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Abstract - Microstructured heat exchangers typically comprise 
a number of parallel microchannels with inlet and outlet 
headers. The uniformity of flow rates among the parallel 
microchannels is governed by the field of fluid pressure in the 
system. This contribution presents, three dimensional (3D) CFD 
simulations performed using OpenFOAM (Open-Source Field 
Operation and Manipulation) by employing simpleFOAM solver 
to investigate flow distribution in an array of four parallel 
microchannels with a hydraulic diameter of 500 µm each. The 
working fluid is water and an incompressible, single-phase flow 
is assumed. The maldistribution is induced by complete or 
partial blockage of single microchannels in different scenarios. 
Both number of blocked microchannels and position of the 
blockage inside the channel array are altered. 

The results show the effects of induced blockage on the 
fluid flow distribution in the parallel microchannels. The 
standard deviation of flow distribution not only depends on the 
total number of the blocked microchannels but also on their 
position inside the flow array. For validating CFD results, 
pressure drop and flow distribution are also investigated 
through various experiments. Therefore, pressure drop 
measurements for different scenarios are conducted. A good 
agreement between simulation and experiment is observed. 
Simulation studies reveal that the free cross-section is not the 
governing criterion for both flow distribution and heat 
exchange. Fouling on the hot surface more strongly influences 
the outlet temperature than completely blocked channels. 

The contribution shows that even with a relatively simple 
model, interesting effects in microstructured heat exchangers 
can be found, allowing for a deeper understanding of the specific 
properties of micro structures. 
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1. Introduction 

Microstructured heat exchangers provide high 
heat exchange capability due to their great surface area 
to volume ratio. They typically comprise a number of 
parallel flow channels with appropriate inlet and outlet 
headers for flow distribution. Differences in both flow 
channel geometry and header configuration have a great 
effect on the fluid flow and heat transfer characteristics 
of micro channel systems [1]. The microstructure 
properties of the channels introduce a couple of 
potential problems directly connected to the reduced 
hydraulic diameter of the resulting flow paths. Problems 
such as fouling issues, blockage phenomena and 
consequently flow maldistribution within the heat 
exchanger greatly influence the thermal and hydraulic 
performance of the apparatus [2]. Overcoming the 
negative aspects of fouling in flow systems is one of the 
biggest challenges for this technology [3]. Since fouling 
will change the original geometry of the flow path during 
operation, it is not sufficient to optimize the flow 
distributors for clean cases, as has been done before 
[4 - 6]. Therefore, the investigation of possible flow 



 190 

maldistribution due to partial or complete blockage of 
single flow paths is mandatory to understand and 
predict the fluid dynamic and thermal behavior of 
microstructured heat exchangers [7]. 

Several models were proposed in the past to 
predict flow maldistribution in a range of differently 
scaled flow channels from macro via milli to micro 
structures [8 - 10]. Nevertheless, these models struggle 
to predict flow maldistribution in parallel 
microstructured channels, since they neglect the 
frictional effects through the microchannels itself as well 
as effects of the inlet and outlet headers [11]. Several 
experimental and computational studies were 
conducted more recently to understand the flow 
distribution in parallel microstructures in both adiabatic 
and non-adiabatic conditions [12 – 14]. 

The work presented in this contribution 
investigated the effects of blockage phenomena in terms 
of fluid dynamic and thermal behavior of a 
microstructured heat exchanger built with four parallel 
microchannels. Both full blocked as well as partially 
blocked scenarios with a varying number of affected 
microchannels were evaluated. To study these effects a 
CDF simulation using OpenFOAM along with a modified 
simpleFOAM solver was set up and validated with several 
experiments. 

 

2. Experimental Setup 
To validate the computational modelling and the 

results obtained from CFD simulations, several 
experiments were conducted first to receive data for 
different scenarios. The experimental setup is an 
improved iteration of the experimental setup described 
in detail in [7]. Figure 1 provides the process flow 
diagram of the test rig. All experiments were conducted 
with deionized water as process fluid. 

 
Figure 1. Process flow diagram. 

 

Figure 2 shows an explosion draft of the used 
microstructured heat exchanger. Besides the modular 
design this device allows a direct optical inspection of 
the flow inside the microchannels. All microchannels 
share the same base geometry with a squared cross-
section of 0.5 x 0.5 mm² and length of 185 mm. 

 
Figure 2. Microstructured heat exchanger: (1) Base plate, 

(2) Microstructured foil, (3) PMMA cover, (4) Steel cover with 
cut-outs, (5) Flow distributors, (6) Compressions fittings 

 
All experiments were conducted with one 

microstructured foil with four parallel microchannels. 
To realize different scenarios the actual number of free 
channels was varied, according to Figure 3, by blocking 
selected channels on purpose with silicone rubber 
mastic. To exclude flow cross contamination, as 
described in previous publications [7], and to ensure a 
complete blockage of the chosen microchannels, a blue 
color tracer was set before each experiment. Figure 4 
demonstrates an example of the optical inspection 
before and after the application of the color tracer for 
experimental case 0, showing no cross flow between 
adjacent microchannels. 

 
Figure 3. Experimental scenarios. Black squares indicate 

blocked channels. 
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Figure 4. Inspection of filled microchannels. 

 

For each of the experimental cases discussed 
before, the overall pressure drop was investigated under 
isothermal conditions. The total mass flow for the 
pressure drop experiments was set to 100 g min-1 while 
the process fluid temperature was kept constant at 
293.15 K. In addition, a later experiment with case 0 
configuration focused on the transferred heat, 
respectively the process fluid outlet temperature. The 
set parameters of this experiment are shown in Table 1. 
Each experimental value is the mean value of three 
distinct measuring campaigns at steady state conditions. 
 
Table 1. Process parameters of the heat transfer experiment. 

Parameter Value 

Number of free microchannels 4 

Process fluid inlet temperature [K] 313.15 

Wall temperature [K] 363.15 

Total mass flow rate [g min-1] 100 

Flow velocity per channel [m s-1] 1.69 

Channel Reynolds Number 1750 

 
3.  Numerical Approach and Model 
Development 

To simulate the described microstructured heat 
exchanger, four parallel microchannels as well as two 
corresponding flow distributors were modelled as three-
dimensional bodies for further fluid flow and heat 
transfer analysis. Figure 5 provides an impression of the 
geometrical configuration and the investigated 
simulation scenarios. It is worth noting that the defined 
experimental cases for validation purposes 
(cf. section 2) differ from the investigated simulation 
cases. Two categories were defined: (A) total blockage 
scenarios, (B) half blockage scenarios. Besides six 
different scenarios per category a clean reference case 
was investigated. The effects of these blockages in terms 

of overall pressure drop, flow and temperature 
distribution were determined in this study. 

 

 
Figure 5. Geometrical configuration and simulated scenarios. 

 

To analyze the overall pressure drop behavior, the 
fluid flow as well as the heat transfer characteristics in 
the considered microstructured heat exchanger, a CFD 
simulation based on OpenFOAM was applied. A finite 
volume approach is employed to obtain the flow and 
temperature distributions in the microchannels. The 
more complex flow distributors were meshed in ANSYS 
Fluent. To ensure grid integrity, an independence study 
with a varying number of grid cells was carried out. As a 
result, 383,600 to 1,600,000 structured hexahedrons 
were used to mesh the four parallel microchannels, 
whereas 35,000 unstructured tetrahedrons were used to 
mesh the flow distributors. The varying number of cells 
is directly related to the investigated blockage scenarios 
and the number of free microchannels. 

In order to analyze the heat transfer, the standard 
solver simpleFOAM was modified by implementing 
energy conservation. Both the momentum and energy 
conservation equations were discretized by a second 
order upwind scheme. The coupling between the 
pressure and velocity is implemented by SIMPLEC 
algorithm. The solutions were considered to be 
converged if normalized residual values were less than 
10−6 for the energy equation and less than 10−3 for all 
other variables respectively. 

For modelling the fluid flow and heat transfer in 
the considered microstructured heat exchanger several 
assumptions were made: (1) apparatus reached steady 
state conditions; (2) incompressible fluid; (3) laminar 
flow model for Re < 1500; (4) Kω SST flow model for 
Re > 1500. Consequently, mass, momentum and energy 
balance were defined according to the following 
equations: 
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𝛻. �⃗� = 0 (1) 

𝜌(�⃗� . 𝛻�⃗� ) = −𝛻𝑝 + 𝜇𝛻2�⃗�  (2) 

𝜌𝑐𝑝(�⃗� . 𝛻𝑇) = 𝑘𝛻2𝑇 (3) 

These equations were solved along with the 
boundary conditions and temperature dependent 
physical properties of water to obtain fluid velocity and 
temperature distributions along the microchannels. 
Thus, further calculations can be done to determine the 
behavior of the heat exchanger in terms of overall 
pressure drop and thermal performance at different 
blockage scenarios. For each simulation the overall mass 
flow rate and the corresponding linear flow velocity per 
channel as well as the inlet temperature of the process 
fluid was given as boundary conditions. Heat is only 
provided through the bottom surface of each 
microchannel. All other walls were assumed to be 
isolated. In case of half blockage scenarios the thermal 
conductivity of the fouling layer is considered 
additionally. The heat flux through the bottom wall of the 
microchannels was calculated according to eq. 4. Table 2 
provides the initial physical properties of the process 
fluid as well as the set values of the solid materials. 

q = −k𝑖

∂T𝑖

∂n
 (4) 

 
Table 2. Initial physical properties for simulation scenarios. 

Parameter Value 

Water mass flow rate [g min-1] 100 

Water inlet temperature [K] 293.15 

Water density [kg m-3] 998.2 

Water specific heat capacity [J kg-1 K-1] 4182 

Water thermal conductivity [W m-1 K-1] 0.6 

Water kinematic viscosity [m² s-1] 1.0∙10-6 

Wall temperature [K] 363.15 

Steel thermal conductivity [W m-1 K-1] 15 

Layer thermal conductivity [W m-1 K-1] 0.65 

 
4.  Result and Discussion 
4.1. Model Validation 

To prove the quality of the performed CFD 
simulation and the modified solver, experimental 
validation is essential. Therefore, several validation 
experiments were conducted (cf. section 2). Figure 6 
shows a comparison between computed and 
experimental results, for the cases according to Figure 3. 
The measured values of the pressure drop at isothermal 

conditions at 293.15 K is slightly higher for the 
investigated scenarios. The relative error of all cases is 
below 20 % and around 10 % for most cases. The heat 
transferring experiment (cf. Table 1) reveals a good 
match between the obtained results with a relative error 
of below 1 % for the outlet temperature. Overall, 
simulated and measured results show a high agreement.  

 

 

 
Figure 6. Comparison between validation experiments and 

simulation. Top: Isothermal pressure drop experiments. 
Bottom: Heat transferring experiment. 

 
4.2. Simulation Results for Completely Blocked 
Channels 

The simulated results in terms of flow velocity and 
temperature distribution in the inlet and outlet flow 
distributors as well as the four microchannels are shown 
in Figure 7 for all cases of category A. As expected, the 
flow velocity and temperature distribution become non-
uniform due to the blockage of various microchannels. 

Since the pressure drop in the microchannels is 
considerably higher than the pressure drop of the 
distribution system, the difference in mass flow in the 
remaining channels is quite low. For a single blocked 
channel, this can be seen when comparing case 2 and 
case 4 (cf. Figure 8). However, the form of the distributor 
has an influence on the flow, which it is remarkable. The 
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blocked inner channel of case 4 leads to equal values for 
the two adjacent channels of the other distribution 
branch, while in case 2 the distribution in the other 
branch shows small, but discernible differences. No such 
differences are seen for cases 5 to 7 having two blocked 
channels. 
 

 
 

Figure 7. Flow velocity distribution in the channel system. 
View from outlet distributor along the channels to the inlet 

distributor. Velocity in m s-1. 
 

In order to evaluate the flow maldistribution, the 
average flow velocity, temperature and pressure drop in 
each microchannel were calculated by using numerical 
data. The standard deviation with respect to mass flow 
rates was used to evaluate the obtained results. It is 
defined as, 

𝑆 = √
∑ (𝑚𝑖 − �̅�)2𝑛

1

𝑛
 (5) 

 
where mi and �̅� are the local mass flow rate of 

each channel and the overall averaged mass flow rate of 
all microchannels respectively, whereas n is the number 
of channels. Note, if the standard deviation is small, the 
mass flow distribution is rather uniform in the 
microchannel system. 

 

An evaluation of case 1 reveals that the flow 
distributors are working well in clean case scenario, 
since no discernible maldistribution occurs. 

The analysis of the obtained results for the other 
scenarios in terms of mass flow per remaining channel 
(Figure 8) and standard deviation (Figure 9) shows the 
expected tendencies. Case 3 has the strongest deviation, 
since the mass flow is restricted to a single microchannel, 
while the cases 5 to 7, with two blocked channels each, 
show the same behavior and mass flow for each channel 
and each investigated configuration. 

 
Figure 8. Mass flow rate per channel for all category A 

scenarios. 

 
The same effect on the distribution for a single 

blocked channel (case 2 and case 4) is also visible in 
Figure 10 for the heat transfer study, described latter. 
Figure 9 shows that the mass flow in the same branch is 
identical for cases with a blocked inner microchannel 
(case 4), while a difference in mass flow in the same 
branch occurs if an outer channel is blocked (case 2). It 
clearly indicates that the flow form in the distributor is 
of very high importance. However, the characterization 
of the distributor was not core of this study, but will be 
taken up in future work. As expected, the pressure drop 
per channel is increasing with an increasing flow rate. 
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Figure 9. Comparison of the standard deviation according to 

equation (5) for all cases with a complete blockage. 
 

The flow distribution also affects the heat 
exchange among the channels and thus the outlet 
temperature as depicted in Figure 10. The loss of heat 
transferring area leads to overall lower outlet 
temperatures. Specific heat transfer depends on the 
actual flow conditions in the channels, and is increasing 
with flow rate. 

 
 

Figure 10. Temperature distribution in the channel system. 
View is from the outlet distributor along the channels to inlet 

distributor. Temperature in K. 
 

Therefore, it is possible to distinguish between 
different scenarios, by analyzing the channel outlet 
temperatures (cf. Figure 11). The mean temperatures of 
the microchannels for all cases are given in Table 3. 
 

Table 3. Mean outlet temperatures in K for all category A 
scenarios. 

Case 1 2 3 4 5 6 7 

Tout 333.0 329.3 317.0 329.4 324.0 324.0 324.0 

 
Figure 11 shows the comparison of the achieved 

results. Interesting are again case 2 and case 4. In those 
cases, the difference in mass flow through the channels 
is the reason for different outlet temperatures. For 
cases 5 to 7, which are cases with two blocked channels, 
identical values were found. 

 
Figure 11. Fluid outlet temperature of each microchannel for 

category A scenarios. 
 

4.3 Simulation Results for Half-Blocked Channels 
A second set of simulations focused on several 

cases with partially blocked microchannels (category B). 
The obtained results are displayed in Figure 12. 

The mass flow rates for each channel are much less 
affected in comparison to the completely blocked 
scenarios. However, it is remarkable that the flow is 
varying by approximately 10 % between channels if the 
remaining cross-section is halved (cf. Figure 13). 
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Figure 12. Flow velocity for all cases with partially blocked 
channels, viewed from the inlet distributor along the flow 

axis to the inlet distributor. Velocity in m s-1. 

 
Looking at the pressure drop over the channels, as 

shown in Figure 14, it becomes clear that a balance is 
struck between the hydraulic diameter and the velocity. 
In case of a half-blocked channel, the hydraulic diameter 
is reduced from 0.5 mm to 0.333 mm. As the aspect ratio 
of the microchannel geometry is altered from 1 to 2, the 
cross-sectional area is halved, whereas the hydraulic 
diameter of the microchannel is only diminished by a 
third. When blocking microchannels, the flow velocity is 
increased and hence results in an also increased 
pressure drop. A comparison between case 2 and case 1 
underlines this correlation. The overall pressure drop of 
four half-blocked microchannels (case 2) is more than 
doubled in reference to the overall pressure drop of four 
clean microchannels (case 1). 
 

 
Figure 13. Mass flow rate per channel for all category B 

scenarios. 

 

 
Figure 14. Pressure drop per channel for all category B 

scenarios. 

The variation in standard deviation from the mean 
mass flow, as shown in Figure 15, is much less variable 
than the variation of standard deviation for complete 
blocked microchannels (cf. Figure 9) due to the 
previously discussed effects. 

 
 

Figure 15. Standard deviation of mass flow rate per channel 
for partially blocked channel cases. 
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The flow is directly coupled to the heat transfer 
results. On contrary to cases with completly blocked 
mircochannels the heat transfering area is not 
diminished, only the apparent wall temperature is 
reduced according to the heat conductivity of the fouling 
layer. Outlet temperatures as shown in Table 4 and 
Figure 16 are consequently lower in direct comparison 
to the already discussed category A scenarios. 
 

Table 4. Mean outlet temperatures in K for all category B 
scenarios. 

Case 1 2 3 4 5 6 7 

Tout 333.0 318.0 331.0 323.5 329.5 328.0 328.0 

 
Since the mass flow through the whole channel 

array was kept constant, the mean outlet temperature is 
directly proportional to the amount of transferred heat. 

For each case of the category B the amount of 
transferred heat is less than the corresponding results of 
category A.  

A comparision between case 2 and case 4 of 
category A (one blocked channel each) with cases 5 to 7 
of category B (two channels half-blocked in each case), 
providing an identical free cross-sectional area, show 
similar results. Nevertheless, for partially blocked 
channels the variation in mass flow per channel is much 
lower, but the mean outlet temperature is about the 
same for case 5 and lower for case 6 and case 7.  

A comparison of cases 5 to 7 of category A (two 
completely blocked channels) and case 2 of category B 
(four half blocked channels) reveals a decrease in mean 
outlet temperature. Interestingly, a half-blockage of four 
microchannels (category B, case 2) yields the same 
outlet temperature as blocking three microchannels 
entirely (Category A, case 3). In consequence, an 
estimation of the blocking effects on the heat exchanger 
performance is not straightforward. 
 

 
 
Figure 16. Fluid outlet temperature of each microchannel for 

category B scenarios. 
 

5. Conclusions 
Uniform flow distribution in parallel 

microchannels is essential for many engineering devices. 
However, fouling is occurring often in real life, leading to 
effects in both pressure drop and heat transfer efficiency. 
In this contribution a computational model was used to 
investigate the effects of fouling in an assembly of four 
parallel microchannels with customized flow 
distributors. Experiments with a various number of 
completely blocked microchannels were conducted and 
show a good agreement with the simulation. 

Two different configurations were explored using 
a validated CFD simulation. Firstly, effects when fouling 
blocks whole microchannels and secondly, effects of a 
partial blocking of several microchannels. As boundary 
condition the mass flow through the channel assembly 
was kept constant. 

As expected, the reduction of free cross-sectional 
area led to higher pressure drops and lower outlet 
temperatures. The flow form of the distributor had an 
effect on the distribution, even if the distributor worked 
excellent in the reference case of clean microchannels. 
For symmetrical cases in reference to the distribution 
branches, the flow distributor worked well also in 
blocked channel scenarios. However, the geometrical 
effect needs to be taken into account if flow uniformity is 
a problem in devices where blockage is expected. 

Somewhat surprisingly, the mean outlet 
temperature was affected equally in case of four partially 
blocked channels as for a single free microchannel. 
Therefore, the mean outlet temperature cannot serve as 
a simple indicator about the extent of blockage. 

The last conclusion is further evidenced by the 
variation of the outlet temperature. Here the isolating 
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effect of the fouling layer is far more important than the 
reduction of the heat transferring area. For a relatively 
simple model interesting results were found, which 
should be explored further. Future work should look 
much deeper into the heat transfer e.g., by considering 
the wall area of the side walls. 
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Nomenclature 
a Height of microchannels  [mm] 
b Width of microchannel   [mm] 
cp Specific heat capacity   [J kg-1 K-1] 
dH Hydraulic diameter   [mm] 
k Thermal conductivity   [W m−1 K−1] 
L Length     [mm] 
ṁ Mass flow rate    [g min-1] 
n Number of channels   [-] 
Δp Pressure drop    [mbar] 
q Heat flux     [W m−2] 
Re Reynolds number    [-] 
S Standard deviation   [-] 
T Temperature    [K] 
V̇ Volumetric flow rate   [m3 s-1] 
v Flow velocity    [m s-1] 
 
Greek symbols 
η Dynamic viscosity    [Pa s] 
μ Kinematic viscosity   [m² s-1] 
ρ Density     [kg m-3] 
 
Subscripts 
Fl Fluid 
i Variable 
in Inlet 
L Fouling Layer 
max Maximin 
min Minimum 
out Outlet 
St Steel 
W Wall 
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