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Abstract 

Polymer electrolyte membrane fuel cells (PEMFCs) can be the main part of the ideal propulsion system of 

Unmanned Aerial Vehicles (UAVs) due to the high power density and suitable efficiently. Flow fields play a 

key role in the performance of PEMFC-powered UAVs. In this work, a novel flow field named modified 

combined is introduced in order to reinforce the performance of the UAV propulsion system. The flow field 

is investigated by a 3D and two-phase PEMFC model. In the flow field, the main channels are tapered 

aiming to reduce the pressure drop and prepare a suitable water management. This work consists of two 

steps. In the first stage, the modified combined is compared with the parallel, serpentine, interdigitated, and 

combined. The results obtained show that in the modified combined compared with the simple combined, the 

pressure drop decreases to22.6%. The modified combined demonstrates a suitable oxygen distribution and an 

appropriate water management. Furthermore, among all the flow fields, the specific power of the modified 

combined is the highest. Finally, the effect of the atmospheric conditions on the performance of PEMFC 

with the modified combined flow field is studied, and two equations are presented to in order predict the 

performance at 0.4V and 0.7V at different flight altitudes. The equations unveil the point that although the 

increase of height at high reduces the output power especially at the low voltage, the specific power at 0.4 V 

is higher. Therefore, in the cruise phase of the flight, a low voltage is more suitable for PEMFC-driven UAV 

with a modified combined flow field. All in all, the modified combined flow field and low voltage are 

recommended to be utilized in PEMFCs as the propulsion system of UAVs. 
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1. Introduction 

Unmanned aerial vehicles (UAVs) are aircrafts 

that are designed to operate without a pilot on 

board [1]. The significance of some complicated 

missions that are inadaptable for human constraint 

organizations is to employ UAVs due to their 

safety, durability, and efficiency [2].  

UAVs utilize a battery or a Polymer Electrolyte 

Membrane Fuel Cell (PEMFC) or an internal 

combustion engine or a combination of them as 

their propulsion system[1]. The fuel cell provides 

the two advantages of increasing endurance and 

providing secrecy according to the low operating 

temperature so the tendency to use PEMFCs in 

UAVs has been prompted[3]. A PEMFC system 

has a lower specific fuel consumption since it 

produces the required power in a non-combustion 

process. 

According to the advancement of PEMFCs, many 

efforts have been dedicated in order to improve 

this amazing technology. Some studies have 

focused on the water and heat management [4,5], 

clamping pressure [6], channel geometry [7],and 

the effect of baffles[8]. Various kinds of flow 

field designs have been presented including 

parallel, serpentine, combined, and interdigitated 

[9],and investigated under different operating 

conditions [10]. 

Flow fields in the fuel cell play a vital role in the 

transport of reactants and reaction products, and is 

an important factor in determining the power of 

the fuel cell. Increasing the cell power is very 

effective in increasing the performance capability 

of the drone. By modifying the fuel cell flow 

field, the cell power can be increased. In a study 

carried out by Afshari and Ziaei Rad [11], an 

innovative zigzag-shaped flow channel has been 

proposed for the cell cooling flow field. The 

results obtained showed that in a cell with a 

trapezoidal cross-section, the maximum surface 

temperature, temperature uniformity index, and 
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cooling temperature were lower than a similar cell 

with a rectangular cross-section. Ghasabehi et al. 

[12]have introduced a novel tapered parallel flow 

field. The flow field not only increased the output 

power density but also decreased the pressure 

drop and enhanced the water management. Devi et 

al. [13]have proposed a new design for the flow 

field. They added sub-channels to the flow field, 

and compared a serpentine flow field with the 

sub-channel and a conventional serpentine flow 

field. The results obtained showed that due to the 

improvement of the current under the rib of the 

flow field with the sub-channel, the maximum 

current density and the power density increased 

by18.85% and 23.74%, respectively. In another 

numerical study, using the computational fluid 

dynamics, the effect of baffle number and height 

along flow channels has been studied by Heidari 

et al. [14]. The findings showed that the complete 

blockage of cathode-side flow channels with 5 

blocks increased the net power by 30%. Fan et al. 

[15]have optimized the geometric properties of 

the baffle. They found that the highest cell 

performance was achieved with baffles at an angle 

of 30 degrees and a width of 5 mm and a distance 

of 6 mm from each other. Mehrdad Ghasabehi et 

al. [12]have suggested a modified tapered parallel 

flow field enhanced uniformity of current density, 

reactant transport, and water management, 

resulting in a higher generated power and a lower 

pressure drop. 

One of the significant parameters involved in the 

cell performance is the dimensions of the flow 

field. Yang et al. [16] have optimized the 

dimensions of the channel and rib by the genetic 

algorithm. This optimization stated that the 

channel width to rib ratio of 2.8 to 0.5 and 4.2 to 

0.3 showed the ideal efficiency. Wang et al. 

[17]have numerically studied the effect of channel 

size on the cell performance with a serpentine 

flow field. The results obtained showed that a 

smaller channel size improved the removal of 

liquid water and increased the output power of the 

cell but at the same time increased the work of the 

pump. The optimal dimensions for the channel 

cross-section are 0.535 mm by 0.535 mm. In a 

numerical simulation by Sala et al. [18], they 

analyzed the sensitivity of the cell performance to 

the geometric characteristics of the flow field. 

They showed that a wide channel is suitable for a 

low current density, and a narrow channel is 

suitable for a high current density. 

Mahmoudimehr et al. [19] by the numerical 

analysis of the single-channel fuel cells, showed 

the optimal geometry of the channels in various 

operating conditions. The results of their work 

showed that it was not possible to introduce 

constant dimensions that produce maximum 

output power in all the operating conditions. 

It has been proved that the operating conditions 

have a considerable influence on the fuel cell 

performance [12,20–22]. Wang et al. [20] have 

experimentally investigated the effect of the 

operating characteristics such as the temperature, 

pressure, and relative humidity on the 

performance of the fuel cell. They revealed the 

positive effect of increasing humidity, 

temperature, and pressure on the performance. In 

an investigation, Acker Kahveci and 

Taymaz[21]have simulated a cell with a 

serpentine flow field. They studied the effects of 

the gas diffusion layer porosity, relative humidity, 

and operating pressure. The results obtained 

showed that the maximum power density was 

obtained by a porosity of 0.6, a relative humidity 

of 10% on the anode side, a relative humidity of 

100% on the cathode side, and an operating 

pressure of 3 atm. Ghasabehi et al. [23] have 

presented a model for PEMFC based on its 

operating conditions. They optimized the 

operating conditions to reach a maximum power 

density that had a large amount and a high 

voltage. In a numerical study, Kane et al. [24]have 

applied the properties of a real air compressor. 

The results obtained showed that the power of the 

fuel cell and the power required by the 

compressor were directly related to the operating 

pressure of the system; in this study, 1.2 atm was 

introduced as the optimal pressure. In a paper 

given by Jawrungrit et al. [25], the pressure and 

temperature were analyzed. In this paper, they 

stated 3 atm and 393 K as the optimum values for 

the pressure and temperature, respectively. 

PEMFCs as the propulsion systems of UAVs have 

attracted much attention [22,26–30]. Belmonte et 

al. [31]have investigated the implementation of a 

PEM fuel cell to extend the flying range of a 

drone for a mobile crane inspection. They showed 

that the selection between battery and fuel cell is 

mainly driven by a combination of costs and 

flying time requirements. Rostami et al. [26]have 

presented a model of a UAV propulsion system 

based on a combination of fuel cell and battery. 

Their findings revealed that by increasing the 

altitude, the performance of the propulsion system 

was greatly reduced. Gonzalez-Espasandín et 

al.[22]have studied the performance of fuel cell-

driven UAVs. The voltage drop of the direct 

methanol fuel cell and proton exchange membrane 

fuel cell under the atmospheric conditions was 

demonstrated. Toghyani et al. have proposed a 

novel been-shaped flow field [27]. The novel flow 
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field enhanced the specific power of a PEMFC-

powered UAV. 

The main goal of this work is to improve the 

performance of the PEMFC propelled UAVs by 

an innovative flow field. In order to reach this 

goal, a modified combined flow field is presented, 

and compared with four flow fields including 

parallel, serpentine, interdigitated, combined. The 

effects of these flow fields on the reactant, water 

management, pressure drop, and specific power 

density are investigated and compared. Then the 

effect of the atmospheric flight conditions is 

studied under the modified combined flow field. 

To recapitulate, to reinforce performance of 

PEMFC-driven UAVs, an enhanced flow field is 

recommended, and two correlations for its 

performance under the flight conditions at low 

and high voltages are presented. 

 

2. Computational domain  
One of the main stages of this work aims to 

compare the performance of five flow fields 

including parallel, serpentine, interdigitated, 

combined, and modified combined. Therefore, in 

a two-phase 3D simulation, nine computational 

domains of PEMFC including bipolar plates, gas 

diffusion layers, catalyst layers, and membrane 

are studied. A schematic view of the flow fields is 

shown in figure 1. All flow fields comprise 2 main 

channels and 21 sub-channels. The operating 

conditions and the dimensions of the components 

are tabulated in tables 1 and 2, respectively. The 

described basic operating conditions and 

dimensions are regulated according to the 

atmospheric condition and references [12,27]. In 

the modified flow field, the main channels are 

tapered to reduce the pressure drop. 

 

 
(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

Figure 1. Flow fields (a) parallel (b) serpentine (c) 

interdigitated (d) combined (e) modified combined. 
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Table 1.Operating conditions. 
 

Parameter Value Unit 

Operating pressure P 101325 Pa 

Cell temperature T 298 K 

Anode relative humidity RH 75 % 

Cathode relative humidity RH 75 % 

Anode stoichiometry 1.85  

Cathode stoichiometry 2.5  

 
Table 2. Dimensions of components in simulated PEMFC. 
 

Parameter Value Unit 

Channel height 1.2 mm 

Channel width 1.52 mm 

Rib width 0.83 mm 

BP thickness 2.4 mm 

Cell active area 25 cm2 

GDL thickness 260 µm 

CL thickness 10 µm 

Membrane thickness 30 µm 

 

3. Governing equations  
The model of PEMFCs is a sophisticated 

multiple-physics coupling one. It is 3D, multi-

phase, non-isothermal, and stable. The reactions 

(1) and (2) take place at the catalyst surface on 

both sides, respectively. 
 

𝐇𝟐  →  𝟐 𝐇+ + 𝟐 𝐞− (1) 
  

𝟏

𝟐
𝐎𝟐 +  𝟐 𝐇+ + 𝟐 𝐞−  →  𝐇𝟐𝐎 (2) 

 

Equation (3) represents the continuity equation. 

The mixture density exerted in this equation is 

calculated by equation (4) [32]. 
 

𝛛(𝛆𝛒𝐦𝐢𝐱)

𝛛𝐭
+ 𝛁 · (𝛆𝛒 𝐮⃗⃗  )  =  𝐒𝐦 (3) 

  

𝛒𝐦𝐢𝐱 =  
𝐏

𝐑𝐓 ∑
𝐘𝐢

𝐌𝐢

 
(4) 

 

Where ε denotes the porosity of porous zones that 

is set to be 0 at the bipolar plate, ρ is the density 

of the species, and u⃗  is the velocity vector. 

Furthermore, the pressure, temperature, universal 

gas constant, molecular weight, and mass fraction 

are signed as P, T, R, M, and Y, respectively. Sm 

is a source term that is non-zero only in the 

catalyst zones on both sides. The general form of 

the momentum equation is shown in equation (5). 

The source term of this equation is non-zero only 

in CL and GDL [33]. 

 

 

𝛛(𝛆𝛒𝐮⃗⃗ )

𝛛𝐭
+ 𝛁 · ( 𝛆𝛒 𝐮⃗⃗ 𝐮⃗⃗  ) =  −𝛆𝛁𝐏 + 𝛁⃗⃗  · ( 𝛆𝛍𝛁  𝐮⃗⃗ ) +  𝐒𝐮 (5) 

 

The energy conservation equation in the solution 

domain can be calculated using the following 

equation: 
 

𝝏(𝜺𝝆𝒄𝒑𝑻)

𝝏𝒕
+ 𝛁 · ( 𝛒 𝐜𝐩𝐮⃗⃗  𝐓 ) = 𝛁 · (𝐤𝐞𝐟𝐟 𝛁𝐓 ) + 𝐒𝐓 

(6) 

 

where keff is the effective thermal conductivity, 

cp is the specific heat at a constant pressure, and 

ST is the additional volumetric source term of 

energy equation.The reactants are hydrogen and 

air that are considered as ideal gases. These 

species transport equations and are described as 

follow: 
 

𝛛(𝛆𝐂𝐢)

𝛛𝐭
+ 𝛁 · ( 𝛆 𝐮⃗⃗ 𝐂𝐢) =  𝛁 · (𝐃 𝐢

𝐞𝐟𝐟𝛁𝐂𝐢) + 𝐒𝐢 
(7) 

 

where Ci is the molar concentration of “i” species, 

andSi is the additional volumetric source term of 

the species. Moreover, Di
eff gas diffusivity 

coefficient, which is affected by operation 

condition, is given by[34]: 
 

𝐃𝐢
𝐞𝐟𝐟  =   𝛆𝟎.𝟓(𝟏 − 𝐬)𝒓𝒔𝐃𝐢

𝐫𝐞𝐟 (
𝐏𝟎

𝐏
) (

𝐓

𝐓𝟎

)

𝟑
𝟐
 (8) 

 

where rsdenotesthe saturation exponent of pore 

blockage, Di
refis the reference mass diffusivity of 

theith species at standard condition, and s is 

considered as water saturation or the volume 

fraction of liquid water, and calculated as follows: 
 

𝐒 =
𝐕𝐨𝐥𝐥𝐢𝐪𝐮𝐢𝐝

𝐕𝐨𝐥
 (9) 

 

Generally, the volumetric transfer currents can be 

described by the Butler-Volmer equation, given 

by  [20]: 
 

𝐣𝒂 =

(𝛏𝒂𝐣𝐚
𝐫𝐞𝐟 )

𝐚
(

𝐂𝐇𝟐

𝐂𝐇𝟐
𝐫𝐞𝐟)

𝜸𝒂

[ 𝐞𝐱𝐩(
𝛂𝐚𝐅

𝐑𝐓
𝛈𝐚) − 𝐞𝐱𝐩(

−𝛂𝐜𝐅

𝐑𝐓
𝛈𝐚) ]  

(10) 

 
𝐣𝒄 = 

(𝛏𝒄𝐣𝐜
𝐫𝐞𝐟 )𝐜(

𝐂𝐎𝟐

𝐂𝐎𝟐
𝐫𝐞𝐟) 

𝜸𝒄 [ −𝐞𝐱𝐩(
𝛂𝐚𝐅

𝐑𝐓
𝛈𝐜) +  𝐞𝐱𝐩(

−𝛂𝐜𝐅

𝐑𝐓
𝛈𝐜) ]  

(11) 

 

where jref, ξ, and α are the reference exchange 

current density, specific active surface area, and 

transfer coefficient, respectively. Also c, cref and 

γ represent the local species concentration of the 

reactant flow, reference value, and concentration 

dependence, respectively. The driving force 

behind the electrochemical reaction is the surface 

over potential, representing the difference 
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between the potentials of the solid and membrane 

phase; the electrochemical equations solved for 

the two potentials are expressed by: 
 

𝛁 · (𝛔𝐬𝐨𝐥  ·  𝛁𝛟𝐬𝐨𝐥) − 𝐣𝐬𝐨𝐥 = 𝟎 (12) 
  

𝛁 · (𝛔𝐦𝐞𝐦  ·  𝛁𝛟𝐦𝐞𝐦) + 𝐣𝐦𝐞𝐦 = 𝟎 (13) 

 

whereσis the electrical conductivity and ϕ is the 

electrical potential. The subscribes sol and mem 

show the solid phase and electrolyte phase, 

respectively. jsolandjmemdenotethe source terms 

that can be calculated using the following 

equations, respectively: 
 

𝐣𝐬 = −𝐣𝐚 < 𝟎 𝐣𝐦 = +𝐣𝐚 > 𝟎 (14) 

 

Cathode side: 
 

𝐣𝐬 = +𝐣𝐜 > 𝟎 𝐣𝐦 = −𝐣𝐜 < 𝟎 (15) 

 

The over-potential is solved as follows: 
 

𝛈𝐚 = ∅𝐬𝐨𝐥 −  ∅𝐦𝐞𝐦 (16) 
  

𝛈𝐜 = ∅𝐬𝐨𝐥 −  ∅𝐦𝐞𝐦 − 𝐕𝐎𝐂 (17) 

 

In PEMFCs, especially at low potential regions, 

the water may condense and form liquid water 

resulting in blocking the GDL, and therefore, 

degradation of the cell performance. The present 

model of formation and transport of liquid water 

is based on the model of Nam and Kaviany[35], 

and Nguyen [36], as shown in equation (18). In 

this equation, the liquid phase velocity in the Gas 

Flow Channel (GFC) equals to the gas phase 

velocity. 
 

𝛌= 

{
𝟎. 𝟎𝟒𝟑 + 𝟏𝟕. 𝟖𝟏𝐚𝐰 − 𝟑𝟗. 𝟖𝟓𝐚𝐰

𝟐 + 𝟑𝟔𝐚𝐰
𝟑 𝟎 < 𝒂𝐰 ≤ 𝟏 

𝟏𝟒 + 𝟏. 𝟒(𝐚𝐰 − 𝟏)𝟏 < 𝒂𝐰 ≤ 𝟑
 

(19) 

 

whereaw is the water activity that is obtained 

using the following equation: 
 

𝐚𝐰 =
𝐏𝐰𝐯

𝐏𝐬𝐚𝐭

+ 𝟐𝐬 (20) 

 

The protonic conductivity of the membrane can be 

calculated as a function of the membrane water 

content, as proposed by Springer et al. [37], given 

by: 
 

𝛔𝐦𝐞𝐦 =

[𝟎. 𝟎𝟎𝟓𝟏𝟒 𝝀 − 𝟎. 𝟎𝟎𝟑𝟐𝟔]𝐞𝐱𝐩 [𝟏𝟐𝟔𝟖 (
𝟏

𝟑𝟎𝟑
−

𝟏

𝐓
)]  

(21) 

 

The osmotic drag coefficient nd and water 

diffusivity in the membrane Dw are computed 

using equations 30 and 31, respectively. 

 

𝐧𝐝 = 𝟐. 𝟓
𝛌

𝟐𝟐
 (22) 

 

𝐃𝐰 = 𝐃𝝀𝐞𝐱𝐩 [𝟐𝟒𝟏𝟔(
𝟏

𝟑𝟎𝟑
−

𝟏

𝐓
)] 

𝐃𝛌 = 

{
𝟑. 𝟏 × 𝟏𝟎−𝟕𝛌(𝐞𝐱𝐩(𝟎. 𝟐𝟖𝛌) − 𝟏)𝐞𝐱𝐩 (

−𝟐𝟑𝟒𝟔

𝐓
)    𝟎 ≤ 𝛌 ≤ 𝟑

𝟒. 𝟏𝟕 × 𝟏𝟎−𝟖𝛌(𝟏𝟔𝟏𝐞𝐱𝐩(−𝛌) + 𝟏) 𝐞𝐱𝐩(
−𝟐𝟑𝟒𝟔

𝐓
)    𝛌 > 𝟑

 

(23) 

 

The source terms of the equations are given in 

table 3. 
 

Table 3. Source terms of the equations. 
 

Source term 

Z
o
n

e
 E
q
u

atio
n

 

− 
𝐣𝐚
𝟐𝐅

𝐌𝐇𝟐
 

C
L

 a
 

C
o

n
tin

u
ity

 

− 
𝐣𝐜
𝟒𝐅

𝐌𝐎𝟐
+  

𝐣𝐜
𝟐𝐅

𝐌𝐇𝟐𝐎 

C
L

 c
 

𝐒𝐇𝟐
= − 

𝐣𝐚
𝟐𝐅

 

C
L

 

C
h

e
m

ic
a
l sp

ec
io

u
s

 

𝐒𝐎𝟐
= − 

𝐣𝐜
𝟒𝐅

 

𝐒𝐇𝟐𝐎 = +
𝐣𝐜
𝟐𝐅

 

𝐒𝐮 = 
− 𝛍

𝐊𝐩

 𝛆 𝐮⃗⃗  

P
o

ro
u

s z
o

n
e
s

 

M
o

m
e
n

tu
m

 

𝐒𝐓 = 𝐈𝟐𝐑𝐨𝐡𝐦 + 𝐡𝐫𝐞𝐚𝐜𝐭 + 𝛈 𝐣𝐚 و 𝐜 

C
L

 a
n

d
M

e
m

 

E
n

e
rg

y
 

𝐒𝐰 = 𝐜𝐫max 

 

 

[ ( 𝟏 − 𝐬 )
𝐏𝐰𝐯 − 𝐏𝐬𝐚𝐭

𝐑𝐓
𝐌𝐰−𝐇𝟐𝐎  𝐚𝐧𝐝 − 𝐬 𝛒𝟏

 
] 

C
h

a
n

n
e
ls a

n
d

 

P
o

ro
u

s z
o

n
e
s

 W
a

ter
 sa

tu
r
a

tio
n

 

 

The Response Surface Methodology (RSM) can 

be used to prepare a model between the objective 

and decision variables. A regression is carried out 

to relate the response, y, and the input parameters 

denominated by x1, x2, …,xk, and in the form of 

the following equation: 
 

𝐲 = 𝛃𝟎 + ∑𝛃𝒊

𝐣

𝐢=𝟏

𝐱𝒊 + ∑∑𝛃𝐣𝐢𝐱𝐢𝐱𝐣

𝒋

𝐢<𝒋

+ ∑𝛃𝐢𝐢𝐱𝐢𝐢
𝟐

𝐣

𝐢=𝟏

 

+𝐞𝐫𝐫𝐨𝐫 

(24) 
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where β is a vector of constant coefficients. 

Simulations are designed by Central Composite 

Design (CCD) of RSM. It is done for different 

values of operating parameters including a 

temperature of 273–308K, and a pressure of 0.6–

0.8 atm according to reference [22]. 

 

4. Simulation and validation  
In the present investigation, PEMFC was 

simulated by computational fluid dynamics (CFD) 

in the ANSYS FLUENT software [38]. The 

governing equations used in this work include the 

continuity equation, momentum survival 

equations, energy conservation, species transfer 

equations, Butler-Volmer equation, and liquid 

water formation and transfer equations. Rhe 

simulations were performed in the stable, multi-

phase, and non-isothermal conditions. The 

discretization of the equations was carried out 

using the finite volume method based on the 

Simple algorithm. The F-cycle technique and the 

BCGSM method were utilized in order to achieve 

an acceptable convergence. The residual 

magnitude of 10-4 was considered as the 

convergence criterion for all equations. Both the 

liquid and gas phases has the same velocities in 

the flow field. In the simulation, the transfer of 

water from the membrane was possible through 

electro-osmosis and diffusion, and the transverse 

flow of gas in the membrane was ignored. The 

porous properties of the electrodes and membrane 

were homogeneous and isotropic. The 

electrochemical reactions were considered as 

heterogeneous reactions, and the water produced 

by steam was in the vapor form and then 

condensed. The physical properties of PEMFC are 

summarized in table 4. 

The computational grid in the present simulation 

had hexagonal elements reducing the distortion. 

The grid independency was checked by increasing 

the number of nodes. The current density for 

different computational grids with different 

numbers of elements including 4010651, 

1944360, 710193, 350111, and 180324 were 

analyzed. Figure 2 (a) shows that according to the 

results of the sample simulation with 1944360, the 

elements were selected as the appropriate grid. 

In order to evaluate the validity of the present 

numerical model, the polarization curve of 

reference[23]was compared with the present 

model. The geometry, operational conditions, and 

physical properties of the materials were the same 

in the simulation and the experiment. Figure 2 (b) 

shows an appropriate coherence between the 

simulation and the reference[23]. 

 

Table 4. Parameters used in the model. 

Parameter Value Unit 

Porosity of GDL 0.5  

Porosity of CL 0.5  

Thermal conductivity of GDL 10 W m-1K-1 

Thermal conductivity of CL 10 W m-1K-1 

Thermal conductivity of 

membrane 
2 W m-1K-1 

Thermal conductivity of current 

collector 
100 W m-1K-1 

Electrical conductivity of GDL 5000 Siemens m-1 

Electrical conductivity of CL 5000 Siemens m-1 

Electrical conductivity of 

membrane 
1 × 10−16 Siemens m-1 

Electrical conductivity of current 

collector 
1,000,000 Siemens m-1 

Contact resistance between 

GDL/Bipolar 
2×10-6 Siemens m-1 

Contact angle anode/cathode 140 ° 

CL surface/volume ratio 200,000 m-1 

Membrane equivalent weight 1100 kg kmol-1 

Anode reference concentration 1 kmol m-3 

Cathode reference concentration 1 kmol m-3 

Anode reference current density 7500 A m-2 

Cathode reference current 

density 
20 A m-2 

Open-circuit voltage Voc 0.972 V 

 

 
 

(b) 
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(c) 
 

Figure 1. Simulation (a) grid independency and 

(b)validation. 

 

4.2. Results  

The results obtained consist of two main parts. 

First, five flow fields including parallel, 

serpentine, interdigitated, combined, and modified 

combined were compared, and their performance 

in the PEMFC was investigated. Then PEMFC 

was studied with the ideal flow field under the 

atmospheric flight conditions of UAVs. 

 

5.1.1. Polarization curve  
The polarization curve and the power density 

curve for parallel, serpentine, both combined 

cases, and interdigitated flow fields are shown in 

figure 3. Although parallel had the worst 

performance by a wide margin, there was atrivial 

difference between the other flow fields. 

Notwithstanding the minor difference, in an 

increasing maximum power density sequence, the 

flow fields are parallel by 0.535, interdigitated by 

0.813, combined by 0.832, modified combined 

0.839, and serpentine 0.851. The difference 

between the flow fields is more apparent at low 

voltages. 
 

 
Figure 2. Performance of flow fields: polarization curve 

(left axis) power density (right axis). 
 

5.1.2. Reactant distribution  
The uniform distribution of oxygen on the catalyst 

results in a uniform reaction, and the lack of 

oxygen leads to a significant concentration over-

potential. Figure 4 demonstrates the mass fraction 

of oxygen at the interface between the gas 

diffusion layer and the catalyst layer at a constant 

voltage of 0.6 V. It is apparent that in the 

serpentine and both combined cases, the mass 

fraction of oxygen continuously decreases as it 

approaches the outlet. Moreover, an area with a 

lack of oxygen is found beneath the central sub-

channels of the parallel flow field. This area 

reduces the reaction rate, and the reduction is 

consistent with the reference results [12,23]. In 

the interdigitated flow field, the mass fraction of 

oxygen in the inlet sub-channels is greater than 

the output sub-channels. 

 

  

 

(a) (b) 
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(c) (d)  

 

 

(e)  

Figure 3. Distribution of oxygen mass fraction on the interface of the gas diffusion layer and catalyst layer at the 

cathode side in the flow fields (a) parallel (b) serpentine (c) interdigitated (d) combined (e) modified parallel flow field. 
 

5.1.3. Water management  
Water management includes the management of 

PEMFC in a way that the membrane is provided 

with enough water content and the possibility of 

flooding reduces. If the amount of water in the 

membrane increases, the condensation of water 

vapor and the formation of liquid water in the 

catalyst layer, gas diffusion layer, and channels 

lead to flooding in the cell. Figure 5 shows the 

distribution of water saturation over the interface 

of the gas diffusion layer and the catalyst layer. In 

a consistent behavior with oxygen distribution and 

references [39–42], the amount of water saturation 

increases along the channel of the serpentine and 

both combined case. The interdigitated flow field 

has a high water saturation, especially in the outlet 

sub-channels. The parallel flow field has a high 

water saturation, and the distribution of water 

saturation is completely non-uniform. Water 

removal in the parallel flow field and the 

interdigitated flow field is weak because the air 

velocity in these flow fields is low. 

 
(a) 

 

 
(b) 
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(c) 

 

 
(d) 

 

 
(e) 

 

Figure 4. Distribution of water saturation over the 

interface of the gas diffusion layer and catalyst layer at 

the cathode side in the flow fields (a) parallel (b) 

serpentine (c) interdigitated (d) combined(e) modified 

parallel flow field. 

 

If the amount of water content in the membrane 

decreases, the drying of the membrane will occur 

leading to a lower proton conduction and higher 

ohmic losses. Figure 6 shows the water content in 

the membrane. The membrane water content in 

the serpentine and both combined designs has a 

high uniformity, and these flow fields bring 

moderate amounts of water content. The results 

obtained show that the uniform distribution of the 

reactants in the flow field leads to the uniformity 

of the water content in the membrane. The water 

content under outlet sub-channels of the 

interdigitated flow is more than the other parts. 

There is a large area with low water content in the 

parallel design, while there is an arc-like area with 

a high water content around the area with low 

water content. 
 

 

 

(a) 
 

 

(b) 
 

 

(c) 
 

 

(d) 
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(e) 
 

 

Figure 5. Distribution of water content within the 

membrane in the flow fields (a) parallel (b) serpentine (c) 

interdigitated (d) combined (e) modified parallel flow 

field. 

 

5.1.4. Pressure drop  
Reducing the pressure drop resulting in a lower 

power dissipation is of great significance to 

improve the overall efficiency of the cell. As 

shown in figure 7, the pressure drop in the 

serpentine and interdigitated flow fields is 

2.493kPa and 0.964 kPa, respectively, which is 

significantly higher than the parallel and both 

combined flow fields. In the modified combined 

compared with simple combined, the pressure 

drop decreased to 22.6%.  
 

 
 

Figure 6. Pressure drop in flow fields. 
 

5.1.4. Specific power  
The flow fields have a key role in the performance 

of PEMFC. In this work, PEMFC as the 

propulsion system of a UAV with five flow fields 

including parallel, serpentine, interdigitated, 

combined, and modified combined was 

investigated. Each fuel cell or battery alone is not 

able to simultaneously support the three main 

parameters including high energy storage for 

flight endurance, high output power density 

required at take-off, and low weight. By 

combining these two systems, the main 

parameters can be achieved. The battery is used in 

the takeoff and climbing stages, and the PEMFC 

is employed in order to provide power and 

increase flight endurance in the cruise phase[43]. 

PEMFC is also used to recharge the battery during 

the cruise phase. The flight steps of a UAV and 

the time and power required for these steps are 

given in Table 5. In the present work, according to 

Table 5, the utilization of PEMFC in the cruise 

stage was investigated. 
 

Table 5. Stack and battery discharge test mission 

profile [43]. 
 

Stage Power 

Standby position (waiting for takeoff) 2 min at 12 W 

Takeoff 30 s at 800 W 

Climb 2 min at 350 W 

Cruise 2 h at 194 W 

Landing 2 min at 12 W 

 

More than half of the cell weight is related to the 

collector plates [44].In order to provide the 

required power for the cruise stage of UAV, it is 

necessary to calculate the number of fuel cell cells 

and their weight to form the cell mass. The 

weights of serpentine and interdigitated flow 

fields are less than the other two flow fields. The 

calculation of the number of cells required to 

provide the output power necessitated for the 

UAV propulsion system for an output power of 

200 W is presented in table 6. This table shows 

that the modified combined flow field is an 

adequate option for a PEMFC powered UAV. The 

specific power of modified combined is 50% 

higher than the parallel, and it shows a slightly 

better performance than the other flow fields. 
 

Table 6.Calculation of number and weight of fuel cells. 
 

Flow  

field 

Number 

of cells 

Weight of 

stack(kg) 

Specific power 

(W kg-1) 

Serpentine 13 1.00 200.0 

Parallel 19 1.46 137.1 

Combined 13 0.98 203.77 

Interdigitated 13 1.00 199.7 

Modified combined 13 0.975 205.13 
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Overall, the modified combined is the ideal flow 

field due to its appropriate specific power density, 

suitable water management, and low pressure 

drop. 

 

5.2. Atmospheric flight conditions  

In this section, the effect of pressure and 

temperature coordinated with atmospheric flight 

conditions on the performance of modified 

combined PEMFC was investigated and 

optimized. 

The interaction of pressure and temperature at a 

voltage of 0.7 V is demonstrated in figure 8. It is 

shown that the current density increases with 

increase in pressure, and the increase is 

accelerated in the middle range of temperature. 

Increasing the temperature from the minimum to 

the maximum causes an extreme point in the 

current density and power density. This process 

can be the result of the simultaneous effect of 

temperature in reducing saturated water and 

aggravating the membrane starvation [23]. The 

optimum temperature and pressure at 0.7 volts are 

298.6 K and 0.8 atm, respectively, leading to a 

current density of 0.67A/cm2. At 0.4 V, the effect 

of pressure and temperature interaction on the 

output current density of the cell is presented in 

figure 9. The temperature dramatically affects the 

output current density. The increase in 

temperature decreases the liquid water resulting in 

a higher current density. The optimal values are 

300.9 K and 0.75 atm leading to a power density 

of 1.75A/cm2.The output power density of 

PEMFC at low and high voltages are 0.7 W/cm2 

and 0.47 W/cm2, respectively. Therefore, the 

output power density at the low voltage is 48.9% 

higher. 
 

 
 

Figure7. Interaction of pressure and temperature at 0.7 V. 
 

 

 

 
 

Figure 9. Interaction of pressure and temperature at 0.4 V. 
 

Figure 10 shows the standardized effect of the 

operating conditions. This figure includes the 

effect of parameters on both low and high 

voltages. The results obtained indicate that 

temperature has a significant effect on the 

performance. The effect of temperature is more 

noticeable at a low voltage, and the effect of 

pressure is more important at a high voltage. 
 

 
(a) 

 

 
(b) 

 

Figure 8. Effect of parameters on cell performance under 

(a) low voltage (b) high voltage. 

 

Figure 8 and figure 9 show the interaction of 

pressure and temperature under low and high 

voltages, considering the possibility of the 

operating conditions coordinating. On the other 
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hand, the height of flight affects the operating 

conditions of the cell changing the output. 

The International Standard Atmosphere (ISA) is a 

static atmospheric model of how the pressure and 

temperature of the Earth's atmosphere change over 

a wide range of altitudes. By gathering the data 

from the ISA and RSM methods, two equations 

(24 and25) are represented to predict the 

performance. The power in W/cm2 is related to 

the height in km at both low and high voltages. R-

square is a statistical measure of how close the 

data is to the assumed regression line. R-square is 

0.99, indicating the reliability of the equations. 
 

𝐏𝐨𝐰𝐞𝐫 (𝟎. 𝟕 𝐯) =
𝟒. 𝟕𝟑𝟗𝟎𝟔 −  𝟎. 𝟎𝟗𝟗𝟎𝟐𝟖 𝐇 −  𝟎. 𝟎𝟏𝟒𝟖𝟒𝟏 𝐇𝟐  

(25) 

 

𝐏𝐨𝐰𝐞𝐫 (𝟎. 𝟒 𝐯) = 

𝟔. 𝟑𝟖𝟖𝟓𝟗 +  𝟎. 𝟐𝟐𝟎𝟐𝟏 𝐇 −  𝟎. 𝟏𝟐𝟖𝟒𝟗𝟒 𝐇𝟐  
(26) 

 

At the low voltage, the concentration over-

potential is dominant. Figure 11 shows the effect 

of flight altitude on the oxygen concentration at 

the reaction site. The data of this diagram is 

calculated by collecting the data from ISA and 

simulating PEMFC. Increasing the altitude 

reduces the oxygen concentration. Reducing the 

oxygen concentration at the reaction site can 

result in a lower current density. 
 

 
Figure9. Effect of altitude on oxygen concentration. 

 

Figure 12 shows the changes in the power density 

under the atmospheric conditions. The decrease in 

height increases the output power at high 

altitudes, which is in full consistency with figure 

11. According to figure 12, at the high voltage, 

PEMFC generates more output power, and at the 

low voltage, it has a relatively stable output 

power. If the flight altitude is constant, especially 

in the cruise phase, the low voltage is ideal. In a 

long-term decision and considering the issue of 

cell degradation in variable output power [45,46] 

and higher efficiency, the high voltage can be 

more suitable. At the high voltage, the desired 

power can be reached with more cells but 

dimensional limitations in the cell design must be 

considered. 
 

 
Figure 10. Effect of altitude on power density. 

 

6. Conclusions  
PEMFCs are employed as the propulsion systems 

in UAVs, especially at the cruise phase. Both the 

flow field and the operating conditions play 

pivotal roles in the performance. In this work, a 

modified combined flow field was introduced in 

order to enhance the performance of PEMFC-

driven UAVs. First, the effect of the proposed 

flow field was investigated. Then the effect of 

altitude of UAV flight was studied. The following 

results were obtained: 

1. In the modified combined flow field, the 

pressure drop was22.6% lower than the 

simple combined. 

2. The modified combined provides a suitable 

water management and an appropriate oxygen 

distribution. 

3. The specific power of modified combined, 

205.13 W kg-1, is the highest value among all 

the flow fields. 

4. Two equations were presented in order to 

predict the output power density at 0.4V and 

0.7V in different flight attitudes. 

5. The temperature dramatically affects the 

output current density. The optimum 

temperature and pressure at 0.7 volts are 

298.6 K and 0.8 atm, leading to a power 

density of 0.47 W/cm2. At 0.4 V, the optimal 

values are 300.9 K and 0.75 atm, producing 

the power density of 0.7 W/cm2. 

6. At a high flight altitude, the increase in height 

decreases the output current density, 

especially at the low voltage. 

7. In the case of a constant flight altitude, 

especially in the cruise phase, the low voltage 

operation is better, and in the case of a long-

term operation at variable altitudes, the high 

voltage can be more suitable. 
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