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Abstract	

In	the	present	study,	the	optimal	design	of	a	high‐temperature	proton	exchange	mem‐

brane	 fuel	 cell	 (HT‐PEMFC)	 that	 will	 be	 used	 to	 power	 an	 unmanned	 aerial	 vehicle	

(UAV)	 in	a	high	altitude	mission	 is	performed.	The	use	of	PEMFCs	 for	 service	ceiling	

above	10	km	implies	overcoming	a	number	of	problems	caused	by	the	harsh	environ‐

mental	conditions.	Among	them,	new	strategies	to	manage	the	heat	generated	by	elec‐

trochemical	reactions	are	needed.	The	maximum	power	required	by	the	UAV	was	de‐

termined	 solving	 the	 aerodynamic	 problem,	 and	 the	 design	 of	 the	 lightweight	 HT‐

PEMFC,	including	its	cooling	system,	was	optimized.	To	perform	the	numerical	solution	

of	 the	 heat	 transfer	 problem,	 a	 computational	 code	was	 implemented	 using	 the	 EES	

software.	 The	 decisions	 adopted	 resulted	 in	 a	 40‐cells	 stack	 with	 an	 electric	 power	

above	1	kW	and	a	weight	around	3.65	kg.	Besides,	it	is	demonstrated	that,	for	the	con‐

figuration	considered	in	the	study,	a	passive	cooling	system	without	any	additional	fan	

system	can	be	used	to	maintain	the	stack	temperature	in	160°C.	
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Nomenclature	

	

Latin	alphabet	

	

A	 area	(m2)	

Bi	 Biot	number	

Cp	 specific	heat	(J	kg‐1	K‐1)	

Deq	 equivalent	diameter	(m)	

F	 heat	transfer	area	(m2)	

H	 air	enthalpy	(J	kg‐1)	

h	 heat	transfer	coefficient	

(W	m‐2K‐1)	

K	 minor	losses	coefficient	

L	 length	of	the	stack	(m)	

LC	 characteristic	length	(m)	

m 	 mass	flow	rate	(kg	s‐1)	

Nu	 Nusselt	number	

p	 pressure	drop	(Pa)	

P	 perimeter	(m)	

Pr	 Prandtl	number	

Q	 heat	flux	(W)	

Re	 Reynolds	number	

T	 temperature	(K)	

V	 velocity	(m	s‐1)	

W 	 power	consumption	(W)	

	

Greek	letters	

	

߳	 emissivity		

	 Stefan‐Boltzmann	constant	

(5.67x10‐8W	m‐2	K‐4)	

	 thermal	conductivity	

(W	m‐1K‐1)	

	

Subscripts	

a,i	 air	inlet	

a,o	 air	outlet	

air	 air	

b	 body	

cool	 cooling	system	

cond	 cooling	duct	

conv	 convection	

dis	 dissipated	heat	

elect	 electric	

f	 flow	

FC	 fuel	cell	

HT	 heat	transfer	

i	 gaseous	species	

log	 logaritmic	

rad	 radiation	

valv	 inlet	valves	

w	 stack	surface	

wet	 wet	
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1.	Introduction	

The	 worldwide	 increase	 in	 energy	 demand	 in	 recent	 years	 has	 been	 responded	 by	 a	

raise	in	the	combustion	of	fossil	fuels.	As	a	consequence,	natural	reserves	are	diminish‐

ing	at	an	alarming	rate.	Entailed	problems	of	pollutant	emissions,	greenhouse	effect	and	

acid	rain	are	also	aggravated.	This	has	led	to	an	agreement	of	EU	and	G8	leaders	to	reach	

by	2050	a	 reduction	of	80%	 in	 carbon	dioxide	emissions	 from	 the	 levels	measured	 in	

1990.	It	is	expected	that	the	atmospheric	concentration	of	CO2	can	be	stabilized	at	450	

ppm,	 and	 the	 increase	 in	 global	 temperature	 will	 be	 below	 2°C	 relative	 to	 its	 pre‐

industrial	level	[1].	To	achieve	these	goals,	the	transport	sector,	which	is	responsible	to	a	

large	extent	of	CO2	emissions,	would	require	a	decarbonization	up	to	95%	[2].	However,	

in	 the	aeronautic	sector	 in	particular,	CO2	emissions	are	projected	 to	grow	in	approxi‐

mately	6%	by	2050,	due	to	the	increase	in	global	travel	demand	[3].	Under	this	scenario,	

hopes	are	deposited	in	zero‐emissions	fuel	cell	electric	vehicles	(FCEV)	as	a	clean	alter‐

native	for	both	terrestrial	and	aerial	transportation	[4,5].	

For	high	altitude	flights	(>10	km)	of	small	unmanned	aerial	vehicles	(UAVs)	the	low	at‐

mospheric	 pressure	 (0.26	 bar)	 and	 oxygen	 partial	 pressure	 (0.05	 bar)	 impose	 severe	

limitations	 to	 the	operation	of	 atmospheric	 reciprocating	 internal	 combustion	engines	

(ICE)	because	the	intake	air	charge	to	the	engine	is	drastically	diminished.	Unfortunate‐

ly,	small	UAVs	usually	powered	by	ICEs	with	small	cylinder	capacity	cannot	incorporate	

compressors	 or	 other	 alternative	 systems	 to	 increase	 the	 intake	pressure.	 This	would	

increase	 the	 total	 aircraft	payload,	which	cannot	be	afforded	 in	 this	 type	of	platforms.	

The	combination	of	electric	motors	with	fuel	cells	can	be	an	alternative	because	its	effi‐

ciency	is	much	better	than	that	of	a	mini‐ICE,	for	any	rpm	range.	The	use	of	proton	ex‐

change	membrane	fuel	cells	(PEMFCs)	in	power	units	of	small	UAVs	has	been	reported	

in	different	demonstration	projects	during	the	last	years	[6,7],	but	test	flights	were	lim‐

ited	to	very	low	range	at	sea	level.	PEMFCs	can	be	designed	to	operate	at	high	altitudes,	

taking	 into	 account	 the	 special	 requirements	 for	 this	 application.	 For	 PEMFC‐based	

powerplants,	 the	 above‐commented	harsh	 environmental	 conditions	 at	 a	 cruising	 alti‐

tude	of	10	km	force	to	carry	on	board	compressed	gas	bottles	not	only	for	hydrogen	but	

also	 for	oxygen	(or	air)	 in	order	to	perform	anodic	and	cathodic	electrochemical	reac‐

tions.	At	 this	height,	 the	 standard	atmospheric	 temperature	 is	below	50°C,	with	very	

dry	air	humidity	[8],	which	hinders	the	correct	management	of	the	produced	heat.	

In	 the	 present	 research,	 a	 high‐temperature	 PEMFC	 (HT‐PEMFC)	 with	 an	 operating	

temperature	around	160°C	has	been	used.	This	technology	has	several	advantages	com‐
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pared	to	low‐temperature	PEMFCs	that	work	around	50°C.	From	the	efficiency	point	of	

view,	 the	 increase	 in	 the	working	 temperature	 enhances	 the	 electrochemical	 reaction	

rates,	 especially	 at	 the	 cathode	 side.	 Besides,	 it	 also	 eases	 the	 extraction	 of	 the	water	

produced	at	the	cathode	sides	because	it	 is	managed	in	vapor	phase.	From	the	techno‐

logical	point	of	view,	heavy,	bulky	and	 inaccurate	humidification	systems	 for	 the	reac‐

tant	gases	can	be	avoided,	and	the	cooling	system	can	be	simpler	and	compact	due	to	the	

large	difference	between	the	stack	working	temperature	and	the	surroundings.	As	a	re‐

sult,	 the	 powerplant	mass‐specific	 and	 volume‐specific	 power	 densities	 are	 enhanced.	

This	is	very	important	for	light	UAV	platforms	due	to	the	severe	restrictions	for	both	the	

total	weight	that	can	be	carried	on	board	and	the	space	available.	

The	objective	of	this	research	is	to	perform	the	optimal	design,	manufacture	and	opera‐

tional	tests	of	a	lightweight	HT‐PEMFC	that	will	be	used	to	power	an	existing	UAV	for	a	

high	 altitude	mission.	 Simultaneously,	 the	 suitable	 cooling	 system	needed	 to	maintain	

the	stack	temperature	in	the	recommended	value	(160C)	during	the	whole	flight	is	also	

designed.	To	this	end,	a	computational	code	was	implemented,	which	enables	the	itera‐

tive	 solution	 of	 the	mass	 and	 energy	 conservation	 equations,	 together	with	 the	 equa‐

tions	of	heat	transfer	and	pressure	losses.	

	

2.	Design	of	the	HT‐PEMFC	stack	

In	order	to	estimate	the	power	needed	to	reach	a	service	ceiling	of	10	km,	the	aerody‐

namic	problem	for	the	given	aircraft	has	to	be	solved	for	a	given	ascending	strategy.	The	

UAV	considered	for	this	research	was	manufactured	by	the	company	Mediterranean	of	

Aviation	(Medavia,	Ltd.),	and	has	a	total	airframe	mass	of	3	kg,	a	wing	surface	area	of	0.8	

m2,	a	wingspan	of	4	m,	and	a	total	length	of	1.6	m.	In	a	previous	study	it	was	calculated	

that	when	the	ascension	of	this	UAV	is	performed	with	constant	power	supplied	to	the	

propeller,	the	rate	of	climb	(RC)	decreases	with	height,	the	climbing	time	is	minimized,	

and	the	total	required	energy	is	also	minimum	[9].	So,	the	results	obtained	with	the	par‐

ametric	 analysis	 showed	 that	 the	 power	 demanded	 by	 the	 propeller	 is	 422	W,	with	 a	

rate	of	 climb	at	 service	 ceiling	 (10	km)	of	0.9	m/s.	However,	 to	properly	estimate	 the	

actual	power	that	has	to	be	yielded	by	the	stack,	the	efficiency	of	the	different	elements	

of	the	powertrain	(DC/DC	converter,	electric	motor,	transmission	and	propeller)	has	to	

be	considered.	In	this	case,	the	total	efficiency	for	the	powertrain	is	68.4%,	and	the	re‐

sulting	power	that	must	be	delivered	by	the	stack	is	around	650	W	(maximum).	
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To	start	the	design	of	the	stack	some	decisions	have	to	be	taken.	In	this	case,	it	was	de‐

cided	to	use	the	commercial	membrane	electrode	assembly	(MEAs)	Celtec®‐P	1100	sup‐

plied	by	BASF	Fuel	Cells,	with	a	standard	rectangular	active	area	of	81.28	cm2.	Celtec‐P	

high‐temperature	membrane	consists	 in	a	polibenzimidazole	(PBI)	 immobile	gel	phase	

doped	 with	 concentrated	 phosphoric	 acid	 (PA).	 For	 optimal	 doping	 methods	 and	 PA	

concentration,	 this	membrane	ensures	an	acceptable	proton	conductivity	and	gas	per‐

meability	[10‐12].	The	operating	temperature	ranges	from	120°C	to	180°C,	and	no	hu‐

midification	for	reactant	gases	is	needed.	Following	the	recommendations	of	the	MEAs’	

manufacturer	 to	 enlarge	 the	 lifetime	of	 the	 stack,	 it	must	work	 in	 a	 stationary	 regime	

with	a	current	density	below	0.5	A	cm‐2.	So,	according	to	the	polarization	curve	experi‐

mentally	obtained	in	our	lab	for	one	of	these	MEAs,	it	has	been	decided	that	the	current	

density	 of	 the	HT‐PEMFC	 stack	will	 be	 of	 0.45	 A	 cm‐2,	which	 yields	 a	 total	 current	 of	

36.58	A.	For	 this	operating	point,	 the	voltage	per	cell	 is	0.45	V	and	 then,	 the	resulting	

working	stack	power	is	658	W	if	40	cells	are	stacked.	

	

2.1.	Monopolar	plates	and	flowfield	geometries	

The	dimensions	of	the	flowfield	geometry,	and	by	extension	those	of	the	bipolar	plates,	

are	mainly	influenced	by	the	size	of	the	MEAs.	Even	when	the	operational	characteristics	

of	HT‐PEMFCs	allow	the	use	of	very	simple	flowfield	geometries,	a	careful	design	of	this	

element	 has	 been	performed.	 To	 tackle	 the	design	 of	 the	 flowfield	 geometry,	 the	 con‐

sumption	of	reactant	gases	has	to	be	known.	For	the	given	stack	power	and	considering	

a	flow	stoichiometry	of	1.2	for	hydrogen,	and	2	for	oxygen,	the	expected	consumptions	

are	13.5	Nl/min	and	12.3	Nl/min,	respectively.	

The	optimal	design	of	the	channel	size	includes	the	estimation	of	both	pressure	and	ve‐

locity	fields,	in	order	to	ensure	the	homogeneous	distribution	of	reactant	gases	over	the	

catalyst	layers	[13‐16].	Using	a	design	procedure	based	on	Navier‐Stokes	equations	for	

mass	and	momentum	conservation,	an	initial	channel	diameter	is	assumed	and	both	gas	

flow	velocity	 and	Reynolds	 number	 are	 calculated,	 ensuring	 a	 laminar	 flow	 inside	 the	

channels.	 For	 the	 present	 plates,	 a	 serpentine‐parallel	 geometry	 has	 been	 selected	 to	

cover	the	whole	flowfield	area	in	both	anode	and	cathode	plates.	It	is	formed	by	3	blocks	

of	10	channels	with	a	total	length	of	392.4	mm,	as	depicted	in	Fig.	1.	The	channels	of	the	

anode	plates	have	a	rectangular	cross	section	1	mm	width	and	0.5	mm	depth,	spaced	by	

ribs	1	mm	thick,	introducing	a	total	pressure	drop	of	24.1	Pa.	Similarly,	channels	at	the	

cathode	plates	 have	 a	 squared	 cross	 section	 of	 1x1	mm2,	 resulting	 in	 a	 total	 pressure	
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drop	of	60.5	Pa.	Considering	that	the	3	blocks	of	serpentine	channels	are	spaced	by	ribs	

1.95	mm	thick,	and	that	the	number	of	ribs	spacing	the	channels	in	every	block	is	9	(27	

in	total),	1.3	mm	thick,	48.3%	of	the	MEA	active	area	(39.25	cm2)	is	directly	exposed	to	

the	reactant	gases	flow,	while	the	remaining	area	(42.03	cm2,	representing	51.7%	of	the	

total	 surface)	 corresponds	 to	 the	 ribs	 ensuring	 the	 suitable	 electrical	 contact	between	

plates	and	GDLs.	Finally,	in	order	to	ensure	that	the	MEAs	are	subjected	to	an	appropri‐

ate	 compression	 rate,	 a	 receding	 housing	 of	 0.2	 mm	 was	 manufactured	 for	 the	 area	

where	 the	MEAs	are	positioned.	So,	 the	maximum	compression	rate	 is	80%	as	 recom‐

mended	by	the	manufacturer,	simultaneously	guaranteeing	a	good	electrical	contact.	

	

Figure	1.	Sketch	of	the	channels	side	of	monopolar	plates	

	

To	reduce	as	much	as	possible	the	stack	weight	it	was	decided	to	manufacture	monopo‐

lar	plates	 in	very	thin	sheets	of	5083	aluminum.	In	the	case	of	cathode	plates	the	final	

thickness	 is	 2	mm,	while	 for	 the	 anode	 ones	 it	 is	 reduced	 to	 only	 1	mm.	As	 it	 is	well	

known,	metallic	plates	used	as	bipolar	or	monopolar	plates	in	PEMFCs	are	normally	pro‐

tected	from	corrosion	caused	by	the	acid	media	applying	different	surface	coatings	[17‐

21].	In	the	present	research,	a	40	µm	thick	thin	layer	of	Ni‐P	(10‐12%P)	was	deposited	

over	the	whole	surface	using	electroless	techniques	to	improve	its	corrosion	resistance	

[22].	So,	the	resulting	mass	of	the	surface	coated	anode	plates	is	only	23	g,	and	42	g	for	

the	cathode	ones.	
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2.2.	Reactant	gases	feeding	system	

Using	a	similar	procedure	to	that	described	to	design	the	flowfield	geometry,	the	size	of	

the	main	manifolds	 (inlet	 and	outlet)	 for	 the	 circulation	of	 the	 reactant	 gases	was	de‐

signed,	considering	that	the	pressure	drop	to	the	gas	flow	imposed	by	the	flowfield	ge‐

ometries	must	be	at	 least	10	 times	 larger	 than	 that	 in	 the	manifolds	 [23,24].	With	 the	

calculated	 nominal	 flow	 of	 reactant	 gases,	 a	 rectangular	 cross	 section	 27x8	mm2	 has	

been	 selected	 for	 the	manifolds.	 So,	 for	 the	nominal	 flow	of	 hydrogen	 and	oxygen	 the	

resulting	pressure	ratios	Pflowfield/Pmanifold	are	222.8	and	76.5,	respectively.	

Following	 the	excellent	 results	obtained	 in	previous	studies,	hydrogen	and	oxygen	are	

supplied	to	the	flowfield	geometries	from	the	back	side	of	the	plates	[25].	To	this	end,	a	

lowered	step	has	been	manufactured	in	the	back	side	that	communicates	the	main	gas	

manifolds	with	a	thin	slit	that	connects	to	the	inlet	section	of	the	channels	of	the	flow‐

field	on	the	front	side.	Access	of	reactant	gases	to	the	reaction	zones	is	simplified	with	

this	design,	together	with	the	assembly	of	the	different	cells	of	the	stack.	It	should	also	

be	noted	that,	in	order	to	improve	mechanical	resistance	of	these	zones,	two	ribs	are	al‐

so	machined,	as	can	be	observed	in	Fig.	2.	

	

Figure	2.	Lowered	step	machined	in	the	back	side	of	the	plates	to	supply	reactant	gases	

to	the	flowfield	geometry	

	

2.3.	Sealing	and	closing	systems	

To	avoid	gas	leaks,	in	particular	of	hydrogen,	a	rectangular	channel	1	mm	wide	and	0.5	

mm	deep	has	been	machined	surrounding	each	gas	manifold	and	the	flowfield	geometry	

(see	Fig.	1)	in	the	front	side	of	the	plates,	and	also	surrounding	the	ducts	for	gas	mani‐

folds	 in	 the	 back	 side	 (see	 Fig.	 2).	 A	 cord	 of	 Loctite®	5910	 that	 supports	 the	working	

temperature	(above	200°C)	was	automatically	deposited	into	the	sealing	channels	using	

a	3‐D	Cartesian	desktop	I&J	Fisnar	2500N	dispensing	robot.	Once	cured	at	room	temper‐

ature,	the	resulting	diameter	of	the	flexible	gasket	was	1.2	mm,	which	was	controlled	by	
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regulating	the	injection	pressure,	the	diameter	of	the	deposition	needle,	and	the	selected	

displacement	speed.	

	

	 a)	 b)	 c)	 d)	

Figure	3.	Different	photos	of	pressure‐transmitter	and	endplates	used	in	the	stack.	

	

Some	 other	 elements	 are	 needed	 to	 effectively	 close	 the	 stack,	 namely	 pressure‐

transmitter	plates	and	endplates.	Photos	of	the	two	sides	of	both	plates	can	be	observed	

in	Fig	3.	Endplates	have	10	passing‐holes	for	M6	screws	located	on	its	periphery,	as	well	

as	 9	 threaded‐holes	 also	 for	M6	 screws	 distributed	 in	 the	 central	 area	 as	 depicted	 in	

Figs.	3b)	and	3c).	With	this	strategy	a	uniform	force	can	be	exerted	over	the	whole	active	

area	of	MEAs,	 simultaneously	preventing	 the	sagging	of	 these	plates,	and	reducing	 the	

total	force	needed	to	close	the	stack.	To	reduce	the	weight,	endplates	are	manufactured	

in	aluminum	5083	with	a	thickness	of	5	mm.	The	external	side	(Fig.	3	c)	is	designed	in	

such	a	way	that	most	of	the	material	can	be	removed	when	machined	still	ensuring	the	

mechanical	 resistance	needed	 for	 these	 elements.	Pressure‐transmitter	plates	 are	 also	

manufactured	 in	 aluminum	5083	5	mm	 thick.	Two	ports	 are	machined	 to	 connect	 the	

reactant	gases	as	displayed	in	Fig.	3a).	They	are	placed	between	the	endplates	and	the	

electrical	collector	ones,	in	such	a	way	that	the	pressure	of	the	central	screws	is	exerted	

over	 these	 elements	 instead	 of	 over	 the	 current	 collector.	 To	 electrically	 isolate	 these	

elements	from	the	rest	of	the	cell,	one	side	is	covered	by	a	film	of	Kapton®	0.5	mm	thick,	

as	shown	in	Fig.	3d).	

	

2.4.	Assembling	and	formation	of	the	stack	

A	feature	of	Celtec‐P	MEAs	is	that	they	are	highly	hygroscopic.	So,	if	they	are	exposed	to	

humid	air	at	room	temperature,	water	is	absorbed	and	the	diluted	phosphoric	acid	may	
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tend	to	partially	wash	out	and	to	migrate	towards	the	plate	channels.	In	the	same	way,	

contact	to	liquid	water	must	be	avoided,	because	it	would	slowly	leach	out	of	the	electro‐

lyte	[26].	For	this	reason,	 they	are	vacuum	packed	in	 factory	 inside	 individual	metallic	

vapor	barrier	bags.	In	order	to	achieve	the	very	low	humidity	environment	required	by	

these	MEAs,	the	assembly	zone	was	isolated	from	the	rest	of	the	room	by	using	a	com‐

mercial	 plastic	 greenhouse	 [25].	 To	 decrease	 the	 relative	 humidity	 inside	 the	 green‐

house,	two	pipes	connected	to	the	main	air	pressure	line	were	strategically	placed	just	

over	the	assembly	table	and	the	hydraulic	press.	

	

	 a)	 b)	 c)	

Figure	4.	Photos	showing	different	stages	of	the	assembling	procedure	of	the	stack	in‐

side	the	greenhouse	(a)	and	b),	as	well	as	the	stack	closed	(c)	ready	to	start	the	condi‐

tioning	procedure	at	the	test	bench.	

	

Once	all	sealing	cords	are	deposited	on	the	corresponding	channels	and	they	are	proper‐

ly	 cured,	 the	 assembling	 procedure	 can	 start.	 To	 form	 the	 stack,	 a	 special	 assembling	

plate	with	 4	 centering	 rods	 and	 orifices	 to	 host	 gas	 connectors	 and	 6	 of	 the	 external	

screws	is	used,	as	shown	in	Fig.	4a).	It	 is	placed	on	the	base	plate	of	a	hydraulic	press,	

and	 one	 of	 the	 endplates	 is	 placed	 over	 it	 followed	 by	 the	 corresponding	 pressure‐

transmitter	and	current	collector	plates.	Then,	the	first	anode	monopolar	plate	is	assem‐

bled,	with	the	plane	side	in	direct	contact	with	the	current	collector	plate.	Afterwards,	a	

MEA	is	placed	over	the	reaction	zone	formed	by	the	channels	of	the	flowfield	geometry,	

and	 the	 reaction	 side	of	 one	of	 the	 cathode	plates	 is	placed	over	 the	other	 side	of	 the	

MEA	forming	the	first	cell.	The	other	39	cells	are	assembled	in	a	similar	way	(see	Fig.	4	

b),	as	well	as	the	other	current	collector	and	pressure‐transmitter	plates.	Subsequently,	

the	other	endplate	is	placed,	and	the	6	M6	external	screws	that	match	the	orifices	of	the	

assembling	plate	are	placed	and	screwed	by	hand.	After	 that,	 the	4	centering	rods	are	

unscrewed	from	the	assembling	plate	and	the	remaining	4	M6	screws	are	bolted.	Once	
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all	nuts	are	screwed,	a	force	of	20	bar	is	applied	with	the	hydraulic	press,	and	the	tighten	

process	starts	following	a	"cross‐scheme"	applying	a	final	closing	torque	of	1.5	N‐m	with	

a	calibrated	torque	wrench.	The	total	 length	of	the	stack	was	set	to	152	mm,	while	the	

actual	weight	was	only	3.65	kg.	

Finally,	the	closing	force	for	the	9	M6	screws	placed	on	the	central	zone	of	the	end‐

plates	is	optimized	using	electrochemical	 impedance	spectroscopy,	and	simultaneously	

checking	 that	 all	 plates	 are	 completely	 flat.	 For	 this	 purpose,	 an	 Autolab/PGSTAT302	

with	a	frequency	analyzer	module	FRA2	was	used,	applying	a	current	of	1	A	and	a	volt‐

age	of	10	V	through	the	collector	plates	of	the	block.	It	was	verified	that	the	overall	Ohm‐

ic	resistance	of	the	stack	drastically	decreased	when	the	closing	force	increased	from	0	

to	2	N‐m,	demonstrating	the	importance	of	the	central	screws.	A	photo	of	the	HT‐PEMFC	

stack	ready	to	be	tested	is	shown	in	Fig.	4c).	

	

3.	Design	of	the	cooling	system	

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.	

To	this	end,	it	is	necessary	to	calculate	the	amount	of	coolant	needed.	In	the	configura‐

tion	considered	for	 this	application,	 the	stack	will	be	placed	 into	a	 thermally‐insulated	

reservoir	 (like	 a	 Dewar	 flask)	 located	 inside	 the	 fuselage	 of	 the	 UAV.	 So,	 the	 cross‐

sectional	area	where	the	coolant	will	flow	is	the	one	corresponding	to	the	annular	space	

between	the	HT‐PEMFC	stack	and	the	inner	wall	of	the	thermally‐insulated	reservoir.	

	

3.1.	The	1D	numerical	model	

To	perform	the	optimal	design	for	the	air‐cooled	system	of	the	HT‐PEMFC,	a	1D	theoret‐

ical	model	has	been	developed	as	a	predictive	tool	with	reduced	requirements	of	compu‐

tational	resources	[27,28].	It	is	formed	by	three	submodels:	one	to	characterize	the	elec‐

trochemical	performance	of	the	stack,	another	one	related	to	mass	transfer	phenomena,	

and	the	thermal	model	itself.	Some	initial	hypotheses	have	been	taken	into	account.	On	

the	one	hand,	it	has	been	considered	that	the	stack	will	operate	at	160°C	under	station‐

ary	 conditions.	 For	 this	 temperature	 (>100°C),	 the	 species	 considered	 at	 the	 inlet	 are	

only	dry	reactant	gases	(H2	and	O2).	At	the	outlet,	water	generated	in	vapor	phase	is	also	

considered,	 in	addition	 to	 the	exhaust	 reactant	gases.	On	 the	second	hand,	 the	coolant	

considered	is	atmospheric	air.	Finally,	a	third	assumption	is	that	the	only	heat	transfer	

mechanisms	considered	are	convection	and	radiation.	This	supposition	implies	that	the	
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conduction	process	is	neglected,	and	the	stack	can	be	treated	as	a	single	body	character‐

ized	by	a	single	temperature.	The	validity	of	this	hypothesis	was	demonstrated	in	a	pre‐

vious	study	 for	 the	range	of	Nusselt	numbers	of	 this	application,	because	Biot	number	

(Bi)	ranges	between	0.0007	and	0.004	[29].	When	Biot	number	is	below	0.01	tempera‐

ture	gradients	inside	the	object	can	be	definitively	neglected	because	heat	conduction	is	

indeed	much	faster	than	the	heat	convected	away	from	its	surface	[30].	

Strictly	speaking,	the	heat	generated	by	the	electrochemical	reaction	in	the	catalyst	lay‐

ers	of	a	PEMFC	has	a	reversible	part	and	an	irreversible	one.	Reversible	heating,	i.e.	the	

Peltier	 effect,	 comes	 from	 the	 entropy	 change	 for	 the	 relevant	 half‐cell	 reaction.	 Irre‐

versible	heating	has	two	sources.	The	first	one	is	the	heat	released	due	to	the	activation	

potential,	and	the	second	irreversible	source	arises	in	the	form	of	Joule	(or	Ohmic)	heat‐

ing	in	both	the	electronic	and	ionic	conducting	elements	[31].	Indeed,	all	these	local	heat	

fluxes	are	very	relevant,	and	have	to	be	considered	when	a	detailed	numerical	simula‐

tion	of	the	complex	and	coupled	transport	processes	taking	place	inside	a	cell	or	a	stack	

is	performed.	However,	when	the	electrochemical	device	is	analyzed	as	a	whole	(black‐

box),	the	problem	is	simplified,	and	local	heat	fluxes	can	be	included	into	an	overall	pro‐

cess	that	quantifies	the	energy	dissipated	from	the	stack	to	the	surroundings.	This	is	the	

strategy	considered	in	the	present	study.	

A	fuel	cell	stack,	as	any	energy	generation	system,	must	comply	with	the	energy	conser‐

vation	principle	that	can	be	expressed	as:	

∑ ൫ ሶ݉ ௜ܪ௜,௜௡௟௘௧൯௜ െ ∑ ൫ ሶ݉ ௜ܪ௜,௢௨௧௟௘௧൯௜ ൌ ௘ܹ௟௘௖ ൅ ܳௗ௜௦	 (1)	

in	which	 ሶ݉ ௜	is	the	mass	flow	rate	of	element	“i”	(kg/s),	ܪ௜,௜௡௟௘௧	is	the	inlet	entalpy	of	ele‐

ment	 “i”	 (J/kg),	ܪ௜,௢௨௧௟௘௧	 is	 the	outlet	 entalpy	of	 element	 “i”	 (J/kg),	 ௘ܹ௟௘௖	 is	 the	electric	

power	of	the	stack	(W),	and	Qdis	 is	the	heat	released	that	must	be	equal	to	the	heat	ex‐

tracted	by	the	cooling	system	(W).	

From	an	energy	balance,	heat	dissipated	from	the	stack	ሺܳௗ௜௦ሻ	has	to	be	equal	to	that	ab‐

sorbed	by	the	air	ሺܳ௔௜௥ሻ.	This	can	be	expressed	as	

ܳௗ௜௦ ൌ ܳ௔௜௥ ൌ ሶ݉ ௔௜௥൫ܪ௔,௢ െ 	௔,௜൯ܪ (2)	

where	 ሶ݉ ௔௜௥	is	the	cooling	air	mass	flow	rate,	while	ܪ௔,௜	and	ܪ௔,௢are	air	inlet	and	outlet	

enthalpy	respectively.	As	it	was	demonstrated,	natural	convection	by	itself	is	not	capable	

to	cool	down	the	stack.	The	heat	absorbed	by	the	air	is	the	sum	of	the	convective	and	the	

radiative	components	

ܳு் ൌ ܳ௖௢௡௩ ൅ ܳ௥௔ௗ	 (3)	

and	heat	transferred	by	radiation	can	be	expressed	as	
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ܳ௥௔ௗ ൌ ி஼ሺܨ	ி஼߳	ߪ ௪ܶ
ସ െ തܶ

௔௜௥
ସ ሻ	 (4)	

Here		is	the	Stefan‐Boltzmann	constant,	߳ி஼	the	stack	emissivity,	ܨி஼	the	heat	transfer	

area	of	 the	stack,	 ௪ܶ	 the	stack	surface	temperature,	and	 തܶ௔௜௥	 the	air	 temperature	aver‐

aged	between	the	cooling	system	inlet	and	outlet.	Equation	(4)	includes	the	energy	radi‐

ated	by	the	stack,	considered	as	a	unique	body,	and	the	radiative	energy	that	it	absorbs.	

It	 assumes	 that	 the	 stack	absorption	coefficient	 is	 equal	 to	 its	 emissivity,	 according	 to	

Kirchhoff´s	law	for	a	grey	body.	

Heat	transferred	by	convection	is	defined	by	

ܳ௖௢௡௩ ൌ 	∆ܶതതതത௟௢௚	ி஼ܨ	݄ (5)	

where	݄	is	the	convective	heat	transfer	coefficient,	and	∆ܶതതതത௟௢௚	the	mean	logarithmic	tem‐

perature	difference	that	is	calculated	by	

∆ܶതതതത௟௢௚ ൌ
൫்ೢ ି்ೌ,೔൯ି൫்ೢ ି்ೌ ,೚൯

୪୬൬
೅ೢష೅ೌ,೔
೅ೢష೅ೌ,೚

൰
	 (6)	

௔ܶ,௜	and	 ௔ܶ,௢	are	the	air	inlet	and	outlet	temperature.	The	convective	heat	transfer	coeffi‐

cient,	݄,	for	the	coolant	flowing	along	an	annular	space	surrounding	a	PEM	fuel	cell	stack	

is	usually	estimated	using	the	definition	of	the	Nusselt	number,	

Nu ൌ
௛∙஽೐೜
ఒೌ೔ೝ

	 (7)	

where	ߣ௔௜௥	is	the	air	thermal	conductivity.	In	the	present	study,	the	characteristic	length	

considered	 is	 the	 equivalent	 diameter	 of	 the	 cross‐sectional	 area	 of	 the	 cooling	 fluid	

flow,	ܦ௘௤,	that	is	defined	by	

௘௤ܦ ൌ
ସ஺೑
௉ೢ ೐೟

ൌ ସ	ሺ஺಴೚೙೏ି஺ಷ಴ሻ

௉಴೚೙೏ା௉ಷ಴
	 (8)	

in	which	ܣ	 and	ܲ	 refer	 to	 area	and	perimeter,	 respectively.	 Subscripts	 “݂”,	 	,”ݐ݁ݓ“ and	

	,surface)	transfer	heat	the	with	not	or	contact	in	(whether	wetted	flow,	indicate	”݀݊݋ܥ“

and	cooling	conduct,	respectively.	

The	Nusselt	number,	Nu,	can	be	calculated	using	two	empirical	models	experimentally	

obtained	in	a	previous	research	performed	in	two	wind	tunnels	with	a	similar	configura‐

tion	as	that	of	the	UAV	[29],	namely:	

Nu ൌ 0.6155	Reሺଶ/ଷሻ ቀ
஽೐೜
௅
ቁ
ሺଷ/ସሻ

Prሺଵ ଷ⁄ ሻ	 (9)	

for	Re ቀ
஽೐೜
௅
ቁ ൒ 640,	and		

Nu ൌ 0.002149	Reሺଷ/ଶሻ ቀ
஽೐೜
௅
ቁ
ሺସ/ଷሻ

Prሺଵ ଷ⁄ ሻ	 (10)	

for	Re ቀ
஽೐೜
௅
ቁ ൑ 560.	
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The	non‐dimensional	group	Deq/L	 is	known	as	the	form	factor,	where	L	 is	the	length	of	

the	stack.	Results	obtained	showed	that	the	heat	transfer	coefficient	varies	from	8	to	44	

W	m‐2	K‐1	for	the	actual	conditions	of	this	application	[29].	

Finally,	the	heat	balance	is	closed	by	minimizing	the	deviation	error	in	eqs.	(2)	and	(3)	

defined	by,	

∆ܳ௘௥௥௢௥ ൌ 100	 ቚொಹ೅ିொ೏೔ೞ
ொ೏೔ೞ

ቚ.	 (11)	

To	perform	the	numerical	simulations,	the	model	has	been	implemented	using	the	“En‐

gineering	Equation	Solver”	(EES)	commercial	software.	To	obtain	the	numerical	solution	

a	golden	section	search	method	has	been	used	with	a	relative	convergence	tolerance	of	

10‐9.	

	

3.2.	Optimization	of	the	coolant	flow	cross‐section	

For	the	calculated	air	flow,	the	total	flow	area	has	to	be	optimized	for	the	configuration	

considered	in	the	present	study.	Variations	in	the	cooling	flow	section	are	influential	on	

the	heat	transfer,	because	both	the	equivalent	diameter	and	the	convective	heat	transfer	

coefficient	can	be	modified.	The	required	cooling	flow	rate,	taking	into	account	pressure	

losses	that	also	depend	on	the	flow	cross‐sectional	area,	determines	the	power	required	

to	circulate	the	flow	along	the	cooling	circuit:	

ሶܹ ൌ 	௙ܣ	ܸ	௙݌∆ (12)	

in	which	V	is	the	air	velocity.	Pressure	losses	∆݌௙	can	be	evaluated	according	to		

௙݌∆ ൌ ܭ	ߩ ௏మ

ଶ
	 (13)	

Here,	 friction	 losses	have	been	neglected	compared	to	those	due	to	sudden	changes	 in	

flow	section	and	direction.	Constant	K	includes	both	minor	losses	in	the	cooling	system,	

Kcool,	and	the	losses	due	to	valves,	Kvalv,	used	to	regulate	the	amount	of	air	flow	circulat‐

ing	around	the	stacks,	and	can	be	written	as	

ܭ ൌ ௖௢௢௟ܭ ൅ 	௩௔௟௩ܭ (14)	

The	 coefficient	 of	minor	 losses	 in	 the	 cooling	 system,	Kcool,	 can	 be	 considered	 to	 be	 a	

function	of	the	ratio	between	the	cooling	duct	section	and	the	 flow	section	around	the	

stack	

௖௢௢௟ܭ ൌ 10.73 ቀ1 െ
஺೑

஺಴೚೙೏
ቁ.	 (15)	

where	the	constant	value	10.73	was	experimentally	obtained	in	[29].	Finally,	to	estimate	

Kvalv	the	air	inlet	pressure	is	calculated	using	Bernoulli	equation	by	

௔,௜݌ ൌ
ଵ

ଶ
൫		௔௜௥ߩ	 ௎ܸ஺௏

ଶ െ ௔ܸ,௜
ଶ ൯	 (16)	
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where	air	is	the	air	density	at	the	flying	altitude,	VUAV	is	the	velocity	of	the	aircraft	at	the	

flying	altitude,	and	Va,i	is	the	air	inlet	velocity.	Adding	these	equations	to	the	EES	numer‐

ical	code,	the	power	consumption	of	the	cooling	system	can	be	obtained.	

	

4.	Results	

All	the	HT‐PEMFC	stack	tests	were	performed	in	the	dual	test	bench	available	at	LIFTEC	

research	 facilities.	 After	 flowing	 dry	N2	 to	 verify	 that	 there	were	 no	 leaks	 of	 reactant	

gases	neither	out	of	the	device	nor	between	cathodes	and	anodes,	the	following	condi‐

tioning	procedure	was	 followed.	This	procedure	 is	mandatory	before	 starting	 the	per‐

formance	tests	in	order	to	ensure	the	proper	operation	of	the	device.	In	short,	the	stack	

is	heated	up	to	120°C	using	a	5	kW	industrial	air	heater.	After	that,	small	flows	of	H2	and	

O2	are	supplied	to	anode	and	cathode	sides	in	order	to	remove	the	remaining	N2,	and	to	

fill	the	channels	of	the	flow	geometry	with	reactant	gases. Once	the	device	is	ready, a	low	

voltage	 is	 fixed	 in	 the	 electronic	 load,	 so	 that	 the	 current	 generated	 by	 the	 device	 in‐

creases	 gradually.	When	 the	 current	 exceeds	20.3	A	 (0.25	A	 cm‐2),	 the	 electronic	 load	

working	mode	is	changed	to	demand	a	constant	current	of	16.2	A,	which	corresponds	to	

a	current	density	of	0.2	A	cm‐2	for	this	MEA.	Under	this	condition,	a	gradual	increase	in	

voltage	 is	detected,	until	 the	value	of	16	V	 (0.4	V/cell)	 is	exceeded.	Finally,	 a	 constant	

voltage	of	16	V	is	demanded	to	the	stack,	and	it	is	kept	at	this	point	for	8‐10	hours,	veri‐

fying	that	the	electrical	performance	remains	in	steady	state.	The	automatic	gas	supply	

unit	of	the	test	bench	is	regulated	by	software,	ensuring	that	the	stoichiometry	of	both	

hydrogen	and	oxygen	flows	is	adjusted	to	1.45	and	9,	respectively	for	any	value	of	cur‐

rent	demanded	by	the	electronic	load	as	recommended	by	the	MEA	manufacturer.	

	

4.1.	Electrical	performance	of	the	HT‐PEMFC	stack	

After	the	conditioning	procedure,	the	stack	is	ready	to	be	subjected	to	different	charge	

demands,	 in	order	to	determine	polarization	curves	(V	vs.	 I).	To	enlarge	the	 lifetime	of	

the	stack	it	is	important	to	note	that	it	should	never	be	operated	at	open	circuit	voltage.	

For	this	reason,	a	small	current	of	0.81	A	(0.01	A	cm‐2)	must	be	drawn	at	the	initial	stage,	

to	avoid	the	fast	degradation	of	the	cathode	electrodes	when	exposed	to	high	tempera‐

ture	and	high	potential	conditions.	It	is	also	important	that	the	demanded	current	is	not	

increased	until	steady	state	conditions	are	verified	for	every	working	point.	
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Figure	5.	Polarization	curve	of	 the	HT‐PEMFC	stack	with	 the	operational	point	during	

the	ascending	flight	

	

One	of	the	polarization	curves	obtained	for	the	stack	is	depicted	in	Fig.	5.	As	can	be	ob‐

served,	 the	 zone	 corresponding	 to	 mass	 transfer	 losses	 common	 in	 low‐temperature	

PEMFCs	 is	not	 clearly	visible,	 even	after	 reaching	current	densities	above	0.75	A	cm‐2.	

This	behavior	is	typical	of	HT‐PEMFCs	because	water	remains	in	vapor	phase,	easing	its	

management,	and	reducing	the	blockage	of	the	small	GDL	pores	in	the	cathode	sides.	For	

the	operational	point	corresponding	to	a	current	density	of	0.45	A	cm‐2	as	recommended	

by	 the	MEA	manufacturer	 (36.6	A),	 dotted	 lines	 in	 Fig.	 5,	 the	 power	 delivered	 by	 the	

stack	is	around	870	W.	This	value	 is	35.4%	higher	than	the	power	that	should	be	sup‐

plied	by	the	HT‐PEMFC	powerplant	to	the	propeller	(650	W)	when	ascending	at	a	con‐

stant	power	[9].	So,	for	this	operational	point,	which	corresponds	to	the	solid	lines	in	Fig.	

5,	the	stack	will	work	at	a	nominal	current	of	25.7	A	(0.32	A	cm‐2),	enlarging	the	lifetime	

of	the	device.	Besides,	the	maximum	power	delivered	by	the	HT‐PEMFC	stack	goes	up	to	

1.1	kW.	This	“excess	of	power”	could	be	used	to	overcome	harsh	flying	conditions,	such	

as	strong	head	or	lateral	wind,	when	needed,	or	by	the	air	cooling	system.	

With	these	results,	the	nominal	specific	power	of	the	stack	is	about	178	W	kg‐1	that	goes	

up	 to	 301.4	W	kg‐1	 for	 the	maximum	power,	which	 is	 in	 the	 range	 of	 Li‐ion	 batteries	

[32].	For	the	test	flights	in	the	existing	UAV	it	is	planned	to	use	a	L45X	composite	cylin‐

der	from	Luxfer	Co.	This	bottle	has	a	water	capacity	of	4.7	l	and	can	be	filled	with	74.65	

g	of	H2	when	compressed	at	200	bar,	 resulting	 in	2.5	kWh	of	 energy	 stored.	The	 con‐
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sumption	of	hydrogen	measured	 in	 the	performance	 tests	 at	 the	nominal	power	 for	 a	

stoichiometry	of	1.05	was	around	40.56	g	h‐1	(8.32	Nl	min‐1),	what	means	that	the	flight	

range	will	be	close	to	1.85	hours.	Considering	that	the	total	weight	of	the	HT‐PEMFC	fuel	

cell‐based	powertrain	(including	the	HT‐PEMFC	stack,	electric	motor,	control	electronic,	

pipes,	 valves,	 and	 reactant	gases	bottles)	 is	of	9.35	kg,	 the	 resulting	 specific	energy	 is	

267.4	Wh	kg‐1,	again	similar	to	modern	Li‐ion	rechargeable	batteries.	

There	are	some	other	points	about	the	performance	of	the	lightweight	stack	that	should	

be	discussed.	In	order	to	ensure	the	correct	temperature	during	the	start‐up,	an	external	

heating	 source	 (for	 example,	 a	 commercial	 air	 heater)	 must	 be	 considered.	 It	 should	

remain	working	when	the	current	demanded	to	the	stack	is	low.	On	the	contrary,	once	

the	current	demanded	to	the	stack	exceeds	13.5	A	(0.165	A	cm‐2)	the	heat	produced	by	

the	 electrochemical	 reactions	 is	 large	 enough	 to	 heat	 the	 stack	 up	 to	 160C,	 and	 the	

external	heat	source	can	be	disconnected.	When	the	current	demanded	to	 the	stack	 in	

steady	 state	 operation	 exceeds	 15	 A,	 the	 heat	 yielded	 causes	 an	 abrupt	 temperature	

increase,	and	the	air	cooling	system	has	to	be	activated	to	cool	down	the	stack.	For	every	

working	condition,	 the	amount	of	coolant	has	 to	be	regulated	 in	order	 to	maintain	 the	

stack	temperature	close	to	the	nominal	working	value	(160C).	

	

4.2.	Cooling	system	

As	discussed	before,	natural	convection	and	radiation	from	the	device	is	not	enough	to	

extract	all	the	heat	produced	to	keep	the	stack	temperature	around	160°C.	So,	a	forced	

convection	system	has	to	be	implemented.	The	required	cooling	air	flow	rate,	taking	into	

account	pressure	losses,	determines	the	power	required	to	circulate	the	coolant	air	flow	

along	the	cooling	circuit.	Typically,	axial	fans	have	been	used	as	"active"	cooling	systems	

because	of	their	easy	integration	and	low	noise.	They	are	normally	placed	on	one	side	of	

the	cooling	channels,	 forcing	 the	air	 to	pass	 through	them	working	 in	suction	regimen	

[27,28].	The	use	of	an	active	cooling	system	formed	by	axial	fans	implies	an	increase	in	

the	total	weight	of	the	powerplant,	as	well	as	the	necessity	of	a	large	space,	which	is	very	

limited	 in	 this	application.	Besides,	 in	 the	same	way	 that	 the	use	of	 small	 ICEs	 in	high	

altitude	missions	is	discarded,	cooling	systems	formed	by	axial	fans	are	not	suitable	for	

the	present	application	due	to	the	very	 low	atmospheric	pressure	at	10	km.	So,	one	of	

the	aims	of	 this	 study	 is	 to	assess	 the	design	of	a	 "passive"	 cooling	system	with	a	 low	

power	 consumption	without	 using	 axial	 fans.	 Considering	 the	 set	 of	 equations	 (1‐11),	

and	adding	the	five	equations	(12‐16)	to	the	1D	heat	transfer	numerical	code,	the	power	
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required	to	circulate	the	flow	through	the	cooling	circuit	can	be	obtained	as	a	function	of	

the	form	factor	(Deq/L).	As	in	this	case	the	dimensions	of	the	HT‐PEMFC	stack	are	fixed,	

variations	in	the	form	factor	are	only	influenced	by	changes	in	the	distance	between	the	

stack	 and	 the	 inner	wall	 of	 the	 thermally‐insulated	 reservoir	where	 the	 stack	will	 be	

placed.	This	distance	is	here	identified	as	the	air	cooling	thickness.	

	

Figure	6.	Behavior	of	the	power	consumption	of	the	air	cooling	system	as	a	function	of	

the	form	factor	at	different	flying	altitudes.	

	

Results	depicted	in	Fig.	6	show	the	power	consumption	of	the	cooling	system	as	a	func‐

tion	of	the	form	factor.	In	this	case,	the	heat	released	power	(635.6	W)	is	the	one	corre‐

sponding	to	the	nominal	operating	point	of	the	HT‐PEMFC	stack	calculated	by	eq.	(1).	Air	

density	 and	 temperature	 variation	 with	 altitude	 are	 described	 by	 the	 formulas	 of	 a	

standard	ISO	atmosphere	[33].	As	can	be	observed	in	Fig.	6,	the	power	consumption	in‐

creases	with	increasing	altitude	and	form	factor.	However,	the	air	cooling	thickness	se‐

lected	has	to	be	compatible	with	the	restriction	imposed	by	the	diameter	of	the	fuselage.	

As	the	maximum	fuselage	diameter	that	can	be	considered	for	the	existing	UAV	is	limited	

to	250	mm,	 the	maximal	air	cooling	 thickness	 that	can	be	achieved	 is	only	30	mm.	To	

consider	any	value	of	air	cooling	system	higher	than	30	mm	is	unrealistic	for	this	appli‐

cation.	It	was	verified	that,	in	the	worse	case	when	flying	at	the	service	ceiling	(10	km)	

and	for	the	largest	possible	form	factor	(0.3),	which	corresponds	to	an	air	cooling	thick‐

ness	of	28	mm,	a	very	low	power	below	25	W	is	consumed	by	the	cooling	system.	
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Figure	7.	Behavior	of	the	air	flow	rate	needed	to	keep	the	stack	temperature	at	160°C	as	

a	function	of	the	flying	altitude	and	the	air	cooling	thickness	

	

Restricting	the	analysis	to	air	cooling	thicknesses	ranging	from	10	to	30	mm,	the	behav‐

ior	of	the	air	flow	rate	needed	to	keep	the	stack	temperature	at	160°C	as	a	function	of	

the	flying	altitude	and	the	air	cooling	thickness	is	depicted	in	Fig.	7.	As	can	be	observed,	

the	higher	the	flying	altitude	the	larger	the	air	flow	rate	needed	to	cool	the	stack	down.	

As	 it	 could	 be	 expected,	 the	 amount	 of	 coolant	 increases	 with	 increasing	 air	 cooling	

thickness.	For	the	air	cooling	thickness	of	30	mm,	it	varies	from	180	m3	h‐1	at	sea	level	to	

350	m3	h‐1	at	10	km,	while	the	variation	is	much	smaller	for	the	air	cooling	thickness	of	

10	mm	(from	109	m3	h‐1	to	190	m3	h‐1).	The	value	of	air	cooling	thickness	of	16	mm	cor‐

responds	to	the	lowest	form	factor	(0.175)	tested	in	[29].	

With	 these	results,	 the	corresponding	velocity	of	 the	air	 flow	surrounding	 the	stack	 to	

keep	the	working	temperature	can	also	be	estimated.	As	depicted	in	Fig.	8,	the	higher	the	

flying	altitude	the	higher	the	air	velocity	for	any	value	of	the	air	cooling	thickness.	How‐

ever,	an	important	result	is	that	the	velocity	of	the	air	needed	to	cool	the	stack	down	to	

160°C	is	relative	low	even	for	the	lowest	cooling	thickness	(10	mm).	A	maximum	air	ve‐

locity	 of	 11	 m	 s‐1	 was	 obtained	 for	 this	 experimental	 condition.	 After	 evaluating	 the	

space	 available	 in	 the	UAV,	 and	 considering	 also	 the	 results	 obtained	 in	 heat	 transfer	

numerical	 simulations,	 it	 was	 decided	 that	 the	 air	 cooling	 thickness	 selected	 for	 the	

thermally‐insulated	reservoir	where	the	stack	will	be	placed	will	be	16	mm.	
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Figure	8.	Air	velocity	as	a	function	of	the	flying	altitude	for	various	air	cooling	thickness	

	

Another	 important	point	 that	 requires	verification	 is	 the	steady	 flow	condition	 for	 the	

heat	transfer	problem	where	the	stack	is	placed	inside	the	fuselage	and	the	resulting	air	

cooling	thickness	is	16	mm.	The	time	dependence	of	the	stack	metal	temperature	can	be	

expressed	as	a	function	of	both	Fourier	(Fo)	and	Biot	numbers	(Bi)	by	the	equation	
்ି ∞்

೚்ି ∞்
ൌ ݁ି஻௜ሺி௢ሻ	 (17)	

in	which	T	is	the	temperature	at	time	t,	To	the	temperature	at	time	t=0,	and	 ∞ܶ	the	tem‐

perature	at	infinite	time,	and	Fourier	and	Biot	numbers	are	defined	as,	

݅ܤ ൌ ௛	௅೎
್
,	and		݋ܨ ൌ ఈ௧

௅మ
	 (18)	

where	h	is	the	convective	heat	transfer	coefficient,	b	is	the	thermal	conductivity	of	the	

body,	Lc	is	the	characteristic	length	defined	as	the	volume	of	the	body	divided	by	its	sur‐

face	area	 (V/A),		 is	 the	 thermal	diffusivity,	 t	 the	characteristic	 time,	and	L	 the	 length	

through	which	conduction	occurs.	

For	the	actual	operating	conditions	it	is	obtained	that	the	Fourier	number	ranges	from	

1.7	 to	 40,	 and	 the	 temperature	 ratio	 ቀ ்ି ∞்

೚்ି ∞்
ቁ	 varies	 from	0.852	 to	 0.999.	 So,	 it	 is	 con‐

firmed	that	for	the	range	of	air	cooling	flow	rate	needed	to	keep	the	stack	temperature	at	

160C,	the	steady	state	is	reached.	

The	temperature	difference	of	the	air	flow	between	inlet	and	outlet	for	this	air	cooling	

thickness	 is	 depicted	 in	 Fig.	 9	 as	 a	 function	 of	 flying	 altitudes.	 As	 can	 be	 observed,	 it	

changes	from	13.9	K	at	sea	level	to	only	21.3	K	at	the	service	ceiling	(10	km).	It	was	also	

obtained	that	for	this	thickness,	16	mm,	the	power	consumption	ranges	from	9	W	at	sea	

level	to	less	than	18	W	at	the	service	ceiling	(see	Fig.	6).	This	value	represents	an	extra	
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power	lower	than	2.75%,	which	can	be	easily	assumed	by	the	HT‐PEMFC	stack.	

	

Figure	9.	Temperature	difference	for	the	air	cooling	thickness	of	16	mm	as	a	function	of	

the	flying	altitude	

	

In	Table	1,	 the	velocity	of	 the	air	cooling	 flow	for	 the	thickness	of	16	mm	for	different	

flying	altitudes	is	compared	with	the	stall	velocity	of	the	UAV	during	the	ascending	flight.	

Considering	that	the	UAV	has	to	ascend	at	least	at	the	stall	velocity,	the	aircraft	velocity	

at	any	flying	altitude	is	always	higher	than	that	needed	for	cooling	purposes.	So,	a	pas‐

sive	 cooling	 system	 can	 be	 used	 to	 cool	 the	 stack	 down	 to	 the	 working	 temperature	

(160°C),	employing	the	velocity	induced	by	the	UAV	when	flying.	

	

Velocity	

(m/s)	

Flying	altitude	(m)	

0	 2000	 4000	 6000	 8000	 10000	

UAV	(stall)	 20.56	 22.68	 25.15	 28.02	 31.41	 35.43	

Coolant	 4.06	 4.45	 4.98	 5.70	 6.65	 7.95	

Table	1.	Velocities	of	the	UAV	and	the	air	cooling	flow	at	different	flying	altitudes	for	the	

air	cooling	thickness	of	16	mm	

	

A	sketch	of	the	passive	cooling	system	considered	is	shown	in	Fig.	10.	In	this	case,	a	new	

glass‐fiber	 fuselage	(A)	with	an	 inner	diameter	of	240	mm	and	2	mm	thick	will	be	ac‐

cordingly	modified.	The	stack	will	be	placed	inside	a	glass‐fiber	reservoir	with	an	inter‐

nal	rectangular	cross‐section	of	(115x203)	mm2	and	a	wall	thickness	of	2	mm,	similar	to	
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the	small	wind	tunnel	tested	in	[29].	The	resulting	"external"	jacket	(C)	between	the	res‐

ervoir	and	the	inner	wall	of	the	fuselage	will	be	filled	with	insulating	foam.	The	air	will	

flow	surrounding	the	stack	into	the	reservoir	by	a	circuit	formed	by	two	inlet	ducts	(D)	

with	a	diameter	of	75	mm	connected	to	the	lateral	of	the	fuselage,	and	an	exit	port	(E)	

opened	at	the	tail	zone	with	a	diameter	of	107	mm.	With	this	decision	the	crossectional	

area	of	both	inlet	ducts	and	exit	port	is	the	same	as	that	of	the	cooling	area	surrounding	

the	 stack,	 keping	 constant	 the	 air	 velocity	 for	 the	maximum	air	 flow.	The	 system	also	

includes	movable	valves	placed	at	the	inlet	ducts	(F)	and	a	sliding	cone	(G)	located	at	the	

exit	ports.	The	opening	area	of	the	valves	and	sliding	cone	that	regulates	the	amount	of	

air	flowing	around	the	stack	will	be	controlled	by	the	measured	stack	temperature.	

	

Figure	10.	Scheme	of	the	modified	fuselage	in	order	to	include	the	stack	and	the	passive	

air	cooling	system	

	

5.	Conclusions	

The	optimal	design	of	a	lightweight	HT‐PEMFC	stack	that	will	be	used	to	power	an	UAV	

for	 a	 high	 altitude	mission	 of	 10	 km	 has	 been	 performed.	 By	 using	monopolar	 plates	

manufactured	in	very	thin	aluminum	sheets	the	weight	of	the	stack	has	been	reduced	to	

only	3.65	kg.	So,	the	maximum	specific	power	of	the	stack	is	about	301.4	W	kg‐1,	and	the	

resulting	specific	energy	of	the	HT‐PEMFC	fuel	cell‐based	powertrain	 is	267.4	Wh	kg‐1,	

similar	to	modern	Li‐ion	rechargeable	batteries.	Considering	the	consumption	of	hydro‐

gen	 for	 the	nominal	operating	point,	 the	expected	 range	of	 the	 flight	will	be	around	2	

hours	using	a	L45X	composite	cylinder	from	Luxfer	Co.	

Simultaneously,	a	practical	passive	cooling	system	has	been	designed	in	order	to	main‐

tain	 the	stack	 temperature	 in	 the	recommended	value	(160C)	during	 the	whole	 flight	

with	minimum	power	consumption.	This	strategy	 implies	 that	 the	stack	will	be	cooled	

down	discarding	the	use	of	compact	axial	fans,	and	complying	with	the	stringent	space	
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and	weight	limitations	imposed	by	this	application.	It	is	formed	by	a	thermally‐insulated	

reservoir	where	the	stack	will	be	placed,	which	is	connected	to	the	fuselage	by	two	inlet	

ducts	with	movable	valves,	and	a	sliding	cone	placed	at	the	exit	port	at	the	tail	zone.	The	

opening	 area	 of	 the	 valves	 and	 sliding	 cone	 that	 regulates	 the	 amount	 of	 air	 flowing	

around	the	stack	will	be	controlled	by	the	actual	measured	stack	temperature.	For	the	

selected	air	cooling	thickness	(16	mm)	a	very	low	power	consumption	ranging	from	9	W	

at	sea	level	to	less	than	18	W	at	the	service	ceiling	(10	km)	has	been	calculated.	This	val‐

ue	represents	an	extra	power	for	the	HT‐PEMFC	stack	less	than	2.75%.	
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