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Abstract: Experimental results for the transient heat transfer characteristics over a flat plate and over
a plate with V-shaped ribs were compared to numerical results from a coupling environment applying
FEM and CFD. In order to simulate transient effects in the cooling process of engine components
during typical flight missions, the temperature and the velocity at the inlet of the channel were
varied over time. The transient temperature distribution at the plate was measured using infrared
thermography. Five different plate materials (perspex, PEEK, quartz, aluminum, and steel) were
considered to investigate the influence of thermal conduction on the heat transfer between solid
and fluid depending on the Biot number. The experimental results represent a reference database
for a Python-based coupling environment applying CalculiX (FEM) and ANSYS CFX (CFD). The
results were additionally compared to numerical results simulating the complete transient conjugated
heat transfer with CFD. A good agreement between the numerical and the experimental results was
achieved using different coupling sizes at different Biot numbers for the flat plate and the plate with
V-shaped ribs.

Keywords: transient; conjugate; heat-transfer; IRT; coupling; CHT

1. Introduction

An essential task in the development process of modern aero engines is designated to
the cooling mechanisms of the thermally high-stressed engine components. The compo-
nent life—and, consequently, that of the entire engine—depends strongly on the material
temperatures and requires, therefore, reliable prediction of the material temperatures for
typical flight missions. Conjugate heat transfer (CHT), first formulated by Perelman [1],
considers the interaction between solid and fluid. The flow conditions strongly influence
the material temperatures and thermal interactions. Thus, secondary flows occur in cavities
in compressors and turbines. For optimum design, transient processes and solid–fluid in-
teraction, as well as the thermal time disparity for the solid and fluid, have to be considered.
Transient analyses of temperature and stress distributions in turbine components usually
use the finite element method. The occurring thermal loads are described by simplified
boundary condition models from empirical correlations using advective one-dimensional
models, as presented by Fiedler et al. [2]. Heselhaus and Vogel [3] have shown that, through
transient, conjugate-flow, and heat-transfer simulations that take three-dimensional effects
into account, a significant improvement in accuracy can be achieved without relying on
empirical correlations. Thus, the prediction of component temperatures can be significantly
improved, as Felippa et al. [4] have shown. Inappropriate modeling of the transient effects
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during flight changes can lead, in contrast, to critical clearances or thermal stress, like
Sun et al. [5] and Amirante et al. [6] have reported. Thermal time disparities make conju-
gated heat transfer simulations of a complete mission considering all time scales extremely
expensive because convective heat transfer in the fluid is up to 104 times faster than the
solid heat conduction, which was reported by He and Oldfield [7].

In order to reduce the computational effort, Errera and Baqué [8] and Sun et al. [5]
introduced coupled aerothermomechanical methods, where optimized programs are used
to independently simulate the heat transfer in the fluid and solid. This so-called weak
coupling makes it possible to calculate the thermal behavior of the solid using an FEM code,
whereas the adjacent flow is calculated by means of CFD. In order to ensure a physical,
accurate, and stable solution for the conjugate system, the FEM and CFD codes need
to exchange information at their common interface. For this different strategies exist in
the literature. Errera and Duchaine [9] investigated different coupling coefficients and
the continuity of exchange variables for aerothermal simulations. They showed that, if a
criterion based on the ratio of thermal resistances at the interface is met, the Dirichlet–Robin
transmission procedure leads to stable and fast convergence. Gimenez et al. [10], Khoury
et al. [11], and Moretti et al. [12]) presented approaches updating boundary conditions
between coupling points. They showed that a quasi-dynamic coupling method with
transient calculations for the solids and steady fluid calculations is the most promising in
terms of accuracy and efficiency. Further, Gimenez et al. [10] demonstrated that a relaxation
parameter value close to the heat transfer coefficient is beneficial. For conjugate heat
transfer problems, the Biot number is a key parameter for the stability of the coupling
scheme, as Verstraete and Scholl [13] identified.

Sun et al. [14] evaluated the applicability of such an approach for operating point
changes in a low-pressure turbine cavity, Verdicchio et al. [15] for turbine discs, Dixon
et al. [16] for main annulus gas path interactions, and Ganine et al. [17] for an internal
air system with multiple cavities. Errera and Baqué [8] used this approach to investigate
transient heat conduction in a flat plate subjected to a time-varying flow. For this particular
case, computational time saving of up to 90% compared to strong coupling was documented
with good accuracy.

In this context, an external Python-based coupling interface has been developed at
the Institute of Aerospace Thermodynamics (ITLR) by Schindler et al. [18]. The interface
couples the open-source FEM code CalculiX introduced by Dhondt [19] in transient mode
with a steady-state CFD simulation for the fluid. For the present study, the commercial
CFD software ANSYS CFX was used. In order to qualify the coupling interface, a reference
database was generated using transient measurements. The experimental setup involved a
channel flow over a flat plate, as well as an arrangement of five periodic V-ribs. Whereas
most test facilities allow the regulation of just one boundary condition, the present setup
allowed the independent setting of time-variable temperature and velocity inlet conditions.
With simultaneous spatial and temporal high-resolution IRT, the wall temperature can
be measured and the wall heat flux at the solid–fluid interface can be calculated with the
semi-analytical approach described by Estorf [20]. Thereby, a reference dataset with which
the coupling environment can be stressed in terms of different parameters can be generated
where changes in the boundary conditions as they may occur in real applications are
considered. Israel et al. [21] showed the applicability of the presented coupling environment
for industry-related uses.

The aim of this study was to generate and demonstrate the capabilities of the experi-
mental facility as validation for both CHT simulations and a coupling environment with
different Biot numbers, different geometries, and different time-dependent inlet boundary
conditions as an extended version of Hartmann et al [22].

2. Experimental Setup

An experimental test facility for local time-resolved transient heat transfer measure-
ments has been designed by Liu et al. [23]. Brack et al. [24] modified the basic setup
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to investigate unsteady convective heat transfer under controlled airflow velocity and
temperature variation.

For the present work, the test rig was adapted to measure time-resolved transient
heat transfer phenomena for different materials and turbulator geometries under generic
and industry-related operating conditions. The experimental setup is shown in Figure 1.
A vacuum pump was used to suck air from the ambient environment through a dust
filter. The air is heated by a mesh heater and enters a test section with a constant cross-
section of 0.12 m × 0.15 m. The time-variable temperature and velocity at the inlet of the
channel can be set independently using a LabVIEW routine, which adjusts the power of the
electrical mesh heaters and the positioning of the rotating vanes at the end of the channel
(see Brack et al. [24]). With two hot-wire anemometers from SVMtec, the inlet boundary
conditions were monitored, with one working in constant current mode to measure the
inlet temperature (CCT) and the other in constant temperature mode to measure the inlet
velocity (CTA). Both were located 0.205 m upstream of the flat plate. The plate with the
dimensions 0.92 m × 0.12 m × 0.03 m was positioned in the center of the channel, dividing
the test section into two subchannels. A trip wire at the beginning of the flat plate ensures
a turbulent flow. On the top of the test section, a 5 mm thick CaF2 window was installed
to offer optical access for the IRT camera, an FLIR SC7600, which measured the surface
radiation in a spectral range from 1.5 µm to 5.1 µm at 25 Hz. To ensure constant and equal
emittance, the test plate was sprayed with a black paint (type SPB100 from Hallcrest). For
in situ calibration of the IRT data, two surface thermocouples were inserted into the plate
to measure the surface temperature.
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Figure 1. Experimental setup.

For the baseline configuration, the flat plate was made from perspex. In order to investi-
gate the influence of heat conduction to convection between the solid and fluid, the material
of the plate was varied in one section with the dimensions 0.25 m × 0.06 m × 0.015 m. As
visualized in Figure 2a, the material was changed using two inlays, with one always being
made from perspex to ensure repeatability. The field of view (FOV) of the IRT camera
started from 110 mm behind the beginning of the inlays and included the thermocouples for
in situ calibration. Besides the flat plate, a plate with five V-shaped ribs was further investi-
gated, which can be seen in Figure 2b. The 90◦ squared ribs with dimensions e = 10 mm
were glued on the test plate with a pitch of p = 0.1 m, resulting in two visible ribs for
the IRT camera. Both geometries were investigated in five different test cases, which are
shown in Figure 3. First, generic test cases were investigated, including a temperature jump
(jump), a temperature ramp (ramp A) with constant velocity, and a velocity ramp (ramp B)
with constant temperature. Afterwards, two transient cycles were investigated. One was
typical for a flight mission, with opposite changes in temperature and velocity (cycle A),
and one used an inversion in the heat flux to amplify the conjugate situation (cycle B).
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3. Numerical Setup

The numerical setup consisted of one part of the channel, including the complete test
plate, as is shown in Figure 4a. The inlet to the fluid domain was located 0.25 m upstream
of the plate. The outlet was positioned 0.25 m downstream of the plate. Only one half of
the channel height was simulated, using a symmetry condition at z = 0. The flat plate
divided the channel height (0.15 m) into two sub-channels, each 0.06 m high. This resulted
in an aspect ratio of 2:1 for each sub-channel. Due to the absence of lateral flow effects in
the case of the flat plate, sidewalls and the lateral effects were negligible, and a 2D setup
was simulated. To further validate this, a 3D setup for the flat plate case was investigated
in a pre-test, showing negligible differences in the results. For the case with five V-ribs, a
3D setup was used. The fluid domain was discretized with a block-structured C- or H-grid
in ANSYS ICEM 20.2. The dimensionless distance of the first node near the wall lay within
y+1 < 1. For the ribbed geometry, the region directly behind and in front of the ribs was
finely meshed with a C-shaped grid to guarantee the required near-wall resolution and to
consider boundary layer effects. For the CHT simulations in the fully implicit, coupled
multigrid solver ANSYS CFX, the solid domain was discretized with a block-structured
grid in ANSYS ICEM, resulting in an 1:1 mesh connection at the interface. For the coupling
with CalculiX, the solid domain consisted of four-node tetrahedral elements, as shown in
Figure 4b, while the fluid mesh was identical. The data transfer between the two meshes
used for the coupling environment was undertaken by transforming the respective grid
into a universal format. There, each data point was assigned to a Cartesian point. The
mapping between the two grids was then undertaken using the griddata function and a
nearest-neighbor interpolation algorithm.
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To solve the unsteady Reynolds-averaged Navier–Stokes equations, the SST turbulence
model developed by Menter [25] was used, which provides a good compromise between
high accuracy and acceptable computation time. For the rib geometry, reattachment
modification and curvature correction were enabled, as the standard SST model tends to
overpredict the separation region of a detached flow (see Menter et al. [26]). The advection
terms were discretized with the default quasi-second-order discretization scheme in CFX,
which is called High Resolution. The transient terms were discretized with a second-order
backward Euler scheme, while the convergence criteria were of a root-mean-square type for
the conservation equations targeted to be 10−7. The modified setup has shown good results
in comparable complex cooling channels (see Göhring et al. [27]). At the inlet, the transient
boundary conditions of the temperature and velocity were taken according to the hot-wire
measurements. At the outlet, a constant pressure was imposed as an averaged value from
the experiment. For the CHT simulations, a time-step size of tCHT = 1 s was used to
simulate the whole experimental duration of ttotal = 150 s. Even though the time-step size
was relatively large, a stable solution was achieved, and the results from the monolithic
approach were intended to function as a reference for the coupling. The channel walls were
set as adiabatic and the fluid was modeled as an ideal gas. Dynamic viscosity η and thermal
conductivity k, were modeled as temperature-dependent using the formula presented by
Sutherland [28] with the coefficients presented by White [29]. The material quantities for
the respective solid domain, which were taken from the manufacturers, are summarized in
Table 1.

Table 1. Material quantities.

Perspex PEEK Quartz Steel Aluminum

ρ
[

kg m−3] 1190 1310 2200 7900 2700

cp
[

J kg−1 K−1] 1470 1340 670 500 888

k
[

W m−1 K−1] 0.19 0.25 1.4 15 237

4. Coupling Environment

The coupling environment, developed by Schindler et al. [18], controls the communi-
cation between the thermal FEM solver CalculiX for the solid domain and a user-defined
FVM solver for the fluid domain. For the present study, the commercial solver ANSYS CFX
V21.1 was used, which is a common tool for industrial applications (Cottier et al. [30]).

With the Python-based coupling environment, the transient effects inside the solid
were simulated using CalculiX. This yielded the spatially and temporally resolved tem-
perature evolution in the structure. By means of steady-state CFD simulations at se-
lected times, thermal feedback, flow, and an interface update were enabled. The proce-
dure of the coupling algorithm is demonstrated in Figure 5. After initialization of both
codes (1), CalculiX ran in transient mode with a time interval of ∆tccx = 0.2 s (2) un-
til the coupling time interval tcpl was reached. In the course of this, a Robin condition(
q̇ν

solid(t) = hν(t)
(
Tν

solid(t)− Tν
ref(t)

))
was imposed on the solid-side interface. For the first

subiteration ν = 1, a constant Tν
ref and hν based on ti−1 was used. At each coupling point,
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the FEA results were than imposed as a Dirichlet condition on the fluid side for the steady
CFD

(
Tν

fluid(ti) = Tν
solid(ti)

)
. Thus, a combination of Dirichlet and Robin conditions to

exchange Tref or h (via q̇), respectively, at the interface between adjacent fluid and solid
domains was used (3). Using a root-mean-square evaluation of Tν

fluid − Tν−1
fluid at the inter-

face for all points at the interface, convergence was checked (4). If no convergence was
reached, Tref and h were updated with a linear interpolation from the converged values of
the old coupling step at ti−1 (5). Then, CalculiX was run with the updated transient Robin
condition. This was repeated until ε < εmax or the maximum number of subiterations ν
was reached (6). Thereby, the coupling interval depended on the variation of the bound-
ary conditions. To additionally accelerate convergence, a relaxation method proposed by
Aitken [31] was implemented.

Version June 7, 2023 submitted to Int. J. Turbomach. Propuls. Power 5 of 14

z

x

y

(a) (b)

Figure 4. Numerical setup: (a) Flat Plate (left) and V-shaped ribs (right). (b) CFX (left) and CCX
(right) mesh.

complex cooling channels (see Göhring et al. [26]). At the inlet, the transient boundary 151

conditions of temperature and velocity were taken according to the hot-wire measurements. 152

At the outlet, a constant pressure was imposed as an averaged value from the experiment. 153

For the CHT simulations a time step size of tCHT = 1 s was used to simulate the whole 154

experimental duration of ttotal = 150 s. Even though the time step size is relatively large, 155

a stable solution is achieved and the results from the monolithic approach are intended 156

to function as a reference for the coupling. The channel walls were set adiabatic and the 157

fluid was modeled as an ideal gas. Dynamic viscosity η and thermal conductivity k, were 158

modeled temperature-dependent using the formula presented by Sutherland [27] with the 159

coefficients according to White [28]. The material quantities for the respective solid domain, 160

which were taken from the manufacturers, are summarized in Table 1. 161

Table 1. Material quantities.

Perspex PEEK Quartz Steel Aluminum
ρ
[
kg m−3] 1190 1310 2200 7900 2700

cp

[
J kg−1 K−1

]
1470 1340 670 500 888

k
[
W m−1 K−1] 0.19 0.25 1.4 15 237

3. Coupling Environment 162

The coupling environment, developed by Schindler et al. [18], controls the communi- 163

cation between the thermal FEM solver CalculiX for the solid domain and a user-defined 164

FVM solver for the fluid domain. For the present study, the commercial solver ANSYS CFX 165

V21.1 was used, which is a common tool for industrial applications (Cottier et al. [29]). 166
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An overview of the studied geometries, numerical approaches, test cases, and investi-
gated materials is given in Table 2.

Table 2. Overview of the studied geometries, approaches, cases and materials.

Geometry

Approach Test Case Material

E
x
p

C
H
T

C
p
l

Jump

Ramp Cycle

Perspex PEEK Quartz Aluminium Steel
A B A B

Flat
plate X X X X X X X X X X X X X

V-ribs X X X X X X X X X

5. Data Reduction and Evaluation

Using the two hot-wire anemometers at the channel inlet, the boundary conditions
Tinlet and uinlet were measured with a frequency of 4000 Hz. The wall temperature Tw was
temporally and spatially resolved with a frequency of 25 Hz and a spatial resolution of
0.4 mm/pixel for texp = 150 s. The data were filtered by means of a 3D Gaussian filter
and, for better handling, the frequency for all measurements was afterwards reduced to
5 Hz. Even with a frequency of 5 Hz, it was ensured that the step changes in the boundary
conditions (see Figure 3), which always occur within 5 s, could be sufficiently resolved and
did not affect the results. To evaluate the temporally and spatially resolved wall heat flux
q̇w, a method developed by Estorf [20] was used. The method ensures the equality of the
heat flux into the solid and of the fluid. It is based on the analytical solution of the transient
heat transfer equation within the wall for constant material properties and considers 3D
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lateral heat conduction effects by taking into account the transient surface temperature
of an area surrounding each evaluation point within the infrared image. For the validity
of the method, isothermal initial conditions for the whole experimental setup have to be
ensured. So, the plate was at ambient temperature at the beginning of each experiment
and was subsequently heated up by a time-dependent hot flow. Second, the wall has to be
semi-infinite, limiting the experiment duration to

t∞ =
ρcp

k
L2

4
(1)

as indicated by Vogel and Weigand [32]. This criterion ensures a deviation from the
analytical solution for an adiabatic backside of less than 2% (cf. Wagner et al. [33]). For the
investigated materials given in Table 1, this resulted in valid evaluation times for the wall
heat flux from less than 1 s for aluminum to over 500 s for perspex (see Table 3). With Tw,
q̇w, and the inlet temperature as the reference temperature of the fluid (Tref = Tinlet), the
wall heat transfer coefficient hw can be calculated using Newton’s law of cooling:

hw =
q̇w

Tw − Tref
. (2)

To investigate the influence of thermal conduction on the heat transfer between solid
and fluid, the Biot number,

Bi =
hL
k

, (3)

was varied. With a typical heat transfer coefficient for a flat plate at the given flow velocities
of 60 W m−2 K−1 (cf. Kays et al. [34]) and a characteristic length of L = 0.015 m, a wide
range of Biot numbers could be investigated with the chosen materials (see Table 3).

Table 3. Time for semi-infinite evaluation and Biot numbers for investigated materials.

Perspex PEEK Quartz Steel Aluminum

t∞ (s) 517.9 395.0 59.2 14.8 0.6

Bi
(
hw = 60 W m−2 K−1) 4.7 3.6 0.64 0.06 0.0038

The measured quantities Tinlet, uinlet, and Tw, as well as the evaluated ones, q̇w and
hw, were subject to uncertainties. The hot-wire probes were calibrated directly by the
manufacturer to 0.1 ms−1 (CTA) or in situ to 0.1 K (CCT). The surface thermocouples were
calibrated with a dry block calibrator (AMETEK RTC-159B) to an uncertainty of 0.1 K.
Based on the method described by Moffat [35], the relative uncertainties for δq̇w/q̇ and
δhw/hw vary between 10 % and 15 % depending on the mission, evaluation position, and
time (see Brack et al. [24] for details). Figure 6 shows the field of view of the IRT camera,
including the positions for the final evaluation for the flat plate and the ribbed geometry.
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Figure 6. Positions for final evaluation.

The method used by Estorf [20] to calculate heat flux was derived for rectangular
adiabatic edges. In order to minimize the uncertainties of the method near the edges, for
the flat plate, the results were averaged in the lateral direction at x = 445 mm, neglecting
the near wall region and the region near the interface between the different material inlays.
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For the ribbed geometry, the surface between the two visible ribs was considered. Within
this context, the evaluations were performed with four selected pixels.

6. Results

In the first step, a comparison of the experimental and numerical results for the flat
plate with different materials was undertaken. In terms of validation, the coupling step was
set constant with tcpl = 1 s. The coupling step was afterwards varied over time, depending
on the inlet boundary conditions for the perspex plate. Subsequently, the findings were
transferred to the ribbed geometry, where the flow and heat transfer characteristics were
more complex.

6.1. Flat Plate

For the validation of the coupling environment, the results from the FEM and CFD
were coupled every tcpl = 1 s. The physical time-step size in the CHT simulations was
set to tCHT = 1 s to accordingly model the transient effects in the coupling. A further
reduction of tCHT showed no effect on the transient behavior. In Figure 7, the resulting local
wall temperature distributions for the investigated inlet conditions shown in Figure 3 are
plotted. The solid line with the star symbols shows the experimental results. The dashed
line describes the CHT solution and the dashed and dotted line the coupling environment.
The different materials are shown in different colors. Since the tests were carried out
on different days, the ambient temperature at the beginning of the tests was not exactly
identical, but this was taken into account in the numerical simulations. The numerical
results for Tw were in good accordance with the experimental data for all investigated inlet
conditions and materials. This shows that, with the chosen time-step size, the transient
heat transfer characteristics at the interface could be captured. Between the numerical
simulations (CHT and coupling), no differences were visible for either of the cases. Even
for materials with low Biot numbers, like steel and aluminum, the numerical values fit the
experimental ones accurately.
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The corresponding q̇w is given in Figure 8. The overall agreement between the ex-
periment and the numerical simulations was good and the numerical data were identical.
For the experimental evaluation of the wall heat flux, the method described by Estorf [20]
showed good agreement for all investigated materials, as long as its assumptions were valid.
As the semi-infinite wall assumption was not valid for steel and aluminum (see Table 3),
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no experimental results are shown. According to Vogel and Weigand [32], the limit for
quartz is reached 60 s after a heat flux is imposed. For the generic cases, this resulted in
diverging heat fluxes shown by experimental and numerical values 60 s after the initial
temperature jump, which corresponded to 85 s from the start. As the driving temperature
difference for cycle A was lower, the deviations were less pronounced. For cycle B, it was
visible that, even for a negative heat flux, the semi-infinite wall assumption time was not
extended and the agreement between the experiment and numerical simulations remained.
As the Biot number is a typical definition used to characterize conjugate thermal systems, it
can be summarized that the coupling environment stability was proven with a wide range
of Biot numbers and validated by experimental data with a generic character, as well as for
transient cycles.
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rib. The increase in heat transfer in the near-wall region is also overestimated compared 286

Figure 8. Transient wall heat flux at x = 455 mm for the flat plate with different materials.

In order to reduce the computational time, the coupling environment provides the
opportunity to couple the FEM and CFD only at specific coupling points. In this respect, a
coupling point was set at every step change in the inlet boundary conditions. To evaluate
the quality of the coupling scheme, only the results for perspex are discussed. In Figure 9,
the experimental values of Tw and q̇w, as well as the numerical ones, from the coupling
with variable coupling sizes are shown. The coupling points are marked with the dots.
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Figure 9. Transient wall temperature and transient wall heat flux at x = 455 mm for the flat plate
with variable coupling sizes for different test cases.

For all test cases, the numerical simulation showed good agreement with the experi-
mental results. In comparison to a constant coupling time step of tcpl = 1 s, the simulation
time was reduced to 10% or less. In summary, the coupling environment with its inner
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subiterations and linear changing of the boundary conditions was validated for different
materials with variable coupling sizes for linear changing inlet boundary conditions at the
flat plate.

6.2. Plate with V-Shaped Ribs

In order to obtain a deeper understanding of the heat transfer phenomena, the local
wall temperatures for two ribs from the CHT and experiment are plotted in Figure 10a
at t = 50 s. The overall agreement was good, but in the numerical results, the region
with the highest temperatures in the reattachment zone was slightly shifted towards the
upstream rib. The increase in heat transfer in the near-wall region was also overestimated
compared to the experimental results. A comparison of the transient behavior of Tw and
q̇w at four selected points is given in Figure 10b for cycle A. The overall agreement was
fair. Compared to the experiment, larger deviation in the temperature and heat flux for P4
occurred, whereas the differences between the numerical data were negligible.
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Figure 10. Comparison of experimental and numerical results for the V-shaped ribs: (a) surface plot
at t = 50 s; (b) wall heat temperature (left) and wall heat flux (right).

To investigate this further, the heat transfer coefficient for the experiment and CHT
is shown in Figure 11a. At the beginning of the experiment, Tw equaled Tref, so the heat
transfer coefficient was not defined. It varied with the change in velocity at the inlet, and
the deviation between the experiment and CHT was more pronounced in the low-velocity
region (see Figure 3). Figure 11b shows the ratio of the heat transfer coefficients of the
experiment and CHT for cycle A and the jump. While it remained constant around unity
for the jump, hw at low velocities was partly overestimated by the numerical data. A reason
for this could have been an incorrect prediction for the entropy generation in the turbulence
model. Due to the complex flow situation, different probe locations can be differently
influenced by viscous effects, so dissipation depending on the local flow structures can be
influenced by vortices. Probe P4, in particular, was in an area with unsteady and unstable
vortices combined with flow separation before the next rib, whereas for P3, where the flow
structures were relatively stable, the SST turbulence models showed good results compared
to the experiment. According to Esfahani and Jafarian [36], for low velocities, the thermal
component of entropy generation dominates over the frictional component in the boundary
layer and has a large contribution, especially at the wall. This also introduces changes in
local dissipation, which are not well accounted for in the numerical model, regardless of
the CHT or coupled simulations, and leads to difficulties in predicting the correct flow and
heat transfer characteristics with the used SST model (see Herwig [37]). After t = 75 s, hw
was less reliable due to the small differences in Tw and Tref for cycle A, which explains the
deviations in Figure 11b.
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Figure 11. Transient wall heat transfer coefficient for different test cases: (a) transient hw for cycle
A; (b) ratio of experimental and numerical heat transfer coefficients for cycle A (left) and the jump
(right).

However, the idea of linear ramping of boundary conditions between coupling points
worked for all evaluation points with moderate changes in inlet boundary conditions, as
shown in Figure 12 for different test cases using coupling points. The coupling points were
again set at each step change in the inlet boundary conditions. The overall agreement for
all evaluation points and test cases was fair, even for long coupling times of tcpl = 120 s
(jump), linear velocity changes (ramp B), and opposite changes in boundary conditions
(cycle B).
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6. Conclusions 318

An experimental test rig for transient-conjugate heat transfer measurements using IRT 319

was presented in order to validate numerical simulations with a coupling environment for 320

different Biot numbers. A channel flow over a flat plate and a plate with V-shaped ribs 321

was investigated. The linear approach to efficiently couple the transient FEM code and 322

steady-state FVM solver was successfully demonstrated. It was shown that the stability of 323

the coupling process is guaranteed over a wide range of Biot numbers. For the comparison 324

of experimental and numerical results no significant differences were found for the flat 325

plate. In case of the V-shaped ribs, the numerical setup showed difficulties in the simulation 326

of the in parts anisotropic turbulent effects. The overall agreement to the experimental 327

results was still satisfying. With the coupling environment and its possibility to couple 328

FEM and FVM only at defined points the computational time can be extremely reduced, 329

while maintaining a good temperature prediction. In the future, the found procedure can 330

be extended to include more complex and multiple independent boundary conditions 331

by the introduction of transition curves. In modern aero engines, by using the transient 332

temperature data of the FEM solver, the structural analysis and stress calculation can be 333

improved and the operational lifetime of thermally high stressed engine components can 334

be increased. Moreover, the results underline the capabilities of the experimental facility as 335

validation for transient, conjugated heat transfer phenomena. 336
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Figure 12. Transient wall temperature for different test cases using coupling points.

7. Conclusions

An experimental test rig for transient conjugate heat transfer measurements using IRT
was presented in order to validate numerical simulations with a coupling environment for
different Biot numbers. A channel flow over a flat plate and a plate with V-shaped ribs was
investigated. The linear approach to efficiently couple the transient FEM code and steady-
state FVM solver was successfully demonstrated. It was shown that the stability of the
coupling process was guaranteed over a wide range of Biot numbers. For the comparison of
experimental and numerical results, no significant differences were found for the flat plate.
In the case of the V-shaped ribs, the numerical setup showed difficulties in the simulation
of parts of the anisotropic turbulent effects. The overall agreement with the experimental
results was still satisfying. With the coupling environment and its possibility of coupling
the FEM and FVM only at defined points, the computational time can be extremely reduced
while maintaining good temperature prediction. In the future, the described procedure
can be extended to include multiple more complex independent boundary conditions
through the introduction of transition curves. For modern aero engines, by using the
transient temperature data of the FEM solver, structural analysis and stress calculation can
be improved and the operational lifetime of thermally high-stressed engine components can
be increased. Moreover, the results underline the capabilities of the experimental facility as
validation for transient conjugated heat transfer phenomena.
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Nomenclature and Abbreviations
The following nomenclature is used in this manuscript:
Roman characters
cp specific heat capacity in J kg−1 K−1

e characteristic rib height in m
h heat transfer coefficient in W m−2 K−1

i index
k thermal conductivity in W m−1 K−1

L length in m
p pitch of ribs in m
p pressure in kg m−1 s−2

q̇ heat flux in W m−2

t time in s
T temperature in K
u velocity in m s−1

x, y, z coordinates in m
y+ dimensionless wall distance

Greek characters
ε norm
η dynamic viscosity in kg m−1 s−1

ν subiteration number
ρ density in kg m−3

Subscripts
ccx CalculiX
cpl coupling
ref reference
w wall

The following abbreviations are used in this manuscript:
CCT constant current thermometry
CFD computational fluid dynamics
CHT conjugate heat transfer
CTA constant temperature anemometry
Exp experiment
FEM finite element method
FOV field of view
FVM finite volume method
IRT infrared thermography
SST shear stress transport
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