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A key perfonnance limitation In the polymer electrolyle fuel cell 
(PEFC), manifested in tcrms of mass transpon loss, originates 
from hquid water transpon and resulting Oooding phenomena in 
the constitut-:nt components. A key contributor to the mass 
transpon loss is the cathodc Bas diffusion layer (GDL) due to the 
blockage of available pore space by I iquid water thus rendcring 
hindered oxygen transport to the aCTive reaction Sill:S in the 
electrode. The GDL, therefore, plays an impor13m role in the 
overall water management in the PEFC. Thc underlying porc­
morphology and tht! wetting characteristics have significant 
inOuencc on the Oooding dynamics in the GDL Another impor13nt 
faclOr IS the role of cell compression on the GDL microstructural 
change and hence the underlying two-phase behavior. In this 
article, we present the development of a pore-scale modeling 
fonnalism coupled With realistic microstructural delineation and 
reduced order compression model to study the structure-\vettability 
inOuence and the effect of compression on two-phase behavior in 
the PEFC GDL. 

In trod uClion 

In recent years, the polymer electrolyte fuel cell (PEFC) has emerged as a promising 
power source for a wide range of applications. Despltt: tremendous recent progn::ss in 
enhancing the overall cell penonnance, a pivotal perfonnance limitation in PFFCs 
centers on liquid wah:r transpon and resulting flooding in the conslituent components (I). 
L'quld water blocks the porous pathways in the catalyst layer (CL) and gas diffusion 
layer (GDL) thus causing hindered oxygen trans pan 10 the reaction sites as w~1I as covers 
the e lc-etrochemically aCli vt: SHes in th l.: CL thereby incn:a.sing surfacc oYCrp0h.;nllaL This 
phenomenon is known as "flooding·' and is perceived as thc primary mechanism leading 
10 the limiting current behavior in the cdl performance. The cathode GDL plays a crucial 
rol(;; in the PEFC wal~r mana~emen[ (1) aimed at maintain ing a delic ate balance between 
rL!aetant transpor1 from the ga:o; channels and water removal from th e el ectrochemically 
active sites. In the la~t few years, wJ,\t:r m;magcmc: nt res:;arch has received widt.: 
atll2ntion . t V1J t.:IlC t.:d by the dt! \'e lopmr..:nl of s'c\ eral macroscopic models for liqui d water 
trans port )n PEFCs (2-6). The macro,coplc models for IlquiJ water trdflSporr reponed in 
the liler8.1UrC, an..: bas-.:d on the theory of vol umt:! a" ' ~Tagi ng and tre3t Lhlo: GDL ll.S a 
manoho rnugt:rH:OllS porous layer Dut: 10 the macroscopic nat urt' , ~ h ~ c urrent mode l..; fail 
to resolv e the Influence of tht pore morphology of the GDL on the underlying tl' o-phase 
dynamics. Another 'm pormnt fa clor having strong innuencc on the GDL pore 

morphology and hcnc8 the underl y ing lwo-pha:,c behavior IS Ihl.! :.:~ l l clamping p rc.s.su r~ 

The impon.anc~ of ce ll c lampin ti pre$~uft.: on fue! cdl ptrfcnnanc.:: has been studieu b) 
several researchers . Nvlcmle works include Mathias el al. (7), Wilde i 'l al (8) and lhone n 
"I " I. (9) Mathias e( a l. (7) reponed compression and naural behavior of carbon paper 
and carbon clot h GDLs and ir,d,cd.kd the ~rrect of compressiYt! characteristics on the 
channel flow-field rr~,sure drop. Wildc el ill. (8) studied the im pact of compression force 
on the GDL pro p<: rties, namely electrical res istivity, pore size, and pcr"leabilit)' for 
different materials and briefly described the resulting influence on PEFC performance. 
Ihonen and co-workers (9), on the other hand, tried to aSSeOS experimentally the influence 
of clamping pressure on the GDL flooding phenomena Although substantial research, 
both mode ling and experimental, has been conducted 10 study flooding and water 
transport In PEfCs, there is serious paucity of fundamental understanding regarding the 
influence of cell compn::ssion on the GDL microstructure change and the underlying lWO­

phase behavior, whieh aftcctthe cell perfonnance 
In the current work, a comprehensive pore-scale modeling framework js presented to 

study the inOuence of cell compression and microstructure change on the flooding 
behavior in the PEfC non-wovcn carbon paper GDL. 

Modeling Approach 

The modeling framework compriscs of thrcc components: (I) a slOchastic fibrous 
microstructure reconstruction mod '.:: l, (2) a reduced order porous media compression 
model, and (3) a two-phasc Ian icc Boltzmann (LB) model for Two-phase transport in the 
G J)L microslructure. 

Microstructure Reconstruction 

In this work, a stochastic reconstruction technique is developed to generate non­
woven carbon paper GDL microslruclurt!s. The stochastic simulation technique creates 3-
D realizalion of the non-woven carbon paper GDL based on structural inputs, namcly 
fibtr diameter, fibcr orientation and porosity whieh can be obtained either directly from 
the fabrication specifications or indirectly from Ihc SEM (scanning elt:ctron microscop(:) 
micrographs or by ~xperimentaJ techniques Details about the carbon paper GDL 
microstructure: reconstruction method along with the underlying assumptions arc 
elaborated in our recent work (10). Briefly, the stochastic reconstruction tcchnique is a 
Poisson line proct!ss \vith one-parametric directional distribution where the fibers are 
realized as circular cylinders with a given diamcter and the dir(;;ctionai distribution 
provieds in-plane/through-plane anisotropy in the reconstructed GDL microstructure 
(10) 

Figure 1 shows the reconstructed microstructure of a typical non-wm'~n, carbon paper 
GDL with porosity around 72% and thickness of 180 ~m along with the sln,etural 
paramet~rs in h:nns of the eS1imated par..:: si t,:c di strib ution (,PSD) and tht: anisotropy in 
the in-plane vs. through-plane permeability values (10). 

Reduced Order Compressi on Model 

Detai led mod~hng of a porou~ materia! under compressIOn is a ch;1 1 1t: n G in ~ task of 
app]i t:d structural me.chan ics Tht reduced compre~ s i on modl.:1 cmplo)"c.j ill the curren t 
study is based on the unidin:ct lonal morpho logical d"place mcnt of , olid vox.:; ls in th" 
GDL struClUn.:.: under load and with t he assumption of ncgli gible tra TlS Vl:: l~ t:' =:t lJ in. Til t..: 
re.duced compn.:ssion model is dd a ik,d in our rcc l.: nt \Y'ork (1 0). 1 JowL: VL:r, with tht;! 
reduced compression model, it is dlrficuh 10 find a relation between thc compressiun ratio 



and the external load The compression rall o is defined as the ratio of the Ihickness of 
co mprc",ed sample to that of Ihe uncompressed sample. Nevcrth~les" Ihi s approach 
leads to reliable 3D morphology of the non-wow n GOL structures undcr compression. 
Figure 2(a) sho,"s compressed , reconstructed non-woven GDL microstructures Wi th 20% 
and 40%, compression along with L,",C un C'omprcsscd structur .. · and rt:prcsentat j\c 2·D 
cross-sections Due to the compress ion of the structure, the pore s ile distribution is 
ex pected to shift toward smallcr pores. Figure 2(b) shows the pore size dislributions of 
the uncompressed and 50% compressed GOL microstructures. It can be obsc,,·cd that the 
mean pore size shifts from around 17 11m to approximately 10 11m under 50% 
compression, while the width of the pore s ize distribul ion shows negligible variation . 
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Figure 1 ~ Reconstructed non-woven carbon paper GDL microstructure along with pore 
size distribution and the evaluated ,truclUral properties. 
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Figure 2: Reconstructed uncompre~ s~d and compressed non-woven GDL micros tructures 
along wnh pore Size d iStributIon . 

Two- Ph\lSC Lntt ice Boltlln.n" Model 

In n;:cent yt:.n rs. the lattice Boltzmann (LB) method, owing to its cxcel knt numC'ncal 
stab r/ it)' and c,)nstitut.- . v""atili ty, has de\'d o/Xd into a po\\aful tcchnique for 
simula ting Ilu id flows and is part icul arly successful in flUId !lnw applicolions mvolvine 
interfac ial dynamics and complex geometries (11). The L13 method is a Ci rst-principk 
bas~d numerical approach. Unlike the convenlional NaYler-Stokes solvers based on Ihe 
discretization of thl.: macroscopic continuum cquation ~, latt ice Boltzmann methods 
consider flows to be composcd of a collection of pseudo-particles residing on the nodes 
of an underlying lanice structure which in teract according to a velocity distnbulion 
func(iol1. The lattice Boltzmann method is also an idea l scale-bridging numerical scheme 
which incorporates simplified kim:lic models to capture microscopic or mcso5copic flow 
physics and yet Ihe macroscopic averaged quantities satIsfy the desired macroscopic 
cquations (I I). 

The two-phase Ian icc Boltzmann model developed in this work is based on Ihe 
interaction potential model, ori~nally proposed by Shan and Chen (12). This model 
introduces k distribution functions for a fluid mi xture comprising of k com~onents . Each 
distribution funclion represents a fluid component and satisfies the evolution equation . 
The non-local interaction bctwe~n particles at neighboring lattice sites is included in thl; 
kinctics through a set of pOI entia Is. The lB equation for the kth component can be written 
as : 

I.' (. + e,5,,1 +5,) - /,' (U) ~ lo' « J)- j,""I' (X ,I) 

", 
(lJ 

where f,' (x,/) is the number denSity distribution function for Ihe kth component In the ith 

velocity direction at position x and time I, and 0, is the lime increment. In tho.! term on the 

right-hand side, ' . IS the relaxation time of the kth component in lattice unit, and 

/," "' (X,I) is the corresponding equilibrium distribution function. The rlght-hand-side of 

l:q. [IJ represents the collision term , which is simplified to the equilibril1m d,stribution 
function / ,""" (x,I) by the so-called BGK (Bhatnagar-Gross-Krook), or the single-time 

relaxation approximation (13). A three-dimensional 19-speed lallice (D3Q19, where 0 IS 
the dimcnsion and Q is the number of velocity directions), shown schematically along 
with the velocity directions in Fig. 3, is used in the model. Surface tension bct\V(;;en the 
two phases is realized through a Iluid/fluid interaction force and the wall adhesion effcct 
i.e. the contact angle is incorporated via a fluid/solid interaction force. The details oCthe 
two-phase latti ce Boltzmann model developed for this study arc furnished in Ref 
( \2,14, \ 5) 

Two-Phase Nume rical f' ,perime nt and Setup 

In Ihis study, a numerical experiment is specifically desi gned for inve,tigallng liquid 
water tran sport and two-phase d)'namics through the reconstructed GOl microstructure. 
Before describing the details of the numerical e xperiment, it is important to mention that 
the two-phase transport in the PEFC GOl is characterized by capillary tranSport as 
cv iLicnced by vc r)' low Capillary number (ea = 1',11,1 0 -- 10"' ) operalion (15,16). In the 

Cap illary num lxr expres sion, (!J and 1'1 are the non- welt ing phase Darry vt!locit)' an d 
dyna mic viscos ity re' pectivelv, cr is the surface lensio01 . Tn thc capillary transporl regime, 
surface forces dominate over the inertial. v iscous and grav ity for= (15,1 6 ). 

The.:: num erical setup is dc\riscd to simulate a qUGSI-.H(Jlic d;~p/a"emr:1j{ r;:.r{H:rlmem. 

dctaikd else where ill lhc li ta"ture In the context of geologic porous medIa transport (17), 



for simulating immiscible, two-phase tra nspo rt through the GOL microstructurc. A non­
wenin g phase (NWP) rese rvoir is added to the porous structurc at the front end and a 
wetling ph0.5c I WP) rese rvoir is added at the back end 11 5). It should be noted thllt for the 
prlftw ry d'<lmage (PO ) Simula tion in the hydrophobic GOL , liquid water is the NWP and 
air is the WP. The primary drainage process is sim ulated starr ing "i th l ero capil lary 
pressure, by fixin g the NWP an d WP reservo ir pre"ure, to be equal. Then the capilia l)' 
pressure is increased incrcmt.:n lall)' by decreas ing the WP reservoir pressure while 
maintailllng th e Nl'lP reservoir pressure at the fixed initial value. The pr~ssurc gradicnt 
dri 'es liquid waler into the initiall:; air-saturatcd GOL by displacing it. The details about 
the numerical sclup corresponding to the primary drainage simulation arc furnished in 
Refs. (15). For the subsequent two-phase simulations, a reconstructed GOL structu re with 
100' 100x 100 lanice points is used keeping in mind the siglllficant computational 
overhead in LB calculations. The primal)' objective of the quasi-static displacement 
simulation is to study the liquid water behavior through the fibrous GOL structure and the 
concurrent response to capillarity as a direct manifestation of the underlying porc­
morphology 

u 

Figure 3: 03Q 19 lanice structure. 

Resul t. a nd Discussion 

Figure 4 shows the liquid water distribution as well as the invasion pattcrn from the 
[Jnnlwy drwna!{" sim l/ lalion with increasing capillary pressure in the initially air­
saturated uncomprcssed carbon paper GDL characterized by hydrophobic wetting 
characteristics with a static contact angle of 140". Physically, this scenario corresponds to 
the :ransport of liquid water generated due to the electrochemical rcaction in the CL into 
the otherwise alT-occupied GOL in an operating fuel cell. At the initially very low 
capillary pressure, the invading front overcomes the barrier pressure only at some 
preferential locations depcndlllg upon the pore size along with the emergence of droplets 
oWlIIg to s tron g hydrophobicity. As the Capillary pressure increases , several liquid water 
fron e.;.; start [0 penetrate into the air occupi ed domain. Further increase in capillary 

pressure exhibits growth of droplets at two invasion fronts, followed by the coalesccnce 
of the drops and collap',n g 111 10 a singl e front. This ne wly formed front then tnvades into 
the less tortuous in-plane dlTection. Additionally, emergence of tiny droplets and 

subsequent gro\\1h can be obSe rved in the constricted pores m the vicinity of the mkt 
regi on pri marily due to s1rong wal! adhesion forces from inl!..: l1)ctions wi th highly 
hydrophobic fi be.rs with the increaslllg cap illa.'1' pressure . O ne of the several invading 
fronts ii ila lly rcaches the alT reservoir, ph vslcal ly the GDLichilnnei interface . at a 
preferential location corres po nding to the capillary pressure and is also referred to as the 
bubble point. AdditionaHy, 2 0 liquid wak r saturation maps on different crO~S-:;l.:cl'on s 

a long the GOL through-plane direction correspondin g to a representat,,·e liquid " atcr 
sa turation level are shown in Fig. 5 which demonstrates the porous pathways actually 
avaliable for oxygen transport from thc channel to the CL reaction sites. It is worth 
mentioning that thc LB simulation IS indeed able to capture thc intricate liquid water 
dynamics including droplet interactions, fiooding front formation and propagation 
through the hydrophobic fibrou s G OL wueture Furthermore, it is important to note that 
the liquid wate r transport and nooding dyanmics through a woven carbon cloth GDL 
would lead to ,·c ry different scenario owing to liquid water motion along indiVidual fibcrs 
as well as between fiber bundles as opposed to that in the non-woven carbon cloth GOL. 
Further invcstigations are currently unde",,'ay to understand thc infiuence of diffcrem 
pore mOT]lhology and wening characteristics of GOL structures on the resulting nooding 
dynamics. 

Figure 6 shows the liquid water distribution as well as the invasion pal1em from the 
primary dr{JInage _\im w'aOon with increasing capillary pressure in the initially air­
saturat~d 300/0 compressed carbon paper GDL microstructure characterized by 
hydrophobic wcning characteristics with a st;ttic contact angle of 140°, similar to its 
uncompressed countcrpart, described earlier. The reduced compression model was used 
to generate the compressed structure. Similar to the uncompressed GOL, at vcry low 
initial capillary prcssures, the invading from ovcrcomes the barner pressure only at some 
preferential locations depending upon the perc size. As the capillary pressure increases, 
several liquid water fronts start to penetrate into thc air occupied domain. Owing to the 
compression induced microstructural change, further increase in capillary pressure 
exhibits coalescence of drops and concurrent merging of the fronts into a single front. 
This newly formed front propagates in the through-plane direction with liquid water 
build-up and subsequent action of capillarity. 1 lowtv"" no preferential front migration 
toward the in-plane dircction, as opposed to that in the uncompressed structure, is 
observed, which can be attnbuted to the increased tortuosity owing to the compression of 
the GOL. Emergcnce of droplets and subsequent growth can also be observed in the 
constricted pores primarily due to strong wall adhcsion forces from interactions with 
highly hydrophobic fibers with the increasing capillary pressure. Finally, the predominant 
front reaches the air reservoir, physically the GOUchannel interface, at a preferential 
location and the corresponding capillary pressure IS referred to as the bubble poinl 
Concurrent to the bubble poin~ the microstructural change also renects in the movement 
of watcr in the in-plane direction which could rather be anributed to the liquid water 
budd-up at the corresponding saturation level, and differs Sign ificantly from the two­
phase transport in the uncompre<sed GDL sho\\l1 in Fig. 4. Additionally, the 2-D liquid 
waler saturation maps on different cross-sections along the GOL through-plane direction 
cO lTesponding to a represen tati ve liquid water saturation level are shown in Fig . 7 which 
demonstrates the porous pathways actually a",dable for oxygen transport from the 
charmd to the CL reaction sites in the compressed GDL. The rough en ed fiber cross­
sections also suggc.sl overlaying of fiber layers from compression it!ading to higher 
tortuosi ty . It IS WO rlh mentioning tha t the LB Simulation is Indeed able to capolre the 
intricate liqu id " \llc r dynamics and reflec t> the infl uence of compression induced GOL 



mlcrostrlJctural change on th~ tlooding b~havior. Ddnikd im·cstigotions ar.c: curr,.;ntl ~ 

undcn.l.,ay to undc~tand the infl uence of different pore morphol og") <.ind \Vl..: tung 
chaructenst;cs of GDL structures under thl,,; infl uence of cornpr~s.s ion on tht..; rcsuhm.c 
tlood in g d)' namic:s. Furthemwre, a micro-FE (fi ni te clement) formalism is al so under 
dcvcl opme.nt to capture the rt: al istic structural mechanics en-eel in order to di rectl y rdate 
the compr~"on load to the micro5tmctural change of the GDL. It IS Impo rtant to note 
that the mesoscopic LB simulations provide fundamental ln ~ ight into the llQrt.: -scalc 
liquid wot~r transport in uncompressed and compres,ed GDL structures and would like ly 
enable novel GDJ. microstructure d;:!sign for tlooding mitl'gation. 
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Figure 4: Ac.l,'ancing liquid water rront v..'ith inCTL'as. ing capi llary pressure through thc 
inilia!1y air-S tltu raled uncom prcssed GDL microstructure from the primary drain Jgc 
simulation 
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Flgur~ 5: 2-D pha...')c distribuuon maps on St":veral cross-sections along the through-plane 
direction in the uncomprcsscd GDL structure from the primnry drainage simulation. 
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Figure 6. AdvancIl1g liquid water front with incr.:.as in g capillary pressure through the 
fnitially al r· saturateJ GDL micm~trucltm~ \ .... ith 30% com pression from the primary 
drain:1[re Simulation. 
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Figure 7: 2-D phase distribution maps on sevcral cross-seClions along the through-plane 
direction in the 30% compressed GDL structure from the primary drainage simulation 

Conclusions 

The gas diffUSion layer plays a crucial role in thc overall PEFC performance due to 
the transport limitation in the pres~nce of liquid water and flooding ph~nomena. The cell 
compression affects the GDL pore morphology and hence the underlying liquid water 
transport characteristics. In this work, the devclopment of a pore-scale modeling 
formalism including a stochastic microstructtue reconstruction model, a reduced order 
microstructure compression mode! and a two-phase ianice Boltzmann model is presented 
in order to reveal the structure-wet1ability Influence and the effect of compression on the 
underlying pore morphology and flooding dynamics in the PErC GOt. The liquid watcr 
transpon in thl..: non-woven GDL structure with hydrophobic welling characteristics 
shows intricate interfacial dynamics including droplet inl~ractions) flooding front 
formation and propagation. The compre»cd GDL slrueture exhibits enhanced resis tance 
to liquid water transpon in thc in-plane direction due to the changc in the underlving pore 
morphology leading to increased tortuosity. 
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