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Abstract

Within the Framework of the "TurboFuelCell (TFC)" a highly integrated and
compact energy conversion system based on Micro Gas Turbine Solid Oxide
Fuel Cell (MGT-SOFC) hybrid process is being developed by the team at
BTU-Cottbus Senftenberg. This work focuses on the extension of the pre-
design process of a primary surface heat exchanger (PSHX), which is a key
component for the coupling between MGT and SOFC, using an 1D/3D hybrid
simulation method for the understanding of its behaviour under the influence of
heat radiation. In a MGT-SOFC hybrid process the high temperature heat
exchanger plays an important role in preheating the fresh air to a minimum
operation temperature necessary for SOFC. Due to the special location of this
PSHX in the TFC, it is constantly exposed to heat radiation from the SOFC
module, which requires additional consideration of its influence for better
model accuracy. A first design, which is later extended through an 1D Flow
network model, based on e — NTU method is presented. A complete 3D-CFD
simulation with consideration of heat radiation is initially employed for the
whole flow process to examine the first design. However, this approach proves
to be highly computationally expensive due to the large dimensional difference
between the plenum for cathode exhaust air and the fine channels in the PSHX.
To reduce the computational effort, the flow and heat transfer in the PSHX is
modelled by 1D elements. The flow in the plenum is simulated by 3D-CFD,
which better accounts for convection and thermal radiation. A comparison
between 3D-CFD and 1D/3D hybrid model is performed. A significant
reduction of simulation time and computing resources can be achieved for well
calibrated hybrid model without compromising on accuracy. In the talk, the
effect of insulation layer thickness variations on the heat transfer on the plenum
side due to heat radiation and their influence on the heat exchanger efficiency
are discussed. Consequently, design improvements are realized based on the
previous findings. Finally, the 1D/3D hybrid simulation method is evaluated
and prepared for the general applications in thermal management of machines
based on coupled MGT-SOFC process.



1. Introduction

The "Turbo Fuel Cell (TFC)" in development by the team at BTU Cottbus-
Senftenberg is a highly integrated and compact energy conversion system [1]
based on a Micro Gas Turbine Solid Oxide Fuel Cell (MGT-SOFC) cycle [2].
MGT-SOFC, with its world-record efficiency [3], offers the possibility of
distributed power supply and enables higher system dynamics. MGT-SOFC,
together with the "Power To X" concept, can be operated with climate-neutral
hydrocarbons. The PSHX developed in this work is a key component to realize
the MGT and SOFC coupling. The main function of this high temperature heat
exchanger is preheating the fresh incoming air to a minimum temperature
required for the SOFC.

The PSHX concept with counterflow design is chosen for easier manufacturing
of this high temperature heat exchanger. The cold and hot sides are separated
by a thin folded sheet, which together with the heat exchanger’s outer shell
forms a single channel with a triangular cross-section on each side (Fig (1b)).
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Figure 1: lllustrative representation of the geometry to be investigated

Since this high temperature heat exchanger is located quite close to the SOFC
module (Fig. (1a) and (1b)), the hot side of PSHX together with insulation
layer is constantly exposed to thermal radiation and is in contact with the hot
cathode exhaust air. Characterizing this heat exchanger without considering
additional heat input from thermal radiation and convection could result in
inaccurate predictions of the heat exchanger output temperature. One solution
is to use a full 3D simulation of Conjugate Heat Transfer (CHT) capable of
capturing complicated radiation behaviour in the plenum. This requires
significant computational effort because PSHX flow channels need high
resolution. In contrast, a 1D/3D hybrid simulation method [5] describing the
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flow behaviour by certain hydraulic and thermal characteristics is more
suitable. This hybrid simulation method is applied in thermal management
because it can describe highly complex problems. The work of H. Jordaan et al
[6] studies a shell and tube heat exchanger using a 1D/3D hybrid simulation
method by modeling the flow in tubes with 1D elements and simulating that on
the shell side by 3D-CFD. In the thermal management of motor vehicle, this
coupled simulation is also widely adopted, e.g. coupling between 3D
simulation in passenger compartment and 1D modeled cooling circuit [7],
thermal management in vehicle underhood environment [8, 9], and also in
engine cooling, where e.g. engine structure is described by 3D FEM and
cooling circuit described by 1D Flow Network Model (FNM) [10]. In turbine
blade cooling [11] the flow in cooling channels can be represented by their
thermal and hydraulic characteristics in 1D elements, which has been
investigated in detail using experiment or 3D-CFD and is available in many
literatures or textbooks. In an electrical equipment’s thermal management this
method is also massively employed [12]. The biggest advantage of the hybrid
simulation besides the reduction of the computational effort for a steady-state
calculation, is the characterization of transient and dynamic behavior of an
extremely complicated system like the temperature oscillation of a certain
structure for thermal fatigue analysis [13].

The current work presents the pre-design of an innovative PSHX based on
classical heat exchanger theories and its 1D model construction in Flownex.
This constructed 1D model of the heat exchanger is then coupled with a 3D
model for the plenum and insulation plate. For comparison, a full 3D CHT is
also performed to verify the validity and accuracy of this hybrid method. This
1D/3D hybrid method can be used to vary the plenum width and insulation
thickness for quantification of heat radiation influence from the SOFC module
on the heat exchanger in different configurations, so that further useful design
strategies can be developed.

2. Pre-design of primary surface heat exchanger
2.1 Heat exchanger theory

A heat exchanger consists of a heat transfer process with three sub-processes:
convection on both sides and heat conduction through the
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Figure 2: Temperature profile in the heat transfer process

partition wall as shown in Fig. (2). The three sub-processes are described by
three corresponding thermal resistances, the sum of which is the total thermal
resistance:

1 1)
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)

nCAcac

where R, is the thermal resistance through heat conduction, n the fin
efficiency, A the total heat surface and « the heat transfer coefficient.
Subscripts ¢ and h stand for cold and hot side respectively.

There are several methods available to design a heat exchanger, e.g., F —
LMTD, P — NTU, € — NTU method etc [14]. The design in this work employs
the e — NTU method. This method is often used, because of the clear physical
meaning of the parameters occurring in this method. € is a ratio between the
exchanged and maximum exchangeable heat amount:

_ 9 CTeo=Tei) _ Cn(Thi = Tho) 2)
Qmax Cmin (Th,i - Tc,i) Cmin (Th,i - Tc,i)

where C, = (mc,,)c, Cy = (mcp)hand Cmin = min (C,, Cy). Ty ; — T, is the
biggest temperature change that could occur in a heat exchanger. After
determining ¢, the actual amount of exchanged heat is calculated by:

q= 6-Cmin(Th,i - Tc,i) (3)

NTU is a dimensionless parameter characterizing the heat transfer process. Its
definition is:

NTU = @)

min

Every flow configuration (e.g., counterflow, crossflow, or parallel flow, etc.),
has a unique relationship between € and NTU. For performance calculation, the
corresponding NTU used to determine the effectiveness according to the € —
NTU relationship, is determined from the inlet boundary conditions and
material values. For a non-existent heat exchanger design, the process works in
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reverse. For example, the e — NTU relationships for counterflow, parallel flow
and crossflow design are presented in the Table (1) [14].

Table 1: The Relationship between € and NTU for different flow type

€= 1—exp [-NTU(1+Cy)]

Parallel flow v

_ 1—exp[-NTU(1-Cy)]
" 1-Crexp [-NTU(1—-Cy)

]forCr<1

Counter flow NPT

€= forC, =1
1+NTU I
Both fluids mixed e=1—exp [(C—)(NTU)O'ZZ{exp[—Cr(NTU)o'm] —1}]
Crossfiow | (rex e Cmin | e = ()1~ exp (=G, [1 ~ exp (-NTU)})

Cinax (Unmixed), Cpin

(mixed) €e=1—exp (_Cr_l{l — exp [_CT(NTU)]})

2.2 Configuration of PSHX and the thermofluiddynamic design

The requirements of this heat exchanger and the respective boundary
conditions are listed in Table (2). The pressure drop is not specified initially
but needs to be kept as small as possible to not influence system’s overall
performance negatively. Since the SOFC module has a circular design as
shown in figure (1a), the high temperature heat exchanger is also designed as
an annular structure with respect to the integration and compactness. Here, two

Table 2: Boundary conditions for the pre-design
Mass flow of cold side (r.) in Kg/s 0.139875
Mass flow of hot side (11;,) in Kg/s 0.130875
Inlet temperature of cold side (T,;) in °C 571
Inlet temperature of hot side (T,;) in °C 831
Target outlet temperature of cold side (T,) in °C 700
Target outlet temperature of hot side (T}, ,) in °C 694
Operation pressure in bar 4.6

(a) Primary surface heat exchanger with triangular (b) Primary surface heat exchanger with

folded heating surface cylinder heating surface

Figure 3: Two possible heat exchanger concepts



concepts of the partition wall are considered as in Fig. (3), a cylindrical wall
and a folded wall. The variant with the cylinder wall (Fig. (3b)) as a partition
would provide sufficient NTU from a thermofluiddyamic perspective, if the

half channel height (g) is small enough (theoretically smaller than 10 mm).

Practically, this variant imposes many problems with thermal deformation at
high temperature. The variant with folded partition wall is the focus of this
work. During designing, the arc between two peaks is approximated as a
straight line because the pitch is very small compared to the whole circle’s
circumferential length. The integer number of the pitch N is provided for
avoiding fractional pitch number caused by a pitch width specification. The
triangular channel is uniquely defined by the parameters used in Fig. (3a). The
flow area on both sides result from the following relations:

A= N2 (B —s)(H — )
1
Ay =N -3 By = $)(H = 5)

The triangular channel’s hydraulic diameter is determined by the following
equation:
2(Pc—s)(H=s) 2(Pp—s)(H-s)

Ph
2

dp,c = s dnp =

2 (%)2+(H—s)2+(PC—S) 2)/( )2+(H—s)2+(Ph—s)
The heating surface between the cold and hot side is as follows, assuming of
identical side lengths of the triangular from both sides:

2

AF=N-2LJ(%) + (H - 5)2

The definition of Reynolds number is derived from the following equation:

_ PmWmdp _ mpdy
Um UmA

where the material properties determined by mean temperature of the

respective side, which is T“:ﬁ for the cold side and @ for the hot side.

For the design, a Reynolds number in the transition region is intentionally
avoided because of difficulties in capturing the thermofluiddynamic
characteristics and a higher sensitivity of the heat exchanger to disturbances
[15]. Few possible combinations of geometrical parameters are considered for
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a rough estimation of the Reynolds number (here as an example for that of the
cold side).

Table 3: Examination of Reynolds number for a few possible configurations

Dy (mm) | D;(mm) | H(mm) | B (mm) | s(mm) N () Re; ()
0.472 0.442 15 6.86 1 200 2327
0.472 0.442 15 6.86 0.5 200 2087
0.472 0.432 20 6.79 1 200 1834
0.472 0.432 20 6.79 0.5 200 1652
0.472 0.432 20 6.79 0.2 200 1557

From Table (3), it is deducible that this heat exchanger will not work in the
completely turbulent state for given rational configurations, because of a low
air flow rate. According to literature, the critical Reynolds number for the duct
with triangular cross-section is smaller than that for the duct with circular
cross-section (Re = 2300). The transition in the duct with triangular cross-
section could start already at a Reynolds number of 1700. Consequently, for
this design a total channel height (H) not smaller than 20 mm and a plate
thickness of about 0.1 to 0.5 mm is chosen to ensure laminar flow in the heat
exchanger. For laminar flow in a triangular duct, the Nusselt number (Nu)

depends only on the geometry [16].

adh
Nu=—2
Y=

the heat transfer coefficient is determined for NTU calculation. This calculates
the effectiveness of the heat exchanger using the e — NTU relationship. For
example, three possible geometrical combinations are shown in Table (4).

Table 4: Three different designs based on € — NTU Theory
Channel height (H) in mm 20 20 25
Partition wall thickness (s) in mm 0.5 0.2 0.2
Pitch (P) in mm 7.07 7.14 7.71
Number of Pitches (N) 192 190 174
Total length (L) inm 1.5055 1.5055 1.5055
Outside diameter (D,) in m 0.472 0.472 0.472
Inside diameter (D;) in m 0.432 0.432 0.422
Nusselt number (Nu) 2.65427 | 2.65684 | 2.61823
Reynolds number of the cold side (Re,) 1704 1622 1446
Reynolds number of the hot side (Re},) 1429 1366 1215
Heat transfer coefficient of cold side () in W/(m?K) 28.1997 | 27.9091 | 24.8632
Heat transfer coefficient of hot side (a;) in W/(m?K) 27.5254 | 27.2404 | 23.77
Total heat transfer surface (Ag) in m? 11.46 1151 13.15
Heat exchanger effectiveness (€) 0.524 0.522 0.524
The realized NTU 1.07 1.06 1.07
Calculated outlet temperature of cold side (T,,) in °C 700.29 699.93 700.38




3. Methodology of the coupled simulation

A coupled simulation is understood as a simulation using different solvers for
exclusively modeling or simulating part of the Multiphysics. In many
situations, the physical models consist of several sub-models of distinct
complexities, e.g. considering temperature control in the passenger
compartment of the motor vehicle with connected cooling circuits. In this
situation, the 3D flow structures in the passenger compartment are relevant,
while the flow details in the cooling circuit are insignificant. Another reason
for a 1D/3D co-simulation is because the transient or dynamic behaviour of a
complex physical system can be analysed with acceptable computational effort.

3D Tlow Region

Figure 4: Hydraulic coupling between a 3D flow region and 1D flow elements

There are two typical types of coupling: thermal and hydraulic coupling.
Thermal coupling concerns convection on the surface of a structure. For
example, Fig. (5) shows a thermal coupling between 1D flow elements and a
3D structure. Such an approach (replacement of 3D flow by 1D flow network
model) benefits transient and dynamic analysis, where enormous
computational effort is associated with transient 3D flow calculation. In
hydraulic coupling the 1D and 3D elements are hydraulically connected (Fig.

(4)).
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Figure 5: lllustration of a hybrid physical model of the heat convection
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Figure 6: Iteration process of the thermal coupling

The iteration process of the thermal coupling can be found in Fig. (6). A 1D
network is initialized e.g., with Q,, = 0 (or T,, = Tpyx)- The resulting flow
temperatures and heat transfer coefficients are transferred to 3D solver (here
ANSYS Fluent) after interpolation. There, the calculation is started with these
boundary conditions, and it does not have to converge because the boundary
conditions will be updated immediately by Flownex in the next global iteration.
A suitable number of iterations in 3D Solver can be determined by trial and
error. Afterwards, the old Q,, (or T,,) are replaced by the new values from the
3D calculation, which are used to generate new boundary conditions in
Flownex for 3D model. In this way, the iteration continues until the alteration
of the physical parameters is sufficiently small.

4. 1D, 3D and 1D/3D hybrid model
4.1 1D model of PSHX in Flownex

Flownex, like other 1D flow solvers, uses simplified conservation equations
(conservation of mass, momentum and energy) to describe pressure drop,
enthalpy change in a given flow element along one direction. While steady-
state solutions are desired in this model, the model still can describe transient
behaviour, which is one of the greatest advantages of 1D solvers.

The representation of the heat exchanger by 1D flow network model including
heat transfer complements the previous prediction based on € — NTU method
with assumptions of constant material values, and prepares the 1D/3D coupled
simulation. The heat exchanger segment can be modelled by the model shown
in Fig. (7b). It comprises two flow elements ("hot" and "cold") and one heat
transfer element ("Convection, main") between them. In addition to the main
heat transfer through the partition wall, the air on the hot and cold sides are
also thermally

(a) Fin effects near the contact point between (b) FNM of a heat
folded heating surface and insulation exchanger segment

Figure 7: The fin effects and their representation in FNM



influenced by the insulation and the near-wall region of the partition wall (Fig.
(7a)) also behaves like a fin due to the heat conduction in periphery.
Consequently, three additional heat transfer elements (*Convection, iso™, "Fin,
hot", "Fin, cold") are connected to hot and cold side.

Flownex provides only standard elements, and therefore determining the
triangular cross-sectioned duct’s configuration is done on an Excel sheet. The
corresponding flow area and periphery of the cross-section are then transferred
to standard elements. The dependence of Nu on the geometry is realised
through an implementation. The segment shown in fig. (8) is defined as a new
component and marked by the corresponding connections, where the thicker
dashed line stands for cold side, the thinner for hot side and the yellow and
green for thermal connections to the 3D domain. The entire heat exchanger can
be divided into several segments depending on resolution requirements. To
determine the influence of the subdivision for an

Upstream, hot \‘ Downstream, cold

Conv, iso

4
[}
]
\ !
\ ]
y I
Fin, c 6
< i 7
Fin, h ! 1
! \
/ \
/ \
Downstream, hot * ¥ Upstream, cold

Figure 8: The custom-defined new compound in Flownex for a segment of heat
exchanger

ideal heat exchanger (heat transfer through the partition wall), four different
subdivisions were calculated for the comparison of the outlet temperature
(table (5)). After the comparison, a subdivision of more than two sufficed.
However, such behaviour (subdivision with two elements suffices) is expected,
because there are similar mC,, on both sides of this heat exchanger. Thus, the
temperature profiles on both sides are almost linear. If the m.C,, on both sides
were quite different, a fine subdivision might be necessary. 20 segments were
eventually applied for 1D/3D hybrid model regarding possible non-linear
temperature profile in the heat exchanger due to the influence of radiation.

Table 5: The influence of model discretisation on the outlet temperature of the
cold side

Number of Discretization 1 2 10 20

Outlet temperature of cold side (T,,) in °C 688.24 700.64 700.61 | 700.61
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4.2 1D/3D hybrid model for coupled simulation
4.2.1 Constitution of the hybrid model

The hybrid model assembly is based on continuous data exchange between
different models. For the 3D part, a convection boundary condition is provided,
in which the heat transfer coefficient and the flow temperature are delivered by
the 1D model. For the 1D part, either the heat flux or the wall temperature
extracted from the 3D model is required. The 3D part contains only the plenum
and the insulation layer as shown in Fig. (9a), wherein one side of the
insulation layer has been divided into twenty parts with respect to the
subdivision of PSHX. For continuously varying temperature, the temperature
profile was determined by piecewise linear interpolation:

Thuik,i+1 — Thuik,i
Touie = Touik,i + l T “(z = 2,2 € (2}, Z141] (11)
L

The heat transfer coefficients were set constant for a partial surface due to its
slight change in the axial direction. A finer subdivision or interpolation
schemes of higher order for more accuracy can also be used.
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. . 3D model
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Figure 9: Constitution of 1D/3D hybrid model



4.2.2 Numerical set up of 3D part of the hybrid model

The flow simulation including radiation in the plenum uses no turbulence
model. The DO method [17] is employed for the radiation simulation. It was
set up to calculate the radiation for every 10 iterations of the flow calculation.
The working medium in this simulation (air) was treated as radiation
permeable for simplicity. The emissivity of different materials was determined
by an internal measurement. The temperature dependence of the thermal
conductivity of the insulation layer is referred to data sheet of SILKAPAN 845.
According to the grid study, 1.7 million grid elements with local refinement
were used for meshing the plenum and the insulation layer. Mass flow and
static temperature at the inlet (Fig. (10)) of the hot side were given as boundary
conditions.

Insulation

Plenum of
cathode exhaust
air

Stack outlet

(a) Top view
Tous 1o 1D-model
(b) Side view
Figure 10: Meshing of the 3D part of the hybrid model

4.3 3D model

4.3.1 3D model of the entire physical problem and of a single channel in
PSHX

The entire 3D model and the corresponding meshing are shown in Fig. (11).
Compared to the 1D/3D hybrid model, in a full 3D model the PSHX is also
meshed and connected to the side of the plenum. The considered model
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represents for the reduction of the computational effort only one period of the
full ring thanks to the periodic nature of the physical problem.

(a) Side view of the head (b) Mesh at the junction .(c) Mesh on the cross-
region section
Figure 11: Meshing of the 3D-CHT model

The channels in the PSHX require fine resolution and so a sum of
approximately 15 million grid elements constituted the mesh. The apex of a
single triangular channel is cut off for the benefit of the grid quality and
provided with a straight edge. The grey ring-shaped zone shown in Fig. (11c)
enables a milder transition between fine and coarse meshing, and better contact
between the fluid and solid zones.

To validate the Nu used in the e — NTU method and 1D model in Flownex, the
smallest heat transfer unit of the PSHX is also simulated by 3D CFD, as shown
in Fig. (12), which consists of two half channels of both sides. The partition
wall between the cold and hot sides is modelled by shell conduction.
According to the grid study, approximately 2.5 million elements are used for
one channel.

Inflation on the walls

Cold side

Shell conduction

Hot side

(a) Geometry of a single channel (b) Meshing in the single channel

Figure 12: Meshing of a single channel PSHX
4.3.2 Numerical set up and boundary conditions

All simulations carried out in this work use no turbulence model, since laminar
flow is simulated. The settings for the radiation simulation were presented in
the previous section. A pressure-based solver is chosen for an incompressible
flow. The material values of the air were made temperature dependent. The



spatial discretization for pressure, momentum and energy are of second order,
and a coupled scheme was used for pressure-velocity coupling.

5. Results and Discussion

5.1 Examination of the Nu-correlation and inclusion of the thermal
entrance effects

The smallest heat transfer unit is simulated with 3D-CFD to verify the applied
Nu-correlation, and the results are compared with those of e — NTU and 1D
model. A total of two configurations are calculated each with two different
operating points. Table (6) lists the outlet temperatures of those cases. For all
operating points, the inlet temperature of the cold side is set to 573.9 °C and of
the hot side to 824.7 °C. The indicated mass flows refers to N pitches, which is
182 for IR and 432 for AR. According to Table (6), the 1D model reproduces
the outlet temperature determined by e — NTU with very small deviation
because the PSHX designed in this work is operated with almost identical mC,
from both sides (so-called "balanced heat exchanger").

Table 6: Comparison among € — NTU, 1D and 3D CFD for single channel model

Config. 1 P =7.45mm OP-1 (IR): 1, = T e—NTU | 69803 | T,, | e—NTU | 69258
(IR) H=20mm 0.127 kg/s (°Cc) [ 1D 700.27 | (°C) [ 1D 691.97
s=05mm my, = 0.11 kg/s; CFD 711.45 CFD 679.77
L =1497 mm Re =~ 1500 Mod. 1D 709.66 Mod. 1D 681.88
Dy, =452 mm OP-2 (IR): i1, = T., e—NTU | - Tho e—NTU | -
0.0635 kg/s (°c) | 1D 739.86 | (°C) | 1D 649.14
mhy, = 0.055 kgs; CFD 744.61 CFD 643.96
Re =~ 800 Mod. 1D 747.71 Mod. 1D 640.58
Config. 2 P=115mm OP-1(AR):m.= | T., e—NTU | 70078 | T,, | e—NTU | 690.63
(AR) H=20mm 0.229 kg/s (°C) | 1D 70255 | (°C) | 1D 689.51
s=05mm mhy, = 0.213 kg/s; CFD 71157 CFD 679.91
L =1497 mm Re ~ 1050 Mod. 1D 711.91 Mod. 1D 679.47
D,,=1603mm | OP-2 (AR): 1, = | T., e—NTU | - Tho | €—NTU | -
0.1145 kg/s (°c) | 1D 741.81 | (°C) | 1D 647.01
my, = 0.107 kg/s; CFD 745.76 CFD 643.51
Re =~ 500 Mod. 1D 749.55 Mod. 1D 638.56

In this case, besides thermal entrance effects, there is a nearly linear
temperature distribution on both sides, for which the average temperature
employed in the e-NTU method to determine the material properties can
satisfactorily account for the change in material properties along the heat
exchanger. The observed deviation is mainly between the 1D and 3D single
channel models, and becomes smaller with lower Reynolds number. The
increased deviation between the 1D and 3D model indicates thermal entrance
effects captured only in 3D simulation. These thermal entrance effects in the
1D model have been accounted by modifying the Nusselt number in the
thermal entrance. This can be made dimensionless by the following equation
[16]:
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Ly
+ y
Lhy the ( )

where Ly,, is the hydrodynamic entrance length and depends solely on the
geometry for a laminar channel flow with triangular cross section [16]. For
configuration 1, L;Qy is about 0.045 corresponding to a hydrodynamic entrance
length of about 400 mm at BP-1 (IR). Accordingly, Nusselt numbers of the
first five segments (ca. 400 mm) in the 1D model were multiplied by a factor
(>1), which decreases with increasing distance to the entrance of the respective
side. The data for thermal entrance effects of a channel with equilateral
triangular cross-section were evaluated for estimating magnification factors
[16]. The magnification factors for the first five segments are presented in
Table (7). Inclusion of the entrance effects makes deviations from the CFD
results even smaller, especially for BP-1. Since a smaller Reynolds number
namely a shorter entrance length occurs for BP-2, the magnification factors
based on BP-1 give a slight overestimation of the exit temperature of the cold
side compared to the CFD results. For the time being a further implementation
for considering the dependence of the entrance length on Reynolds number is
not made, because the achieved accuracy is satisfactory and the thermal
entrance effects are marginal for heat exchangers operating in laminar

condition with a ratio di larger than 240.
h

Table 7: Magnification factors for the entrance effects

Segment-1 Segment-2 Segment-3 Segment-4 Segment-5
3.0 2.6 2.2 1.6 1.2

Magnification
Factor




5.2 Analysis of heat transfer mechanisms at the interface and adjustment
of the 1D model

This section explains the heat transfer mechanisms at the junction between the
PSHX and insulation layer. The comparison between the full 3D and 1D/3D
hybrid simulation is meaningful only with proper representation of the heat
transfer mechanisms on the contact surface. These local heat transfer
mechanisms can be understood by plotting temperature contours as well as
vectors of the heat flux on an axis normal cross-section intersecting the
insulation layer and PSHX. In Fig. (13), as an example, the temperature
contour and the local heat flux are shown using vectors of the temperature
gradient. In the zoomed view of Fig. (13), a low temperature region at the
contact point between the partition wall and the insulation layer can be
recognized. The circumferential propagation of these regions leads to the
formation of a so-called “sphere of influence”. The formation of the "Low
temperature region” indicates a local enhancement of the heat transfer due to
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Figure 13: Illustration of heat transfer mechanism at the junction between
insulation layer and PSHX

Observation on heat flux directions indicate that the heat conducted through the
insulation layer has arrived exclusively in the cold side. The heat given off by
the hot side is partly transported directly through the partition wall to the cold
side and partly arrives indirectly on the cold side via the insulation layer.

The heat transfer enhancement caused by rib effects isn’t suitable because it’s a
pure convective boundary condition for 3D part with the bulk temperature and
heat transfer coefficient based only on the hot side. In the table (8), bulk
temperatures of the cold and hot sides and a circumferentially averaged
temperature on the interface are presented.
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Table 8: Comparison between wall temperature, bulk temperature of both sides
of PSHX

Tw,interface (OC) Tbulk,h (QC) Tbulk,c (OC)
712.78 742.16 643.92

Table (8) indicates, the average temperature at the interface is lower than the
bulk temperature of the hot side, which contradicts the previous approach,
wherein the temperature on the interface must be greater than the bulk
temperature of the hot side to ensure the direction of heat flux (from plenum of
cathode exhaust air towards PSHX). Contextually, three adaptation procedures
are adopted to account for these mechanisms in the 1D/3D coupling:

e Heat flow through the insulation layer enters the cold side only by
disabling the heat transfer elements connected to the hot side in the
figure (7b). The amount of heat transferred indirectly from the hot side
to the cold side is considered, if necessary, by increasing the heating
surface between the hot and cold sides.

e Introduction of modified bulk temperature as a boundary condition for
the 3D model:

Toukequ = PTouen + (1 — ) Thyik,c

where ¢ varies between 0 and 1. Introducing the parameter ¢ helps
consider the influence of the cold side on the bulk temperature felt by the
insulation layer. A value of 1 describes the case where heat is transferred
entirely to the hot side by convection leading to an underestimation of the
total amount of transferred heat. A value of 0 indicates convection only
with the cold side resulting in an overestimation of the amount of heat
transferred.

e Enlarging the heating surface between hot and cold side to the whole
periphery of a triangular cross-section

5.3 Comparison between full 3D-CHT and 1D/3D hybrid simulation
5.3.1 Comparison at different insulation thickness for full load

This section compares full 3D-CHT and 1D/3D hybrid simulation based on
findings in section 5.1 and 5.2. The simulations performed for comparison and
calibration are based on configuration 1 and BP-1 in Table (6). Fig. (14)
presents the comparison of temperature distribution between full 3D-CHT and
1D/3D-hybrid simulation. Three different insulation thicknesses are



considered, 34 mm, 17 mm and 5 mm. The parameter ¢ is varied between 0.1
and 0.7 with an interval of 0.2. For all considered ¢, only small variations are
observed for insulation thicknesses of 34 mm and 17 mm. At 5 mm insulation
thickness, an increased deviation is observed mainly at the outlet of the
respective side of the PSHX, and it decreases with reducing ¢, especially for
the cold side. A maximum deviation occurring at the exit of the hot side is
within 10 percent. Also deducible is an increasing influence of the ¢ on the
temperature distribution with decreasing insulation thickness. This is justifiable
by the fact that the thermal resistance in thick insulation is dominated by
insulation’s thermal conduction, such that a change in convection, with
comparatively smaller thermal resistance to thermal conduction in the
insulation, has less influence on total resistance. In the case of thinner
insulations, ¢ exerts more influence because it influences the thermal
resistance in convection, as it is the case in Fig. (14).

Table 9: Comparison of total amount of heat transferred through the insulation
layer for different simulation methods at full load

Total heat transfer 34 mm 1D/3D hybrid simulation 293.43
through the (with ¢ = 0.1) full 3D-CHT 241.27
insulation in W (for | 17 mm 1D/3D hybrid simulation 427.72
1 period) (with ¢ = 0.1) full 3D-CHT 403.49
5mm 1D/3D hybrid simulation 677.90

(with ¢ = 0.1) 1D/3D hybrid simulation (cali) | 887.19

full 3D-CHT 811.65

Table (9) shows the amount of heat transferred through the insulation (for one
period) for different insulation thicknesses. Like the temperature distribution,
increased deviation is noticeable for the insulation thickness of 5 mm. One
reason for the larger difference between fully 3D-CHT and 1D/3D hybrid
simulation at smaller insulation thickness would be the inability of the pure
convection boundary condition assumption for the 3D part of the hybrid
simulation to fully represent the heat transfer mechanisms at the contact point.
Another reason is stronger cooling of the cathode exhaust air due to
overestimation of the effective heating area between the cold and hot sides in
the 1D model of the PSHX. There are two possible improvement measures to
counteract the increasing deviation with thinner insulation thickness. The first
is to artificially increase the heat transfer coefficients to be transferred from 1D
to 3D model to allow for more heat flow through the insulation with an
expected increase of the outlet temperature at both sides. Thus, the cold side
experiences a greater temperature increase than the hot side because of the
direct heat transfer from 3D simulation to cold side of 1D model. The second
is, reducing the heating area between the cold side and hot side in 1D model.
With this measure, the cold and hot sides experience similar temperature
change. Based on these findings, the 1D/3D hybrid model for 5 mm insulation
thickness is additionally calibrated by adjusting the heat transfer coefficients so
that the overestimation of the cold side has similar magnitude as the
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underestimation of the hot side, and the heating area is reduced until the

overestimation and underestimation of both sides are sufficiently small. After
the calibration, a clear improvement identified as shown in Fig. (14) and Table
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Figure 14: Comparison of temperature distribution (red: hot side, blue: cold
side) between 3D-CHT und 1D/3D hybrid simulation for different thickness of
insulation layer at full load

5.3.2 Comparison at different insulation thickness for partial load

The simulation results, with the same settings, are also compared at partial load
(BP-2) as shown in Table (10). The comparison reports a slight overestimation
of the outlet temperature of the cold side by about 5 to 10 °C (about 5 percent)
with 1D/3D hybrid model, while a significant underestimation of about 15 to
30 °C (about 20 percent) appears on the hot side. With the previously
recommended adjustment measures of the 1D model at 5 mm insulation
thickness, the deviation compared to 3D-CHT is reduced to a lower level.

In addition to the predicted temperature, the amount of heat transferred through
the insulation layer was also compared. In this comparison, the deviations from
full 3D-CHT are very small, thereby proving the validity of the 1D/3D hybrid
model even at partial load.



Table 10:

Comparison of total amount of heat transferred through the insulation

layer for different simulation methods at partial load

Total heat transfer 34 mm 1D/3D hybrid simulation 226.86
through the (With ¢ =0.1) Full 3D-CHT 241.27
insulation in W (for | 17 mm 1D/3D hybrid simulation 356.38
1 period) (With ¢ = 0.1) Full 3D-CHT 368.08
5mm 1D/3D hybrid simulation 526.83
(With ¢ = 0.1) 1D/3D hybrid simulation (cali.) | 663.49
Full 3D-CHT 663.14
Table 11:  Comparison of the outlet temperature of both sides of PSHX for
different simulation methods at partial load

34mm | T., (°C) 3D-CHT 769.66

1D/3D hybrid simulation 774.98

Ty, (°C) 3D-CHT 660.52

1D/3D hybrid simulation 645.40

17mm | T., (°C) 3D-CHT 773.27

1D/3D hybrid simulation 782.44

Ty, (°C) 3D-CHT 667.80

1D/3D hybrid simulation 651.67

5mm T., (°C) 3D-CHT 787.28

1D/3D hybrid simulation 791.30

1D/3D hybrid simulation (cali.) | 798.24

Tho (°C) 3D-CHT 693.87

1D/3D hybrid simulation 665.60

1D/3D hybrid simulation (cali.) | 677.35

5.3.3 Influence of PSHX configuration on the comparison

Simulations were performed for two other PSHX configurations (Table (12)) to
examine the accuracy of the prediction from the 1D/3D hybrid model for new
PSHX configurations. Here, the pitch count is set to N = 160 and N = 140. All
other parameters such as mean diameter (D,,,), channel height, boundary
conditions, etc. remain identical as in section 5.3.1. Results from the Table (12)
claim, that the 1D/3D hybrid model can deliver results comparable to 3D-CHT
even for the new PSHX configuration. The insensitivity of the total heat
transferred through the insulation to pitch count can also be reproduced with

the 1D/3D hybrid model.

Table 12:  Comparison for different PSHX configurations at full load and
insulation layer thickness of 34 mm
N T., (°C) T, (°C) Total heat transfer
through the insulation in
W
1D/3D 3D-CHT 1D/3D 3D-CHT 1D/3D 3D-CHT
180 733.08 728.02 676.35 678.46 293.43 241.27
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160

721.70

720.01

688.60

686.90

293.84

240.94

140

710.04

710.69

701.18

697.20

294.05

235.23

5.3.4 Comparison of computing efforts

HPC (High Performance Computing) is used to calculate 3D-CHT, while only
one PC was used for 1D/3D hybrid simulation. The total computation time for
one simulation of 3D-CHT is about 12 hours with over 100 CPUs in the
computational cluster. For the 1D/3D hybrid simulation, the computation time
is about 2 hours on average with 10 CPUs in use. The savings in computing
time and computing resources are significant. Considering the comparison
results between the two methods, the well-calibrated 1D/3D hybrid model is an
alternative to the fully 3D-CHT.

5.4 Behaviour of the PSHX under the influence of thermal radiation and
development of further design strategies

The thermal radiation influence assessment considers the plot of the
temperature distributions of all three insulation thickness together with the
reference case, as in Fig (15).
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Figure 15:

The Figure (15) shows that thermal radiation has more influence on the cold
side. At 5 mm insulation thickness there is an additional temperature increase
of more than 40 °C at the cold side exit, while at the hot side exit it is only
about 20 °C. The difference, graphically illustrated in Fig. (13) is due to heat
transfer mechanisms at the contact surface. As mentioned in previous sections,
the heat transfer mechanism at the contact surface differs from that of pure
convection regard to heat conduction effects through the ribs. With the help of
the ribs, the heat that should be collected entirely from the hot side, if there
were no contact between the partition wall and the insulation layer, is
transported directly to the cold side and subsequently warms up the fresh
incoming air. If heat exchanger’s effectiveness is evaluated according to its
original definition (Eg. (2), an increase in effectiveness is obtained, as shown



in Table (13). A larger increase in effectiveness can be seen at partial load. The
increase in effectiveness is due to the additional heat input into the cold side
because of the fin effects. It should be noted that the effectiveness in this case
can be greater than one, because the provided heat radiation is independent of
the maximum exchangeable amount of heat, which depends exclusively on
inlet temperatures at both sides of the heat exchanger.

Table 13:  Comparison of heat exchanger effectiveness for different thickness of
insulation layers

Effectiveness: e

BP-1 BP-2
Ref. Cases 0.57 (DP) 0.72
(Without Radiation, config. 1)
34 mm 0.64 0.82
17 mm 0.66 0.83
5 mm 0.70 0.88

From these discussions, the following design strategies are suggested. Firstly,
reducing the number of pitches to avoid the temperature overshooting (over-
design). Secondly, adjusting the allowed thermal radiation in favor of cooling
the stack by varying the pitch number and insulation thickness, without
changing the outlet temperature of the cold side. Thus, the second strategy
incorporates thermal load shifting between internal heat transfer of the heat
exchanger and external heat input. Thirdly, variation of the insulation thickness
so that PSHX of IR and AR has the same configuration (same pitch width)
benefiting the series production of the profiled sheet in the future.

6 Conclusion and outlook

In this work, initially a PSHX based on e — NTU theory is pre-designed, which
is used as a key component to realize the MGT-SOFC hybrid process. In
anticipation of complicated analysis, the next step involved modelling the
PSHX by a 1D FNM. The behaviour of this PSHX under the influence of
thermal radiation from the stack module was understood through the co-
simulation method to simulate the radiation by 3D simulation and model the
PSHX by 1D FNM. The validity of the 1D/3D hybrid model was verified by
creating a complete 3D-CHT model and performing the corresponding
simulations. The comparison between the two methods indicates, that the fitted
1D/3D hybrid model with its low computational costs and short computational
time is an attractive alternative to the 3D-CHT simulation. The behaviour of
the PSHX was discussed with obtained results. The stronger influence on the
cold side of the PSHX due to fin effects and an increase in effectiveness were
observable. In conclusion, three design strategies were developed, which were
not further discussed in detail because their discussion is outside the scope of
this paper:
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1. Reduction of Pitch number to avoid temperature overshooting at
the cold side outlet

2. Targeted determination of insulation thickness and PSHX-
configuration depending on the cooling requirements (heat
transfer through radiation) of the stack module

3. Targeted determination of insulation thickness so that the same
PSHX-configuration for both IR and AR could be used for the
benefit of mass production of profiled metal sheet

In the next step, the 1D/3D model developed in this work will be validated and
calibrated with experimental data, the acquisition of which is currently in
progress. In parallel, the dynamic model of the stack module with different
complexities (0D/1D/3D) will also be developed, which will later be coupled
with the 1D/3D model developed in this work to capture the interaction
between stack module and PSHX and prepare for transient and dynamic
analysis.
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