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Testing and simulation of ceramic micro heat exchangers
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Abstract

Ceramic microstructure devices in form of counterflow and crossflow microchannel heat exchangers have been manufactured to be used in
thermal and chemical process engineering. The performance has been tested using water as a test fluid with maximum flow rates of 120 kg/h. The
results of the measurements are compared with global estimations using standard correlations for heat exchangers and a more detailed simulation
using a local porous body approach of the micro structured region. The devices show stronger heat transfer and pressure loss than predicted by
theoretical considerations. This result is mainly explained by effects of channel blockages arising from the joining process.
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1. Introduction

Ceramic micro structured components open up new fields
of application in micro process engineering, e.g. for high-
temperature reactions or reactions with corrosive media, for
which polymer or metal components are not suitable [1-3].
However, the fabrication of ceramic components is more difficult
and the minimum size of the walls between the microchannels
is limited due to mechanical stability reasons and fabrication
constraints. A large rate of heat transfer based on the large heat
transfer area to volume ratio is a unique feature of micro heat
exchangers [4].

Itis necessary to test the heat transfer performance of a typical
device before applications. In addition it is advisable to evaluate
the behavior of a microchannel heat exchanger by some simula-
tion tool to avoid expensive measurements. In the present paper
a numerical approach based on empirical models and realized
in the TwoPorFlow code is used to simulate microchannel heat
exchangers. This has several advantages compared to the use of
more sophisticated geometry resolving up to date commercial
CFD tools. Complete simulations of complex heat exchanger
geometries require large computer resources using many ele-
mentary volumes to resolve the fluid channels and the heat
transferring structure. The simplified tool models the main phys-
ical processes like heat conduction inside the solid structure, heat
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transfer to the fluid and pressure loss by known empirical corre-
lations. This makes the calculation more efficient and flexible.
Characteristic data depending on different boundary and operat-
ing conditions can be produced using coarse meshing compared
to usual CFD applications. Different channel geometries can
be introduced simply by the hydraulic diameter combined with
appropriate correlations for the Nusselt number. Switching from
laminar to turbulent flow conditions is automatically taken into
account by the constitutive correlations.

2. Experimental procedure

Three different manufactured ceramic micro heat exchang-
ers were applied as prototypes to check their performance at a
system pressure of 8 bar. The alumina microcomponents were
produced by a rapid prototyping process chain and subsequently
assembled.

2.1. Manufacturing of ceramic micro heat exchangers

Based on a rapid prototyping process chain [5] ceramic
microcomponents were produced by combining stereolitho-
graphy and low-pressure injection molding (LPIM). LPIM
is a suitable method for near net shape manufacturing of
ceramic microcomponents. The sintered heat exchanger com-
ponents were joined using a glass solder. The advantage
of this joining method is based on the fact that individ-
ual channel plates may be finished to ensure coplanarity
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Table 1
Geometry of two counterflow and one crossflow heat exchangers
Micro heat exchanger Counterflow 1 Counterflow 2 Crossflow
Passage 1, Passage 2, Passage 1, Passage 2, Passage 1, Passage 2,
cold water® warm water® cold water® warm water® cold water® warm water®
Number of plates 3 3 2 2 2 2
Number of channels 17 17 17 17 17 17
Total number of channels 51 51 34 34 34 34
Channel length (mm) 12.5 12.5 12.5 12.5 12.5 12.5
Channel width (pm) 250 250 250 250 250 250
Channel height (pm) 420 320 420 340 380 335
Wall thickness (pm) 520 520 520 520 520 520
Layer thickness (um) 880 990 895 965 690 940

4 Medium.

in the heat exchanger system. The development, manu-
facturing, and first results of the ceramic ‘counterflow 2’
micro heat exchanger (see Table 1) have been described in
[6].

The alumina heat exchangers were built in the counterflow
and crossflow mode. A counterflow micro heat exchanger with
two plates per passage is represented schematically in Fig. 1,
on the top left. Below the principle setup two different chan-
nel plates for the cold and warm passage are shown. They were
arranged in a laterally reversed manner in the assembled counter-
flow heat exchanger pictured in Fig. 1, on the right. The channel
plates contain 17 microchannels. These channels have a width
of 250 wm and a height ranging from 320 to 420 wm depending
on the heat exchanger type. The wall between the channels is
520 wm thick. The separating layer between the passages is in the
range of 690-990 wm. All channels have a length of 12.5 mm.
The heat exchanger named ‘counterflow 1’ was setup with three
channel plates per passage, ‘counterflow 2’ with two plates, and
the ‘crossflow’ heat exchanger with two plates. In Table 1 the

geometries used for both passages of the heat exchangers in
counterflow and crossflow mode are summarized.

2.2. Measurement setup

The three ceramic micro heat exchangers were installed on a
specially designed test rig and applied for cooling warm water
at a system pressure of 8 bar. The alumina tubelets were fixed
to the screws of the test rig using Teflon hose and Swagelok
screw adapters. The ceramic heat exchangers ‘counterflow 1’
and ‘crossflow’ were measured with and without insulation
(ceramic fiber mat, glass wool) and ‘counterflow 2’ without
insulation, only. Fully demineralized water was used as work-
ing fluid. The nearly equal mass flow rates in both passages
were increased in steps of 10kg/h to maxima between 80 and
120 kg/h. For each step the mass flow rates, pressures, and tem-
peratures at inlet and outlet were measured. The data were stored
and converted into the corresponding physical parameters and
characteristic numbers by a special evaluation program.

Fig. 1. Principle setup of a counterflow micro heat exchanger with two plates per passage, channel plates and a ceramic micro heat exchanger with media ports.
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Table 2
Results of two counterflow and one crossflow heat exchangers

S181

Counterflow 1 (insulated)

Titpass 1 (kg/h) 20.4 30.5 40.8 50.5 60.4
Titpass 2 (kg/h) 21.0 29.8 40.0 50.1 60.7
& 0.22 0.18 0.17 0.14 0.14
kexp (kW/m? K) 8.7 10.5 12.2 13.4 14.6
Counterflow 2 (non-insulated)
Titpass 1 (kg/h) 12.6 20.5 30.0 40.7 50.5
Titpass 2 (kg/h) 12.4 20.9 32.5 41.2 53.5
& 0.19 0.16 0.13 0.11 0.09
kexp (kW/m? K) 7.0 8.7 10.3 11.6 12.6
Crossflow (insulated)
Titpass 1 (kg/h) 10.4 19.9 30.2 40.1 50.5
Hipass 2 (kg/h) 10.5 20.6 30.0 40.6 50.8
& 0.22 0.18 0.15 0.14 0.13
kexp (kW/m? K) 7.0 10.1 12.4 14.4 16.6

70.6 81.4 90.4 99.8 109.9 120.3
70.7 81.3 90.9 100.2 109.7 120.8
0.13 0.12 0.12 0.11 0.11 0.10
15.6 16.7 17.4 18.3 19.0 19.5
59.9 70.6 80.6
60.6 70.4 78.8
0.08 0.08 0.07
13.4 14.3 15.0
60.3 70.3 80.6 90.6 97.3
60.4 70.9 80.2 91.0 98.0
0.13 0.12 0.11 0.11 0.10
18.2 19.7 21.1 222 222

3. Comparison of experimental results and simulations
3.1. Measurement results and simple estimations

In order to calculate the heat transfer efficiency, the heat
exchanger efficiency ¢ is used which relates the effectively
transmitted heat quantity Q to the maximum transmissible heat
quantity Omax [71:

0= mCCpC(TCi —Teo) = mWCpW(TWO — Twi) (D
Qmax = min(mccpc§mwcpw)(Tci — Tywi) (2
c Q — mCCpC(TCi — Teo) 3)

B Qmax Twi)

7 is the mass flow rate (c: cold; w: warm), ¢, is the specific
heat capacity and T¢;, Tco, Twi and Ty, are the inlet and outlet
temperatures of the cold and warm fluid, respectively.

For a constant product 71 ¢, Eq. (3) can be simplified to a
temperature difference ratio:

P (Tci - Tco) _ <Two - Twi)
Tei — Twi Tei — Twi

Concerning both investigations with and without insulation
no significant difference was observed for the characteristics
of type ‘counterflow 1’ and type ‘crossflow’ heat exchangers.
Related to the heat transfer efficiency the influence of the insu-
lation is small.

For water mass flow rates of 20 kg/h a heat transfer efficiency
was reached for ‘counterflow 2 of 0.16, for ‘crossflow’ of 0.18,
and for ‘counterflow 1’ of 0.22, respectively. The maximum effi-
ciency determined theoretically using Eq. (4) under the given
test conditions amounts to 0.19. For this estimation, the mea-
sured inlet temperatures of both flow mediums are used, and
only a single microchannel without the influence of boundary
effects like media supply, outlet or mass flow inlet in the micro
heat exchanger is considered. Consequently, the theoretical effi-
ciencies have lower values than the experimentally determined
efficiencies. Using increased mass flow rates of 30 kg/h the effi-
ciencies decrease to the range of 0.13-0.18. For 120 kg/h a value

min(mccpc; mwcpw)(Tci -

“

of 0.10 was calculated. For all calculations a thermal conductiv-
ity of 25 W/m K was assumed. In Table 2 the experimental results
of the efficiency and the heat transfer coefficient are summarized.

The behavior of the overall heat transfer coefficient in the
tested counterflow and crossflow ceramic heat exchangers is
shown in Fig. 2 compared with an estimated heat transfer
coefficient. The experimental heat transfer coefficient kexp is
calculated by:

0

Ao &)

exp —
where A is the effective heat transfer surface, and ¥, is the
logarithmic mean temperature.

The theoretically determined heat transfer coefficient kipeor
is calculated from the heat transfer coefficients, o and ay,, at
the cold and warm side:

1 1 1 S

=—+—+-
Ktheor [e73 Ay A

(6)

where s is the thickness of the plate between both passages and
A denotes the thermal conductivity of alumina.

The heat transfer coefficients « are dependent on the Nusselt
number, the thermal conductivity of water, and the microchannel
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Fig. 2. Behavior of the heat transfer coefficient in ceramic micro heat exchang-
ers.



S182 B. Alm et al. / Chemical Engineering Journal 135S (2008) S179-S184

A DN T B BT ) L
* Glass solder

Lo

A

S _' &
Embedding ag

o ORIl B ey |

Fig. 3. Cross-sections of channel plates joined by soldering.

hydraulic diameter dy, [8]:

Nu Muid
o= (N
The experimentally determined heat transfer coefficient kexp
according to Eq. (5) ranges from 7 to 22kW/m?K, and is
always higher than the theoretically calculated values. The high-
est measured values for the overall heat transfer coefficient were
achieved with the crossflow heat exchanger, while the lowest val-
ues with ‘counterflow 2’. The theoretical heat transfer coefficient
ranges from 5 to 14kW/m? K (see Fig. 2).

This deviation in heat transfer coefficients is attributed to the
setup of the heat exchangers. During ceramization the glass sol-
der occasionally enters the channels of the joined micro heat
exchangers. As a consequence, there are some channels with
reduced channel heights or even channels that are completely
filled with glass solder in the tested micro heat exchangers (see
Fig. 3). For the two counterflow heat exchangers the curves for
theoretically and experimentally determined heat transfer coef-
ficients are in reversed order. The hydraulic diameter seems to
be stronger reduced in ‘counterflow 1’ than in ‘counterflow 2’,
so that kexp of ‘counterflow 17 is larger than in ‘counterflow 2°.

3.2. The TwoPorFlow code

Torealize a simplified efficient simulation method taking into
account the essential physical processes of flow and heat trans-
fer in a microchannel heat exchanger a porous media approach
is used. The code TwoPorFlow has been developed at the
Forschungszentrum Karlsruhe to simulate single- and two-phase
flow including heat transfer and phase change in multi-micro-
channel devices. The two-fluid model is taken to describe the
flow of the liquid and gaseous fluids inside the one-dimensional
channels. A detailed description of the basic equations and the
numerical solution algorithm is given in [9]. In the present case
the vapor volume fraction is set to zero and only the equations
for the liquid component are solved. The solid structure is rep-
resented as a porous medium with its own temperature field.
Wall friction and heat transfer between structure and fluid are
modelled by conventional empirical correlations [8]. To solve
the conservation equations for energy, mass and momentum
in 3D Cartesian coordinates a semi-implicit numerical proce-
dure based on the Implicit Continuous Eulerian (ICE) method
is used. The coupling with the solid structure heat conduction
calculation is done in an explicit manner. Steady states are cal-
culated by a transient approach. It has been shown that the code
gives reliable results in the application to metallic microchan-
nel compact heat exchangers of counterflow and crossflow type

[9].
3.3. Numerical simulation with TwoPorFlow

The application of the code is restricted to the micro struc-
tured core of the insulated heat exchangers, which have better
thermal boundary conditions than the non-insulated ones. Due
to the symmetry of the geometry it is adequate to consider one
pair of microplates for cold and warm inlet flow. Fig. 4 shows
the coarse Cartesian grid used for the two plates and the direc-
tion of flow in the case of counterflow. The stack of the two
plates is substituted by a porous body with different volume
porosities in the cold and the warm passage and subdivided
into a mesh of 12 x 10 x 2 cells. The nearly triangular flat inlet
and outlet regions are mapped by linear varying porosities and
corresponding hydraulic diameters and heat exchange area con-

Fig. 4. TwoPorFlow mesh for counterflow heat exchanger.
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centrations. Typical values in the straight channel region are 0.1
for the volume porosity, 0.3 mm for the hydraulic diameter and
1300 m~! for the heat transfer area density. The convective part
of the momentum equation is small compared to the friction
source term created by the small sized channels, so the momen-
tum convection is neglected and 90° flow direction changes are
approximated by pressure loss coefficients equal to 1. The mesh-
ing of the crossflow heat exchanger is similar to Fig. 4, but one
plate is rotated by 90°. Blocking walls which set the mass flow
rate between the numerical cells to zero are used to force the
flow directions and to separate the different passages, which
are thermally coupled by the alumina structure with a thermal
conductivity of 25 W/m K. The outlet pressure is given by the
experimental settings. The mass flow rates of the initially cold
water in one passage and the warm water in the other passage
are taken from the measurements just as inlet and outlet water
temperatures. The program calculates temperature changes and
pressure losses along the core of the heat exchangers. In addi-
tion, local thermo-hydraulic conditions can be determined. For
example Fig. 5 shows the water temperature distribution in the
cold passage of the counterflow heat exchanger using a flow rate
of about 20 kg/h. All temperatures are calculated in the mesh cell
centers.

InFigs. 6-9 the simulated results for integral pressure loss and
outlet temperatures are compared to the measured data. For the
pressure loss the results underestimates clearly the experimental
data, which are taken for the whole apparatus including the small
alumina tubes and the connections to the teflon hoses. One part
of the pressure loss takes place outside the heat exchanger core
in the supplying pipes. For the maximum flow rate of 120 kg/h
TwoPorFlow was used in a one dimensional approach to calcu-
late the total pressure loss in the pipes with the result of about
0.9 bar.

Outlet

b

225|217 (209|201 | 193 [ 185 | 176 |

217 | 209 | 201 | 19.2 [ 184 | 176 | 167

211|203 | 195 | 186 | 17.8 | 169 | 16.0 |

207 | 199 | 19.0 | 182 173 | 164 | 1565

204 | 195 | 186 | 178 [ 169 | 16.0 | 15.1
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Fig. 5. Simulated water temperature (°C) distribution in the cold ‘counterflow
1’ passage.
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Fig. 6. Simulated and measured pressure loss in the ‘counterflow 1’ heat
exchanger with insulation.
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Fig. 7. Simulated and measured outlet temperatures in the ‘counterflow 1’ heat
exchanger with insulation.

As mentioned in Section 3.1 for the heat transfer coeffi-
cient it was found that joining material could penetrate into
the microchannels causing increased pressure loss by flow
restrictions. The hydraulic diameter is strongly reduced at such
locations leading to a stronger pressure loss coefficient.

In the case of the counterflow heat exchanger the pressure loss
along the warm passage is stronger than along the cold passage
(see Fig. 6) for the experimental data and the simulation although
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Fig. 8. Simulated and measured pressure loss in the ‘crossflow’ heat exchanger
with insulation.
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Fig. 9. Simulated and measured outlet temperatures in the ‘crossflow’ heat
exchanger with insulation.

warm water has a lower viscosity than cold water leading to a
smaller pressure loss for equal channel geometry. However, for
the present case the channel height of the warm water passage is
reduced by 100 wm compared to the channel height in the cold
region (see Table 1). For the crossflow heat exchanger the differ-
ence is 45 pm, only. The difference in pressure loss between the
two passages becomes smaller in the simulation (see Fig. 8). For
the measured data we see, that the pressure loss in the cold region
is larger than in the warm region, which could be attributed to a
more pronounced blockage effect in this case.

The simulated outlet temperatures of warm and cold pas-
sages depending on the flow rate represent the same course
as the measured data but they are shifted to lower values for
the cold passage and larger values for the warm passage. This
means that the heat transfer rate in the simulation is smaller than
given by the experiments in agreement with the too small heat
transfer coefficient estimated by the standard correlations (see
Section 3.1). Again we assume that the reasons for the devia-
tions are found in the penetration of joining material into the
channels causing a differing heat transfer behavior compared
to the ideal channel geometry. In addition heat transfer takes
place outside the heat exchanger core, especially in the ceramic
tubes. Applying TwoPorFlow to a compact metallic crossflow
heat exchanger composed of 1700 microchannels with the size
of 0.1 mm x 0.2 mm such deviations did not appear [9]. Due to
the smaller size of the channels and a much larger heat transfer
area density (10,000m~") the heat exchanger core dominates

pressure loss and heat transfer compared to external effects of
media supply. The problem of partial channel blocking does not
exist using metallic structure components joined by diffusion
welding.

4. Conclusions

Counterflow and crossflow micro heat exchangers made of
alumina were fabricated and successfully tested with water
flow rates of up to 120kg/h. The efficiency was in the range
of 0.10-0.22. Heat transfer coefficients for the crossflow heat
exchanger of up to 22kW/m? K were reached. The experimen-
tal results like pressure loss and heat transfer were compared to
estimations by standard heat exchanger correlations and more
detailed numerical simulations using a porous body approach.
It became evident that the geometry of the fluid channels is
influenced by the joining process of the ceramic components
changing the characteristics of pressure loss and heat trans-
fer which is nearly impossible to realize in simulations. The
present micro heat exchangers made of ceramic are composed
of a small number of structured plates with a small exchange sur-
face area density compared to metallic compact microchannel
heat exchangers leading to a stronger influence of processes in
the supplying pipes which cannot be fully described in a porous
body approach.
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