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Abstract 

The objective of this research is to calculate the heat transfer coefficients needed for 

the further design of the optimal cooling system of a high-temperature polymer 

electrolyte membrane fuel cell (HT-PEMFC) stack that will be incorporated to the 

powerplant of a light unmanned aerial vehicle (UAV) capable of reaching an altitude 

of 10,000 m. Experiments are performed in two rectangular tunnels, for three 

different form factors, in experimental conditions as close as possible to the actual 

ones in the HT-PEMFC stack. For the calculations, all the relevant thermal processes 

are considered. Different parameters are measured, such as air mass flow rate, inlet 

and outlet air temperatures, and wall temperatures for bipolar plates and endplates. 

Different numerical models are fitted revealing the influence of the diverse relevant 

non-dimensional groups on the Nusselt number. Heat transfer coefficients 

calculated for the air cooling flow vary from 8 to 44 W m-2 K-1. Results obtained at 

sea level are extrapolated for a flight ceiling of 10 km. The flow section is optimized 

as a function of the power required to cool the stack down to the temperature 

recommended by the membrane-electrode assembly (MEA) manufacturer using a 

numerical code specifically developed for this purpose. 
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Nomenclature 

 

Latin alphabet 

A area (m2) 

a numerical coefficient 

Bi Biot number 

b exponent of Reynolds number 

C constant 

c exponent of Prandtl number 

Cp specific heat (J kg-1 K-1) 

Deq equivalent diameter (m) 

F heat transfer area (m2) 

g gravity acceleration at sea level 

(9.80665 m s-2) 

H air enthalpy (J kg-1) 

h heat transfer coefficient 

(W m-2K-1) 

K minor losses coefficient 

k thermal conductivity 

(W m-3K-1) 

L length of the stack (m) 

LC characteristic length (m) 

m  mass flow rate (g s-1) 

Nu Nusselt number 

∆p pressure drop (Pa) 

P perimeter (m) 

Pr Prandtl number 

Q heat flux (W) 

R air gas constant (287 m2 s-2 K-1) 

Re Reynolds number 

T temperature (K) 

V velocity (m s-1) 

W  power consumption (W) 

Z altitude (m) 

 

Greek letters 

α temperature gradient in the 

troposphere (−0.0065 K m-1) 

𝜖𝜖 emissivity  

δ plastic thickness (m) 

ρ density (kg m-3) 

σ Stefan-Boltzmann constant 

(5.67x10-8W m-2 K-4) 

λ thermal conductivity 

(W m-1K-1) 

 

Subscripts 

a,i air inlet 

a,o air outlet 

air air 

conv convection 

dis dissipated heat 

duct wind tunnel 

f flow 

FC fuel cell 

met metal 

log logaritmic 

plas plastic 

rad radiation 

SL  sea level 

w wall 

wet wet 
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1. Introduction 
An important percentage of the alarming amount of CO2 currently emitted to the 

atmosphere corresponds to the transport sector. In particular, aviation-generated 

CO2 is projected to grow in approximately 6% by 2050, due to the increase in global 

travel demand [1]. Fuel cells can be a clean alternative for their use in the aeronautic 

sector [2]. For unmanned aerial vehicles (UAVs), powerplants based on proton 

exchange membrane fuel cells (PEMFCs) have been recently tested in flights of very 

short duration at low ceiling [3-5]. However, flights of small UAVs at a cruising 

altitude of 10 km pose some challenges related to the variation in atmospheric 

conditions, namely: very low atmospheric and partial oxygen pressures, 

temperature below −50°C, and very dry air humidity [6]. Efficiency and durability of 

a PEMFC is mainly affected by the accurate management of the mass and heat 

transfer processes that take place inside the device. Focusing on heat transfer, the 

working temperature of a PEMFC is normally adjusted to the one recommended by 

the membrane-electrode assembly (MEA) manufacturer. In the present research, a 

high temperature (HT) PEMFC stack is considered, which allows raising the 

operating temperature above 140°C. This facilitates heat rejection due to the larger 

temperature difference between fuel cell and ambient environment [7]. As a result, 

the cooling system can be simpler, increasing the powerplant mass-specific and 

volume-specific power densities. This is a very important point for light UAVs where 

weight is an essential issue. 

The heat transfer problem analyzed in the present research is to control the 

working temperature of a HT-PEMFC stack in the range from 140°C to 180°C when 

a constant electric power is demanded. The stack will be located inside the fuselage 

of the UAV, in order to protect the different elements of the powerplant from the 

very low ambient temperature during flights at an altitude of 10 km. The UAV 

considered has a total airframe mass of 3 kg, a wingspan of 4 m, and the fuselage has 

a diameter of 200 mm and a length of 1.6 m [8]. A photo of this UAV is depicted in 

Fig. 1 in a low altitude flight with an internal combustion engine. 
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Figure 1. Photo of the UAV considered in the present research. 

 
In a broader sense, the problem under study consists in the determination of 

the heat transfer coefficient of a prismatic three-dimensional object inside an 

enclosure. The experimental estimation of the heat transfer coefficient implies the 

measurement of the heat transferred by either direct (steady state) or indirect 

(transient) techniques [9]. Transient techniques involve the measurement of the 

temperature change with time at a location near to or at the body. An example of 

this method is the determination of the surface temperature analyzing the emitted 

radiation intensity and wavelength using infrared cameras [10,11]. A direct heat 

transfer measurement method is the energy supply technique, in which the 

temperature of a solid surface is measured while actively providing heat [12,13]. 

Other methods for the direct measurement of the heat transfer coefficient are the 

use of thin film heat flux sensors [14-16] or the one based on naphthalene 

sublimation that has been used to measure the convective heat transfer coefficient 

on the horizontal roof of a real building [17]. 

First studies on the determination of the heat transfer coefficient date back to 

the first half of the XX Century [18-20]. Since then, a large number of papers have 

been published describing correlations for the heat transfer coefficient as a function 

of the object geometry and the flow characteristics, as summarized in many 

textbooks [21,22]. Calculation of the heat transfer coefficient is widely reported in 

the literature for unconfined flows in an ample variety of application problems such 

as in machine tools and manufacturing processes [23-27], cooling of the human 

body [28-29], to refrigerate buildings [30-32] and electronic devices [33-35], or 

over cylinders or spheres [36-38]. In all these studies, either Nusselt number (Nu) 

is expressed as a function of non-dimensional groups, typically Reynolds (Re) and 

Prandtl (Pr) numbers, or the heat transfer coefficient is given as a function of 

dimensional variables including temperature difference or coolant velocity. 
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However, they are likely to be inaccurate in this case, because they do not consider 

form factors or tunnel blockage effects. In fact, many of them have been tested in 

this work with poor results. Another large group of studies refer to confined flows 

in channels or ducts [39-41], and to annular geometries as described in a recent 

review in [42], but they normally consider fully developed flow. In this study, the 

heat transfer from the HT-PEMFC stack occurs in a non-developed flow inside a 

reservoir with the walls quite close to the object. Besides, the object length in the 

flow direction is comparable to the dimensions in the direction normal to the flow, 

and Re numbers are in the range corresponding to laminar and transitional-

turbulent regimes, constituting a rather particular case. All the tested correlations 

available in the literature have proven to be unsuitable. 

The objective of this research is to obtain reliable and accurate models to 

calculate the heat transfer coefficient needed for the further design of the optimal 

cooling system of a high-temperature PEMFC stack that will be incorporated to the 

powerplant of a light UAV capable of reaching an altitude of 10,000 m using the 

energy supply technique. To this end, experiments are performed in two rectangular 

tunnels, for three different form factors, in conditions similar to those expected for 

the HT-PEMFC stack. For calculations, convective and radiative processes are 

considered. Different parameters are measured, such as air mass flow rate, inlet and 

outlet air temperatures, and wall temperatures for bipolar and endplates, among 

others. 

 

2. Heat transfer analysis. Non-dimensional considerations 

Once the HT-PEMFC stack is working under a stationary regime, the cooling system 

has to be capable of granting a stable temperature in the range between 140°C and 

180°C. In most cases, the coolant used is atmospheric air, and heat transfer 

mechanisms are convection and radiation. Initially it will be assumed that 

conduction between the different elements of the stack is sufficiently fast to 

characterize it by a single representative temperature. The accuracy of this 

assumption will be checked after obtaining the experimental results. 

Excess heat generated for any specific stack power has to be extracted through 

the outer walls to keep a constant temperature. From an energy balance, once the 
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system is in equilibrium, all the heat dissipated from the stack (𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑) has to be equal 

to that absorbed by the air (𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎). It can be expressed as 

𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑚̇𝑚𝑎𝑎𝑎𝑎𝑎𝑎�𝐻𝐻𝑎𝑎,𝑜𝑜 − 𝐻𝐻𝑎𝑎,𝑖𝑖� (1) 

where (𝑚̇𝑚𝑎𝑎𝑎𝑎𝑎𝑎) is the cooling air mass flow rate, while 𝐻𝐻𝑎𝑎,𝑖𝑖 and 𝐻𝐻𝑎𝑎,𝑜𝑜are air inlet and 

outlet enthalpy respectively. Heat absorbed by the air is the sum of the convective 

and the radiative components 

𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 (2) 

The heat that the stack exchanges by radiation can be expressed as 

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜎𝜎 𝜖𝜖𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝐹𝐹(𝑇𝑇𝐹𝐹𝐹𝐹4 − 𝑇𝑇�𝑎𝑎𝑎𝑎𝑎𝑎4 ) (3) 

where σ is the Stefan-Boltzmann constant, 𝜖𝜖𝐹𝐹𝐹𝐹  the stack emissivity, 𝐹𝐹𝐹𝐹𝐹𝐹  the heat 

transfer area, TFC its absolute temperature, and 𝑇𝑇�𝑎𝑎𝑎𝑎𝑎𝑎 the air temperature averaged 

between inlet and outlet of the cooling system. Equation (3) includes the energy 

radiated by the stack and the radiative energy that it absorbs. It assumes that the 

stack absorption coefficient is equal to its emissivity, according to Kirchoff´s law for 

a grey body. In this step, the HT-PEMFC stack is considered as a unique body, but as 

it is formed by different materials, Eq. (3) will later be modified. 

Heat transferred by convection is defined by 

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ℎ 𝐹𝐹𝐹𝐹𝐹𝐹 ∆𝑇𝑇����𝑙𝑙𝑙𝑙𝑙𝑙 (4) 

where ℎ is the convective heat transfer coefficient, and ∆𝑇𝑇����𝑙𝑙𝑙𝑙𝑙𝑙 the mean logarithmic 

temperature difference that is calculated by 

∆𝑇𝑇����𝑙𝑙𝑙𝑙𝑙𝑙 = �𝑇𝑇𝑤𝑤−𝑇𝑇𝑎𝑎,𝑖𝑖�−�𝑇𝑇𝑤𝑤−𝑇𝑇𝑎𝑎,𝑜𝑜�

ln�
𝑇𝑇𝑤𝑤−𝑇𝑇𝑎𝑎,𝑖𝑖
𝑇𝑇𝑤𝑤−𝑇𝑇𝑎𝑎,𝑜𝑜

�
 (5) 

𝑇𝑇𝑎𝑎,𝑖𝑖 and 𝑇𝑇𝑎𝑎,𝑜𝑜 are the air inlet and outlet temperature, and 𝑇𝑇𝑤𝑤 the stack surface 

temperature, 

The convective heat transfer coefficient ℎ for forced air flowing along an 

annular space surrounding a PEM fuel cell stack will depend on  

ℎ = 𝑓𝑓�𝐿𝐿, 𝜆𝜆, 𝜌𝜌, 𝑉𝑉, 𝐷𝐷𝑒𝑒𝑒𝑒, 𝜇𝜇, 𝐶𝐶𝑝𝑝� (6) 

where 𝜆𝜆, 𝜌𝜌, 𝜇𝜇, 𝐶𝐶𝑝𝑝 and 𝑉𝑉 are thermal conductivity, density, viscosity, specific heat and 

velocity of the cooling flow, respectively; 𝐿𝐿 is the stack length in the flow direction 

and 𝐷𝐷𝑒𝑒𝑒𝑒 is the equivalent diameter of the cross-sectional area of the cooling fluid 

flow 

𝐷𝐷𝑒𝑒𝑒𝑒 = 4𝐴𝐴𝑓𝑓
𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤

= 4 (𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝐴𝐴𝐹𝐹𝐹𝐹)
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+𝑃𝑃𝐹𝐹𝐹𝐹

 (7) 
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in which 𝐴𝐴 and 𝑃𝑃 refer to area and perimeter, respectively. Subscripts “𝑓𝑓”, “𝑤𝑤𝑤𝑤𝑤𝑤”, and 

“𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑” indicate flow, wetted (whether in contact or not with the heat transfer 

surface), and the wind tunnel that encloses the stack acting as the cooling duct, 

respectively. 

Applying the Buckingham pi theorem, four dimensionless groups are obtained: 

Nusselt, Reynolds and Prandtl numbers, and a form factor 

Nu = ℎ 𝐷𝐷𝑒𝑒𝑒𝑒
𝜆𝜆

 (8) 

Re = 𝜌𝜌 𝑉𝑉 𝐷𝐷𝑒𝑒𝑒𝑒
𝜇𝜇

 (9) 

Pr = 𝜇𝜇 𝐶𝐶𝑝𝑝
𝜆𝜆

 (10) 

𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿

 (11) 

Consequently, 

Nu = 𝑓𝑓 �Re, Pr, 𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
� (12) 

The convective heat transfer coefficient is normally determined from 

empirical expressions, obtained experimentally for different heat transfer surfaces 

and flow configurations. However, the already discussed lack of models to 

accurately describe the heat transfer coefficient for the practical case studied in the 

present research, has forced to obtain the relation in Eq. (12), from a set of 

experiments specifically designed. 

 

3. Experimental set up 
The experimental set up in this problem includes a 3-D prismatic heat source that 

will simulate the HT-PEMFC stack, the wind tunnels that will act as the fuselage of 

the UAV, and the different elements used to measure the physical parameters 

relevant to the problem. A description of all of them will be given below. 

 

3.1. Fuel cell stack 

Although the fuel cell stack is still in the design stage, a brief summary of its 

main characteristics will be included. From aerodynamic calculations [8], it is 

considered that the power that has to be supplied by the electrochemical device is 

around 650 W. The device will include commercial 5-layer high temperature 

Celtec®-P 1100 membrane electrode assemblies (MEAs) manufactured by BASF Fuel 
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Cells with an active area of 81.28 cm2 and a working temperature of 160°C. A 

polarization curve experimentally obtained in our research facilities for a single cell 

is presented in Fig. 2. 

 
Figure 2. Polarization curve of a single cell. 

 
Following the recommendations of the MEA’s manufacturer, the operating 

point is fixed at a current density of 0.45 A cm-2 that yields a total current of 36.58 

A. According to the polarization curve, a voltage of 0.45 V per cell is obtained for this 

current. Then, stacking 40 cells, the resulting fuel cell power is 658 W. A sketch of 

the 40-cells stack is shown in Fig. 3, indicating the distribution of gases, the 

movement of the different species and electrons, and the heat transfer. As depicted 

in the zoomed-in section, each stack cell is formed by two plates that separate the 

individual cells, and a 5-layer MEA. This element is formed, from the outside, by two 

gas diffusion layers followed by the cathodic and anodic catalyst layers that are in 

close contact with the proton conductive polymeric membrane. The heat is 

generated at the catalyst layers of each cell. 

To reduce the weight of the stack it will be constructed with monopolar 

aluminum plates, coated with chromium nitride by physical vapor deposition to 

protect them from corrosion [43,44]. Compared to graphite elements, the use of 

metallic plates improves the heat transfer process and simplifies the cooling system. 

The sealing and reactant gas supply systems will be similar to those in a 2.5 kW HT-
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PEMFC stack designed as a CHP-unit [45]. Finally very light endplates will be used 

to close the stack, manufactured in a high-temperature resistant plastic. With these 

elements, the total stack mass is 3.86 kg, which could be further reduced using 

lighter materials e.g. a magnesium alloy for the monopolar plates. 

 

 
Figure 3. Sketch of the 40-cells stack with a zoomed-in section of one of the cells 

indicating the exchange of gases and heat transfer. 

 

When studying the heat transfer process from the stack surface to the air, the 

way in which the electrochemical device is heated up is not relevant. To avoid work 

complexity, the stack is replaced by a solid aluminum block with a total length of 

140 mm, a height of 168 mm, and a width of 81 mm exactly matching the dimensions 
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of the 40-cell stack. The same plastic endplates are used in the experiments, attached 

to the metal block with passing threaded rods, in an identical way to that in the stack. 

It can be estimated that the heat released by the stack for the nominal working point 

is around 550 W [46]. The heat generation process is simulated introducing in the 

metal block two electrical resistance cartridges with a nominal power of 250 W each 

one. A photo of the device used in the heat transfer experiments is shown in Fig. 4. 

 

 
Figure 4. Device used in heat transfer experiments. 

 
3.2. Wind tunnels 

As the experiments are performed with the same length of the stack, L, the form 

factor Deq/L will be varied changing the value of 𝐷𝐷𝑒𝑒𝑒𝑒 , i.e. modifying the cross-

sectional area around the stack open to the cooling flow. Two wind tunnels are 

designed with the same length of 1.5 m, similar to that of the UAV. The small one has 

a rectangular cross-section of (115x203) mm2, which corresponds to a hydraulic 

diameter of 147 mm. The second wind tunnel has a cross section of (203x235) mm2, 

corresponding to a hydraulic diameter of 218 mm, a bit larger than that of the actual 

UAV fuselage. In this case, different 𝐷𝐷𝑒𝑒𝑒𝑒 values can be obtained by partially blocking 

the cross-sectional area with some obstacles. Three different form factor values are 

selected, 0.177, 0.399 and 0.575, covering a wide range of experimental conditions. 

Images of the two wind tunnels are depicted in Fig. 5. 
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Figure 5. Images of the two wind tunnels used in the experiments taken from the 

exit zone. The positioning of the different instruments can also be observed. 

 

The HT-PEMFC stack is placed at 1.25 m from the inlet sections, considering 

the actual possibilities inside the fuselage of the UAV. Besides, the zone where the 

stack is placed is isolated from room conditions by using a glass-fiber blanket. So, 

the heat transfer through the wall of the wind tunnel to the room can be neglected. 

 

3.3. Experimental measurements 

In order to use the set of Eqs. (1-12) to calculate the heat transfer coefficient, several 

parameters have to be measured in the experiments. These are: air inlet and outlet 

temperature, solid block metal temperature, temperature of the plastic endplates, 

air flow rate, air inlet pressure, pressure drop caused by the stack, and electric heat 

power. 

According to the amount of heat that has been estimated to be released by the 

HT-PEMFC stack, a 10–100 Nm3 h-1 flowmeter is selected. The air is supplied by the 

laboratory compressed air facility, which is formed by a multistage compressor 

capable of delivering a maximum flow rate of 100 m3 h-1 at 8 bar. During the tests it 

is observed that over 90 m3 h-1 the flow rate cannot be stabilized. On the other hand, 

below 30 m3 h-1 temperature of the plastic endplates rises over 300°C, altering the 

thermal properties. These limits fix the range of air flow rates. Air inlet pressure and 

pressure drop are measured with inclined column manometers, with an accuracy of 

1 Pa. Four K-type thermocouples are used to measure the different temperatures. 

According to the manufacturer, they have a measurement range from −100°C to 

+1300°C with an accuracy of ±0.1%. 

The experiments are performed according to the following procedure. Once 
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the electrical resistance cartridges are connected, it is waited until temperature 

increases over a certain value. Then, a fixed air flow rate is supplied to the tunnel, 

and the measurement of the different parameters is registered every 30 or 45 

minutes. The experiment finishes when the system reaches a steady state and the 

values of the metal, plastic and air outlet temperatures are stabilized. An example 

corresponding to an air flow rate of 40 Nm3 h-1 and the form factor of 0.399 is 

depicted in Fig. 6. 

 

 
Figure 6. Example of the measurement procedure.  

 
As the stack is formed by different materials it cannot be considered as a 

unique body. So, heat transfer radiation Eq. (3) has to be rewritten as, 

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜎𝜎 �𝜖𝜖𝑚𝑚𝑚𝑚𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚4 − 𝑇𝑇�𝑎𝑎𝑎𝑎𝑎𝑎4 ) + 𝜖𝜖𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝4 − 𝑇𝑇�𝑎𝑎𝑎𝑎𝑎𝑎4 �� (13) 

where subscripts “met” and “plas” refer to metal solid block and plastic endplates, 

respectively. Emissivity values taken from the literature [47] are 𝜖𝜖𝑚𝑚𝑚𝑚𝑚𝑚 = 0.09 for the 

aluminum block, and 𝜖𝜖𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 0.94 for the plastic elements. Similarly, the stack wall 

temperature (𝑇𝑇𝑤𝑤), is calculated as an average value weighted by the heat transfer 

surface area of the two materials by, 

𝑇𝑇𝑤𝑤 = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚+𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚+𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 (14) 

Another important consideration in the experiments is that as the air will heat 

up, all physical properties will have to be calculated as a function of temperature. 

Under these circumstances the range of Pr values is relatively limited. Another 
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independent variable that can be controlled is the Reynolds number. Change in this 

parameter is mainly achieved by variations in equivalent diameter 𝐷𝐷𝑒𝑒𝑒𝑒 , and in air 

velocity, which in turn depends on flow area and air flow rate supplied to the system. 

Hence, Re will be a selectable parameter in a range determined by the experimental 

conditions. 

 

4. Experimental results and discussion 
A total of 43 experimental runs are completed, each one with a duration ranging 

from 2 to 4 hours. To determine when a steady state has been reached, the temporal 

evolution of the temperatures is controlled.  

 

Non-dimensional group Minimum value Maximum value 

Nu 14.74 91.13 

Re 1194 6750 

Pr 0.72 0.73 
𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿

 0.177 0.575 

Table 1. Value ranges for the non-dimensional groups. 
 

Once values are processed, both radiative and convective heat, as well as the 

heat transfer coefficient are calculated. To this end, a numerical code that includes 

all equations is implemented with the Engineering Equation Solver (EES) 

commercial software [48]. EES is a numerical solver and, in most problems, it uses 

an iterative procedure to solve the equations. Parameters have been configured so 

that iterations are stopped when relative residuals are <10-6, or when the change in 

variables is <10-9.To obtain the numerical solution a golden section search method 

is used [49]. All dimensionless groups can now be calculated. The value ranges for 

all of them are presented in Table 1. Similarly, maximum and minimum values for 

radiation heat, convection heat absorbed by the coolant, and convective heat 

transfer coefficient are summarized in Table 2.  

With the range of values for h, the accuracy of having neglected the heat 

conduction process can be assessed. This information can be obtained from the Biot 

number, defined as  
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Bi = ℎ 𝐿𝐿𝐶𝐶
𝑘𝑘

 (15) 

Parameter Unit Minimum Maximum 

Radiation heat W 26.4 120.7 

Convection heat W 370.3 483.5 

Convective heat transfer coefficient W m-2 K-1 8.0 44.0 

Table 2. Value range for some of the calculated parameters. 

where, LC is the characteristic length defined as the volume of the body divided by 

its surface area, and k is the thermal conductivity of the object. For the experimental 

conditions and materials of the present research, the Biot number ranges from 

0.0007 to 0.004. As the Bi number is well below 0.01, temperature gradients inside 

the object can be neglected because heat conduction is indeed much faster than heat 

convection away from its surface [50]. It is then reasonable to assume that 

temperature and heat transfer are constant throughout the object. 

 

4.1. Heat transfer coefficient models 

Figure 7 shows the relation between Nu and Re, derived from the experimental 

measurements. 

 

 
Figure 7. Relation between Nu and Re numbers for the three form factors. 
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As already stated, the range of Pr values is quite short, and it will be assumed 

that Nu depends on Pr to the 1/3 power [22,47,51]. If the relation Nu(Pr)-1/3 vs. Re 

is represented in a logarithmic plot it is verified that the points can be fitted to 

straight lines. However, two separate zones can be distinguished, for which the lines 

have a different slope. 

For Re �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
� ≥ 640 a best fit using the CurveExpert Professional software [52] 

can be obtained for  

NuPr−(1 3⁄ ) = 0.6768 Re0.6566 �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
�
0.7610

 (16) 

with a standard error of 3.81x10-2 and a regression coefficient of 0.994. 

For Re �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
� ≤ 560 the best fit is obtained for  

NuPr−(1 3⁄ ) = 0.001248 Re1.5667 �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
�
1.3082

 (17) 

with a standard error of 5.02x10-2 and a regression coefficient of 0.993. 

These two expressions can be rewritten in the form  

Nu
Pr(1 3⁄ ) �

𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
�
𝑏𝑏−𝑐𝑐

= 𝑎𝑎 �Re 𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
�
𝑏𝑏

 (18) 

where a is the multiplicative numerical coefficient in the right hand side of Eqs. (16) 

and (17), b the exponent of the Reynolds number, and c the exponent of the form 

factor (Deq/L). With this reformulation, the plot in Fig. 8 is obtained. 

 

 
Figure 8. Dependence of the non-dimensional groups collapsed into two straight 

lines. 
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As can be observed, the dependence of the non-dimensional groups is 

collapsed in two straight lines. It is to be noted that both slope and intersect point of 

the two straight lines are notably different. Considering that the variable 

represented in the horizontal axis is the product of the Reynolds number by the form 

factor (Deq/L), the existence of the two zones is associated to a transition between 

laminar and transition-turbulent regime according to the range of Re numbers, 

coupled with the development of the boundary layer dependent on the form factor 

group. 

Approximating the exponents to simple fractions, Eqs. (16) and (17) can be 

rewritten as 

Nu = 0.6155 Re(2/3) �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
�

(3/4)
Pr(1 3⁄ ) (19) 

for Re �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
� ≥ 640 and  

Nu = 0.002149 Re(3/2) �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
�

(4/3)
Pr(1 3⁄ ) (20) 

for Re �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
� ≤ 560. 

The fit to the experimental measurements using Eqs. (16) and (17) has an 

average error of 3.34%. Using the simplified Eqs. (19) and (20), the error slightly 

increases to 4.33%. 

For the Re �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
� ≥ 640 region, the obtained dependence of the Nusselt number 

on the form factor is similar to that described in other previous studies reported in 

the literature for confined flow configurations [53,54]. However, for Re �𝐷𝐷𝑒𝑒𝑒𝑒
𝐿𝐿
� ≤ 560, 

our results indicate a stronger influence of the form factor than the one normally 

reported in other papers [19,55]. It should be noted that if the models in the 

literature are used, errors around 50% are obtained when estimating the heat 

transfer coefficient even when they have been obtained for flow configurations 

similar (although not identical) to the tested one, but different flow conditions. 

 

4.2. Model validation 

With all the equations described up to this point, starting from a reduced set of input 

values (heat generated by the stack, air flow rate and air inlet temperature), an 

average stack surface temperature and air outlet temperature can be calculated 

using the EES numerical code. However, if the temperature for the plastic endplates 
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and that for the metal stack surface have to be determined separately, a heat balance 

has to be sequentially applied to each one of these elements. In this way, 

intermediate temperatures and heat transfer coefficients can be obtained for the 

front plastic endplate, the metal surface in the middle, and the rear endplate. 

 

 
Figure 9. Predicted (lines) and experimental (symbols) metal temperatures at sea 

level. 

 

Figure 9 shows both experimental and predicted metal temperature as a 

function of the cooling air flow rate at sea level conditions. All experimental points 

have been replicated at least five times. Error between predicted and measured 

values is below 10% in all cases. As expected, stack cooling becomes more difficult 

as Deq/L increases, due to the decrease in air velocity and, hence, in the convective 

heat transfer coefficient. 

If the fuel cell stack is going to be installed in a UAV, it is interesting to 

determine the dependence of the required cooling air mass flow rate on altitude (Z). 

Air density and temperature variation will be described by the formulas of a 

standard ISO atmosphere [56], 

𝑇𝑇 = 𝑇𝑇𝑆𝑆𝑆𝑆 + 𝛼𝛼 𝑍𝑍 (21) 

𝜌𝜌 = 𝜌𝜌𝑆𝑆𝑆𝑆 �1 + 𝛼𝛼 𝑍𝑍
𝑇𝑇𝑆𝑆𝑆𝑆
�
− 𝑔𝑔
𝛼𝛼𝛼𝛼−1 (22) 
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These expressions are applicable up to 10,000 m. In them, ρSL and TSL are the 

density and temperature values at sea level (1.225 kg m-3 and 288.15 K 

respectively), g is the gravity acceleration at sea level assumed to be constant and 

equal to 9.80665 m s-2, R is the air gas constant (287 m2 s-2 K-1), and α is the 

temperature gradient in the troposphere taken to be −0.0065 K m-1. 

 

 
Figure 10. Cooling air flow rate (dotted lines) and Reynolds number (solid lines) for 

two different heat released powers. Grey color corresponds to 500 W, and black to 

600 W. 

 

Results depicted in Fig. 10 are finally obtained for two heat released power 

values, 500 W and 600 W. The change in air properties with altitude leads to an 

increase in both air velocity and volumetric flow rate required for a suitable cooling. 

However, as the air density decreases, the cooling air flow rate also decreases with 

height. In the same way, as the air velocity increase is smaller than the density 

variation, Re also decreases. 

 

4.3. Optimization of the cooling flow section 

Variations in the cooling flow section are influential on the heat transfer, because 

the form factor, Deq/L, and the convective heat transfer coefficient can be modified. 

On the other hand, pressure losses in the cooling flow also depend on the flow cross-
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sectional area. The required cooling flow rate, taking into account pressure losses, 

determines the power required to circulate the flow along the cooling circuit: 

𝑊̇𝑊 = ∆𝑝𝑝𝑓𝑓 𝑉𝑉 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 (23) 

Pressure losses ∆𝑝𝑝𝑓𝑓 can be evaluated according to  

∆𝑝𝑝𝑓𝑓 = 𝜌𝜌 𝐾𝐾 𝑉𝑉2

2
 (24) 

where friction losses have been neglected compared to those due to sudden changes 

in flow section and direction. The coefficient of minor losses, K, can be considered to 

be a function of the ratio between the wind tunnel section and the flow section 

around the stack 

𝐾𝐾 = 𝐶𝐶 �1 − 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

� (25) 

 

 
Figure 11. Behavior of the power consumption of the air cooling system. 

 
From the experimental measurements, an average C value of 10.73±0.4 is 

obtained. It should be noted that this result does not agree with those reported in 

the literature for either an expansion or a contraction, because the tested 

configuration includes a combination of contractions, expansions and changes in 

flow direction. Adding these equations to the EES numerical code, the form factor 

that minimizes the cooling system power consumption can be obtained. As can be 

observed in Fig. 11, the curves have a relatively flat region near the minimum, so for 
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form factors ranging between 0.35 and 0.55 low power will be required to cool the 

stack down. Obviously, the selected form factor (Deq/L) has to be compatible with 

the space available in the aircraft frame, usually quite limited. For this reason, it will 

be unpractical to further increase the flow cross section. The vertical line marks the 

maximum form factor used in the experimental measurements. 

 

 
Figure 12. Behavior of air volumetric flow rate. 

 
The required air flow rate as a function of the form factor in shown in Fig. 12. 

It is to be noted that for the form factor range considered, the corresponding air 

velocity at an altitude of 10 km is always below 7 m/s. This means that cooling the 

stack down to the operating temperature (160°C), can be achieved either by active 

or passive systems. For the passive strategy, the velocity of the air flow induced by 

the movement of the UAV during flight can be used for cooling purposes. Axial 

compact fans with very low power consumption can be considered for the active 

method [57-59]. It should be noted that the calculated aircraft stall velocity when 

flying at 10 km is above 25 m s-1. In any case, the way to pass the air flow through 

the fuselage of the UAV has to be carefully designed accounting for specific 

aerodynamic considerations. 
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5. Conclusions 

A set of experiments has been completed to determine the convective heat transfer 

coefficient to cool a HT-PEMFC stack down installed in the fuselage of an UAV. The 

calculated heat transfer coefficient varies from 8 to 44 W m-2 K-1. Two new models 

have been obtained that allow the accurate calculation of the Nusselt number as a 

function of the three relevant non-dimensional groups, Re, Pr, and form factor 

(Deq/L). If other models available in the literature are used, errors around 50% are 

obtained when estimating the heat transfer coefficient. With a non-dimensional 

approach, results obtained at sea level are suitably extrapolated for a target altitude 

of 10 km. Using a numerical code specifically developed, the cooling flow section is 

optimized, resulting in form factors from 0.35 to 0.55. This range will ensure a 

cooling system with low power consumption, and is compatible with the space 

availability in the actual aircraft fuselage. Results indicate that both passive and 

active cooling strategies could be practically considered. 

The developed procedure and the models obtained (considering the validity range) 

will be applicable for any situation in which a fuel cell stack located in an enclosure 

is cooled down by an air flow surrounding it. This is a typical situation for either 

high-temperature or low-temperature PEMFC stacks used in transportation or in 

combined heat and power units. 
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