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heat exchanger boundary conditions on a substitute model. These displacements are
then used for detailed calculation of local stresses. The methodology is based on
the effective Young's modulus, effective shear modulus, and effective Poisson ratio.
Simulation models have been developed to determine these effective substitute prop-
erties. A model verification has been performed with a compression test rig. The
simulation predicts the experimental results with deviations below 3%, which proves
the feasibility and reliability of the effective material models. In order to reduce the
parametric effort of the substitute simulation model, information about the material
behavior is important. Here, the results indicate an orthotropic material behavior of
the fin structure. This reduces the independent substitute material properties required
for the characterization of the substitute model, which also reduces the overall simu-

lation time.
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1 | INTRODUCTION

Different studies on ceramic heat exchanger technology
are available from literature. A review of the state of the art of

Whenever metallic heat exchanger exceeds their maximum  ceramic heat exchangers and their applications, including pri-

operating temperature and chemical limits, ceramic materials
offer an alternative solution in high temperature applications.
For industrial processes with temperatures above 900°C such
as glass, ceramics, or metal production, ceramic heat ex-
changers can raise the maximum temperature limit for waste
heat recovery and thus lead to higher efficiencies. Further
promising applications include externally fired gas turbines,
which use alternative fuels like concentrated solar power or

biomass as a thermal power source.'

mary heat exchangers in gas-fired furnaces, recuperators and
heat exchanger usage in the chemical industry, is given by
Sommers et al.* The study focuses on ceramic microchannel
and plate-fin heat exchangers. Their advantages are high ex-
changer surface to volume ratio, compact structure, and high
efficiency compared with other ceramic heat exchanger types
like heat-pipes. Design and optimization studies of those ce-
ramic plate heat exchangers are mostly based on flow distri-

bution, thermal performance, and pressure drop behaviour.””’
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A special microchannel design is the offset strip fin (OSF)
design. Schulte-Fischedick et al® transferred it from metallic
plate heat exchangers to ceramic plate heat exchangers. He
presented the thermal design and manufacturing process of
a sintered silicon carbide high temperature heat exchanger
(HTHE) for power plant application. An experimental in-
vestigation on thermal performance and pressure drop per-
formance of a sintered silicon carbide OSF heat exchanger
prototype was performed by Haunstetter et al.” He conducted
tests at temperatures up to 800°C and pressures up to 5 bar
and compared the results with correlations from literature.
CFD-simulation studies on thermal performance and pres-
sure drop as well as experimental tests of an OSF ceramic
plate heat exchanger made from alumina (Al,0O3) were car-
ried out by de Mello et al.'>!> The HTHE was operated at
temperatures up to 800°C and ambient pressure conditions.
However, structural failure was observed resulting from ther-
mal-induced stresses at high temperatures.

This shows that in addition to thermal and pressure loss
investigations, there is also the necessity for thermomechani-
cal design studies. This is due to the usually ionic or covalent
atom bonding of ceramics, which results in a brittle mate-
rial behavior, leading to high risks of mechanical integrity
for a lifetime of 20 years. Studies on ceramic thermo-struc-
tural analysis for different ceramic components are already
available from literature.'>1 However, there is a lack of ther-
momechanical considerations of ceramic heat exchangers.
Srnyth17 discussed challenges of thermal stress prediction
and control within ceramic heat exchangers and their abil-
ity to withstand thermal cycling. Detailed thermo-structural
design investigations for an OSF ceramic plate HTHE were
performed by Schulte-Fischedick et al.*'® They evaluated a
small core and distributor section by assuming the maximum
stresses in areas with highest temperatures; external stress in-
fluences were not considered. Nevertheless, outer boundary
conditions like pipe connections or press fit fixations and the
overall temperature profile are of significant importance for
the deformation behavior of the whole heat exchanger. They
lead to increased internal deformation and stresses, especially
shear stresses. Thus, for the identification of low-stress de-
signs and areas of critical stresses, the whole heat exchanger
arrangement, consisting of process connection, distributor,
and heat exchanger core (fin structure), needs to be modeled
in detail.

S

I

However, complete and detailed thermomechanical de-
sign investigations of microchannel and plate-fin heat ex-
changers are related to extensive computational effort due
to the filigree internal structure, which usually consists
of a large number of fins with numerous geometrical de-
grees of freedom. Therefore, in this paper, we introduce a
novel methodology to reduce the calculation effort and to
allow wide parameter variation studies. The methodology
is based on the formulation and implementation of a ho-
mogenized substitute model, which will be formulated and
implemented in finite element method (FEM) software.
This approach yields similar body displacements compared
with a detailed model. By transferring these space-depen-
dent displacements into the detailed structure, the local
stresses in the heat exchanger geometry can be evaluated.
A fundamental step for this methodology consists in the
homogenization of the detailed filigree internal structure,
which is done with so-called effective material properties.
Therefore, simulations are conducted and validated based
on experimental results in order to identify the material
and geometry-dependent parameters and to determine the
global mechanical material behavior.

The purpose of this article is to provide the basis for sim-
plified thermomechanical design studies of ceramic plate-
fin heat exchangers. First, the methodology is described in
Section 2. The numerical models and determination of effec-
tive substitute material parameters are presented in Section
3. In Section 4, the experimental setup for the shear modulus
verification is explained and illustrated. The results are visu-
alized and discussed in Section 5. The conclusion follows in
Section 6.

2 | METHODOLOGY

Basically, the here presented methodology can be applied
to various heat exchanger designs. Here, it is applied to a
ceramic microchannel plate-fin heat exchanger with an OSF
core (Figure 1). This structure allows low-stress design so-
lutions, high heat transfer rates, and an internal tightness
between two heat transferring fluids due to its sintered mono-
lithic structure. In addition, the design has a mechanical sup-
port function, which is provided by its fins. They support
against internal pressure differences between the two fluid

Fins of fluid1
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FIGURE 1

Graphical representation
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Fins of fluid 2

of a typical metallic offset strip fin core (A)
and a ceramic OSF heat exchanger plate (B)
with characteristic geometric dimensions
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streams and lead to a stabilization effect to resist outer pres-
sure impingements.8

Nevertheless, thermomechanical design simulations are
necessary for the identification of mechanical stable arrange-
ments. However, due to the large number of fins and the nu-
merous geometrical degrees of freedom such as fin length (/),
height (%), thickness (7), and spacing (s), these calculations re-
quire extensive computational effort. For this purpose, an alter-
native approach is developed, which is illustrated in Figure 2.

The basic idea is to use a homogenized substitute heat
exchanger model. This requires effective mechanical substi-
tute material properties consisting of the effective Young's
modulus E, effective shear modulus G, and effective Poisson
ratio v. Those are determined from a small symmetric section
of the heat exchanger core through standardized test proce-
dures implemented in ANSYS® mechanical 18.1 and serve as
fundamental set for the homogenized substitute model. The
model itself shows the same geometric dimensions as the real
HTHE, but without any fins and spaces in its core. After im-
printing external boundary conditions, such as temperature
curves and forces, the substitute model leads to comparable
body displacements as a detailed HTHE model. The resulting

pen Access,

local displacements are then transferred to the detailed fin
structure model to determine critical local stresses. In addi-
tion, the material behavior of the symmetric fin section is
taken into account when determining the effective substitute
material properties. The reason for this is the nonisotropic be-
havior of the symmetric fin profile, which is due to its porous
structure and leads to direction-dependent material proper-
ties. A complete anisotropic structural material behavior
requires, according to the stress-strain relationships, 21 inde-
pendent constants. These constants have to be defined in a 3D
calculation in ANSYS®. If the internal defects or reinforce-
ments are evenly distributed, the required material constants
can be reduced. By proving orthotropic behavior of the sym-
metrical fin section model, only nine independent constants
are required, making simulation studies more time-efficient.

3 | MODELING

For parametrization of the homogenous substitute model,
three effective material constants are required, including the
effective Young's modulus, Poisson ratio, and shear modulus.

Modelling of a detailed
symmetric fin section of the
heat exchanger core and
determination of the model’s
effective Young’s modulus,
effective shear modulus and
effective Poisson ratio

@ Eetr, Gefr, Vert

Modelling of a heat exchanger F
black box (substitute model),
by using the effective material
properties.

Impingement of boundary
conditions such as strains,

Eeff, Veff, Gesr

FIGURE 2
novel stress determination

Schematic flow sheet of

forces and temperature profiles

Critical displacements

Implementation of critical
displacements into the detailed
fin structure section model and

determination of critical
stresses

{} Critical stresses in all directions
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Those are determined through standardized test procedures
as described by the German Industrial Standard (DIN), using
FEM simulations with ANSYS® mechanical 18.1.

3.1 |

The Young's modulus is defined as the stress-strain ratio of
a sample when a predetermined force is induced. A well-
known method for determining the Young's modulus is a so-
called compression test. The sample has a fixed bearing at
one end, whereas a perpendicular force is impinged the other
end. Simultaneously, the change in length is measured. The
Young's modulus is calculated by using the linear relation
given in Equation (1) (Figure 3B). This linear elastic behav-
ior is typical for most metals and for brittle materials such as
ceramics. A schematic representation of the compression test
is illustrated in Figure 3A.

For fiber composite or porous materials, the effective
Young's modulus is anisotropic, resulting in different Moduli
for x-, y-, and z-direction. As the fin structure can be consid-
ered as a porous material, a calculation for each direction has
to be carried out to determine E,, Ey, and EZ.19 This is shown
schematically in Figure 3C, where as an example and for bet-
ter visualization the FE model for effective Young's modulus
determination in y-direction (E,) is depicted as a 2D rectangle

Effective Young's modulus
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FIGURE 3
of a compression test (A), the linear relation
of Young's modulus (B), and the FE model
for E, determination in simplified 2D
illustration (C)22
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model instead of a 3D OSF structure. For the calculation of
E, and £, the procedure is similar, except for the position
and direction of the boundary conditions. To determine E,,
the bearing and stress must be set in x-axis direction and for
E_ in z-axis direction.

3.2 | Effective Poisson ratio

The Poisson ratio is defined as the ratio of lateral strain to
longitudinal extension (Equation 2 in Figure 4B) of a sam-
ple when a defined uniaxial force acts on it. The Poisson
ratio can be determined either by a compression or by a
tensile test. The latter is implemented in ANSYS®. The
fixed bearing is attached opposite the acting force. For
example, an elongation in y-direction takes place, which
leads to a length reduction in z- and x- direction. v, and v,
can be determined according to Equation (2). These ratios
describe the strain in x- or z- direction, while a force acts
parallel to the y-axis. A simplified 2D representation of
the FE model with the boundary conditions is shown in
Figure 4C.

Due to the anisotropic effective Young's modulus (x, y,
and z-axis) and the associated variation in elongation, six ef-

fective Poisson ratios can be differentiated (vx),, Vi Vors Vays
Vi and v, ).
Oy

L,

FIGURE 4 Tensile test for Poisson

D
A48a848 4 ratio determination (A), equation for

calculation of Poisson ratio (B), and the

©

FE model for vy, and v, determination in
simplified 2D illustration (C)22
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calculation (B), and the FE model for G, I | —>———>
determination in simplified 2D illustration 1 1 G o = z 3)
Iy 1 Y= arctan(A—l] “4)
I 1 Yo
v I I
(IR DA
X1 (A) (B) ©
3.3 | Effective shear modulus spacers. Figure 6 illustrates the experimental setup. The sam-

The shear modulus is defined as the ratio of shear stress 7 to
elastic shear deformation angle y (compare Equations 3 and
4 in Figure 5B). Again, the anisotropic properties of the fin
structure result in six different shear moduli. Taking G, as an
example, nodes at minimum y form the base, while at maxi-
mum Yy the shear force is applied in x-direction, which leads
to a deformation angle (y). Figure 5A illustrates a shear stress
deformation in the xy-plane and the corresponding change in
shear angle in the linear elastic range on the basis of a rectan-
gle. Figure 5C shows a simplified 2D illustration of the FE
model with boundary conditions for ny determination. Here,
the shear force 7,, acts perpendicular to the yz plane, while
the basis is formed by nodes at minimum y. For G,, a shear
force has to act perpendicular to the yx plane. The remaining
components of the shear modulus (G,,, G,, and G_,, G_,) are
determined analogously. »

2y

4 | EXPERIMENTAL SETUP:
SHEAR TEST

In a ceramic heat exchanger, shear stresses are more criti-
cal than compressive stresses. They are caused on the one
hand by different thermal expansions within the heat ex-
changer and on the other hand by external forces, which
are, for example, caused by press fixations. In order to en-
sure the reliability of the model results, experiments were
carried out on a test bench and compared with model re-
sults. The aim was to demonstrate the accuracy of the de-
veloped ANSYS® model.

41 |

The main part of the test setup is a Zwick and Roell press,
which can provide shear forces of maximum 200 kN. A
spindle drive enables precise test speeds of 1 pm min~' to
100 mm min~". The test rig is equipped with internal force
and distance sensors. In order to obtain robust results, the
specimen must be prevented from tilting. This is done by a
sample fixation system consisting of two T-squares and bar

Experimental setup

ple is placed such that there is a vertical fixed bearing on the
left sample leg and a vertically floating bearing on the right.
The load is induced at the top of the right, not vertically fixed
steel leg and acts as shear stress parallel to the fin base.

The fin samples themselves are made of aluminum and
have 18 equally long fins on each fluid side. Both sides are
spatially separated by a “heat exchanger plate.” Figure 7A
illustrates the fin structure with its geometrical dimensions.
For the shear force impingement, negative forms are used.
Those are made from steel. Due to its three times higher
Young's modulus, compared with aluminum, distortion of
the results is reduced. The forms transfer the force parallel to
their base into the fins and thus cause shear deformation of
the entire sample.

To improve accuracy of the results, the digital image anal-
ysis software ARAMIS®? is used. Therefore, the entire sam-
ple (fins and negative forms) has to be sprayed with white
background color and black dots (Figure 6). ARAMIS® de-
tects the black dots and their movement as a function of time,
piston travel, and used load. The software is able to determine
the deformation of the fins without considering the deforma-
tion of the negative forms.

42 |

The sample with its negative forms is inserted into the test
rig as shown in Figure 6. The parameters and conditions

Experimental procedure

FIGURE 6 Experimental setup for shear module determination
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FIGURE 7 Aluminum sample for

Fins of fluid 1 fin h/mm 5 experimentally shear modulus determination
s/mm 6 (A) and its geometrical parameters
t/mm 3 : :
according to Figure 1B
Heat exchanger plate V mm 7 g g
Plate thickness/mm 4
Fins of fluid 2 fin Plate width/mm 41
Plate height/mm 38
(B)
TABLE 1 Test facility parameter 5 | RESULTS AND DISCUSSION
Zwick _ _ )
Roell For each of the effective material models discussed, a do-
Test facility 200 kKN main size and mesh study were conducted. In order to dem-
Test speed/mm s~ 0.005 onstrate the functlon.ahty of the methodology, .the effe(?,tlve
» shear model was validated. Furthermore, effective substitute
Initial load/N 25 . . . . . .

i material properties were determined for five different fin ge-
Maximum load/N 7000 ometries to prove the orthotropic characteristic of the OSF
Ambient temperature/°C 21.6 plate heat exchanger core.

Humidity/% 50

used for the experimental procedure are listed in Table 1.
First, the initial load of 25 N is applied to the sample to
check the fixation setup and tare the force and displace-
ment measuring systems. Afterward, the test procedure
starts. Due to the constant piston movement, the load is
continuously increased to a maximum value of 7 kN.
During the entire measurement, changes in distance and
load are recorded. Each 500 N a digital image of the whole
sample is taken. After the test procedure, the exact defor-
mation, stress, and strain of the fins are determined by
using the pictures and the ARAMIS® software. Together
with Equations (3) and (4), the resulting shear moduli are
calculated. For the validation, only shear moduli in one di-
rection are determined. A total amount of ten samples are
tested.

Eighth of fluid 1 fin

Heat exchanger plate

Eighth of fluid 2 fin

5.1 | Model and mesh size determination

The considered domain size of the ANSYS® models was sub-
ject to a size independence study. Taking into account, the
symmetry and periodicity of the OSF HTHE-core five differ-
ent sizes of the representative model domain (Figure 8) were
tested to gain the best time and accuracy ratio.

Figure 9 illustrates the Young's modulus as a function f
model domain size. A maximum change of 8% can be ob-
served from domain size one to three. Thereafter, changes
below 0.1% occur. The results regarding Poisson ratio and
shear modulus are similar. In order to save computational
time, model size number three was chosen for subsequent
analysis.

A grid independence study was performed using a tetra-
hedral mesh. Ten different mesh sizes, listed in Table 2, were
tested on the basis of the previously selected domain size. For

FIGURE 8 Exemplary representation
of the different considered domain sizes

within the domain size independent study
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FIGURE 9 Domain size study results for the Young's modulus
model

TABLE 2 Mesh number and size

Numbers Amount of nodes
1 135226
2 110 781
3 79 188
4 55247
5 44 597
6 42 987
7 31551
8 30235
9 28 202

10 26 651

instance, the results for the Young's modulus are depicted in
Figure 10. Deviations below 0.2% between the finest and the
coarsest mesh are visible. Here, too, the results for Poisson
ratio and shear modulus are similar. Therefore, due to the
time efficiency, mesh number nine is used for the subsequent
validation and ongoing research.

5.2 | Validation of the effective shear
modulus model

In order to validate the shear modulus model, simulations
and experiments were performed with the geometrical fin pa-
rameter shown in Figure 7. The experiments were conducted
using the presented test setup, and the results were obtained
by using the digital image analysis software ARAMIS®. To
reduce inaccuracy, ten samples with the same fin dimensions
were tested.

><105
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E
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FIGURE 10 Mesh size study results for the Young's modulus
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FIGURE 11 Comparison of simulation (black) vs

experimentally shear test results (red)

Figure 11 illustrates the average experimental results with
their standard deviations of the shear tests (red) compared
with the simulation results shown in black. It can be seen that
displacements obtained with the experimental setup agree
well with the results of the simulation model. Using Equation
(3) for shear modulus calculation, an averaged experimen-
tal shear modulus of 512 MPa with a standard deviation of
24 MPa can be determined. With the computational model,
an effective fin shear modulus of 498 MPa is received. The
maximum deviation between numerical and experimental re-
sults is 2.8%. This shows the feasibility and reliability of the
effective shear modulus model.

In addition, the resulting effective shear modulus is
more than fifty times smaller compared with a pure alumi-
num block (25.5 GPa). The same can be observed for the
effective Young's modulus. Here, the value is with 21 GPa
instead of 70 GPa smaller, too. This results from the porous
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FIGURE 12 Fin example with depicted symmetric planes (A), orthotropic stress-strain matrix (B), and equations of symmetric conditions
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TABLE 3 Fin geometries for effective material property are

determined
Geometry numbers s/mm t/mm I/mm h/mm
1 1.00 1.00 10.00 1.00
2 3.50 1.93 24.84 2.00
3 7.50 2.44 75.00 3.00
4 10.00 5.50 55.00 4.00
5 8.50 5.00 60.00 5.00

TABLE 4 Material parameters of sintered silicon carbide

E/GPa v/-

SSiC 410 0.17

structure of the sample and the fact that a higher degree
of porosity results in higher deformations at the same
stresses. Thus, the sample shows a lower Young's and shear
modulus."

53 |

Figure 12A illustrates a symmetric OSF section. Due to the
evenly distributed fins, three symmetric plates (blue squares),
which are perpendicular to each other, can be marked. The
geometrical dimentions ([, A, t, s; compare Figure 1) used for
Figure 12A are examples, but can vary without changing the
material behavior.

Proof of orthotropic material behavior

By proving the orthotropic behavior of the OSF structure
model, the independent material constants—Young's mod-
ulus, Poisson ratio, and shear modulus—can be reduced to
nine and thus, computational time can be saved. A material
shows orthotropic behavior, if its mechanical properties be-
have symmetrically with respect to the symmetric plates.
For orthotropic materials, however, the normal and shear
components are decoupled: Normal stresses (perpendicular
to a symmetric plate) only cause normal strains, and shear
stresses only cause shear strains. The corresponding ortho-
tropic stress-strain matrix is given in Figure 12B. A funda-
mental property of this matrix is its symmetry. This results in
three symmetrical conditions of orthotropic resilience, which
are shown in Figure 12C. According to these relationships,
the number of independent mechanical material constants
can be reduced to nine for orthotropic materials.

To show the orthotropic mechanical behavior of the fin
structure model, effective material properties were deter-
mined for five different, randomly selected fin geometries
and their symmetric conditions were checked. Table 3 shows
the considered fin dimensions. As initial material parameters,
the ones of sintered silicon carbide were used (Table 4).

The results obtained for the five geometries considered
are listed in Table 5. The Young's moduli, Poisson ratios, and
the equations of symmetric conditions (Figure 12C) were
used to examine the stress-strain symmetry. Comparing the
results, the symmetric conditions agree within a maximum
deviation of 1.8%. This indicates the orthotropic behavior of
the fin section model. Thus, only nine independent effective

TABLE 5 Effective Young's moduli, Poisson ratios, and symmetric test results for the fin geometries given in Table 3

E - modulus/GPa Poisson ratio/-

Symmetric test/x10~’

Nr E, E, E, Dy Viz Thee Yy

1 346 268 302  0.165 0.169  0.130  0.134
2 281 170 231 0.162  0.170  0.099  0.089
3 231 118 185  0.164  0.170  0.084  0.058
4 227 158 170 0.152  0.172  0.106  0.074
5 216 165 146  0.150 0.171 0.115  0.079

0.147 0.149 477 484 488  4.87 5.00 493
0.140  0.120  5.78 5.83 6.05 6.06 524 519
0.137 0.090 7.09 7.13 7.36 7.40 4.92 4.86
0.129  0.080  6.69 670 7.58 759 468 471
0.116 0.070 6.96 6.97 7.92 7.95 7.79 4.79
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substitute material properties—E, Ey, E, Viys Vays V. G

xyr Vxyr Xy
G,,, and G,,—are required to characterize the entire substi-

tute model.

6 | SUMMARY AND CONCLUSION
In this work, a novel thermomechanical simulation method-
ology for a time-saving identification of mechanically stable
ceramic plate-fin heat exchanger arrangements is presented.
It is based on the OSF plate fin structure, which is already
subject to ceramic heat exchanger research. The structure
shows a large number of fins and numerous geometrical de-
grees of freedom; which is why detailed thermomechanical
design simulations of different fin dimensions are usually
associated with high computational effort. The methodology
presented, which is based on a homogenized substitute heat
exchanger model, reduces this effort.

The methodology requires effective substitute mate-
rial properties that are required, consisting of the effective
Young's modulus E, effective shear modulus G, and effec-
tive Poisson ratio v. In order to determine these properties,
three simulation models were developed and presented which
are based on the standardized test procedures of the German
Industrial Standard (DIN).

By means of a model domain and mesh size independence
study, both a computationally time-saving model size and mesh
size could be identified. In order to ensure the accuracy of the
model results, the shear modulus model was validated. For this
purpose, a special test rig was set up to experimentally determine
the shear modulus of ten identical samples. The experimental
results were compared with the simulation results finding a
maximum deviation of less than 3%. Furthermore, the material
behavior of the fin structure was investigated with respect to the
orthotropic stress-strain relation. With an agreement of 98.2%
between the symmetric orthotropic relationships, the orthotro-
pic material property of the fin structure was demonstrated. This
reduces the number of independent effective material properties
to nine and thus leads to a reduced computational time.

The presented work sets the basis for detailed time-saving
thermomechanical design studies of plate-fin heat exchang-
ers. Future work will focus on the setup of the whole thermo-
mechanical design model including the substitute model, the
impingement of boundary conditions, extraction of critical
displacements, and their implementation into a small fin sec-
tion for thermomechanical stress calculation.

NOMENCLATURE

A area/m’

E.4 effective Young's modulus/Pa
F force/N

effective shear modulus/Pa

Veﬁ

pen Access,

fin height/m

fin length/m

original length/m
change in length/m
lateral fin spacing/m

fin thickness/m

change in thickness/m
effective Poisson ratio/—

GREEK SYMBOLS

y deformation angle/rad
T shear stress/N m ™
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