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The Supplementary Material is composed of the following sections:  

1. Effect of water surface area parsing  

2. Effect of hydrophobic plug on evaporation measurements  

3. Evaporation rate for S #1  

4. Evaporation rate for various flow-rates for sample holder with channel 

5. Evaporation rate for idealized water fronts 

6. Evaporation rate theory overview 
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1. Effect of Water Surface Area Parsing  

Table S1. Water surface area parsing and resulting percentage error.  

Parsing Number of triangles in isosurface Surface Area [m
2
]x10

-6
 % Error 

1 5283676 - - 

2 1287984 5.5 0 

3 570864 5.38 2.18 

4 314612 5.31 3.45 

5 198480 5.22 5.09 

6 136796 5.11 7.09 

 

 

2. Effect of Hydrophobic Plug on Evaporation Measurements 

The hydrophobic plug is modeled as a porous media with a porosity of 0.74 (manufacturer 

specifications) and tortuosity of 1. The thickness of the hydrophobic plug was measured from the 

images to be 75 µm. Diffusion resistance of gas transport through the hydrophobic plug can be 

thought of as a resistance in series with the resistance due to gas diffusion through the GDLs – 

the higher the gas transport resistance through the GDLs (higher tortuosity, lower porosity), the 

higher its contribution to the total resistance and the more negligible the hydrophobic plug is. 

Figure S1 shows the effects of the hydrophobic plug on the evaporation-rate measurements. 

Only for S #1, where the water front was significantly advanced at high saturations we 

expect evaporation rate to be effected significantly by as much as 50%. For S #1 at saturations 

below 0.25 and for the other samples tested water front remained within the bottom portion of 

the GDL and with the large diffusion distance and lower GDL porosity the hydrophobic plug 

was not impacting the measurements.  
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Figure S1. Evaporation rate as a function of water RF for GDLs with various thicknesses for 

GDLs simulated with and without hydrophobic plug (HP) on top of the GDLs for porosity a) 0.6 

and b) 0.7. c) and d) Percentage deviation in evaporation rate due to HP on the top of GDL is 

computed for porosity of a) 0.6 and b) 0.7.  

 

For the S #1 evaporation rate as a function of water area and saturation are shown in 

Figure S2. The model predicts increasing evaporation rate with liquid water saturation above 

0.25  and this is due to the fact that water front has advanced to the very top of the GDL as seen 

in Figure S2, where volume-rendered water fronts are shown for different saturation levels. As 

water-front moves towards the top of the GDL the evaporation diffusion distance is decreasing 

and the evaporation rate increases per surface area of water because of lower diffusion distance. 

This was not supported by the experiments, where at 0.4 saturation the evaporation rate remained 

at 0.4 mol/m
2
s – similar to that at lower saturation due to limitations of gas transport due to 

hydrophobic plug.  

 

3. Evaporation Rate for S #1 

Variation of evaporation rate for SGL 10 BA with increased liquid pressure is shown by 

Figure S2. We explore evaporation rate for a single GDL (1x), S #1 and two stacked GDLs (2x), 

S #2. As Figure S2a shows, with increase in water surface area (higher liquid pressure) 

evaporation rate decreases and then remains at nearly constant value of 0.4 mol/m
2
s for both 

samples. This is indicative that evaporation rate scales with surface area of water. The model 

predicts the increase in evaporation rate at saturations of 0.26 or higher and this is because water 

front has advanced close to hydrophobic plug and diffusion distance decreased. The discrepancy 

between the experiment and model results is due to hydrophobic plug presence.  
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Figure S2. Evaporation rate as a function of a) water surface area and b) saturation. Volumetric 

mesh of water front for c) SGL 10BA 1x and d) SGL 10BA 2x for two levels of water saturation. 

e) Cross-section thresholded tomograph of water fronts for single and double GDL layers.  
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4. Evaporation Rate for Various Flow-Rates for Sample Holder with Channel  

 

 

Figure S3. Evaporation rate as a function of gas flow-rate at different liquid pressures for a) air 

and b) hydrogen.  

 

 

Figure S4. Evaporation rate as a function of capillary pressure for air and hydrogen at various 

flow-rates. 

 

5. Evaporation Rate for Idealized Water Fronts. 

To further understand the evaporation rate dependency on height of water front and 

surface area an idealized water front simulations study was conducted, where the water front was 

represented with cylinders of various height. The GDL domain was modeled as SGL 10 BA at 

40 
o
C. Evaporation rate as a function of saturation is represented in Figure S5a, whereas as a 

function of surface area with Figure S5b. On these plots Hfront is the normalized height of water 

front, which is defined as a ratio of water height, hwater, to GDL thickness, hGDL: 
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where Hfront = 1 indicates water has reached the gas-flow channel and Hfront = 0, it is at the 

interface between GDL and injection plate. Figure S5a clearly shows that evaporation rate is not 

as much a function of saturation as it is a function of Hfront. For example, for Hfront of 0.75 

evaporation rate remains around 5104.2 −×  mol/cm
2
s for saturation range of 0.15 – 0.5. We also 

observe that for Hfront equal or larger than 0.5 evaporation rate remains approximately constant 

for the idealized geometries studied. For Hfront lower than 0.5 evaporation rate shows trends 

similar to those observed by experiments – higher evaporation rates normalized per surface area 

of water at lower saturation. And this can be explained by the fact that at saturations lower than 

0.08 disconnected water clusters are present and local evaporative flux is high - this flux is not 

offset by larger diffusion distance.  

We also analyze evaporation rate as a function of water surface area as shown by Figure 

S5b, where increase in surface area for the same value of Hfront leads to decrease in evaporation 

rate. Figure S5c shows the distribution for various cylindrical geometries of water front to obtain 

Figure S5a and b data. Plots on the left show water front that is only 0.12 advanced into the 

media, whereas on the right water front is at the height of 0.75 and depending on number and 

size of cylinders (the number ranged from 2 to 16) various liquid water saturation.   
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Figure S5. Evaporation rate as a function of a) saturation and b) surface area for various 

theoretical water-front geometries, where several of those are depicted by c).  

6. Evaporation Rate Theory Overview 

Under thermodynamic equilibrium at the vapor-liquid interface, temperatures (T1 = Tv), pressure 

(PL = Pv = Psat) and chemical potential (µL = µv) are continuous. During evaporation, non-

equilibrium conditions exist at vapor-liquid interface and temperature discontinuity at liquid-

vapor interface was found to be nearly 10
o
C and chemical potential change of tens of Js 

1
. The 

physics of interfacial kinetics are attempted to be described with classical kinetic theory o2f 

gases (KTG)
2-3

, statistical rate theory (SRT)
4
 and more recently non-equilibrium 

thermodynamics (NET)
5
.  

In the KTG a Knudsen layer exists at the vapor-liquid interface and a temperature jump 

occurs across this layer, therefore this temperature gradient is a driving force for the evaporating 

liquid. It is observed that liquid water is at lower temperature than adjacent vapor
1
. Therefore, 

energy ins transferred to liquid film from both bulk liquid and vapor. According to the Hertz-
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Knudsen (KTG) theory, the net evaporation rate can be expressed as the difference between the 

evaporation and condensation fluxes:  
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where LT  and VT  are liquid and vapor temperatures, respectively, )( Lsat TP  is saturated vapor 

pressure, VP  is vapor pressure at the vapor boundary of Knudsen layer, M is molar mass and R is 

ideal gas constant. The evaporation and condensation coefficients, eη  and cη , respectively, were 

introduced into this expression because measured evaporation values are generally lower than 

those predicted by KTG theory. The evaporation coefficient was defined by Knudsen as the ratio 

between the number of molecules transferred to the vapor phase to those emitted from the liquid 

phase. Evaporation coefficient of 1 indicates that all emitted molecules from the water surfaces 

remained in vapor phase. For water evaporation coefficient was reported between 10
-3

 and 1 for 

pressure decrease from 1 to 0.01 bar
6
. When considering ce ηη =  

6
, and correcting bulk velocity 

of vapor, Schrage correction to Hetz-Knudsen can be shown as:  
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SRT was developed by Ward and Fang 
4
 and is based on entropy difference across vapor-liquid 

interface. The theoretical approach is based on quantum-thermodynamics, where 

thermodynamics are based on the Boltzmann definition of entropy. Salient details are provided 

here, whereas the detailed derivation can be found elsewhere 
7-8

.    
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Where eK  is the equilibrium molecular exchange rate between liquid and vapor, LVs∆  is the 

entropy change due to molecules exchange between liquid and vapor, 2H is mean radius of 

curvature. The last two terms can be neglected and the rest linearized to arrive at the following 

approximation:  
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The linear form of the SRT theory is similar to KTG with 1== ce ηη . Therefore, here we will not 

consider SRT theory.  

In the NET theory heat and mass transfer across the vapor-liquid interface is considered, and 

Onsager transfer coefficients are introduced. The entropy production is considered from non-

equilibrium thermodynamics and full derivation can be found elsewhere 
5, 8

. The final form of 

heat and mass transfer rates are:  
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Where s
ww

s
qq ll ,  are diagonal and s

wq
s
qw ll ,  are cross transfer coefficients of Onsager matrix, where 

the later two are equal. These relations describe evaporation transport driven by both pressure 

and temperature differences across the interface. It remains unknown what driving force is 

dominant.  
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