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ABSTRACT
This study presents a computational investigation of the

fluid dynamics and heat transfer in a fuel cell cooling system,
with particular emphasis on its bipolar plate. The specific fo-
cus is on a near-wall RANS eddy-viscosity model based on
elliptic-relaxation, sensitized to accurately capture turbulent
fluctuations by introducing an appropriately modeled produc-
tion term in the scale-supplying equation, motivated by the
Scale-Adaptive Simulation approach (SAS, Menter & Egorov
(2010)), proposed by Krumbein et al. (2020). This sensitized
turbulence model overcomes the need for exceptionally fine
mesh resolution, a requirement often associated with conven-
tional Large-Eddy Simulations (LES). The results are com-
pared with those of a reference LES, performed complemen-
tarily, in which the Wall-Adapting Local Eddy-viscosity sub-
grid scale model was used. The simulations are performed us-
ing the open source code OpenFOAM® and the pre-processing
software ANSA for the meshing of the considered flow config-
uration. This study provides insight into the flow and thermal
fields of a fuel cell cooling system and demonstrates the per-
formance of the proposed turbulence model.

Introduction
The European Union has made a commitment to reduce

its greenhouse gas emissions by 40% by 2030 and to achieve
greenhouse gas neutrality by 2050. The urgency to reduce
greenhouse gas emissions has increased interest in hydrogen
as a clean energy source, with fuel cells showing great promise
for various applications. Ensuring the safe operation of fuel
cells requires a thorough understanding of their cooling sys-
tems, particularly the flow and heat transfer within the bipo-
lar plates. The flow within this cooling structure is char-
acterized by complex flow phenomena such as spatially and
temporally varying vortical structures, impinging jet and sub-
sequent bifurcation including laminarization within the fili-
gree channels and the exiting jet-like streams experiencing
breakup and subsequent transition to turbulence in the out-
let pipe. The widely used and computationally affordable
Reynolds-Averaged Navier-Stokes (RANS) models are often
incapable to properly capture the highly unsteady flow dynam-
ics. In contrast, the scale-resolving LES models are capable
to resolve a large part of the turbulent energy spectrum and
thus are more reliable in terms of prediction quality and ac-
curacy. However, LES requires a much higher computational
effort due to the very fine spatial and temporal resolution re-
quired. To overcome the above-mentioned problems, an ap-
propriately sensitized RANS model is used in an LES-relevant,
time-accurate computational procedure, thus enabling the cap-

ture of the spectral dynamics of turbulence, to an extent con-
sistent with the underlying grid resolution and relevant turbu-
lence quantities, representing the solutions of the correspond-
ing transport equations to be simultaneously solved.

Computational Method
This study employs a robust computational approach to

investigate the flow and heat transfer phenomena within the
fuel cell cooling system. The basic governing equations of in-
compressible flow, including continuity and momentum equa-
tions, are solved, along with key turbulent quantities such as
turbulent kinetic energy (k) and specific dissipation rate (ω).
Spatial and temporal derivatives are discretized using second-
order accurate schemes to ensure numerical accuracy. Fur-
thermore, computational efficiency is enhanced by employ-
ing adaptive time-stepping, where the CFL criterion is set to
less than 0.7. This adaptive time-stepping strategy optimizes
the computational resources while maintaining accuracy. The
eddy-resolving k−ω − ζ − f model, denoted as ER− ζ − f
model, was proposed by Krumbein et al. (2020) and represents
an efficient scale-resolving unsteady RANS model. It is based
on a sensitization of the conventional RANS k −ω − ζ − f
model by introducing a specifically modeled production term
into the ω equation. This four-equation RANS model is based
on the k−ε −ζ − f formulation of Hanjalić et al. (2004), rep-
resenting a numerically robust upgrade of the v′2 − f model
of Durbin (1991), who originally introduced an elliptic relax-
ation methodology in the context of near-wall eddy viscosity
models. The quantity ζ is thereby defined as ζ = v′2/k. In
contrast to the widely used isotropic turbulence velocity scale√

k, the intensity of the wall-normal Reynolds stress compo-

nent
√

v′2 is applied, which is described as a scalar variable
behaving similarly to the normal Reynolds stress component
when approaching the solid wall. Thus, an effect of near-
wall turbulence anisotropy is included in the eddy-viscosity
formulation. Finally, Krumbein et al. (2020) (see Krumbein
(2019) for more details) transformed the ε equation into the
equation governing the specific dissipation rate, which rep-
resents the inverse time scale ω (= ε/k). Accordingly, the
k −ω − ζ − f model was proposed. The formulation of the
additional source term PSAS is relevant to the scale-adaptive
simulation (SAS) concept of Menter & Egorov (2010). The
initially proposed SAS-formulation involving the von Karman
length scale (LvK = κS/|∇2U |), was presently reformulated by
expressing it as a function of the second derivative of the veloc-
ity field directly, as proposed originally by Rotta (1972). The
latter modification made the model even more sensitive against
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turbulence unsteadiness (a resolving mode can be enabled at
even coarser grid resolutions). The additional production term
PSAS in the ω equation is defined as follows:

PSAS =CSAS max

(√
∂ 2U i

∂x j∂x j

∂ 2U i

∂xk∂xk

√
k−CT2 T2,0

)
(1)

Interested readers are referred to the original reference
for detailed model specification. In order to obtain reference
data, an additional simulation was carried out using the Wall-
Adapting Local Eddy-viscosity (WALE) subgrid-scale model
by Nicoud & Ducros (1999) in a Large-Eddy Simulation.

Computational Details
The cooling channels of a reference bipolar plate, includ-

ing the inlet and outlet pipes with a diameter of D = 6 mm
and a length of 90 mm, positioned at a distance of 95.25 mm
from each other, are investigated presently. The reference
bipolar plate is connected to the inlet and outlet pipes and in-
cludes two symmetrical semicircular zones (denoted as con-
ditioning zone & confluence zone) that serve to divide and
merge the flow both before and after it passes through the
cooling channels. Within the cooling structure, 30 channels
with a square cross-section of H×W = 1× 1 mm, a length
of L = 43.25 mm, and rib spacing of 1 mm are present. The
coolant used is water mixed with MEG at 50 vol%. The ANSA
pre-processing software is used to mesh the computational do-
main, resulting in three different fully structured meshes. Two
grids, containing 14 and 30 million hexahedral volume cells,
are employed for applying the ER− ζ − f model. An addi-
tional mesh of 285 million volume cells is used within the
LES. Inlet conditions are set in accordance with the exper-
imental setup, including volume flow rates of 0.2 l/min and
1.4 l/min, representing fully laminar and turbulent flow regimes
(Reb ≈ 5000, Ub = 0.825 m/s), respectively. The inlet temper-
ature is set to 80◦ C and the total heating rate applied through-
out the cooling channels is set to 100 W using a passive scalar
transport approach. To provide a detailed analysis of the char-
acteristic areas, the results are evaluated on various slices and
characteristic length measures are introduced for simplicity.
The correlation between these positions/measures and the ge-
ometry is shown in Figures 3 and 10.

Results
Fig. 1 illustrates the flow rate distribution over the cool-

ing channels, providing an understanding of the overall flow
topology and the influence of the flow rate. There is a signif-
icant difference between the two operating conditions, with a
noticeable shift in the flow distribution towards the outermost
channels due to the increased flow rate. The flow distribution
shown below results from multiple interacting complex flow
patterns such as an impingement and distribution area and also
influences the flow conditions within the cooling channels and
the subsequent confluence region. In the present study, only
the flow rate of 1.4 l/min will be considered in detail. Given
the significance of the inlet region (fully developed pipe flow),
particularly for the impingement area, the reference LES data
generated can be validated using DNS (Direct Numerical Sim-
ulation) data. Fig. 2 shows the velocity, Turbulent Kinetic
Energy (TKE) and components of the Reynolds stress tensor
(specifically uzuz

+ and uzur
+) in wall units plotted against the

Figure 1: Flow rate distribution over cooling channels.

Figure 2: Velocity u+, TKE k+ and Reynolds stress com-
ponent profiles at inlet pipe in wall units.

wall distance. Overall, a good agreement between the LES and
DNS data is observed in the inlet region.

The flow enters the domain through a pipe and impinges
with a diameter to height ratio of 6:1 on the left side of the
bipolar plate. The impingement causes a deflection of the flow
and thus a strong streamline curvature. In addition to the ratio
kSGS/ktotal ( < 20% in the entire domain), the more strict quality
criterion ∆max/ηk is used to validate the LES. ∆max is defined as
the maximum grid length of a cell in one direction and ηk rep-
resents the Kolmogorov length scale. As Pope (2000) pointed
out, the ratio should be below 10-12 for a suitable LES, which
is fulfilled in the entire domain and is shown as an example for
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Figure 3: Normalized mean velocity field at the impingement region of the bipolar plate (height H = 1 mm) in the symmetry
plane (y = 0 mm) with marked positions at a distance between 0H (left) and 5H (right) to the impinging jet center.

the impingement area in Fig. 4 (top).

Figure 4: ∆max/ηk, normalized streamwise velocity and
TKE distribution at impingement for ximp/H = 0 to 5.

As can be seen in the velocity field shown above, the flow
is strongly deflected by the impingement and accelerated lo-
cally in the upper half of the channel (z/H = 1). The flow is
not able to follow the sharp edge, resulting in a separation area
including recirculation at the lower wall (z/H = 0). Due to the
high velocity gradient, the shear layer ensures the production
of TKE, which appears as a peak in the center of the channel.
The ER− ζ − f model is able to reproduce the complex con-
figuration even on a coarse grid. The deviation of the TKE in
the center of the channel for the coarsest grid can be reduced
by mesh refinement as shown above. After the impingement a
semicircular propagation of the coolant occurs within the flow
conditioning zone, aiming to achieve a highly uniform distri-

bution of the cooling fluid into the filigree cooling channels
(see Fig. 1). The evolution of the velocity and TKE profile
with increasing distance to the impingement (ximp/H = 5 to 17)
across the distribution area (slice in y-direction) at the channel
center (z/H = 0.5) is presented in Fig. 6. However, the in-
creased flow rate of 1.4 l/min results in a significant shift of the
coolant distribution towards the outer edge of the geometry,
causing increasing velocity at the outer area of the distribu-
tion zone, which persists until the coolant enters the cooling
channels at ximp/H = 23. As shown in Fig. 10 the impinge-
ment leads to the formation of small turbulent vortex structures
providing a peak of TKE in the symmetry line of the bipolar
plate (y = 0 mm) shown in Fig. 5. The subsequent widen-
ing of the computational domain (expanding the range of y)
causes a deceleration of the flow in the center area, whereby
the local Reynolds number reduces and TKE significantly de-
creases compared to the impingement area. Although the flow
characteristics in this region are strongly linked to the cor-
rect capture of the impingement process, there is a very good
quantitative agreement between the high-resolution LES and
the ER− ζ − f model simulation with a significantly coarser
grid. Even the TKE production as a result of the formation and
deflection of the small turbulent structures and the TKE dissi-
pation as a result of the previously discussed processes can be
quantitatively accurately captured.

Figure 5: TKE profile development across distribution
area at ximp/H = 5,6,7,11 and 17.

The flow through the heated cooling channels defines the
next characteristic region. Due to the low local Reynolds
number within these channels, the flow exhibits a significant
change in its characteristics, which results in the subsequent
smoothing out of the turbulent fluctuations. Fig. 7 shows the
velocity profile after different levels of progression in the cool-
ing channels for two exemplary channels. Channel no. 15 rep-
resents an inner channel, while channel no. 2 is typical for an
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Figure 6: Velocity profile development across distribution area at ximp/H = 5,6,7,11 and 17.

outer channel.

Figure 7: Velocity profile evolution across cooling chan-
nels no. 2 and no. 15 at different levels of progression.

After a 10% progression, both velocity profiles show a
typical turbulent, appropriately flattened shape in the flow
core. With further progress, the profiles evolve into a charac-
teristic laminar shape. This transformation occurs in both the
inner and outer cooling channels. In general, velocity fields
in both channels are similar. During the transformation pro-
cess, the velocity at the center of the channels (y/H = 0.5) in-
creases, as shown in Fig. 8. The figure illustrates the centerline
channel velocity from the beginning of the cooling channels
(xchannel/L = 0) to the end of the cooling channels (xchannel/L = 1).

The difference in velocity magnitude between the two
paths is caused by the non-homogeneous distribution of flow
across the cooling channels. As a result, the outer channel no.
2 experiences a higher velocity in the channel center. Further-
more, the increase in velocity, caused by the transformation

Figure 8: Velocity at the centerline (y/H = 0.5) along the
cooling channels no. 2 and no. 15.

of the profile shape, from a turbulent to a laminar-like one,
has not been completed until the end of the cooling channel.
Therefore, the laminar velocity asymptote has not been fully
reached, indicating that the flow regime is not fully developed.

The region downstream of the cooling structures is char-
acterized by the interaction between the jet-like streams, their
breakup and the significant deflection of the primary flow as it
enters the outlet pipe (cf. Fig. 10). The merging of the vol-
ume flows from the individual cooling channels, together with
the steep gradients created by the deflection, re-establishes a
fully turbulent pipe flow within the outlet pipe. The conflu-
ence region shows entirely different phenomena compared to
the geometrically identical distribution region. Immediately
after the cooling channels, the mutual interaction of the jet-
like streams is still rather low, which are separated from each
other by detachment regions including recirculation as shown
in Fig. 9 (top).

Starting at about xconfluence/H = 5, a stronger interaction be-
tween the flow regions takes place, leading to the breakup of
the jet-like streams and to complex mixing. These extremely
reactive processes are sensitive to the grid resolution, hence
a somewhat larger deviation between the LES and the results
of the coarser simulations can be seen here. In general, the
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Figure 9: Velocity distribution across confluence area in
y−direction at locations xconfluence/H = 1 and 5, cf. Fig. 10

topology of the streams and the recirculation areas can be re-
produced well, although not to the extent shown in the velocity
magnitude evolution in Fig. 9 (bottom).

Since the present study is concerned with the cooling sys-
tem of a fuel cell and the channel structure is supplied with
a total heat flow of 100 W, the heat transfer dynamics within
the system are analyzed in more detail. As can be seen from
Fig. 11 (left), the recirculation areas behind the ribs heat up
strongly up to ∆Θ ∼ 6 K. Convection then causes the hot
and less heated areas to mix. The interaction of the jet-like
streams and their breakup also ensure a high degree of mix-
ing. As mentioned above, the confluence region is followed
by a deflection into the pipe, where a fully turbulent flow is re-
established. This strong deflection of the flow again ensures
enhanced mixing, which can be seen locally in high u′θ ′ val-
ues, causing that the outlet pipe has an almost homogeneous
temperature field established after a short distance. Finally,
∆Θ at the outlet is equivalent to its theoretical value of 1.175 K
(at 100 W heating rate).

Conclusion
This study examines the complex flow and heat transfer

dynamics within a fuel cell cooling system, focusing on a ref-
erence bipolar plate. The configuration shows a sequence of
complex flow phenomena. To ensure the reliability of the re-
sults, the reference LES data is validated in the inlet region
using DNS data and within the complex domain due to several
quality criteria. First the fully developed turbulent pipe flow
as a basis for subsequent interactions is observed. The subse-
quent impinging jet introduces significant flow deflection, ini-
tiating the formation of small turbulent vortex structures that
cause a peak in TKE. The flow distribution is shifted to the
outer edge of the geometry and undergoes a significant ex-
pansion before the coolant enters the cooling channels. This
results in higher flow rates in the outermost cooling channels.
Inside the filigree cooling channels, the flow exhibits a signifi-
cant change in its characteristics, ending up in the characteris-
tic shape of a laminar velocity profile, but not fully developed.
As the channels are heated by a constant heat flux rate, the
temperature inside the channels increases in the vicinity of the

wall, which is relevant for the subsequent confluence region.
The jet-like streams are separated by recirculation areas and
strongly interact with each other within the confluence region,
leading to break-up. This, together with the converging ge-
ometry, results in enhanced mixing. Downstream, a sharp 90o

deflection into the outlet pipe re-establishes a fully turbulent
pipe flow and produces a homogeneous temperature field after
a short distance driven by enhanced mixing processes.

The study includes a comparative analysis between the
well-resolved LES (using WALE) and the Eddy-Resolving
ζ − f model on coarser meshes, resulting in a significantly
reduced computational time. For instance, while the LES oc-
cupies 1.5 million CPU hours to reach a converged solution,
the ER−ζ − f model with 14 million computational cells re-
quires about 100.000 CPU hours. Likewise, the model with
30 million grid cells utilizes around 220.000 CPU hours. In
general, the ER− ζ − f model is able to obtain comparable
results in all complex flow regions, including not only the ve-
locity field but also the TKE production and dissipation. It is
a suitable and robust model for complex and highly coupled
systems, as demonstrated in fuel cell cooling systems.

In summary, this study provides insights into the com-
plex interactions of flow and heat transfer phenomena within
fuel cell cooling systems. These findings enhance the overall
understanding of such systems and provide avenues for opti-
mizing designs and predicting weaknesses, thereby improving
overall system performance and efficiency.
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Figure 10: Instantaneous velocity field at the center of the bipolar plate (z/H = 0.5) obtained by the LES
(285 mio. volume cells) with marked positions and characteristic length measures for the impingement and distribu-
tion region (ximp/H), the cooling channels (xchannel/L) and the confluence area (xconfluence/H).
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Figure 11: Instantaneous temperature field ∆Θ = Θ − Θinlet at the center of the bipolar plate (z/H = 0.5) within the
confluence area (left), at the outlet pipe at the symmetry plane (y = 0 mm) (right) and turbulent heat flux u′θ ′ obtained
by the ER−ζ − f model (30 mio. volume cells).
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