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The results of experimental investigations of novel ceramic high-temperature heat exchangers (HTHE)
and its main characteristics such as effectiveness and power load as a function of mass flow and the
geometry of the channels are presented. Firstly, some information on the background and the manufac-
turing of the HTHE, which is based on honey comb structures made out of extruded silicon carbide, is

given. The experimental tests have been carried out with air as a heat transfer medium at temperatures
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of up to 1000 °C. The experimental set-up is described in detail. The acquired characteristic temperature
and effectiveness data for different inlet temperatures and mass flows are discussed. They have been
compared with data from theoretical calculations as well as with characteristic data of typical counter
flow heat exchangers. Additionally, thermal shock tests have been carried out for a qualitative testing

of the mechanical strength. Finally, a conclusion and an outlook on further activities are given.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Extruded silicon carbide (SiC) honeycomb structures have been
mainly used as particle filters in automotive applications [1]. Ex-
truded SiC is also known as fuel elements for nuclear power sta-
tions [2]. Since 1995, an increasing interest in extruded SiC was
arising from the application as a solar air receiver for concentrating
solar power technology (CSP). A receiver system has been devel-
oped, which aims at transferring heat from concentrated radiation
to an air circuit, which feeds the boiler of a steam turbine [3]. In
this application especially the excellent resistance to thermal
shocks as well as the high thermal conductivity of the material is
of great advantage.

From this application and taking the extruded 2D honeycomb
structure as a basis, the idea of creating an advanced geometry
for a heat exchanger has been developed. The extruded structure
consists of square channels. The special structure of the heat ex-
changer has been realized by cutting 20 mm slots in every second
row of channels (Fig. 1). After that the front openings of these slots
have been filled with ceramic material. In this way two systems of
channels have been created. One system of parallel channels going
from the one front side to the other and one system of channels,
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which can be entered from the lateral openings of the slots. In
the further course of the text these two systems of channels are de-
noted “straight” and “slotted” channels respectively. In this way
two independent fluids, which are separated by ceramic walls,
can flow through the HE. Thus it can be used as a recuperator type
counterflow heat exchanger. Two heat exchangers both consisting
of square channels were used for the investigations. Channel width
and wall thickness have been varied. The samples had a channel
width/wall thickness ratio of 2 mm/0.8 mm and 2.17 mm/0.6 mm
respectively (samples 1 and 2).

The heat exchanger was investigated in the context of a project
dealing with filter systems for diesel exhaust after treatment com-
ponents. One possible application is the use of this heat exchanger
in the exhaust after treatment of diesel engines in bi-functional
way. It is used as a catalyst as well as an additional heat source
for the regeneration of the filter. This application is shown in
Fig. 2 schematically. The technology presented must be distin-
guished from micro-heat exchangers for cooling purposes, which
mainly work with high pressures or liquid media [4-7]. Though
having benefitted from a rapid development especially in manufac-
turing technology, these systems may not be applied in exhaust
after treatment systems due to their different permeability
properties.

For a further comparison, investigations on the thermal
performance of those systems may be found in [8,9].
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Nomenclature
A surface, m?
(o specific heat capacity, k]/kg K
dp hydraulic diameter, m
f surface of the cross-section, m?
k heat transfer coefficient, W/m? K
k overall heat transfer coefficient, W/m? K
l length, m
mass flow, kg/s
NTU number of heat transfer unit, -

Q heat flux, W

t temperature, °C

T thermodynamic temperature, K

u velocity, m/s

a thermal diffusivity, m?/s

w heat capacity rate, W/K

Ao wall surface between the fluids, m?

Greek symbols

o convective heat transfer coefficient, W/m? K
& efficiency, -

1 thickness of the wall, m

A heat conductivity coefficient, W/m K
A difference between the variables, kg/m
o density, kg/m>

¢ degree of the heat efficiency, -

3

Indices

0 heat exchanger

1 primary medium

2 secondary medium
! inlet

" outlet

Dimensionless numbers

Nu, average Nusselt number for undeveloped flow
Nupma average Nusselt number for fully developed flow
Pr Prandtl number

Pe Peclet number

X Dimensionless length

The heat exchanger investigated in this study has a specific sur-
face areas of approximately 750 m?/m> with the possibility of high
overall heat transfer coefficients (30-50 W/m? for gas/gas heat ex-
change) and the option to be operated at temperatures of up to
980°C [10,11].

2. Manufacturing

Requirements on material design for heat exchangers are gas
tightness, high thermal conductivity, low specific weight and high
corrosion resistance. These properties are fulfilled by silicon car-
bide (SiC) technical ceramics which are produced in a wide variety
of types. Depending on structure and ceramic bonding, SiC ceram-
ics can be classed as porous SiC materials, such as silicate bonded,

Fig. 1. Heat exchanger from extruded silicon carbide.

recrystallized or nitride bonded SiC, or dense SiC materials, like
reaction bonded infiltrated or sintered SiC.

The material selected for production of honey comb heat
exchangers is reaction bonded infiltrated silicon carbide (SiSiC). It
is typically composed of 80-94% SiC and 6-20% metallic silicon
and, in contrast to sintered SiC, can be manufactured without
shrinkage - an advantage for manufacturing parts with precise
dimensions.

The production flow comprises three steps, the shaping of a
green body, machining and sintering.

A mix of SiC powders, carbon and organic binders are shaped in
a screw or piston extruder by pressing the material through a hon-
eycomb die. The continuous body is cut into the desired length.
During drying, organic binders ensure the mechanical stability of
the green body.

The dried product is stable enough to be machined (i.e. drilling,
precise cutting, milling or sawing slots, etc.) to its final shape.

For sintering the SiC/carbon body is infiltrated with metallic sil-
icon. The reaction with the liquid silicon and the carbon generates
a SiC bonding between SiC grains. The remaining pore volume is
filled with metallic silicon creating a fully dense Si-SiC composite.
After siliconization, any excess metallic silicon which remains on
the surface of the product as beads is removed by sand blasting.

—— filtered exhaust gas 900°C

HE filter

heater

exhaust gas 200°C
—

— filtered exhaust gas > 200°C

Fig. 2. Possible application of the proposed heat exchanger in diesel exhaust after
treatment.
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Characterization for quality control of the honeycombs is done
by through-flow testing, dimensional measurement, bulk density
and mechanical strength.

3. Methodology
3.1. Permeability

Prior to the main experiments permeability investigations have
been carried out. The diagram in Fig. 3 shows the specific pressure
drop as a function of superficial velocity for both, the straight and
the slotted channels of the HTHE sample. It underlines the in-
creased pressure drop for the slotted channels because of the high-
er hydraulic resistance in the inlet cross-section. From these curves
fits of the Darcy equation (1) have been generated for the determi-
nation of the permeability coefficients, which are summarized in
Table 1

AP vip o p
fT:?-quE-u (1)

As expected, sample 2 shows higher permeability because of the
larger channel diameter. However, due to the large difference in
permeability properties it has been decided to investigate also
the efficiency properties of the HTHE separately using the first fluid
for the slotted channels and the second fluid for the straight chan-
nels and vice versa. The methodology in detail is described in the
next section.

3.2. Experimental set-up

A metal canning (cross-box) was manufactured from high-al-
loyed steel to enclose the HTHE samples, which have cylindrical
dimensions (¢ 68 mm, length 100 mm), for the experiments
(Fig. 4, left). The mentioned two operation types of the HTHE are
also illustrated in Fig. 4. The hot gas may firstly enter the straight
channels and the cold gas the slotted channels (Fig. 4, center). This
configuration is denoted with “type 1”. The corresponding constel-
lation vice versa is denoted with “type 2” (Fig. 4, right).

With the canning, four connections have been created for the
integration of the HTHE samples into the piping of the experimen-
tal set-up as it is shown in Fig. 4. With a fan a controlled air flow
through the whole piping can be generated. Mass flow is measured
by monitoring the air temperature and the pressure difference at a
standardized orifice. Before entering the HE in the cross-box, an
electrical air heater can heat up the air to temperatures of up to

60000 -

50000+ A Straight channels

O Slotted channels

40000 A

30000 A

20000 A

Pressure drop [Pa/m]

10000+

Velocity [m/s]

Fig. 3. Comparison of the pressure drop diagrams for the straight and slotted
channels of the sample 2.

Table 1
Permeability characteristics of the heat exchanger.

Pressure drop Permeability Inertial coefficient K,
during the main coefficient K; (m?) (m)
experiments Straight Slotted Straight Slotted
(mbar)

Sample 0.2-15 27-10% 95.10° 45.10% 4.0-10*

1
Sample
2

9.7-10% 27-10% 31.10° 44.10*

980 °C. The experiments reported of have been carried out with a
heater power 2.8 kW. By varying the mass flow rate, different inlet
temperatures are generated. After passing the primary channels of
the HE the air is cooled down with a water cooler. Now, it enters
the secondary channels of the HE and afterwards it leaves the
set-up.

Temperatures at the 2 inlets and 2 outlets of the cross-box are
measured with 2 thermocouples at each site. In the further course
of the text these sites are denoted with TC1 and TC2 (in and outlet
of the hot or primary fluid) and with TC3 and TC4 (in and outlet of
the cold or secondary fluid). Additionally, the pressure difference
along the primary and secondary channels of the HE sample was
measured. Further sites of temperature measurements are denoted
in Fig. 5. The Reynolds number did not exceed 160, hence laminar
flow in the channels has been assumed.

Since the cross box consists of four parts, which are held to-
gether with screws, there is an additional option for temperature
measurement: after removal of one of the four parts for an “open”
operation this constellation allows an investigation of the local
temperatures at the slotted as well as at the straight outlets of
the HTHE via thermography.

4. Theoretical basics and evaluation

In this chapter the basic theory is presented, which has been
used to predict the overall performance of the investigated heat ex-
changer. The results of the predictions are presented in Section 5 in
comparison with the experimental results. There are two main
equations for the calculation of the heat exchanger. Firstly the
mass and heat balance equation:

Q =W, .oty =W, oty (2)
Using
‘A/i = A4i- Cpi

as the heat capacity rate and 6t; and ét, denoting the temperature
difference between the in and outlet temperatures of the primary
and secondary fluid respectively. Secondly, the basic heat transfer
equation

Q=k-A-AT 3)

using the Log Mean Temperature Difference AT, which is a function
of the in- and outlet temperatures TC1 to TC4. Furthermore Eq. (2)
uses the Overall Heat Transfer Coefficient k [11]:

1

- )
FDY R
Since the superficial areas of the primary fluid channels and the
secondary fluid channels are slightly different, the overall heat
transfer coefficient for heat exchangers with different working sur-
faces of the heat carriers was calculated with the following
equation:
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Fig. 4. Canning of the heat exchanger and the two operation types (type 1, center, type 2, right) schematically.

% TC waler cooler TC) 4 TG,
schematic equipment -5 6 [] 9
-
sample
cross box

'/~ IR camera

IR camera

aP)(TC) orifice measuring section
7,
primary —~—

air heater

compressor

Fig. 5. Experimental set-up (type 2 operation).

1
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k-Ay =

Taking into account the high thermal conductivity of silicon car-
bide (150 W/m K at 20 °C, 30 W/m K at 700 °C) and the small wall
dimensions the middle heat resistance in the denominator of equa-
tion (5) could be neglected. The values of the heat transfer surfaces
A; and A; for the primary and secondary fluid channels are given in
Table 2.

To calculate the convective heat transfer coefficients oy and o,
the flow in the HE was considered as forced convection laminar
flow. For these conditions an expression for the Nusselt-number
is given by Stephan [12]:

Nu
Um = = here: X = (L/d) - (1/Pe 6
"~ tanh(2.432 - Pr'3 . X176 (L/d)-(1/Pe)  (6)
Unma 3.608 00499 o -

= +
tanh(2.264-X'? +1,7-X*7%) X
Here X = (L/dy)- (1/Pe).

From the Nusselt-numbers convective heat transfer coefficients
were calculated with:

Table 2

Nuy, - A
a==F ®)

However, the fluid properties thermal conductivity /4 and thermal
diffusivity a, which occur in the Peclet Number definition, Pe = ul/a
are temperature dependent. The calculation here has been done
with the average temperatures.

With the overall heat transfer coefficients k - Ay calculated for
the different mass flow rates (see Table 2) it was possible to predict
the outlet temperatures and to compare them with the experimen-
tal data. The following equations were used, which can be derived
with a differential approach to be found in the standard literature
[10-12]:

Aty = (8 —t)) - (1 -exp (kAo (W%_%») ©)

(1 —exp(—k- Ao - (- — 1))
W — eXp (—E-AO- (w%*w%)

The calculated outlet temperatures:

A = (6 1)

t)=t) —Aty, ty=t,—Ab

Theoretical values of the heat flow have been determined with the
thermal balance equation (2) using calculated values of the outlet
temperatures from the equations (9) and (10).

Finally and with the objective to compare the performance of
the HE with existing ones, its efficiency was calculated as a relation
between the actual values of the heat flow to the maximum possi-
ble heat flow which corresponds to a HE with an infinite surface:

t=oo (11)

In case of counter flow HE’s this heat flow can be calculated
from the inlet temperatures of the two fluids (note that in the case
of the present study the heat capacity rates have been nearly equal,
Wi ~ Wz):
ro = Whin - (t/1 - t,z)

The efficiency of HEs is most commonly given as a function of the
number of transfer units (NTU):
k- Ao

min

NTU = ; (12)

Geometrical data including superficial areas of the primary and secondary fluid channels (A;, A;) and calculated convective heat transfer coefficients including the average heat

transfer coefficient of the investigated HE's.

Wall-thickness (mm) Channel-width (mm) A; (m?) A, (m?) Mass flow rate (g/s) oq (W/m? K) oz (W/m? K) kAo[W/K]
Sample 1 0.8 2 0.19 1.8-44 94-96 64-66 47-49
Sample 2 0.6 217 0.21 0.12 1.8-4.4 86-89 61-63 5.2-54




T. Fend et al./International Journal of Heat and Mass Transfer 54 (2011) 4175-4181

5. Results and discussion

This chapter contains the experimental results in comparison
with the calculated values. The basic heat transfer data used for
the calculated values have been derived from the geometry of
the HE samples. They are presented in Table 2. As can be seen, the
improved heat transfer performance of the second HE sample
can be directly related to the increased surface area due to the
modified channel geometry.

The heat flow performance is shown in Fig. 8. As expected, heat
flow increases with increasing mass-flow due to higher heat trans-
fer coefficients for higher fluid flow velocities. A significant in-
crease of heat flow for sample 2 and also for type 2-flow can be
observed. The difference between the experimental and the calcu-
lated results is 25-38% for sample 1 and 10-25% for sample 2.

Diagrams in Figs. 6 and 7 show the in- and outlet temperatures
as a function of mass flow for the primary and the secondary heat
carrier respectively. Since the experiments have been carried out
with a constant power of the heater for the primary fluid and a
varying mass flows. The inlet temperature of the primary fluid
(white symbols) decreases with increasing mass flow. The experi-
mental values of the outlet temperature (black symbols) remain al-
most constant. The calculated outlet temperatures (gray symbols)
are significantly lower compared to the experimental ones. How-
ever, this deviation reaching 26-46% for sample 1 and 12-36%
for sample 2 is not that astonishing, because the theoretical calcu-
lation does not take into account the flow distribution in the par-
allel ducts. This flow distribution may be non-homogenous due
to the special situation at the in- and outlet of the slotted channels
(Fig. 4).
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Fig. 6. Comparison of the temperatures of the primary fluid (e.g. sample 1/1 means
sample 1 type 1 flow).
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Fig. 7. Comparison of the temperatures of the secondary fluid.
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Fig. 9. Temperature difference as a function of mass flow for type 2 flow.
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Fig. 10. Performance characteristic of the heat exchanger.

Here, we have to take into account, that the duct diameter is
comparably small and the inlet flow direction of the slotted chan-
nels is perpendicular to the channel direction. Comparing the tem-
peratures for a certain mass flow it may bee seen that sample 2
shows larger temperature differences, which means a slightly bet-
ter performance. The temperature difference data (Fig 9) yields a
similar deviation of the calculated values from the experimental
ones.

Finally, Fig. 10 shows the performance characteristics of the
heat exchanger, which enables a comparison with conventional
ones and compact heat exchangers [4,7,8]. Effectiveness data are
given as a function of number of heat transfer units. The effective-
ness ranges from 48% to 62% for sample 1 and from 50% to 65%
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for sample 2. Additionally it becomes obvious also in terms of
effectiveness that the second sample shows a significantly im-
proved performance.

As examples, the following comparison with conventional and
high performance heat exchangers is given: Aqauro and Pieve re-
port efficiencies of high temperature compact gas/gas heat
exchangers of up to 62% [8]. Jiang et al. have published efficiencies
of micro-channel and porous media water heat exchangers with a
total surface area density of 2895 m?/m? and 5011 m?/m? of up to
50% and 66% correspondingly [7]. Finally, Brandner reported re-
sults of micro-channel water heat exchangers with mechanically
cut and chemically etched microstructure foil and total surface
area densities of approximately 30,000 m?/m?>. Efficiencies of 80%
and 68% respectively have been reached [4]. The efficiency of the
proposed compact heat exchanger corresponds well to the men-
tioned one taking into consideration the heat transfer medium.

Compared to conventional counter current heat exchangers
with similar values of specific surface area, which offer typical
effectiveness values of up to 60% [11], the performance of the pres-
ent compact SiC high temperature heat exchanger investigated in
the present study is quite well.

To investigate the local temperature distribution at the two out-
let cross-sections of the HE sample thermography investigations

°C

500
400
300
200

100

°C
700

600
500
400

300

I 500°C

Fig. 11. Temperature data of the HTHE during operation in type 1 configuration
from thermograph measurements.

have been performed. During the measurements the HE has been
in type 1 operation. The IR-cameras were put in the positions
according to the sketch in Fig. 5. In Fig 11, the results are shown.
The picture at the top shows the outlet of the second fluid during
a “high temperature test”. During the test the heater was operated
at maximum power which led to inlet temperatures of the first
fluid of 930-950 °C. The picture below shows the outlet of the pri-
mary fluid in an operation mode, where no second fluid was
employed.

Both infrared shots were taken at stationary conditions. The
temperature shows a quite homogenous distribution. The region
on the right at the top picture (encircled with the black line) is
slightly hotter, because this is the region where the lateral open-
ings have been sealed with ceramic kit.

On the diagram at the bottom of Fig. 11 the stationary local
temperature distribution on the front side depicted in the Fig. 11
(center) is given. The upper curve with the smaller difference be-
tween maximum and minimum temperatures belongs to the hor-
izontal line on Fig. 11 (light gray curve) and other curve belongs to
the vertical one. The local maximum values on this diagram are
temperatures close to those inside the channels and the minimum
values are close the front wall temperatures. An analysis of these
curves yields a maximum temperature difference between neigh-
boring channels of 10 and 18 °C. The maximum temperature differ-
ence between the front wall temperature and the temperature
inside the channel reaches 40°C in the vertical direction and
80 °C in the horizontal one. This non-homogeneous distribution
of the temperature is due to a non-homogeneous distribution of
fluid velocity in the channels, which is considered to be the main
reason for the difference in performance between calculated and
experimental data.

6. Conclusions

The experiments confirmed the high reliability of the HE during
operation at temperatures of up to 950 °C. Deviations of the exper-
imental results from the calculated ones are probably due to large
differences between local temperatures and velocities, which have
been revealed by thermograph investigation. The second HE sam-
ple showed better heat exchange performance due to smaller wall
dimensions. The investigated HE-material can be recommended for
applications at high temperatures of at least 950 °C. Tests at higher
temperatures should be performed to explore the temperature
range beyond this value. The investigated HE provides good effec-
tiveness performance of up to 65%. It exhibits an excellent compact
geometry with a surface to heat transfer surface/volume ratio of
995 m3/m?. Further experimental tests will be carried out to inves-
tigate the local temperature distributions. By means of numerical
fluid dynamics and heat transfer further calculations will be per-
formed to have a closer match to the experimental results. Further-
more, the HE will be tested together with a diesel particle filter
(DPF) in an engine test to demonstrate fuel saving during the
regeneration process of the DPF.
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