hhot
þ d

k
þ 1

hcold
(12)

h ¼ 1:86
k
d
ðRe PrÞ1=3 d

l

� �1=3 l
lw

� �0:14

a

ðRe < 1600; RePrðd=lÞ > 10Þ ð13Þ

for laminar flow conditions and

h ¼ 0:023
k
d
Re0:8 Pr0:3 a ðRe > 1600; 100 > Pr > 0:6Þ

(14)

for turbulent flow conditions. Here h is the convective heat
transfer coefficient and a in Eqs. 13 and 14 is the correction
factor for entrance effect:

a ¼ 1þ d

l

� �0:7

(15)

The term d/k of Eq. 12 signifies the conduction resistance of
the aluminium between two working fluids (negligible after
calculation). The theoretical overall heat transfer coefficients
are then calculated and plotted in the Figure 8. Note that the
theoretical overall heat transfer coefficient corresponds gener-
ally to that of the reference configuration PEP.

This intensification can be contributed to three reasons.
First, the classic correlations used concerns the single heat
exchanger but not the distributor-exchanger-collector system.
Actually, the integration of fluid distributor/collector adds
more effective volume, which would augment the residence

time of fluids in the heat exchanger system. Consequently, the
heat transfer could be intensified by conduction. Second, the
pressure drops generated in the distributor/collector lead to
energy dissipation which is not negligible under high flow
rate conditions. This frictional and singularity dissipation is
transformed to the form of heat which adds extra transfer
power to the heat exchanger system and augments the overall
heat transfer coefficients. And above all, it may be attributed
to the more uniform flow distribution because of the integra-
tion of constructal component. Flow maldistribution causes a
loss of heat exchange effectiveness by not making use of the
maximum temperature difference effectively. Ranganayakulu
and Seetharamu37,38 have given a detail analysis of the
effects of flow maldistribution on thermal performance of a
heat exchanger by the finite element method and also found
that the performance deteriorations are quite significant.

As have been demonstrated in the simulation section, the
constructal component can achieve the most uniform flow
distribution, whereas it functions as a fluid collector. In the
CEC case that two constructal components are involved, the
flow distribution in the channels of heat exchanger is deter-
mined by the inlet flow distributor. That is to say, the flow
distribution quality of the CEC is similar to that of the CEP,
less uniform than that of the PEC. This can explain why the
CEC and the CEP has similar thermal performance but not
as good as that of the PEC. By comparing the overall heat
transfer coefficients of four tested configurations, the benefit
of flow uniform distribution is obvious: the configuration
PEC has the best thermal performance. This conclusion is
not only valid under the pure laminar flow condition with
small temperature difference as reported in Ref. 22, but also
under a wide flow rate and Re range.

Pressure drop

Figure 9 shows the comparison of measured pressure drops
for the test section. The pressure drop of each configuration
increases with the increasing inlet flow rate. The integration
of constructal component brings a considerable increase in

Figure 8. Overall heat transfer coefficient vs. channel
Re number.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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pressure drop, notably under high flow rate conditions. At
the same inlet velocity, the configuration CEC involving two
constructal components has consistently higher pressure
drops than other configurations have. It reaches 8.68 bar at
the average channel Re of 2900, 4.3 times higher than that
of the reference PEP (1.64 bar); the pressure drops of the
other two configurations PEC and CEP are 2.3 times (3.77
bar) and 2.0 times higher (3,28 bar) than that of the PEP,
respectively. A comparison of the pressure drops between the
test section with or without the heat exchanger inserted indi-
cates that the frictional pressure drop in the channels of the
heat exchanger is negligible compared with the total pressure
drop. One can also easily tell the difference of the pressure
drops in the constructal component and in the pyramidal dis-
tributor by comparing the pressure drops of the CEC and
PEP. It is the complex multi-scale structure, and above all

the various singularities (bifurcations, elbows, downcomers)
of the constructal component that causes the pressure drop
increase under turbulent flow conditions.

Regression lines are fitted using second order polynomial
type, as listed in Table 4 and plotted in Figure 9:

Dp ¼ C2 Re
2 þ C1 Reþ C0 (16)

The square relativity (R2) of each configuration is larger than
0.995, implying good agreement between the fitting curve
and the experimental data.

From Figure 9, it can also be noted that, the pressure drop
of the CEP is a little higher than that of the PEC under the
same average channel Re condition. For example, at average
channel Re of 3189, the pressure drop of the CEP reaches
6.83 bar, 0.64 bar higher than that of the PEC (6.19 bar). That
is to say, the distributor case and the collector case do not
generate the same pressure drops. Besides the difference
caused by the temperature dependent viscosity, less vortex are
produced and less energy is dissipated by the action of collec-
tion rather than that of distribution. This nonsymmetrical phe-
nomenon is also observed and explained in our previous
research.21 However, the difference is not very significant
compared with the total pressure drop under turbulent flow
conditions.

Thermal-hydraulic balance

Heat transfer intensification by the integration of construc-
tal components may be also at the cost of higher pump
power dissipation. As a result, the thermal-hydraulic balance
should be considered under operating condition in real-world
engineering. Figure 10 shows the overall heat transfer coeffi-
cients of various configurations as a function of pump power
consumption. The overall heat transfer coefficients increase
pump power consumption increases. At this point, for certain
heat transfer surface area, heat transfer could be enhanced by
consuming more pump power to increase the velocity of the
working fluid in the channels, just as most of active heat
transfer enhancement techniques do.

In addition, it also discloses that the energy dissipated
(pressure drop) in the constructal component increases rap-
idly with the increasing flow rate. It would cause an energy
loss rather than gain even though it still intensifies the heat
transfer. The constructal distributor/collector is not ‘‘al-
mighty.’’ To use it or not depends on certain working condi-
tions of the heat exchanger system. In our cases investigated,
the integration of construtal components is preferable for
pump power dissipation less than 200 W, corresponding to a
value of average channel Re less than about 2000 (laminar
flow condition).

Figure 10. Overall heat transfer coefficient vs. pump
power consumption.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9. Pressure drops of various configurations vs.
average channel Re number.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 4. Correlations for Pressure Drops
of Various Configurations

Configuration Correlation R2

CEP Dp 5 9 3 1027 Re2 2 0.0006Re 1 0.1253 0.9997
PEC Dp 5 9 3 1027 Re2 2 0.001Re 1 0.4002 0.9994

CEC Dp 5 1 3 1026 Re2 2 0.001Re 1 0.2138 0.9995

PEP Dp 5 3 3 1027 Re2 2 0.0005Re 1 0.2413 0.9953
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Meanwhile, to achieve a certain value of the overall heat
transfer coefficient, PEC consistently consumes less pump
power compared with other configurations. Better thermal
performance could be achieved at the cost of relatively low
pump power consumption by the integration of constructal
collector at the outlet surface of the heat exchanger. In fact,
the configuration PEC can equalize the flow distribution
among the channels of the exchanger, leading to the rela-
tively better thermal performance. Based on the balanced
consideration of heat transfer intensification and pump power
consumption, the configuration PEC is relatively the most
advantageous.

Conclusion

Flow maldistribution, heat transfer intensification, and hy-
draulic performance of the mini heat exchanger with con-
structal component integrated are numerically and experi-
mentally investigated. Based on the discussions mentioned
earlier, following conclusions could be reached.

The numerical comparative study on the flow distribution
behavior shows that the flow direction in the constructal
component has a great influence on the final distribution
quality. The constructal component functioning as fluid col-
lector can approach more uniform and stable flow distribu-
tion. Experimental visualization test also confirms that flow
maldistribution exists in the distributor case and share the
same manner as the CFD simulation results.

This more uniform and stable flow distribution guaranteed
by the integration of constructal collector can enhance the
overall heat transfer coefficient of the heat exchanger from
45.2% to 29.2% under various Re conditions. The
heat transfer intensification by flow uniform distribution is
significant.

Inner structure complexity of the constructal component
causes considerable pressure drops and the extra pump power
consumption of the system with the increasing of the total
flow rate. The results show that the integration of constructal
component may have its scope of application and may be
more interesting in low Re number range (laminar flow).
Based on a balanced consideration of heat transfer inten-
sification and pump power consumption, the integration of
constructal collector at the outlet of the heat exchanger is
relatively the most advantageous both under laminar and
turbulent flow conditions.
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Notation

A5heat transfer surface, m2

C*5 ratio between maximum heat capacity and minimum heat
capacity of fluids

Di5 relative flow rate deviation at outlet port i, dimensionless
Dg5flow maldistribution factor, dimensionless
d5diameter of channel, m
f5flow rate m3 s21

H5 specific enthalpy, J kg21

h5 convective heat transfer coefficient W m22 K21

l5 length of the heat exchanger channel, m
_m 5mass flow rate of working fluid, kg s21

NTU5number of heat transfer unit
P5pump power consumption per unit transfer area, W m22

Q5heat transfer, W
Re5Reynolds number based on channel diameter of the exchanger
T5 temperature, 8C
U5overall heat transfer coefficient, W m22 K21

Greek letters

a5 entrance effect factor, dimensionless
b5 surface area density, m2 m23

e5 effectiveness, dimensionless
d5 thickness, m
l5viscosity, kg m21 s21

lw5viscosity in wall temperature, kg m21 s21

Dp5pressure drop, bar

Subscripts

ave5 average
gen5generation
in5 inlet
out5outlet
cold5 cold fluid
hot5hot fluid
max5maximum
min5minimum

i5port index
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