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g r a p h i c a l a b s t r a c t
� Thermal conductivity of graphite bi-
polar plates (BPP) decreases with
temperature.

� Thermal Contact resistance (TCR)
between BPP and GDLs decreases
with compression.

� GDL-BPP TCR increases with MPL and
PTFE, regardless of the PTFE loading.

� High PTFE loading, MPL, and BPP out-
of-flatness increase the TCR
dramatically.

� The graphite BPP-GDL TCR is a
dominant resistance in a BPP-GDL
assembly.
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This paper reports on measurements of thermal conductivity of a graphite bipolar plate (BPP) as a
function of temperature and its thermal contact resistance (TCR) with treated and untreated gas diffusion
layers (GDLs). The thermal conductivity of the BPP decreases with temperature and its thermal contact
resistance with GDLs, which has been overlooked in the literature, is found to be dominant over a
relatively wide range of compression. The effects of PTFE loading, micro porous layer (MPL), compression,
and BPP out-of-flatness are also investigated experimentally. It is found that high PTFE loadings, MPL and
even small BPP out-of-flatness increase the BPP-GDL thermal contact resistance dramatically. The paper
also presents the effect of cyclic load on the total resistance of a GDL-BPP assembly, which sheds light on
the behavior of these materials under operating conditions in polymer electrolyte membrane fuel cells.
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1. Introduction

The required power output of proton exchange membrane fuel
cells (PEMFCs) for specific applications is achieved by stacking in-
dividual cells or membrane electrode assemblies (MEAs), each
separated by a bipolar plate (BPP). Fig. 1 illustrates the components
of a PEMFC, including the BPPs and their adjacent GDLs, and all the
main thermal resistances within the cell.

The adequate thermal and associated water management of
fuel cells requires knowledge of the thermal bulk and contact
resistances of all involved components [1,2]. However, due to
experimental difficulties, no measurements have been reported to
date on the thermal contact resistance (TCR) between GDLs and
graphite BPP [3e6]. Consequently, this contact resistance has
either been neglected or roughly estimated in modeling studies
[7e10]. The brittle, porous anisotropic nature of most fuel cell
components together with their small thicknesses have made it
challenging to measure their thermal resistances, e.g. see Refs.
[6,11e16].

The only attempt to estimate the thermal contact resistance
between BPP and GDLs to date is due to Nitta et al. [17], which was
based on simulations using Fluent, with an unverified assumption
of 128 Wm�1 K�1 for the thermal conductivity of the graphite BPP.
The reported thermal conductivity of the GDL was several times
higher than typical values found in the literature and was also in-
dependent of compression. These results are inconsistent with
physical observations [18e25] and with several experimental
studies showing significant dependency of GDL thermal conduc-
tivity on compression [11e15,19e21].

The main purpose of the present study is to measure and
analyze the behavior of thermal conductivity of the graphite BPP in
terms of temperature and its thermal contact resistance with
different untreated and treated GDLs over a range of compression.
This work provides some key data and insights on the effect of
Fig. 1. (a) Main components of a PEMFC and (b) a
Polytetrafluoroethylene (PTFE), micro porous layer (MPL), BPP out-
of-flatness and cyclic loading on the GDL-BPP TCR.
2. Experimental setup

To measure the thermal conductivity of the graphite bipolar
plates and their contact resistance with different GDLs, the thermal
contact resistance (TCR) apparatus described in Ref. [6] was
employed. The design of this apparatus, also called TCR machine, is
based on the guarded heat flux meter device as recommended by
the ASTM Standard C-177 [26]. The testbed of the TCR machine,
shown in Fig. 2, is comprised of two cylindrical Armco-iron heat
fluxmeters, in betweenwhich the sample is located. A temperature
gradient is induced across the sample using a heat source (the hot
plate) and a heat sink (the cold plate). The temperatures are
measured using 12 T-type thermocouples placed inside the two
fluxmeters. The heat transfer is limited to one-dimensional con-
duction by creating a high vacuum condition inside the test
chamber. The control of the compression pressure applied on the
sample is performed using a hydraulic pressure device (ENERPAC
P392). The measurement and monitoring of the changes in the
thickness of the compressed sample is carried out with a laser
displacement sensor (AR700-1). Knowing the thermal conductivity
of the fluxmeters and the measured temperature profile along
them, the heat transferred through the sample and the temperature
drop across it can be obtained, which yields the total thermal
resistance. More details of the apparatus, the experimental testbed,
and the methodology used in measuring the thermal resistances
with this machine can be found elsewhere [6]. The focus here will
be on the experimental procedure utilized in conducting the tests
to de-convolute the contact resistance between GDLs and BPP from
the other present resistances, especially for the case of GDLs con-
taining MPL.
ll the main thermal resistances inside a cell.



Fig. 2. Testbed of the TCR machine used for thermal resistance measurement in this
study.
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3. Experimental procedure and methodology

To determine the contact resistance between a BPP and a GDL,
their thermal conductivities need to be known. For the accurate
measurement of thermal conductivity, the two-thickness method
[6] is usually employed by testing two samples of the samematerial
with different thicknesses (see Appendix A). Hence, several tests
should be first performed on each GDL and the BPP separately. To
reach the BPP-GDL TCR, the total thermal resistance of a GDL-BPP
assembly should be obtained. As a result, the BPP, the GDL and an
assembly of the twowill be tested, as schematically shown in Fig. 3.
Each test is repeated at least three times to ensure that the results
are repeatable and reproducible. The uncertainty in the total
resistance and thermal conductivity measurements is calculated in
the same manner as Refs. [4,6,7,11,13,15].

3.1. Thermal resistance (conductivity) of the graphite BPP (RBPP)

Applying the two-thickness method to the BPP samples with
different thicknesses yields the thermal conductivity of the BPP and
its contact resistance with the fluxmeters (see Appendix A). In this
Fig. 3. Three types of experiments to be performed by the TCR machine for measuring the G
not labeled).
study, the thermal conductivity or resistance of the BPP (RBBP) is
required for determining its TCR with the GDLs. The tests are per-
formed at five different temperatures to attain the thermal con-
ductivity of the BPP as a function of temperature.

3.2. Thermal resistance (conductivity) of GDLs (RGDL) and their
contact resistance with the fluxmeters (TCRGDL-FM)

Sigracet (SGL) GDLs are available in two thicknesses [6,27],
which allow determining their thermal conductivity (bulk resis-
tance: RGDL) and their contact resistances with the fluxmeters
(TCRGDL�FM) using the two-thickness method (see Appendix A and
Ref. [6] for details). The GDL bulk and contact resistances (RGDL and
TCRGDL�FM) are both required for determining its TCR with the
graphite BPP.

3.3. Thermal contact resistance between BPP and GDL (TCRGDL�BBP)

To measure the thermal contact resistance between BPP and
GDL, two GDLs with one BPP in between are sandwiched between
the two fluxmeters of the TCR machine, as illustrated in Fig. 3.

The thermal resistance equation for this set of the GDL and BPP
assembly is as follows:

2TCRGDL�BBP ¼ Rtot � ðRBPP þ 2RGDL þ 2TCRGDL�FMÞ (1)

where RBPP, the BPP thermal resistance, is measured in this study;
RGDL and TCRGDL�FM, the thermal resistance (conductivity) of GDLs
and their thermal contact resistances with the two fluxmeters, have
originally been measured in Ref. [6]. Hence, measuring the total
resistance (Rtot) of the components shown in Fig. 3, using the TCR
machine, the contact resistance between the BPP and each GDL,
TCRGDL�BBP, can be determined using Eq. (1).

3.4. Thermal contact resistance between BPP and MPL

Micro porous layer (MPL) has become an essential component of
a fuel cell stack [28,29]. It has been recently asserted [29e31] that
MPL on the BPP side of GDLs can also improve the overall perfor-
mance of fuel cells. Therefore, measuring the contact resistance
between the MPL and BPP can be useful for the purpose of PEMFC
heat management.

Gas diffusion layers with MPL on one side, such as BC type of
SGL GDLs, have two different surfaces; the MPL and the sub-
strate. The substrate is a BA-type SGL GDL, which has a carbon-
based structure, called plain substrate, treated with 5% PTFE. In
fact, SGL GDLs of BC type are fabricated by coating one MPL on
the BA types. In order to measure the thermal contact resistance
DL-BPP TCR (the cylindrical fluxmeters and the thermocouples placed inside themwere



Table 1
Maximum deviations in the flatness of the studied samples' surfaces.

Sample thickness (mm) 2.95 4.94 5.84
Maximum deviation in flatness (mm)/0.0127

One surface 0.5 <1.5 0.5
The other surface <0.5 <0.75 <0.5
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between MPL and BPP, the two GDLs are placed on both sides of
the BPP, all sandwiched between the two fluxmeter, so that the
MPLs always face up into the upper fluxmeter (the one con-
tacting the hot plate). The resistance equation for such arrange-
ment will thus be:

TCRMPL�BPP ¼ RtotSGL BC�BPP �
�
RBPP þ 2RSGL BC þ TCRMPL�FM

þ TCRSub5%PTFE�FM þ TCRSub5%PTFE�BBP
�

(2)

where TCRSub5%PTFE�FM and TCRSub5%PTFE�BBP are the thermal con-
tact resistance of the substrate BA with the (lower) fluxmeter and
BPP, respectively. The values of RBPP, RSGL_BC, and
“TCRMPL�FMþTCRSub5%PTFE�FM” have already beenmeasured. Hence,
there are only two unknowns, TCRMPL�BPP and TCRSub5%PTFE�BBP, in
Eq. (2). The unknown TCRSub5%PTFE�BBP can be obtained from the
data of similar tests on sample SGL BA, using the following
equation:

2TCRSub5%PTFE�BBP ¼ RtotSGL BA�BPP �
�
RBPP þ 2RSGLBA

þ 2TCRSub5%PTFE�FM
�

(3)

where the thermal resistance of SGL BA (substratewith 5wt% PTFE),
i.e., RSGL_BA, and its contact resistances with fluxmeters, 2TCRSub5%

PTFE�FM, have already been measured and reported in Ref. [6].
Plugging the value of TCRSub5%PTFE�BBP, obtained from Eq. (3), into
Eq. (2) yields the target parameter of the thermal contact resistance
between MPL and BPP, i.e., TCRMPL�BBP.
3.5. BPP samples

Three graphite bipolar plate blank samples of the same material
(machined from one plate) with different thicknesses of 2.95, 4.94,
and 5.84 mm, herein referred to in terms of their thicknesses, were
employed for thermal conductivity measurements. Before per-
forming any measurements, some surface analysis tests were car-
ried out on all three samples to ensure the acceptable flatness of the
sample surfaces. The deviations in the flatness of the sample sur-
faces, obtained by a surface dial indicator (Mitutoyo) (Fig. 4), are
summarized in Table 1.

In order to measure the most accurate thermal conductivity
values using the two thickness method, samples 2.95 and 5.84
showing proper surface flatness are selected. Sample 4.94 is only
used later for investigating the effect of BPP out-of-flatness on its
thermal contact resistance with GDLs.
Fig. 4. Measuring deviations in the flatness of the BPP sample surfaces with a dial test
indicator.
4. Results and discussion

4.1. Thermal conductivity of the graphite BPP

The thermal conductivity of the graphite BPP is plotted as a
function of temperature and compression in Fig. 5. The thermal
conductivity does not change with compression, as expected; how-
ever, it increases with decreasing temperature. The temperature
dependency of the BPP thermal conductivity, shown in Fig. 6, can be
approximated by a third-order polynomial equation as:

k ¼
�
5:713� 10�5

�
T3 �

�
4:653� 10�3

�
T2 � 0:188T þ 24:718

(4)

where k and T represent thermal conductivity (W m�1 K�1) and
temperature (�C), respectively. The slope of the keT curve decreases
with increasing temperature from 10 to 70 �C.

The TCR between the BPP and the Armco-iron fluxmeters de-
creases with both pressure and temperature, as shown in Fig. 7. The
results show that the effect of temperature on this TCR is, however,
much stronger than that of compression. The descending trend of
the TCR with temperature is similar to the trends observed for the
data of other solidesolid contact resistance available in the litera-
ture; see e.g. Ref. [32].

4.2. Thermal conductivity of GDLs and their contact resistance with
the fluxmeters

A thorough study on the thermal conductivity of different
treated and untreated SGL GDLs, series 24& 34, as well as series 25
Fig. 5. Thermal conductivity of the graphite BPP (kBPP) at different temperatures and
compression (obtained from repeated tests): RBBP ¼ tBBP/kBPPA.



Fig. 6. Thermal conductivity of the graphite BPP (kBPP) as a function of temperature.

Fig. 8. Thermal conductivity of Sigracet untreated and treated GDLs (kGDL) as a func-
tion of compression: RGDL ¼ tGDL/kGDLA.
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and 35, and their TCR with the same Armco-iron fluxmeters have
been performed in the authors' pervious work [6]. Here the thermal
conductivity of all studied GDLs is presented, as a function of
compression, in one graph (Fig. 8) and the GDL-fluxmeter TCRs are
also included (Fig. 9) to facilitate the data analysis and comparison.
The variation of the GDL thickness with compression, already re-
ported in Ref. [6], is considered in all the calculations, see Eqs.
(A1e3) of Appendix A.
4.3. Thermal contact resistance between GDL and BPP (TCRGDL-BPP)

Knowing the thermal conductivity of the BPP and those of GDLs
and the thermal contact resistance between GDLs and fluxmeters,
the thermal contact resistance between the BPP and GDLs can be
determined as explained in Section 3. The BPP-GDL TCRs presented
in Fig. 10 for different SGL show that the TCR for all the GDLs de-
creases with compression. The interesting point to note here is that
the reduction rate of TCRGDL-BPP with compression load decreases
with increasing pressure, regardless of the GDL type. In fact, at
Fig. 7. TCR between the graphite BPP and the Armco-iron fluxmeters at different
temperatures and compression (obtained from repeated tests).
lower compression, the TCRGDL-BPP is much more sensitive to
compression for all the GDLs, and as the pressure increases, the
dependency of TCRGDL-BPP on the pressure decreases.

- Effect of PTFE loading and MPL

Fig. 10 also indicates that for both series of the studied SGLs, i.e.,
24 & 34 and 25 & 35, PTFE practically increases the TCRGDL-BPP,
which is similarly to the increasing effect of PTFE on the TCR be-
tween GDLs and the fluxmeters, as discussed in Ref. [6]. From
Fig. 10, it is also observed that the effect of 5% PTFE on the TCRGDL-
Fig. 9. Thermal contact resistances of Sigracet untreated and treated GDLs with the
Armco-iron fluxmeters (FM) as a function of compression: TCRGDL�FM & TCRMPL�FM.



Fig. 10. Experimental data of TCR between the graphite BPP and 14 different SGL GDLs
(TCRGDL-BPP) at an average temperature of 55 �C.

Fig. 11. Contribution of the TCR between the graphite BPP and different SGL GDLs into
the total resistance of the studied BPP-GDL assemblies at an average temperature of
55 �C.
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BPP is minimal, whereas the addition of 20 wt% PTFE to the plain
substrate increases the TCRGDL-BPP dramatically, especially at the
higher pressures. For series 24 & 34 of SGLs, the effect of 20 wt%
PTFE on the TCRGDL-BPP is comparable to that of MPL, which has the
highest impact on the TCRGDL-BPP in comparison to the other GDLs
of series 24.

It is also interesting to note that the effect of MPL on the BPP-
GDL TCR is the same for both series. The MPL markedly increases
the TCR, especially in comparison to GDLs treated with low PTFE
loadings. In addition, the BBP-MPLTCR for both series of the studied
GDLs are very close to each other because the MPLs employed for
both series are practically the same [6,27].

It is also observed that at low compression, there is no appre-
ciable difference between the TCRs of BPP with different GDLs. In
other words, the dependency of the TCR on PTFE loadings and MPL
increases with compressive load for most of the GDLs.

The contribution of TCRBPP-GDL to the GDL-BPP total resistance
has been shown on Fig. 11 for different GDLs, to further investigate
the importance of TCRBPP-GDL with regard to the bulk resistances of
GDL and BPP. Fig.11 shows that the TCRBPP-GDL, a parameter that has
been usually overlooked in fuel cell thermal analysis, is indeed a
large resistance comparable to the GDL and BPP resistances, espe-
cially for the GDLs treated with high PTFE loadings and MPL. For
instance, the TCR between BPP and SGL 24DA is approximately 40%
of the total resistance at the compression of 4 bar, which makes it
the dominant resistance, as the bulk resistance of GDL and BBP
contribute, respectively, 35 and 25% to the total resistance.

Fig. 11 also indicates that TCRBPP-GDL for SGL 25 is, to some
extent, larger than that for SGL 24. The reason for this is most likely
related to the higher porosity and the lower aspect ratio SGL 25 has,
as these are the only difference between the two series 24 and 25,
see Ref. [12].

It is also worthwhile noting that the contribution of TCRBPP-GDL,
which increases dramatically with decreasing the load, reaches
approximately 60% and 40% of the total resistance for most of GDLs
at the compression of 1 and 5 bar, respectively. The fact that TCRBPP-

GDL is usually the dominant resistance in GDL-BPP thermal resis-
tance network is an important finding that underscores the need to
fully account rather than neglect thermal resistance compared to
the bulk resistance of BPP and GDL in fuel cell thermal management
and modeling.
4.4. Effect of BPP out-of-flatness on TCR

The remarkable impact of BPP out-of-flatness on the TCRBPP-GDL
can be observed in Fig. 12 where a comparison between the TCR of
different SGLs 24with two BPP plates with different out-of-flatness
can be made. Fig. 12 shows that the TCR of the GDLs with bumpy
BPP 4.94 is much higher than that with more flat BPP 5.84. It should
be noted that based on Table 1, BPP 4.94 is not excessively wavy and
its out-of-flatness would be considered low from the viewpoint of
contact mechanics [33,34]. Nevertheless, even such low out-of-
flatness can lead to large TCRBPP-GDL, according to Fig. 12. Overall,
the out-of-flatness of BPP 4.94 increased the TCRBPP-GDL by a factor
of 3, on average.

The results in Fig. 12 indicate that the BPP out-of-flatness can
exacerbate the influence of PTFE and MPL on the TCR, as the gap
between the TCR of the untreated SGL 24 (24AA) and the treated
ones with BPP 4.94 are larger than the corresponding values for
more flat BPP 5.84.
4.5. Effect of cyclic load on total resistance

The effect of cyclic load on the total resistance of two SGL 24BA,
as well as separately on two SGL 24DA, with BPP 5.84 in between,
all sandwiched between the two fluxmeters of the TCR machine,
are presented in Figs.13 and 14, respectively. As seen in both Figs.13
and 14, overall, the load cycles, especially the initial ones, reduce



Fig. 14. Effect of load cycles on the total resistance of SGL 24DA-BPP 5.84 assembly
(including the contact resistance of the GDL with the two fluxmeters).

Fig. 12. Effect of the BPP out-of-flatness on TCRBPP-GDL (for comparison, the data of SGL
24 already shown in Fig. 11 has been duplicated in this figure).
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the total resistance. This reduction is more pronounced for SGL
24BA, due to having lower PTFE loading (5%) in comparison to SGL
24DA, which has treated with 20% PTFE.

It is also evident from Figs. 13 and 14 that at high compression,
the data of different loadings tend to overlap, which completely
conforms with the trend obtained for the cases of one GDL sand-
wiched between the same two fluxmeters of the TCR machine
Fig. 13. Effect of load cycles on the total resistance of SGL 24BA-BPP 5.84 assembly
(including the contact resistance of the GDL with the two fluxmeters).
[6,12]. No noticeable difference between the 3rd loading and
unloading has been observed for SGL 24BA whereas the gap be-
tween the successive loadings and unloadings for SGL 24DA is
considerable, especially for the initial cycles, as evident in Fig. 14.
Overall, knowledge of the thermal resistance behavior of GDL-BPP
assembly under different load cycles, as reported here, can inform
the analysis of the temperature field within operating PEMFCs and
the design of appropriate heat and water management during their
lifetime.
5. Summary and conclusion

Thermal conductivity of a graphite BPP was measured under
different temperatures and pressures, with the following key
results:

� Thermal conductivity of the graphite BPP and its thermal con-
tact resistance with the Armco-iron fluxmeters decrease with
increasing temperature.

� The variation of the BPP thermal conductivity in terms of tem-
perature can be conveniently represented in a compact form
suitable for thermal analysis and modeling

The TCR between the BPP and GDLs with different PTFE loadings
and/or MPLwere alsomeasured in terms of compression. The effect
of compression, PTFE, MPL, out-of-flatness, and cyclic loads on the
BPP-GDL TCR were investigated thoroughly:

� The TCR between BPP and GDL increases with both MPL and
PTFE, regardless of the PTFE loading.

� High PTFE loading, MPL, and the BPP out-of-flatness increase the
GDL-BPP TCR dramatically.

� The BPP-GDL TCR can be the dominant resistance in GDL-BPP
assembly, as its contribution can increase to almost 60% and
40% at the compression of 1 and 5 bar, respectively.



Fig. A2. Thermal resistance network for samples with different thicknesses (R1 ¼ t1/kA
and R2 ¼ t2/kA) (see Fig. A1).
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� Load cycling reduces the total thermal resistance of BPP-GDL
assembly considerably.

� The reduction effect of load cycling on the thermal resistance of
BPP-GDL assembly is more pronounced for GDLs with lower
PTFE loading.
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Appendix A

Using two samples of the same material with different thick-
nesses t1 and t2, the bulk resistance (thermal conductivity) can be
deconvoluted from the contact resistance of the sample. The total
value of the thermal resistance for each sample can be written as
(Fig. A1):

Rtot1 ¼
t1
kA

þ 2TCR (A1a)

Rtot2 ¼
t2
kA

þ 2TCR (A1b)

where k represent the thermal conductivity of the sample and A is
the cross-sectional area of the fluxmeters and of the sample. TCR
represents the thermal contact resistance between the sample and
the fluxmeters, which is, unlike the bulk resistance ti/kA ¼ Ri (i ¼ 1,
2), independent of the sample thickness (Fig. A2). Rtot, the total
resistance, is the only measurable resistance here.

The sample thermal conductivity k and the TCR are the two
unknowns that can be obtained from two Eq. (A1a) and (A1b):

k ¼ ðt2 � t1Þ
ðRtot2 � Rtot1ÞA

(A2)

TCR ¼ ðt2Rtot1 � t1Rtot2Þ
2ðt2 � t1Þ

(A3)

This accurate and effective way of de-convoluting thermal
contact resistance (TCR) from bulk, and in fact from measurable
total resistance, is called two-thickness method.
Fig. A1. The measurable thermal resistance (Rtot) of a sample (S) with thermal con-
ductivity k, thickness t and cross-sectional area A, and its resistance components,
including the two TCRs between the sample (S) and the two fluxmeters (FMs): The
heat (shown as the red arrows) is transferred from the hot plate to the cold plate
through the sample and the fluxmeters, all embedded inside a vacuum chamber.
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Nomenclature

AA,BA,DA,BC: different types of Sigracet GDLs (0,5,20, 5(& MPL on one side) %PTFE,
respectively)
BPP: bipolar plate
GDL: gas diffusion layer
k: thermal conductivity, W m�1 K�1

MPL: micro porous layer
P: compression, bar or kPa
PEMFC: polymer electrolyte membrane fuel cell
PTFE: polytetrafluoroethylene
R: thermal resistance, KW�1

SGL: Sigracet
T: temperature, �C or K
TCR: thermal contact resistance
wt%: weight percent

Subscript

BPP: bipolar plate
FM: fluxmeter
GDL: gas diffusion layer
MPL: micro porous layer
SGL: Sigracet
SGL_BA: Sigracet GDLs of type BA
SGL_BC: Sigracet GDLs of type BC
sub: substrate of GDLs containing MPL
tot: total
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