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Abstract  

In  response  to  the  increased  demand  for  aircraft  electrification  and  growing  interest  in  fuel               

cell  technology,  a  comprehensive  study  has  been  carried  out  to  assess  the  suitability  of  fuel                

cells  for  a  range  of  aircraft.  Fuel  cell  systems,  whether  they  are  fuelled  by  gaseous  hydrogen                 

or  a  liquid  alcohol  must  always  be  treated  as  a  ‘system  of  systems’  and  comprise  four  well                  

defined,   interlinked   subsystems:   fuel   cell   stack,   fuel,   oxidant   and   thermal   management.   

The  key  objectives  of  this  work  were  to:  define  a  methodology  to  predict  the  electrical                

requirements,  propulsive  or  otherwise  of  any  aircraft  based  on  the  highest  level  design              

information;  critically  analyse  existing  fuel  cell  technologies  and  down-select  to  two            

technologies;  assess  the  required  system  of  systems  for  the  down-selected  fuel  cell             

technologies;  and  produce  and  evaluate  a  dynamic  fuel  cell  system  sizing  model  to  assist               

aircraft   designers   during   an   aircraft's   preliminary   design   phase.   

Fifteen  aircraft  categories  have  been  defined  based  on  the  aircrafts  primary  function  and              

propulsion  method.  A  model  was  then  developed  which  can  predict  the  electrical  generation              

capability  and  propulsive  requirements.  Validating  the  categorisation  model  against  real           

aircraft  data  showed  a  good  correlation  between  the  real  and  modelled  data.  Generally,  an               

error  of  less  than  5%  was  obtained  by  the  model.  The  output  of  this  model  was  used  in  the                    

sizing   of   an   appropriate   fuel   cell   system.   

A  unique  challenge  to  the  integration  of  fuel  cell  systems  in  aircraft,  the  atmosphere  was                

investigated.  Three  atmospheric  models  were  presented  and  their  usefulness  discussed.  The            

challenges  to  fuel  cell  system  design  are  primarily  ambient  temperature  and  total  pressure  at               

altitude.  In  the  field  of  electrochemistry  it  is  usual  to  denote  the  partial  pressure  of  oxygen  in                  

the  cathode  stream  as  a  limiting  factor.  In  reality,  it  is  a  combination  of  both  the  concentration                  

of  oxygen  and  the  total  pressure  that  influence  performance.  This  important  distinction  is              

made   as   these   variables   can   be   controlled   independently.   
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Six  commercially  available  fuel  cell  technologies  were  reviewed  for  use  in  aeronautical             

applications.  Hydrogen  fed  polymer  electrolyte  membrane  and  liquid  fed  direct  methanol  fuel             

cells  were  down-selected  for  further  study.  For  each  technology,  an  experimentally  validated             

fuel  cell  stack  model  was  created  to  describe  the  electrochemical  reactions  between  their              

fuels   and   oxygen.   

Different  storage  methodologies  for  molecular  hydrogen,  methanol  and  molecular  oxygen           

were  compared  and  optimum  solutions  in  terms  of  storage  efficiency  were  deduced  based  on               

aircraft  mission  length.  A  case  study  was  carried  out  to  investigate  the  system  mass  variation                

with  altitude.  Key  variables  included  the  performance  derating  of  the  fuel  cell  as  well  as  the                 

choice  of  either  a  compressor  based  air-breathing  design  or  an  air-independent  alternative.  It              

was   found   that   an   air-breathing   solution   is   preferable   for   longer   mission   durations.   

Primary  thermal  management  strategies  were  compared  for  both  fuel  cell  technologies.  For             

hydrogen  fed  fuel  cells  the  choice  between  air-cooling  and  liquid-cooling  is  based  on  the  heat                

generation  rate  of  the  fuel  cell.  If  the  heat  generation  rate  is  less  than  4  kW,  an  air-cooling                   

strategy  offers  both  system  mass  and  volume  benefits.  For  higher  power  systems,             

liquid-cooling  should  be  used.  Direct  methanol  fuel  cells  were  shown  to  offer  reduced  system               

complexity  from  a  thermal  management  perspective  as  the  heat  can  be  rejected  to  the  unused                

fuel   solution   in   the   exhaust.   

Four  primary  submodels,  each  representing  a  subsystem  of  the  overall  fuel  cell  system,  were               

combined  into  a  single,  dual  function  dynamic  fuel  cell  sizing  model.  The  first  function  of                

this  model  was  to  physically  size  a  fuel  cell  system  based  on  primary  design  information  and                 

a  flight  profile.  Secondary  functionality  was  a  dynamic  representation  of  the  fuel  cell  system               

response  to  the  input  current  and  altitude  profiles.  Case  studies  were  carried  out  using  the                

model   Skywalker   X8   and   General   Atomics   MQ-1   Predator   aircraft.     
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Chapter   1 Introduction  

1.1 Motivations  

Aircraft  electrification  is  seen  as  the  primary  driving  force  towards  the  goal  of  significantly               

reducing  aviation  industry  greenhouse  gas  emissions  by  2050  [1-4].  Military  applications            

would  also  benefit  from  increased  aircraft  electrification  as  the  inherent  reduction  of  both              

acoustic   and   thermal   emissions   would   improve   an   aircraft's   stealth.   

A  tool  to  quickly  and  easily  predict  the  electrical  generation  capacity  of  existing  aircraft  has                

been  identified  as  missing  from  the  current  literature.  The  use  of  such  a  tool  would  enable  the                  

requirements  of  electrical  power  generation  systems  to  be  defined  early  in  the  system  design               

stage.  Indeed,  the  need  for  power  system  flexibility  has  been  identified  as  a  primary  design                

parameter   in   the   BAE   Systems   Tempest   programme   [5].   

Traditionally,  increased  electrification  of  systems  is  realised  through  the  use  of  batteries.  Fuel              

cell  systems  have  been  widely  reported  to  offer  significant  advantages  over  batteries  [6-11]  in               

particular  in  the  area  of  energy  storage  density  [6].  However,  the  use  of  hydrogen  as  an                 

energy  carrier  can  present  a  challenge  due  to  the  chemical  properties  of  the  molecule  [12-14].                

One  potential  solution  is  to  use  a  liquid  energy  carrier  such  as  methanol.  A  system  of  systems                  

comparison  between  the  two  technologies  would  provide  interesting  insights  into  the  problem             

and   potential   solution.   

Fuel  cell  modelling  efforts  centred  around  detailed  electrochemical  principles  are  the  focus  of              

a  majority  of  existing  literature  [15-25].  Additionally,  research  has  focused  on  modelling  the              

thermodynamics  of  fuel  cells  [26,27]  and  their  transient  response  under  various  operating             

conditions  [28-31].  This  work  will  differ  from  the  masses  as  it  will  focus  on  the  challenges                 

associated  with  the  fuel  cell  system.  These  challenges  can  be  grouped  into  those  associated               

with  each  subsystem  in  the  overall  system:  fuel  cell  stack,  fuel  storage  and  delivery,  oxidant                

and   thermal   management.   
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The  reduction  of  harmful  emissions  from  the  aviation  sector,  a  key  motivation  of  this  work  is                  

shared  by  a  large  European  Consortium  Joint  Undertaking  who  published  a  report  at  the  end                 

of  2020  [1].  This  report  gives  an  excellent  high-level  overview  of  the  economics  and  climate                 

impact  associated  with  the  integration  of  hydrogen  technologies  in  aviation.  The  work              

presented  in  this  Thesis  offers  additional  insight  into  this  field  through  the  development  of                

novel   modelling   techniques   for   fuel   cell   powered   more   electric   aircraft.   

1.2 Current   Research   Aim   and   Objectives   

The   aim   of   this   study   was   to:  

Explore   the   applicability   and   limitations   of   utilising   fuel   cells   for   the   purpose   of    aircraft   

electrification   

The   key   objectives   of   this   study   were   to:   

1. Define  a  methodology  to  predict  the  electrical  requirements,  propulsive  or  auxiliary  of              

any   aircraft   based   on   the   highest   level   design   information.   

2. Critically  analyse  existing  fuel  cell  technologies  and  down-select  to  two  technologies.             

Assess  the  required  balance  of  plant  necessary  for  a  complete  system  of  systems  for                

the   down-selected   fuel   cell   technologies.   

3. Produce  and  evaluate  a  dynamic  fuel  cell  system  of  systems  sizing  model  to  assist                

aircraft   designers   during   an   aircraft's   preliminary   design   phase.   

1.3 Knowledge   Contribution   

A  validated  aircraft  characterisation  model  based  on  a  unique  database  of  519  current  (as  of                 

2020)  commercial  aircraft  has  been  created  and  published  [32].  The  model  enables  the               

prediction  of  an  aircraft’s  electrical  generation  capability  or  propulsive  requirements  using             

readily   available,   high-level   aircraft   design   information.   

A  system  of  systems  analysis  model  was  created,  presented  and  published  which  compared               

Polymer  Electrolyte  Membrane  (PEMFC)  and  Direct  Methanol  Fuel  Cell  (DMFC)            

technologies  directly  [33].  Although  the  focus  of  this  publication  was  the  automotive  market,               

the   same   approach   was   applied   to   aircraft   during   this   Thesis.   
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To  the  authors'  knowledge  this  work  represents  one  of  the  first  documented  fuel  cell  system                 

models  to  use  a  ‘system  of  systems’  approach,  account  for  altitude  effects  on  system  design                 

and   be   suitable   for   different   aircraft   types   and   mission   requirements.   

1.4 Thesis   Outline   

This  Thesis  is  written  using  a  paper-style  format  where  each  of  the  Chapters  has  been                

designed  as  a  stand-alone  item  to  aid  ease  of  reading  whilst  contributing  to  the  aim  and                  

objectives.   

Chapter  2  discusses  the  need  for  increased  aircraft  electrification  and  details  the  work               

carried   out   and   results   produced   from   the   aircraft   electrical   characterisation   model.   

Chapter  3  provides  detailed  information  on  various  fuel  cell  types  and  the  reasoning  behind                

the  downselection  of  polymer  electrolyte  membrane  and  direct  methanol  fuel  cell             

technologies.   

Chapter  4  covers  the  creation  of  a  fuel  cell  potential  equation  which  accounts  for  variations                 

in   electrical   potential   as   a   result   of    pressure,   fluid   concentration   and   temperature.   

Chapter  5  compares  and  contrasts  different  fuel  storage  systems  for  both  molecular              

hydrogen  and  liquid  methanol.  Optimum  solutions  in  terms  of  specific  energy  and  energy               

density   are   determined   for   each   fuel   type.   

Chapter  6  introduces  the  concepts  of  air-breathing,  air-independant  and  hybrid  designs  for              

fuel   cell   oxidant   systems.   

Chapter  7  discusses  the  four  main  thermal  management  strategies  for  fuel  cells  along  with                

their   typical   applications   and   potential   limitations.   

Chapter  8  provides  a  summary  of  the  previous  chapters’  contributions  to  the  overall  dynamic                

system  of  systems  fuel  cell  model.  Case  studies  are  then  carried  out  on  a  range  of  aircraft  to                    

demonstrate   the   applicability   of   the   model.   
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Chapter   2 More   Electric   Aircraft   
  

  

2.1 The   Need   for   Electrification   

Several  factors  are  driving  the  rapid  increase  in  aircraft  electrification  and  popularity  of  more                

electric  aircraft  such  as  the  Boeing  787.  The  main  driving  factor  for  the  whole  aviation                 

industry  is  the  pressure  to  significantly  reduce  harmful  emissions  by  2050  [1,2].  The               

importance  of  reducing  the  anthropogenic  effects  on  climate  change  was  demonstrated  in              

2015   by   the   signing   of   the   Paris   Agreement   by   nearly   200   countries   [3].   

When  looking  at  military  aviation  specifically,  the  operational  environmental  impact,            

although  still  important,  is  not  the  key  factor  driving  the  move  to  increased  electrification.                

The  use  of  increased  electrification  (or  total  electrification)  has  the  potential  to  reduce  the                

observability   (both   acoustic   and   thermal)   of   the   aircraft.   

The  primary  sources  of  both  acoustic  and  thermal  emissions  from  aircraft  are  concentrated               

around  the  motive  power  plant.  Acoustic  emissions  are  most  evident  from  the  movement  of                

air  by  the  propulsor,  either  propeller  or  fan  and  the  engine  exhaust.  Thermal  emissions  are                 

primarily  associated  with  the  engine  exhaust  and  can  reach  over  650  ℃  [4].  Both  emissions                 

can   be   reduced   through   increased   electrification   by   two   means:   

1. Engine  downsizing,  as  a  result  of  demands  being  taken  away  from  the  gas  turbine                

engine  and  being  given  to  an  alternative,  low-temperature  power  source.  This  would              

result   in   a   more   electric   aircraft.   

2. Engine  replacement,  using  an  electrically  driven  propeller.  This  is  likely  to  be              

combined  with  a  reduction  in  aircraft  size  and  speed  requirements.  Hypothetically,             

this  could  be  an  ideal  scenario  for  a  surveillance  High-Altitude  Long-Endurance             

(HALE)  Unmanned  Aerial  Vehicle  (UAV).  The  result  of  this  scenario  would  be  a  fully                

electric  aircraft.  This  aircraft  type  can  also  be  defined  as  one  with  no  on-board                

internal   combustion   power   source.   
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The  main  bulk  of  this  Thesis  will  be  centered  around  the  use  of  low-temperature  fuel  cells  as                   

an  alternative  electrical  power  provider  onboard  more-electric  and  fully-electric  aircraft.  In             

advance  of  this  discussion  a  grounding  must  first  be  set  by  looking  at  the  existing  electrical                  

generation   methods   and   how   to   predict   required   capacity.   

2.2 Aircraft   Electrical   Power   

In  modern  aircraft,  a  majority  of  electrical  power  produced  onboard  is  done  so  using  rotating                 

machines.  Typically  these  are  driven  mechanically  from  the  powerplant  or  Auxiliary  Power              

Unit  (APU)  or  motored  by  the  freestream  airflow  around  the  aircraft  in  the  case  of  emergency                  

Ram  Air  Turbines  (RAT).  Currently,  the  state  of  the  art  power  density  for  an  engine  driven                  

starter-generator   unit   coupled   with   the   necessary   power   conversion   unit   is   500   W/kg   [5].   

As  the  trend  towards  more-electric  and  eventually  all-electric  aircraft,  other  conventional             

secondary  power  systems  such  as  pneumatic,  hydraulic  and  mechanical  will  need  to  be               

converted  to  either  electrically  supported  or  fully  electric  systems.  Currently,  these  secondary              

power  systems  along  with  existing  electrical  systems  account  for  approximately  5%  of  the               

total  flight  fuel  burn  [6].  Therefore,  any  efficiency  increase  associated  with  the  change  from                

traditional   secondary   systems   to   electrified   systems   will   lead   to   operational   cost   savings.   

A  tool  to  quickly  and  easily  predict  the  electrical  generation  capacity  of  existing  aircraft  is                 

missing  from  the  current  literature.  The  understanding  which  could  be  gained  by  someone               

using  such  a  tool  would  greatly  help  with  the  first  step  in  designing  alternative  electrical                 

generation  methods  such  as  fuel  cell  systems.  This  section  will  centre  on  a  piece  of  work                  

published  as  an  SAE  Technical  Paper  at  the  SAE  Aerotech  International  Congress  and               

Exhibition  2017  [7]  which  details  the  categorisation  of  aircraft  for  the  purpose  of  electrical                

generation   capacity   prediction.   
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2.2.1 Aircraft   Categorisation   

It  was  hypothesised  that  it  is  possible  to  relate  the  electrical  generation  capability  of  an                 

aircraft  to  basic  design  parameters.  The  first  step  in  proving  this  was  collating  data  for  519                  

aircraft  for  categorisation  [8-18].  The  sources  used  for  the  collation  of  this  dataset  were                

deemed  highly  reliable.  Five  [8-12]  were  from  the  Jane’s  series  of  aircraft  reference  books,                

three  [13-15]  were  aircraft  training  manuals  and  the  final  three  [16-18]  were  direct  references                

from   manufacturers'   websites.   

These  aircraft  were  categorised  using  a  two-step  method.  Initially,  11  categories  were  defined               

based  on  an  aircraft’s  primary  role  and  easily  distinguishable  physical  characteristics.  These              

categories  are  summarised  in  Table  2.1.  Each  category  was  further  subdivided  based  on  its                

propulsion  method  into  those  propelled  by  a  propeller  and  those  propelled  by  a  jet  derived                 

engine.   This   gave   a   total   of   15   sub-categories   for   the   model   to   be   based   on.   
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Table   2.1:   Aircraft   category   definitions   and   number   included   in   study   

Aircraft   Category  Key   Characteristics   Number   In  
Dataset   

Fuel   cell   
(propeller)   

Primary  power  source  must  be  a  fuel  cell.  The  aircraft            
can   be   either   manned   or   unmanned.   

6   

All-electric   
(propeller)   

Propulsion  must  be  provided  by  an  electric  motor  and           
electricity   must   not   be   supplied   by   a   fuel   cell.   

9   

Unmanned   
(propeller)   

Any  fixed  wing  aircraft  which  is  either  remotely          
piloted  or  autonomously  controlled  and  is  not  all          
electric   or   fuel   cell.   

29   

Bomber   and   
surveillance   
(propeller)   

Aircraft  designed  for  the  primary  role  of  dropping          
ordinance   or   performing   surveillance.   

20   

Fighter   and   trainer   
(jet)   

A  manned  aircraft,  primary  role  as  a  military  fighter  or            
trainer.  These  aircraft  typically  have  a  high  thrust  to           
weight   ratio   

35   

Fighter   and   trainer   
(propeller)   

15   

Transport   (jet)   Typically,  a  military  aircraft  for  transporting  personnel.         
Aircraft  in  this  category  generally  have  Maximum         
Take-Off   Weight   (MTOW)   greater   than   100,000   kg.   

9   

Transport   
(propeller)   

21   

Airliner   and   
freighter   (jet)   

Typically,   large   multi-engine   aircraft.   43   

Airliner   and   
freighter   
(propeller)   

5   

Business   
(jet)   

An  aircraft  typically  designed  for  transporting  small         
groups  of  people.  This  category  also  includes         
privatised   versions   of   larger   aircraft.   

56   

Business   
(propeller)   

9   

Utility   Typically,  a  small,  general-purpose  aircraft  for        
transporting   people   or   freight.   

49   

Amphibian   More  specialised  aircraft  designed  to  take-off  from  and          
land   on   water.   

30   

Lightplane   Any  aircraft  that  does  not  fit  into  another  category  and            
has   a   MTOW   less   than   3,500   kg.   

183   
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2.2.2 UAV   Classifications   

Unmanned  Aerial  Vehicles  (UAV)  are  defined  by  the  UK  Ministry  of  Defence  (MoD)  as  “an                 

aircraft  that  does  not  carry  a  human  operator,  is  operated  remotely  using  varying  levels  of                 

automated  functions,  is  normally  recoverable,  and  can  carry  a  lethal  or  non-lethal  payload”               

[19].  They  are  a  component  of  an  Unmanned  Aerial  Systems  (UAS)  which  also  includes  the                 

ground   control   elements   required   for   operation.   

Unmanned  aerial  vehicles  are  generally  expected  to  replace  a  majority  of  military  manned               

aircraft  operations  in  the  near  future  [19].  Their  adoption  into  the  UK  military  core  equipment                 

programme  has  been  accelerated  over  the  last  five  years  [20],  supported  by  the  highest  level                 

of  government.  Both  the  Prime  Minister  and  Deputy  Prime  Minister  noted  in  2010  that  “The                 

fast  jet  fleet  will  be  complemented  by  a  growing  fleet  of  Unmanned  Air  Vehicles  in  both                  

combat   and   reconnaissance   roles”   [21].   

If  UAVs  are  to  truly  serve  a  variety  of  functions  in  the  future  of  military  aviation,  then  there                    

will  need  to  be  as  much  variety  in  size  and  operational  capability  as  there  is  in  the  realm  of                     

conventional,  manned  aircraft.  Indeed,  the  classification  of  UAVs  is  non-trivial  due  to  their               

diverse  range  of  capabilities  and  sizes.  However,  the  MoD  has  developed  a  rather  elegant                

methodology  which  classifies  UAVs  into  three  groups  based  on  their  gross  take-off  weight               

and  further  subdivides  based  on  primary  function  and  normal  operating  altitude.  A  condensed               

version  of  the  information  contained  within  Joint  Doctrine  Note  2/11  [19]  is  shown  in  Table                 

2.2.   

  

  

  

  

  

  

  



12   

Table   2.2:   Condensed   guide   to   unmanned   aerial   vehicle   classification   [19]   

  

2.2.3 Trend   Generation   

For  each  sub-category,  with  UAVs  assumed  to  be  of  a  single  classification,  the  Maximum                

Take-Off  Weight  (MTOW)  was  related  to  either  the  propulsive  power  or  maximum  thrust               

produced  by  the  aircraft.  This  provided  a  good  correlation  as  expected  from  the  form  of  the                  

standard  aircraft  thrust  and  power  equations  (Equation  2.1  and  2.2)  which  directly  relate  the                

thrust  or  power  required  to  aircraft  weight  for  straight  and  level  flight  [22].  These  equations                 

are  included  here  for  the  reader's  reference.  All  modelling  carried  out  as  part  of  this  study                  

utilised   the   generated   empirical   relationships.   

  

  

  

Classification   Category   Normal   Operating   
Altitude   

Example   Platforms   

Class   I    
<   150   kg   

MICRO   <   2   kg   <   200   ft   Black   Widow   

MINI   2-20   kg   <   3,000   ft   Scan   Eagle,   Raven   

SMALL   20-150   kg   <   5,000   ft   Hermes   90,   Luna   

Class   II   
150-600   kg   

TACTICAL   <   10,000   ft   Aerostar,   
Watchkeeper   

Class   III   
>    600   kg   

Medium-Altitude   
Long-Endurance   (MALE)   

<   45,000   ft   Heron,   Reaper   

High-Altitude   
Long-Endurance   (HALE)   

<   65,000   ft   Global   Hawk  

STRIKE   /   COMBAT   <   65,000   ft   N/A   

 ρ v SCF T R = D = 2
1

∞
2
∞ d = W

C Cl/ d
 (2.1)  

 v vP R = F T R ∞ = D ∞ = W
C Cl/ d

• v∞  (2.2)  
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Where:   

Changes  in  MTOW  were  also  found  to  correlate  well  with  the  electrical  generation  capability                

of  each  of  the  aircraft.  The  electrical  generation  capability  of  an  aircraft  was  defined  as  the                  

total   capacity   of   all   engine   mounted   generators   as   well   as   any   capability   provided   by   an   APU.   

Each  relationship  was  refined  systematically  by  curve  fitting  raw  aircraft  data  using  the  least                

squares  method  to  obtain  a  minimum   value.  When  considering  trendline  options  in  Excel,        R2         

the  focus  was  on  linear  and  polynomial  types  as  exponential  and  power  lines  lead  to  an                  

inaccurate   Coefficient   of   Determination     [23].  R2  

When  considering  the  regression  analysis  carried  out  by  Excel,   can  have  a  value  between           R2       

zero  and  one.  The  larger  the  value  of   the  smaller  the  residual  sum  of  squares  and          R2          

therefore  the  better  fit  the  trendline  is  to  the  data  [24].  In  some  cases,  the  researched  dataset                   

limits  the  reliability  of  the  empirical  relationships.  This  is  because  for  some  aircraft               

categories  the  number  of  aircraft  in  each  MTOW  range  are  not  evenly  distributed.  This  can                 

cause   some   empirical   relationships   to   be   sensitive   to   one   or   two   of   the   included   data   points.   

Figure  2.1  shows  the  refined  relationships  for  existing  propeller  driven  bomber  and              

surveillance  aircraft.  All  of  the  aircraft  included  in  this  trend  are  propelled  using  propellers,                

either  by  a  piston  engine  or  turboprop.  The  refined  correlations  for  both  the  propulsive  power                 

 Cd  -   Total   drag   coefficient   

 C l  -   Lift   coefficient   

 D  -   Drag   (N)   

F T R -   Thrust   force   required   (N)   

 P R  -   Power   required   (W)   

 S  -   Wing   area   (m 2 )   

 v∞  -   Free   stream   air   velocity   (m/s)   

 W  -   Aircraft   weight   (N)   

 ρ∞  -   Free   stream   air   density   (kg/m 3 )   
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change  with  MTOW  and  on-board  electrical  generation  with  MTOW  show  an  excellent  fit               

with   the   collected   real   aircraft   data.   Calculated   fits   and   R 2    values   are   shown   in   Table   2.3.   

  

Figure  2.1:  Refined  correlations  for  existing  propeller  driven  bomber  and  surveillance             

aircraft   

Table   2.3:   Fits   and   R 2    values   for   correlations   from   Figure   2.1   

  

Figure  2.2  shows  the  refined  correlations  for  existing  fuel  cell  powered  aircraft.  All  the                

aircraft  used  in  the  construction  of  this  chart  were  propelled  by  a  propeller  attached  to  an                  

electric  motor.  The  correlations  for  the  six  existing  fuel  cell  aircraft  are  exceptional.               

However,  the  limited  amount  of  data  available  for  these  aircraft  may  be  skewing  the  results.                 

Plot   Fitted   Correlation   (u   =   MTOW)   R 2   

Propulsive   power    E u E u E u .14E uP = 1 13− 4 − 5 9− 3 + 6 5− 2 + 3 2−  0.93   

Electrical   generation    E u E u .4E uP = 5 11− 3 − 1 6− 2 + 8 3−  0.98   
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Calculated  fits  and  R 2  values  are  shown  in  Table  2.4.  Appendix  2  contains  the  additional  13                  

refined   correlations.   

  

Figure   2.2:   Refined   correlations   for   existing   fuel   cell   powered   aircraft   

Table   2.4:   Fits   and   R 2    values   for   correlations   from   Figure   2.2   

  

2.2.4 Results   

Outputs  from  the  aircraft  categorisation  model  were  compared  with  real  data  for  a  selection                

of  production  aircraft  which  were  excluded  from  the  trend  generation.  A  range  of  categories                

were  used  for  validation  as  each  is  based  on  different  relationships.  Validation  results  are                

shown   in   Table   2.5.   

Plot   Fitted   Correlation   (u   =   MTOW)   R 2   

Propulsive   power    E u .37E uP = 2 5− 2 + 2 2−  1.0   

Electrical   generation    E u .07E uP =  − 4 7− 2 + 3 2−  1.0   
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Table   2.5:   Model   results   for   aircraft   electrical   generation   prediction   

  

The  results  from  the  validation  show  a  good  correlation  between  the  real  and  modelled  data.                 

Generally,  an  error  of  less  than  5%  was  obtained  by  the  model.  Certain  instances  were  higher                  

than   this   cut-off.   This   occurs   in   cases   where   a   category   consists   of   a   small   dataset.   

Additional  application  of  the  model  can  be  made  to  hypothetical  aircraft  to  provide  a                

preliminary  estimation  of  the  power  required,  with  propulsive  or  auxiliary.  For  a  small  Class  I                 

UAV  with  a  MTOW  of  150  kg,  a  fuel  cell  with  a  power  output  of  18  kW  would  be  required  to                       

provide  propulsive  duties.  Alternatively,  a  business  jet  requiring  fuel  cell  auxiliary  power  and               

with   a   MTOW   of   50   tonnes   would   require   an   87   kW   fuel   cell   system.   

2.3 Aircraft   Specific   Considerations   

In  comparison  to  both  the  automotive  and  marine  industries,  there  are  several  aircraft-specific               

considerations  that  directly  impact  the  design  of  alternative  electricity  generation  systems.             

Specifically,  these  can  be  grouped  into  two  main  sections.  The  first  being  the  extreme                

operating  environment  associated  with  altitude  and  the  second  being  increased  packaging             

constraints,  including  more  stringent  requirements  for  physical  size  and  mass.  In  this  section               

Aircraft   Electrical   Generation   Capability   Prediction   

Real   Model   Error  

Lockheed   Martin   F-35B   
(fighter   &   trainer)   

60   kW   58   kW   3.3%   

Airbus   A400M   
(transport)   

225   kW   226   kW   0.4%   

Reims   F406   
(utility)   

7   kW   6.6   kW   6.3%   

Aviat   Husky   A-1   
(lightplane)   

0.98   kW   0.96   kW   2.0%   
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design  consideration  will  be  introduced  and  the  implications  on  the  system  discussed.  This               

will   be   expanded   into   specific   effects   on   performance   in   later   chapters.   

2.3.1 Operating   Environment   

During  operation,  aircraft  operate  at  an  elevated  altitude.  This  can  range  from  just  above                

sea-level  for  small  remotely  operated  UAV  to  in  excess  of  60,000  ft  (18,290  m),  the  certified                  

altitude  for  a  Northrop  Grumman  RQ-4B  Global  Hawk  [12].  As  altitude  increases  the               

properties  of  air  change.  Of  primary  concern  to  the  design  of  a  fuel  cell  system  are  the                   

temperature  and  pressure  of  the  air.  Another  important  parameter  which  must  be  considered  if                

an  air  compressor  is  required  is  the  density  of  the  air.  This  can  be  found  from  the  modified                    

ideal   gas   equation   shown   in   Equation   2.3.   

Where:   

When  considering  how  the  mean  air  temperature  and  pressure  change  with  increasing              

altitude,  the  first  place  people  turn  to  for  information  is  the  International  Standard               

Atmosphere  (ISA)  [25].  For  the  majority  of  the  world  land  mass  the  data  contained  in  the  ISA                   

is  good  to  use.  However,  there  are  regions  which  have  mean  average  temperatures  either                

substantially  higher  or  lower  than  those  included  in  the  ISA.  One  of  the  common  standards                 

used  for  defining  the  locations  of  the  “hot”  and  “cold”  regions  is  shown  in  Figure  2.3,  taken                   

from   MIL-STD-210C,   contained   within   MIL-HDK-310   [26].   

  pair
T air

= ϱair
R

M air
 (2.3)  

M air -   Molecular   mass   of   air   (28.96   g/mol)   

pair  -   Air   pressure   (Pa)   

 R  -   Universal   gas   constant   (8.314   J/molK)   

T air -   Air   temperature   (K)   

ρair  -   Air   density   (kg/m 3 )   
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Figure   2.3:   Location   of   Climatic   Regional   Types   for   the   Land   Areas   of   the   World   [26]   

Using  Figure  2.3  as  a  reference,  “Basic”  type  land  areas  are  suitably  covered  by  the  data                  

contained  within  the  ISA  [25].  Data  for  “Hot”  type  land  areas  was  taken  from  Table  5.3.1.1.2                  

and  for  “Cold”  type  land  areas,  Table  5.3.1.2.2  both  from  MIL-HDBK-310  [26].  Both  sets  of                 

data  provide  temperatures  expected  1%  of  the  time  which  suitably  covers  the  requirement  of                

any  system  to  cope  with  extreme  environments.  All  three  plots  of  temperature  variation  with                

altitude   are   included   in   Figure   2.4.   

As  mentioned  earlier,  in  addition  to  the  variation  in  air  temperature,  the  variation  in  air                 

pressure  with  increasing  altitude  is  also  of  crucial  importance  to  the  design  of  a  fuel  cell                  

system  for  an  aircraft.  This  is  because  air  compressor  performance  is  directly  related  to  the                 

pressure   and   temperature   of   the   inlet   air.   

Unlike  temperature,  the  three  atmospheric  models  (ISA,  MIL-HDBK-310  Hot  and            

MIL-HDBK-310  Cold)  all  show  the  same  mean  air  pressure  variation  with  increasing              

altitude.   Figure   2.5   shows   the   variation   of   pressure   with   altitude.   



19   

  

Figure  2.4:  Temperature  variation  with  altitude  based  on  the  International  Standard             

Atmosphere   [25]   and   MIL-HDBK-310   [26]   

  

Figure   2.5:   Pressure   variation   with   altitude   [25,26]   
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2.3.2 System   Packaging   

The  term  “system  packaging”  can  be  divided  into  three  key  elements:  mass,  size  (volume)                

and  subsystem  arrangement.  Unlike  many  other  industries,  such  as  the  automotive  and              

marine  sectors,  in  the  aeronautical  environment,  all  three  of  these  elements  are  mission               

critical.   

This  Thesis  will  cover  the  optimisation  of  system  mass  and  volume  for  different               

arrangements  of  fuel  cell  technology.  The  specific  arrangement  of  the  subsystems  or              

components  are  beyond  the  scope  of  this  work  as  they  would  be  covered  in  the  detailed                  

design   phase   of   a   project.   

However,  the  author  would  like  to  emphasise  that  the  flexibility  to  arrange  and  rearrange  the                 

components  and  subsystems  of  the  complete  fuel  cell  system  must  still  be  given  consideration                

at   this   early   stage   or   all   preliminary   design   work   would   be   wasted.   

2.4 Summary   

The  rate  of  aircraft  electrification  is  increasing  and  combined  with  the  ever  present               

environmental  pressures,  a  greater  focus  is  being  made  on  the  research  and  development  of                

novel  (to  aircraft)  electrical  generation  technologies.  To  enable  efficient  preliminary  design             

decisions  on  fuel  cell  systems  for  aeronautical  applications,  a  predictive  tool  was  constructed               

to   quickly   estimate   the   peak   electrical   demand   of   the   user's   aircraft.   

Fifteen  aircraft  categories  have  been  defined  based  on  the  aircrafts  primary  function  and               

propulsion  method.  A  model  was  then  developed  which  can  predict  the  electrical  generation               

capability  and  propulsive  requirements.  Validating  the  categorisation  model  against  real            

aircraft  data  showed  a  good  correlation  between  the  real  and  modelled  data.  Generally,  an                

error  of  less  than  5%  was  obtained  by  the  model.  Certain  instances,  higher  than  this  cut-off                  

percentage   arose   when   the   model   was   based   on   a   small   dataset.   
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When  designing  the  subsystems  required  to  support  the  operation  of  a  fuel  cell  (Chapters  5-7)                 

there  are  considerations  specific  to  aeronautical  applications  which  must  be  considered.  Of              

primary  concern  is  the  extreme  operating  environment  (low  temperature  and  pressure)             

provided  by  high-altitude  flight.  Three  atmospheric  models  have  been  introduced  and  will  be               

used   when   modelling   the   fuel   cell   subsystems.   
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Chapter   3 Zero   Emission   Aircraft   
Propulsion   

  

  

3.1 Why   Fuel   Cells?   

Several  methods  exist  for  reducing  the  environmental  impact  of  the  aeronautical  industry.              

One  solution  is  to  replace  the  existing  fossil  based  fuelling  infrastructure  with  one  based                

around  either  biofuels  or  synthetic  fuels  [1].  Alternatively,  aircraft  systems  including             

propulsion   could   be   electrified   and   energy   provided   by   either   batteries   or   fuel   cell   systems.   

Possible  biofuels  such  as  methanol  and  ethanol  [2]  are  derived  from  plant-based  feedstocks.               

Therefore,  their  use  as  the  sole  alternative  fuel  for  the  aviation  industry  would  not  be  possible                  

due  to  the  excessive  requirement  of  arable  land  [3].  Unlike  biofuels,  synthetic  fuels  can  be  a                  

direct  drop-in  replacement  for  traditional  Jet  A-1  [2].  However,  current  synthetic  fuels  are               

still  a  product  of  non-renewable  hydrocarbon  feedstocks  [2,4]  and  therefore  do  not  classify  as                

a   zero   emission   propulsion   method.   

Aircraft  electrification,  either  fully  or  partially,  in  the  case  of  more  electric  aircraft  is  a                 

particularly  promising  route  to  emissions  reduction  and  even  elimination.  Given  that  power              

electronics  and  electric  motors  are  commonalities  between  all  electro-mechanical  systems,            

the  key  differentiation  comes  from  the  energy  source  used.  Two  energy  sources  have  gained                

significant   traction,   batteries   and   fuel   cells.   

Lithium  Cobalt  Oxide  (LiCoO 2 )  batteries  have  been  proven  effective  in  recent  more  electric               

aircraft  such  as  the  Boeing  787  [5].  However,  their  poor  energy  density  with  respect  to  fuel                  

cell  systems,  shown  by  Figure  3.1  [6]  severely  limits  their  application  to  anything  more  than                 

a   supporting   role   to   traditional   fuel   burning   systems.   
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Figure  3.1:  Specific  Energy  vs.  Specific  Power  for  various  energy  storage  technologies,              

including  fuel  cells  and  advanced  Li-ion  batteries  [6]  reproduced  with  permission  from              

Elsevier   (Licence:   4927150372144)   

Fuel  cells  are  high-efficiency  electrochemical  energy  conversion  devices.  They  convert            

chemical  energy  into  electrical  energy  and  heat  through  a  catalytically  supported             

REDuction/OXidation   (redox)   reaction   between   a   fuel   and   an   oxidant.   

Since  its  first  inception  by  William  Grove  in  1839,  fuel  cell  technology  has  undergone                

significant  research  and  development  in  the  ever  present  quest  for  higher  energy  and  power                

densities.  This  has  led  to  the  evolution  of  several  discrete  fuel  cell  technologies.  These  fuel                

cell  technologies  all  operate  on  the  basic  principle  however,  they  utilise  a  range  of  fuel  types                  

and  operating  temperature  to  achieve  the  electrochemical  reaction.  In  this  Chapter  each  of               

these  technologies  will  be  compared  and  contrasted  and  down  selected  to  the  specific               

technologies   which   will   be   the   focus   of   the   research   undertaken   in   this   work.   
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3.2 Polymer   Electrolyte   Membrane   Fuel   Cells   

Polymer  Electrolyte  Membrane  Fuel  Cells  (PEMFC)  produce  electricity  as  the  product  of  an               

exothermic  electrochemical  reaction  between  a  fuel  and  oxygen  in  the  presence  of  a  platinum                

electrocatalyst.   The   main   by-products   of   this   chemical   reaction   are   heat   and   water   [7].   

When  we  talk  about  ‘fuel  cells’,  the  primary  component  or  ‘cell’  refers  to  a  sub-assembly                 

called  the  Membrane  Electrode  Assembly  (MEA)  [8].  The  MEA  consists  of  a  Polymer               

Electrolyte  Membrane  (PEM)  sandwiched  by  an  anode  and  cathode  Gas  Diffusion  Electrode              

(GDE).  Gas  diffusion  electrodes  are  themselves  an  assembly  of  a  Gas  Diffusion  Layer  (GDL)                

layered   with   a   Catalyst   Layer   (CL).   Figure   3.2   shows   the   general   arrangement   of   a   PEMFC.   

  

Figure   3.2:   General   single   cell   construction   for   a   polymer   electrolyte   membrane    fuel   cell   
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3.2.1 Hydrogen   Fuel   Cell   

Hydrogen  fuelled  PEMFCs  are  low  temperature  fuel  cells  with  a  typical  operating              

temperature  in  the  range  of  30-100  °C.  They  are  one  of  the  more  common  fuel  cell  types  and                    

are  usually  used  in  mobile  and  motive  applications,  although  they  are  also  sometimes  used  in                 

smaller  Combined  Heat  and  Power  (CHP)  systems.  The  primary  advantage  of  hydrogen              

fuelled  PEMFCs  is  that  they  benefit  from  the  highest  power  density  of  all  fuel  cell                 

technologies   [9,10]   

Using  Figure  3.2  as  a  reference,  hydrogen  enters  the  fuel  cell  at  the  anode  and  diffuses                  

through  the  GDL.  The  GDL  allows  direct,  uniform  access  of  the  fuel  and  oxidant  to  the                  

catalyst  layer  [11].  Utilising  hydrogen  as  an  energy  carrier  for  consumption  in  a  PEMFC                

comes  with  inherent  advantages  and  disadvantages.  The  main  advantage  being  that  hydrogen              

has  the  highest  gravimetric  energy  density  possible  of  any  fuel.  However,  the  same  physical                

characteristics  of  hydrogen  that  lend  to  its  high  gravimetric  energy  density  (its  low  molecular                

mass, )  also  gives  way  to  its  main  problem,  in  that  it  is  very  difficult  to   .016 g mol  M H2 = 2 /                

contain.   However,   this   will   be   covered   in   more   detail   in   Chapter   5.     

After  diffusing  through  the  GDL,  the  hydrogen-oxidation  reaction,  described  by  Equation  3.1              

takes   place   at   the   anode   catalyst   layer.   

As  the  protons  (hydrogen  cations)  diffuse  through  the  proton  exchange  membrane,  the              

electrons  flow  through  the  electrical  load  connected  to  the  fuel  cell.  These  constituent  parts                

then  combine  with  oxygen  at  the  cathode  to  produce  water.  This  is  described  by  the                 

oxygen-reduction   reaction   shown   in   Equation   3.2.   

  

  

  

 H eH2 → 2 + + 2 −  (3.1)  

 O H e O2
1

2 + 2 + + 2 − → H2  (3.2)  
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The  full  redox  reaction  as  described  by  Equation  3.3  is  common  to  all  fuel  cells  utilising                  

hydrogen   as   the   fuel.   This   also   shows   the   ‘HEAT’   component   of   the   overall   reaction.   

3.2.2 Methanol   Fuel   Cell   

Acidic  Direct  Methanol  Fuel  Cells  (DMFC)  are  similar  in  construction  to  hydrogen  fed               

PEMFCs  and  have  a  similar  low  operating  temperature  but  differ  in  several  areas.  The  key                 

differentiating  factor  is  the  ability  to  utilise  liquid  methanol  directly  as  a  fuel  without  the  need                  

for  prior  reformation.  This  leads  to  the  elimination  of  the  key  problem  associated  with  the                 

hydrogen   fed   PEMFCs,   the   storage   of   hydrogen.   

However,  the  complex  composition  (relative  to  hydrogen)  of  methanol  means  that  it  cannot               

be  oxidised  in  a  single  step  at  the  anode  catalyst  sites.  The  resultant  six-step  methanol                 

oxidation  reaction  is  one  of  the  main  causes  of  lower  DMFC  performance  when  compared  to                 

PEMFC.  Figure  3.3  is  a  useful  summary  of  the  different  stages  of  the  multistep  methanol                 

oxidation  reaction.  If  the  reader  would  like  a  detailed  explanation  of  these  processes,  then  the                 

author  would  like  to  recommend  an  article  by  Hamnett,  A  [12]  who  provides  excellent                

information   on   this   topic.   

  

Figure   3.3:   Methanol   oxidation   stages   at   a   direct   methanol   fuel   cell   anode   [9]   

 H H O EAT2 2 + O2 → 2 2 + H  (3.3)  
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For  the  purpose  of  this  work,  the  oxidation  reaction  will  be  assumed  possible  in  a  single  step.                   

Therefore,  the  complete  methanol  oxidation  reaction,  described  by  Equation  3.4  takes  place              

at  the  anode  catalyst  layer.  Unlike  with  hydrogen  fed  PEMFCs,  DMFCs  require  water  on  the                 

anode  side  of  the  MEA.  This  is  nearly  always  injected  as  a  constituent  of  the  dilute  methanol                  

solution.   

As  the  protons  diffuse  through  the  proton  exchange  membrane,  the  electrons  flow  through  the                

electrical  load  connected  to  the  fuel  cell.  These  constituent  parts  then  combine  with  oxygen  at                 

the  cathode  to  produce  water.  This  is  described  by  the  oxygen-reduction  reaction  shown  in                

Equation   3.5.   

The  full  redox  reaction  is  described  by  Equation  3.6.  This  also  shows  the  ‘HEAT’  component                 

of   the   overall   reaction.   

3.3 Alkaline   Fuel   Cell   

Alkaline  electrolyte  Fuel  Cells  (AFC)  differ  in  their  construction  when  compared  to  the  two                

PEMFC  designs  discussed  in  the  previous  sections.  One  key  difference  is  the  state  of  the                 

electrolyte  used.  For  PEMFCs,  a  solid,  acidic  electrolyte  is  used.  In  comparison,  in  AFCs  an                 

alkaline   liquid   electrolyte   such   as   potassium   hydroxide   is   used.   

The  other  main  difference  between  the  two  technologies  is  the  mobile  ion  available  in  the                 

electrochemical  reactions.  The  movement  of  the  hydroxide  anion  is  clearly  demonstrated  by              

the  anode  and  cathode  half  reactions  as  shown  by  Equation  3.7  and  3.8  respectively.  The  full                  

redox   reaction   is   the   same   as   that   for   a   PEMFC   due   to   the   common   use   of   hydrogen   as   a   fuel.   

  

 H OH O H e OC 3 + H2 → 6 + + 6 − + C 2  (3.4)  

 O H e O1 2
1

2 + 6 + + 6 − → 3H2  (3.5)  

 CH OH H O O H O CO EAT2 3 + 2 2 + 3 2 → 6 2 + 2 2 + H  (3.6)  
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Main  advantages  of  AFCs  over  PEMFCs  are  typically  centered  around  cost.  Although  there               

are  many  different  possible  internal  architectures  for  AFCs,  generally  they  do  not  require               

bipolar  plates  and  the  liquid  electrolytes  used  are  considerably  cheaper  than  the  solid  types                

used  in  PEMFCs  [9].  However,  the  current  state-of-the-art  current  density  for  atmospheric              

AFCs  was  shown  by  a  review  paper  written  by  McLean,  GF  to  be  in  the  order  of  400  mA/cm 2                     

[13]   this   is   approximately   80%   less   than   the   current   state   of   the   art   for   PEMFCs   [14].   

3.4 Phosphoric   Acid   Fuel   cell   

Phosphoric  Acid  Fuel  Cells  (PAFC)  operate  on  the  same  electrochemical  principle  as              

PEMFCs,  utilising  hydrogen  as  a  fuel  and  oxygen  as  the  oxidant.  As  such,  the  half  cell                  

reactions  described  by  Equations  3.1  and  3.2  hold.  However,  unlike  PEMFCs,  PAFCs  utilise               

a  liquid  phosphoric  acid  electrolyte  to  allow  transport  of  the  hydrogen  ions.  As  the  pure                 

phosphoric  acid  electrolyte  must  remain  in  a  liquid  state  to  allow  ion  conduction,  the                

operating  temperature  must  remain  above  42  ℃  (the  freezing  point  of  phosphoric  acid).  This                

also  avoids  serious  stress  issues  related  to  repeated  freeze-thaw  cycles  [10].  In  reality,  to                

maintain  optimal  performance,  it  is  common  to  operate  PAFCs  at  much  higher  temperatures               

than   PEMFCs,   usually   in   the   region   of   180-210   ℃.   

Operating  at  this  higher  temperature  does  lead  to  certain  advantages  and  disadvantages.  The               

positives  related  to  higher  temperature  operation  include  a  greater  CHP  efficiency  and             

improved  tolerance  to  fuel  impurities.  Although,  the  use  of  platinum  as  an  electrocatalyst               

does  mean  that  it  is  still  susceptible  to  carbon  monoxide  poisoning.  The  main  disadvantage  of                 

operating  at  the  elevated  temperature  is  an  increased  evaporation  rate  of  the  liquid  electrolyte.                

This   does   lead   to   a   requirement   for   the   electrolyte   to   be   continually   added   during   operation.   

  

  

 OH H O eH2 + 2 − → 2 2 + 2 −  (3.7)  

 O e H O OH2
1

2 + 2 − + 2 2 → 2 −  (3.8)  
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Phosphoric  acid  fuel  cells  are  commonly  used  in  CHP  systems  (200  kW  +)  [9].  However,                 

they  are  not  suitable  for  motive  applications,  either  on  the  ground  or  in  the  air.  This  is                   

because  the  requirement  of  a  PAFC  to  continually  maintain  an  elevated  temperature  would               

not   be   possible   to   achieve   during   the   non-operation   sections   of   a   vehicle's   drive/flight   profile.   

3.5 Molten   Carbonate   Fuel   Cell   

Some  analogies  can  be  made  between  AFC  and  Molten  Carbonate  Fuel  Cell  (MCFC)               

technologies.  These  are  the  use  of  a  liquid  electrolyte  and  an  electrochemical  reaction               

dominated  by  an  anion  instead  of  the  cation  lead  PEMFC  designs.  A  binary  mixture  of                 

molten   alkali   carbonates,   typically,   lithium   and   potassium   based   are   used   as   the   electrolyte.   

The  relatively  high  operating  temperature  of  MCFCs,  typically  on  the  order  of  650  ℃  allows                 

for  fuel  flexibility  and  the  absence  of  platinum  in  the  electrode  construction  means  that  unlike                 

the  low  temperature  fuel  cell  designs  discussed  earlier,  MCFCs  are  not  susceptible  to  carbon                

monoxide  poisoning.  Although  able  to  run  on  simple  hydrocarbon  fuels,  these  are  reformed               

internally,  therefore,  the  electrochemical  half-cell  reactions  only  involve  hydrogen  [9,10].            

Equation  3.9  shows  the  anode  half-cell  reaction  for  an  MCFC  using  pure  hydrogen  as  a  fuel.                  

This  reaction  shows  that  in  addition  to  the  production  of  water,  carbon  dioxide  is  also                 

produced.   

The  carbon  dioxide  produced  at  the  anode  has  to  be  recirculated  to  the  cathode  where  it  is                   

combined  with  oxygen  to  produce  the  mobile  carbonate  anion,  as  described  by  Equation  3.10.                

The  recirculation  of  carbon  dioxide  from  anode  to  cathode  is  done  with  the  aid  of  a  burner  to                    

combust  any  excess  fuel  to  produce  a  carbon  dioxide/steam  mixture  [10].  The  added  benefit                

of  this  process  is  the  addition  of  heat  at  the  cathode  inlet,  helping  to  maintain  the  higher                   

operating   temperature   of   the   MCFC.   

 O O O eH2 + C 3
2− → H2 + C 2 + 2 −  (3.9)  

 O O e O2
1

2 + C 2 + 2 − → C 3
2−  (3.10)  
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Molten  carbonate  fuel  cells  are  a  very  popular  option  for  CHP  systems  and  are  frequently                 

used  in  megawatt  scale  installations.  However,  their  high  operating  temperature  and             

intolerance   to   freeze-thaw   cycles   means   that   they   are   not   suitable   for   mobile   applications.   

3.6 Solid   Oxide   Fuel   Cell   

With  a  typical  operating  temperature  range  of  600  ℃  to  1,000  ℃,  the  Solid  Oxide  Fuel  Cell                   

(SOFC)  is  currently  the  highest  temperature  fuel  cell  technology.  Unlike  MCFCs,  SOFCs  are               

solid-state  devices  utilising  ceramic  electrolytes  and  specialised  metallic  interconnects           

between  cells.  Different  materials  are  used  for  the  anode  and  cathode  due  to  the  extreme                 

high-temperature   and   highly   reducing   and   oxidising   environments   [10].   

The  anode  half-cell  reaction  (Equation  3.11),  aided  by  a  yttria-stabilised  zirconia  supported              

nickel  catalyst  shows  how  the  water  is  produced  from  the  hydrogen  fuel  and  the  superoxide                 

anion   from   the   cathode   half-cell   reaction   (Equation   3.12).   

This  type  of  fuel  cell  has  similar  advantages  to  that  of  a  MCFC,  in  the  sense  that  the  elevated                     

temperature  allows  fuel  flexibility.  However,  as  the  fuel  cells  require  heating  to  this               

temperature  before  the  reaction  can  take  place  and  the  brittle  nature  of  the  ceramic                

electrolytes   precludes   their   use   in   motive   applications.   

3.7 Previous   Aeronautical   Fuel   Cell   Research   

Generally,  fuel  cells  are  viewed  as  an  interesting  proposition  for  electrical  production              

onboard  aircraft,  both  manned  and  unmanned.  Existing  literature  can  be  generalised  into  two               

main  categories  based  on  their  content,  pure  theoretical  and  those  which  include  experimental               

work.   

Theoretically,  both  SOFC  [15]  and  PEMFC  [16-21]  technologies  have  been  considered  for              

use  in  aeronautical  applications.  Aguiar  P,  2008  [15]  modelled  various  configurations  of  a               

SOFC  /  gas  turbine  system  for  a  High-Altitude  Long-Endurance  (HALE)  Unmanned  Aerial              

O eH2 + O2− → H2 + 2 −  (3.11)  

 O e2
1

2 + 2 − → O2−  (3.12)  
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Vehicle  (UAV)  with  a  goal  of  maximising  efficiency  to  increase  range.  The  three               

configurations  considered  by  Aguiar  differed  primarily  on  the  number  of  fuel  cell  stacks               

connected  electrically  in  parallel.  The  hypothesis  was  that  increasing  the  number  of  parallel               

stacks  would  decrease  their  individual  operating  current  and  therefore  the  cooling  demand.  A               

key  limitation  of  Aguiar’s  work  is  that  throughout  the  system  configuration  study  the  change                

in   aircraft   mass   from   adding   additional   fuel   cells   was   not   considered.   

An  in-depth  but  limited  case  study  was  carried  out  by  Pratt  JW,  2013  [16]  on  the  application                   

of  a  PEMFC  system  on  board  a  more-electric  Boeing  787.  This  study  focused  on  using  the                  

fuel  cell  to  support  the  main  engine  generators  in  meeting  the  high  electrical  demands  of  this                  

aircraft.  The  limitations  of  this  study  were  that  it  only  considered  a  single  aircraft  in  the  case                   

study  and  that  altitude  effects  on  fuel  cell  performance  did  not  appear  to  have  been  taken                  

account   of.   

Using  a  fuel  cell  as  a  complete  replacement  for  an  internal  combustion  engine  in  a  Class  I                   

mini  UAV  was  the  subject  of  a  paper  published  by  Renau  J,  2015  [17].  In  this  case,  the  study                     

was  purely  theoretical  and  seemed  to  be  the  early  stages  of  a  larger  project.  In  this  case,  the                    

information  provided  was  limited  and  did  not  discuss  the  thermal  management  strategy              

employed.  However,  their  work  looked  promising  and  may  have  led  to  fuel  cell  powered                

flight.   

A  study  performed  by  Sliwinksi  J,  2017  [18]  also  looked  at  the  potential  for  replacing  the                  

traditional  internal  combustion  engine  of  a  small  UAV  with  some  form  of  system  derived                

from  fuel  cell  technology.  In  this  case  they  considered  hybridising  the  electrical  technologies               

with  the  internal  combustion  engine  as  a  stepping  stone  to  fully  electrified.  Unfortunately,               

little  detail  was  provided  in  this  work  on  the  modelling  methodology  used  for  the  fuel  cell                  

system.   

A  NASA  study  [19]  along  with  two  review  style  papers  [20,21]  although  not  contributing                

new  information  directly,  all  add  credence  to  the  application  of  fuel  cells  in  aircraft.  The                 

recent  study  prepared  by  McKinsey  &  Company  for  the  Clean  Sky  2  and  Fuel  Cells  and                  

Hydrogen  2  joint  undertakings  [22]  was  in  good  agreement  with  the  findings  of  the  review  by                  

Roth   B,   2010   [20].   
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The  Clean  Sky  2  report’s  overall  conclusion  is  that  hydrogen  propulsion  has  the  potential  to                 

be  a  major  part  of  the  future  aircraft  propulsion  technology  mix.  Based  on  the  technical                 

developments  resulting  from  the  joint  undertakings,  hydrogen  propulsion  is  suggested  for             

commuter,   regional,   short-range,   and   medium-range   aircraft.   

In  addition  to  the  aforementioned  theoretical  studies  [15-22],  several  have  also  been              

published  which  took  a  more  experimental  approach  to  the  use  of  fuel  cells  in  aircraft                 

[23-30].  Renouard-Vallet  G,  2012  [23]  carried  out  experimental  studies  on  a  10  kW  fuel  cell                 

test  rig  to  determine  production  rates  of  water  and  inerting  gas  with  an  oxygen  concentration                 

of  <  12%.  Their  intention  was  the  application  of  these  two  products  of  fuel  cell  operation  in                   

civil  aircraft  however,  this  intention  was  only  hypothesised.  The  actual  usage  of  fuel  cells  to                 

produce   water   and   inert   gas   was   not   explored.   

Lapeña-Rey  N,  2008  [24]  in  collaboration  with  Intelligent  Energy  Ltd  published  the  results  of                

preflight  bench  testing  of  an  Intelligent  Energy  fuel  cell  system  for  a  Boeing  demonstrator                

aircraft.  Two  air-breathing  fuel  cell  stacks  were  electrically  connected  in  series  with  a  system                

net  power  output  of  20  kW  at  200  V.  The  paper  describes  the  system  architecture  and                  

experimental  work  however,  it  does  not  discuss  scalability  or  altitude  effects  on  fuel  cell                

performance.   

Several  published  works  [25-28]  have  integrated  fuel  cell  systems  into  small  UAVs  and               

performed  flight  tests  with  varying  degrees  of  success.  Ward  TA,  2010  [25]  and  Dudek  M,                 

2013  [26]  both  integrated  air-cooled  fuel  cells  produced  by  Horizon  Energy  Systems  into               

custom  airframes.  Both  used  compressed  gaseous  hydrogen  as  a  fuel  and  hybridised  the  fuel                

cell  with  a  battery  to  account  for  peak  loads.  Varying  degrees  of  success  were  achieved  with                  

Ward  completing  a  <  30  s  flight  on  fuel  cell  power  and  Dudek  flying  for  around  30  min.  In                     

both  cases,  the  primary  limitations  of  their  studies  were  that  because  small,  remotely  operated                

UAVs   were   used   and   flown   at   low   altitude,   it’s   effect   on   performance   was   not   demonstrated.   
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Bradley  T,  2007  [27]  also  used  a  small  (circa’  500  W)  fuel  cell,  in  this  case  provided  by  BCS                     

Technology  Inc  to  provide  propulsive  power  to  a  UAV.  This  study  differed  from  those                

previously  discussed  as  the  fuel  cell  was  liquid-cooled  using  de-ionised  water  instead  of               

relying  on  air-cooling.  Although  this  may  not  have  been  necessary  for  the  quantity  of  heat                 

produced  in  this  study,  it  was  an  interesting  insight  on  how  this  type  of  thermal  management                  

system   could   be   integrated   into   a   small   UAV.   

Another  interesting  study  into  integrating  a  fuel  cell  into  a  UAV  was  carried  out  by  Herwerth                  

C,  2007  [28].  In  this  work,  a  customised  fuel  cell  with  doughnut  shaped  cells  was  created  to                   

allow  better  integration  into  the  aircraft’s  aerodynamic  fuselage.  No  flight  test  resulted  from               

this  study  however,  it  is  an  excellent  example  of  the  multitude  of  configurations  possible  for                 

hydrogen   fuel   cells   and   how   they   could   be   integrated   into   the   aircraft   environment,   

Sodium  Borohydride  (NaBH 4 )  when  exposed  to  water  in  the  presence  of  a  catalyst  releases                

hydrogen  along  with  a  waste  product,  sodium  metaborate.  Two  studies,  Kim  K,  2011  [29]  and                 

Kim  T,  2012  [30]  have  used  NaBH 4  as  a  hydrogen  source  for  PEMFC  fuel  cells  as  it  has  a                     

higher  energy  density  than  the  more  common  molecular  hydrogen  storage  used  in  other               

studies.  Both  publications  have  reported  impressive  flight  times  of  nearly  two  hours.              

However,  due  to  complexities  in  waste  material  handling  and  recycling,  at  this  current  time                

NaBH 4    is   not   suitable   for   larger   aeronautical   applications.   

Pratt  JW,  2012  [31]  performed  both  experimental  and  theoretical  research  on  operating  fuel               

cells  at  subatmospheric  pressures.  It  was  shown  that  there  is  a  clear  decrease  in  PEMFC                

performance  with  reduced  total  pressure.  Total  pressure  and  concentration  effects  were             

separated  out  from  partial  pressure.  It  was  discovered  that  total  pressure  effects  were  greater                

than  concentration  effects.  However,  this  work  has  limited  scope  as  a  short  fuel  cell  stack  (23                  

cells)  was  used  and  this  may  not  fully  account  for  the  effects  of  total  pressure  and                  

concentration   in   larger   fuel   cells.   

  

  

  



35   

A  majority  of  the  previous  studies  have  focussed  their  efforts  on  polymer  electrolyte               

membrane  fuel  cell  technology  [16-30],  citing  high  power  density  and  low  operating              

temperature  as  the  deterministic  characteristics.  However,  they  have  generally  agreed  that  the              

use  of  pure  hydrogen  gas  as  a  fuel  led  to  difficulties  and  limitations  in  system  performance                  

due  to  its  poor  volumetric  energy  density.  One  potential  solution  to  this  problem  would  be  to                  

use  a  similar  fuel  cell  technology  which  utilises  a  liquid  fuel  such  as  a  direct  methanol  fuel                   

cell.  Both  PEMFCs  and  DMFCs  are  similar  in  that  they  both  incorporate  a  polymer                

electrolyte  membrane  to  conduct  the  mobile  hydrogen  ion.  They  also  share  commonalities  in               

their  low  operating  temperature  (<  100  °C)  and  have  relatively  short  startup  times  when                

compared   to   high-temperature   fuel   cell   technologies.   

3.8 Summary   

An  overview  of  the  various  commercially  viable  fuel  cell  technologies  have  been  given  in                

this  Chapter.  The  primary  distinguishing  factors  (mobile  ion  and  operating  temperature)             

along   with   some   typical   applications   are   summarised   in   Table   3.1.   

Table   3.1:   Overview   information   of   different   fuel   cell   technologies   [9,32-34]   

  

Fuel   Cell   Technology   Mobile   
Ion   

Operating   
temperature   

Traditional   Applications   or   Fuel?   

Direct   Methanol   H +   20-90   °C   Portable   electronics,   low   power   and   
long   run   time.   

Polymer   Electrolyte   
Membrane   

H +   30-100   °C   Vehicles,   mobile   applications   and   lower   
power   Combined   Heat   and   Power   
(CHP)   systems.   

Alkaline   OH -   60-200   °C   Space   vehicles,   e.g.   Apollo   and   Shuttle.   

Phosphoric   Acid   H +   ≈   200   °C   Large   numbers   of   200kW+   CHP   
systems   in   use.   

Molten   Carbonate   CO 3 
2-   ≈   650   °C   Medium   to   large   scale   CHP   systems   up   

to   1MW   in   capacity.   

Solid   Oxide   O 2-   600-1,000   °C   All   sizes   of   CHP   system,   2kW   to   
multi-MW   capacity.   
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The  hydrogen  fuelled  polymer  electrolyte  membrane  fuel  cell,  commonly  referred  to  as  just               

‘PEMFC’  is,  at  the  time  of  writing  the  most  widely  utilised  fuel  cell  technology  in  active  use                   

with  over  900  MW  of  installed  capacity  [35].  The  preference  of  PEMFC  technology  over                

other  types  of  fuel  cell  has  been  increasing  year  to  year  as  shown  by  Figure  3.4.  This  is  most                     

likely   the   result   of   the   introduction   of   several   new   products   in   the   automotive   sector.   

  

Figure  3.4:  Megawatts  by  fuel  cell  type  2015-2019,  2019f  includes  real  data  for  Jan-Sept  and                 

forecast   for   Oct-Dec   [35]   

Based  on  the  advantages  described  in  Section  3.2,  primarily  the  advanced  power  density  and                

the  maturity  of  the  technology  evidenced  by  Figure  3.4,  PEMFCs  have  been  judged  by  the                 

author  and  the  bulk  of  existing  literature  to  be  the  most  suitable  for  application  to  the                  

aeronautical  environment.  One  of  the  primary  concerns  with  this  technology,  the  storage  of               

hydrogen,   is   a   topic   that   still   requires   a   great   deal   of   investigation.   
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Unfortunately,  the  scope  of  this  work  does  not  include  the  detailed  experimental  studies               

which  would  be  required  to  increase  hydrogen  storage  technology  to  certification  levels.  As               

DMFCs  alleviate  this  problem  entirely  with  the  use  of  a  liquid  fuel,  and  are  similar  in                  

operation  and  construction  to  hydrogen  fuelled  PEMFCs,  they  will  also  feature  heavily  in  this                

work.  It  is  important  to  note  that  although  the  use  of  PEMFCs  has  been  considered  and                  

indeed  implemented  in  a  small  number  of  aircraft,  the  use  of  DMFCs  has  received  little  to  no                   

attention   in   the   published   literature   due   to   their   relatively   low   specific-power.   
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Chapter   4 PEMFC   Modelling   
  

  

4.1 Defining   Performance   

The  term  “performance”  is  defined  as  “how  well  a  person,  machine,  etc.  does  a  piece  of  work                   

or  an  activity”  by  the  Cambridge  Dictionary  [1].  The  performance  of  a  fuel  cell  and  a  fuel                   

cell  system  are  also  two  different  things,  and  therefore  will  be  covered  separately.  In  this                 

section,  the  performance  and  modelling  of  that  performance  will  be  covered  for  the  fuel  cell                 

only.   

Before  considering  how  to  define  or  calculate  fuel  cell  performance  there  are  some               

terminologies  which  require  explanation  to  ensure  a  full  understanding  of  the  following  work.               

These  are  Higher  Heating  Value  (HHV)  and  Lower  Heating  Value  (LHV)  whose  definitions               

can   be   found   in   Table   4.1.   

Table   4.1:   Definitions   of   Higher   Heating   Value   and   Lower   Heating   Value   

  

  

  

  

Term   Definition   

Higher   Heating   Value   Higher  calorific  value  of  a  fuel,  determined  by  bringing  all  of  the              
products  of  combustion  of  that  fuel  with  oxygen  back  to  their             
original  temperature  and  condensing  all  water  vapour  produced          
into   liquid   [2,3].   

Lower   Heating   value   Lower  calorific  value  of  a  fuel  and  is  found  by  subtracting  the              
latent   heat   of   vapourisation   of   water   from   the   HHV   [2,3].   
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Both  HHV  and  LHV  are  important  concepts  to  grasp  as  the  calculated  performance  metrics                

of  fuel  cells,  such  as  efficiency,  are  heavily  influenced  by  which  heating  value  is  used.  In                  

general,  for  low  temperature  Polymer  Electrolyte  Membrane  Fuel  Cells  (PEMFC)  (both             

hydrogen  and  methanol  fed)  operating  below  100  ℃,  the  HHV  of  the  fuel/oxygen  reaction                

should  always  be  used.  This  is  because  it  is  highly  likely  that  a  majority  of  the  water                   

produced   by   the   reaction   inside   the   fuel   cell   will   be   in   liquid   form   [2,3].   

The  story  of  modelling  fuel  cell  performance  is  fairly  long  and  complex.  The  following                

subsections  will  attempt  to  present  this  information  in  a  logical  and  easily  digestible  fashion.                

We  will  start  by  defining  idealised  potentials  before  moving  on  to  dealing  with  losses  and                 

irreversibilities.  Finally,  we  will  conclude  the  “performance”  section  by  introducing  and             

explaining   the   “Polarisation   Curve”   and   its   significance   in   the   design   of   fuel   cell   systems.   

4.1.1 Ideal   Potential  

Although  it  has  no  physical  meaning  to  the  operation  of  a  fuel  cell,  the  imagined   ideal                  

potential,  ,  is  extremely  useful  for  calculating  the  heat  release  from  a  fuel  cell  during   V HHV               

operation  [3].  The  calculation  of  the  ideal  potential  is  based  on  the  assumption  that  all  of  the                   

energy  contained  in  the  fuel  (i.e.  its  heating  value  or  enthalpy  of  formation)  is  transformed                 

into  electrical  energy  as  shown  by  Equation  4.1  [2].  In  other  words,  it  assumes  the                 

electrochemical  reaction  taking  place  within  the  fuel  cell  is  100%  efficient.  Typical  values  for                

the  enthalpy  change  and  ideal  potential  for  both  PEMFC  and  Direct  Methanol  Fuel  Cells                

(DMFC)   are   shown   in   Table   4.2.   

Where:   

  

 V HHV = zF
Δh  (4.1)  

 F  -  Faraday   constant   (96,485   C/mol)   

 hΔ   -  Absolute   enthalpy   change   (J/mol)   

V HHV   -  Theoretical   potential   based   on   the   HHV   of   fuel   (V)   

 z  -  Number   of   electrons   transferred   per   mole   of   fuel   
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Table   4.2:   Typical   values   for   fuel   HHV   and   ideal   potential   for   PEMFC   and   DMFC   

  

The  variation  of  absolute  enthalpy  change,   with  temperature  for  both  the  PEMFC  and        hΔ         

standard  DMFC  reactions  are  shown  in  Figure  4.1.  A  temperature  range  of  298  K  -  360  K                   

was  chosen  as  this  would  ensure  that  water  is  always  in  a  liquid  state,  therefore  the  HHV  of                    

 is  quoted  in  this  plot.  Linear  trend  lines,  with  excellent  fit  were  generated  for  both  sets  of  hΔ                   

data  to  allow  the  small  variance  of  with  temperature  to  be  included  in  the  modelling         hΔ          

effort.   

  

Figure  4.1:  Variation  of  the  absolute  enthalpy  change  of  reaction  for  both  a  PEMFC  and                 

DMFC   between   temperatures   of   298   K   and   360   K   assuming   liquid   water   

Fuel   Cell   Type   Fuel   Higher   Heating   Value   Ideal   Potential   (HHV)   

PEMFC   -285.66   kJ/mol   1.48   V   

DMFC   -736.92   kJ/mol   1.27   V   
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4.1.2 Thermodynamic   Reversible   Potential   

The  thermodynamic   reversible  potential,  of  a  polymer  electrolyte  membrane  fuel      V 0 HHV       

cell  is  defined  by  the  ratio  between  the  Gibbs  free  energy  and  the  product  of  the  number  of                    

electrons  involved  in  the  reaction  and  the  Faraday  constant,  as  shown  by  Equation  4.2.  This  is                  

a  theoretical  maximum  potential  and  is  not  achievable  due  to  irreversibilities  in  the  reaction                

[2].   

Where:   

The  main  difference  between  the  “Ideal  Potential”  discussed  earlier  and  the  “Thermodynamic              

Reversible  Potential”  is  the  use  of  Gibbs  free  energy,  or  the  work  potential  of  the  fuel  instead                   

of  the  enthalpy  of  reaction  (heat  potential  of  the  fuel).  The  “Thermodynamic  Reversible               

Potential”  will  always  be  less  than  the  “Ideal  Potential”  due  to  the  very  definition  of  Gibbs                  

free  energy.  The  definition,  demonstrated  by  Equation  4.3  shows  that  the  Gibbs  free  energy                

change  will  always  be  less  than  the  Enthalpy  change  as  they  are  related  by  subtracting  an                  

Entropy   term,   which   due   to   the   Second   Law   of   Thermodynamics,   must   always   be   positive.   

Where:   

 V 0 HHV = zF
Δg  (4.2)  

 F  -  Faraday   constant   (96,485   C/mol)   

 gΔ   -  Absolute   Gibbs   free   energy   change   (J/mol)   

V 0 HHV -  Reversible   potential   based   on   the   HHV   of   fuel   (V)   

 z  -  Number   of   electrons   transferred   per   mole   of   fuel   

 g h ΔsΔ  = Δ  − T  (4.3)  

 gΔ   -  Absolute   Gibbs   free   energy   change   (J/mol)   

 hΔ   -  Absolute   enthalpy   change   (J/mol)   

 sΔ   -  Absolute   entropy   change   (J/molK)   

 T  -  Temperature   (K)   
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Typical  values  for  the  Gibbs  free  energy  change  (at  298  K)  and  corresponding               

thermodynamic  reversible  potentials  for  both  PEMFC  and  DMFCs  are  shown  in  Table  4.3.               

Appendix  2  contains  further  chemical  information  which  can  be  used  to  calculate  the  values                

for   and   therefore   V 0   HHV    at   a   range   of   temperatures.  gΔ   

Table  4.3:  Typical  values  for  Gibbs  free  energy  change  and  thermodynamic  reversible              

potential   for   PEMFC   and   DMFC   

  

The  variation  of  absolute  Gibbs  free  energy  change,   with  temperature  for  both  the          gΔ       

PEMFC  and  standard  DMFC  reactions  are  shown  in  Figure  4.2.  A  temperature  range  of  298                 

K  -  360  K  was  chosen  as  this  would  ensure  that  water  is  always  in  a  liquid  state,  therefore  the                      

HHV  of   is  quoted  in  this  plot.  Linear  trend  lines,  with  excellent  fit  were  generated  for    gΔ                

both  sets  of  data  to  allow  the  variance  of  with  temperature  to  be  included  in  the           gΔ         

modelling   effort.   

  

  

  

  

  

  

  

  

Fuel   Cell   Type   Gibbs   Free   Energy   Change   
at   298   K   

Thermodynamic   Reversible   
Potential   (HHV)   

PEMFC   -237.2   kJ/mol   1.23   V   

DMFC   -706.5   kJ/mol   1.22   V   
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Figure  4.2:  Variation  of  the  absolute  Gibbs  free  energy  change  of  reaction  for  both  a  PEMFC                  

and   DMFC   between   temperatures   of   298   K   and   360   K   assuming   liquid   water   

4.1.3 Efficiency   

It  is  widely  agreed  that  defining  efficiency  as  a  relationship  between  electrical  energy               

produced  and  the  work  potential  of  the  fuel  (change  in  Gibbs  free  energy)  is  rarely  done  as                   

irrespective   of   the   conditions   used,   the   efficiency   limit   would   be   100%   [2].   

The  determination  of  real  fuel  cell  efficiency  is  approached  slightly  differently  by  the  two                

main  sources  of  fundamental  fuel  cell  knowledge,  Larminie,  D  (2003)  [2]  and  O’Hayre,  R                

(2016)  [3].  Both  sources  agree  that  its  calculation  is  based  on  several  factors  and  despite                 

different   approaches,   both   achieve   very   similar   results.   

For  the  purpose  of  modelling  fuel  cell  efficiency  in  this  work,  the  approach  taken  by                 

Larminie,  D  (2003)  [2]  will  be  followed.  In  their  approach,  the  real  fuel  cell  efficiency,                  ηF C  

is  defined  as  the  product  of  the  cell  efficiency,   and  the  fuel  utilisation  coefficient,            ηvolt       ηfuel  

as   shown   by   Equation   4.4.   
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Where:   

Cell  efficiency,   is  the  ratio  of  the  actual  cell  voltage  of  the  fuel  cell  to  the  ideal  potential    ηvolt                  

found  from  the  heating  value  of  the  fuel  as  demonstrated  by  Equation  4.5.  It  is  possible  to                   

define  cell  efficiencies  on  either  the  HHV  or  LHV  of  the  fuel.  However,  it  is  common                  

practice  to  define  the  efficiency  based  on  the  HHV  of  the  fuel  as  this  gives  a  more  realistic                    

value   and   allows   direct   comparison   to   heat   engines.   

Where:   

The  fuel  utilisation  coefficient,   is  the  ratio  of  mass  of  fuel  reacted  in  the  fuel  cell  to  the      ηfuel                

mass  of  fuel  fed  to  the  fuel  cell  as  shown  by  Equation  4.6.  This  value  is  also  related  to                     

another  important  parameter  in  fuel  cell  system  design,  stoichiometry.  More  information  on              

this   parameter   will   be   discussed   later   on   in   this   chapter.     

Where:   

  

 ηF C = ηvolt · ηfuel  (4.4)  

 ηF C  -  Real   fuel   cell   efficiency   

 ηfuel  -  Fuel   utilisation   coefficient   

 ηvolt  -  Cell   efficiency   

 V 00%  ηvolt = V c / HHV  × 1  (4.5)  

 V c  -  Cell   voltage   (V)   

V HHV   -  Theoretical   potential   based   on   the   Higher   Heating   Value   (HHV)   of   fuel   

 ηvolt  -  Cell   efficiency   

 00%ηfuel = mass of  fuel input to cell
mass of  fuel reacted in cell × 1  (4.6)  

 ηfuel  -  Fuel   utilisation   coefficient   
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4.1.4 Fuel   Cell   Irreversibilities   

Due  to  the  highly  interdisciplinary  nature  of  fuel  cells,  there  are  several  different  sets  of                 

terminology  used  when  describing  the  irreversibilities  responsible  for  differences  between  a             

real  fuel  cell  voltage  and  the  predicted  theoretical  potentials  discussed  earlier.  When              

discussing  the  operation  of  fuel  cells  it  is  difficult  to  stick  to  a  single  term.  Therefore,                  

throughout  this  Thesis  the  following  list  of  terms,  which  all  have  the  same  meaning  when                 

related   to   fuel   cell   potentials   will   be   used   interchangeably:   

● Irreversibility   /   irreversibilities   

● Overpotential   /   overvoltage   

● Voltage   drop   

● Loss   /   losses   

● Polarisation   

Operational  fuel  cell  voltage  can  be  found  by  combining  the  four  major  irreversibilities:               

activation,  fuel  crossover,  resistance  and  concentration  losses  and  subtracting  them  from  the              

thermodynamic  reversible  potential  defined  by  Equation  4.2.  Definitions  of  these            

irreversibilities   can   be   found   in   Table   4.4.   

Table   4.4:   Definitions   of   fuel   cell   irreversibilities   [2,3]   

Irreversibility   Definition   

Activation   losses   Overpotential  associated  with  driving  the  reaction  forward  at  the           
catalyst  surface  on  the  electrode.  The  voltage  drop  associated  with            
this   loss   is   highly   nonlinear.   

Fuel   crossover  Losses  associated  with  the  fuel  wastage  which  occurs  as  it  passes             
through  the  electrolyte.  This  irreversibility  is  generally  very  small           
for  PEMFCs  and  only  has  a  noticeable  effect  on  the  Open  Circuit              
Voltage  (OCV)  of  low  temperature  fuel  cells.  For  DMFCs  this            
irreversibility   is   more   substantial.   

Ohmic   losses   Voltage  drop  associated  with  the  resistance  to  the  flow  of  electrons             
through  the  electrode  materials  and  the  various  interconnects,  as           
well   as   the   flow   of   ions   through   the   electrolyte.   

Mass  transport  and     
concentration   losses   

Losses  resulting  from  the  change  in  concentration  of  the  reactants  at             
the  surface  of  the  electrodes  as  the  fuel  is  used.  These             
irreversibilities   are   most   prevalent   at   higher   current   densities.  
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The  Nernst  equation,  first  developed  by  Walther  Nernst  in  1887  is  well  established  as  one  of                  

the  most  cited  electrochemical  equations  in  history  [4,5].  The  Nernst  equation  has  been               

expanded  to  several  different  forms  of  an  empirical  full  cell  equation  [2,3,6]  which  is  used  to                  

describe  how  these  irreversibilities  are  combined  to  find  the  cell  voltage  of  a  single  cell  from                  

the  thermodynamic  reversible  voltage.  It  also  shows  how  increasing  current  density  leads  to  a                

lower  cell  potential.  The  numerical  form  of  the  full  cell  equation,  utilising  the  empirical                

parameters     is   shown   in   Equation   4.7.  , i , , x & yi0  n Ω   

Where:   

The  hydrogen/oxygen  redox  reaction  occurs  at  all  times  when  the  reactants  are  in  both  in  the                  

presence  of  a  suitable  catalyst.  Under  a  no-load  condition,  the  reduction  and  oxidation               

reactions  are  in  equilibrium.  The  resulting  flow  of  electrons  generates  a  current  density,               

 ln Ω exp  V c = V 0 HHV − RT
zαF ( i0

i + in ) − i − x (yi)  (4.7)  

 F  -  Faraday   constant   (96,485   C/mol)   

i  -  Current   density   (A/cm 2 )   

 i0  -  Exchange   current   density   (A/cm 2 )   

 in  -  Internal   current   density   (A/cm 2 )   

 R  -  Universal   gas   constant   (8.314   J/molK)   

 T  -  Temperature   (K)   

V 0 HHV -  Theoretical   potential   based   on   the   Higher   Heating   Value   (HHV)   of   hydrogen   

 V c  -  Cell   potential   (V)   

 x  -  Mass   transport   loss   empirical   constant   1   (V)   

 y  -  Mass   transport   loss   empirical   constant   2   (cm 2 /A)   

 z  -  Number   of   electrons   transferred   per   mole   of   fuel   

α  -  Charge   transfer   coefficient   

 Ω  -  Area   specific   resistance   (Ωcm 2 )   
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commonly  referred  to  as  the  exchange  current  density,   [2].  This  reversible  equilibrium          i0      

current   can   also   be   thought   of   as   the   “idle”   current   at   the   electrode   [7]   

Overvoltage  associated  with  is  a  combination  of  the  overvoltage  at  the  cathode  and  that  at     i0             

the  anode.  For  a  hydrogen  fuelled  PEMFC,  the  cathodic  overvoltage  is  substantially  higher               

than  that  at  the  anode.  Therefore,  the  anodic  overvoltage  is  typically  considered  negligible               

[2].  Direct  methanol  fuel  cells,  on  the  other  hand,  have  a  much  larger  anodic  overvoltage  due                  

to  the  complex  methanol  oxidation  reaction.  For  both  fuel  cell  technologies,  the  exchange              

overvoltage  can  be  minimised  by  increasing  the  exchange  current  density  by  either  increasing               

the  cell  temperature  or  increasing  the  catalyst  site  occupancy  through  elevating  the  pressure               

or   increasing   the   reactant   purity   [2].   

Internal  current  density,  is  used  as  an  approximation  of  the  voltage  drop  associated  with     in            

the  crossover  of  fuel  from  the  anode  to  the  cathode.  Fuel  crossover  is  a  term  commonly  given                   

to  the  phenomena  of  fuel  diffusing  across  the  polymer  membrane  and  reacting  directly  with                

the  oxidant  at  the  cathode.  This  process  is  more  prevalent  in  DMFCs  than  PEMFCs  [2,3,8]                 

and  removes  electrons  from  the  anode  side  of  the  fuel  cell  before  they  can  be  utilised  by  a                    

connected   electronic   load.   

Ohmic  losses  are  represented  in  Equation  4.7  by  the  area  specific  resistance,  .  This              Ω   

parameter  represents  the  electrical  losses  due  to  material  resistances.  Each  cell  component              

contributes  in  part  to  the  overall  electrical  resistance.  However,  the  polymer  electrolyte  has               

by   far   the   largest   contribution   [2].   

Finally,  there  are  two  empirical  constants,  (sometimes  )which  are  used  to  estimate        , y x   , nm       

the  losses  associated  with  mass  transport.  Although  there  is  no  real  theoretical  grounding,  this                

approach   is   widely   used   in   the   fuel   cell   community   as   it   tends   to   give   the   best   fit   [9,10].   

4.1.5 The   Polarisation   Curve   

Graphically,  fuel  cell  irreversibilities  are  best  represented  by  a  polarisation  curve.  This  type               

of  performance  figure  is  usually  represented  as  a  plot  of  decreasing  cell  potential  with                

increasing  current  density.  As  fuel  cells  are  highly  scalable  electrochemical  devices,  the  use               

of  current  density  instead  of  just  current  is  preferred  as  it  enables  more  straightforward                

comparisons  between  different  fuel  cells.  An  example  polarisation  plot  for  a  generic  low               
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temperature  fuel  cell  is  shown  in  Figure  4.3.  This  exemplar  diagram  clearly  shows  how  the                

primary   losses   affect   the   fuel   cell   voltage.   

As  shown  by  Figure  4.3,  activation  losses  are  most  prominent  in  the  low  current  density                 

portion  of  the  polarisation  curve  whereas  the  high  current  density  region  is  dominated  by                

mass  transport  losses.  It  is  preferable  to  operate  a  fuel  cell  in  the  ohmic  region  of  the                   

polarisation   curve   as   the   voltage   response   to   a   current   demand   is   the   most   predictable.   

  

Figure   4.3:   Fuel   cell   irreversibilities   illustrated   on   a   generic   polarisation   curve   

Membrane  electrode  assemblies  were  purchased  commercially  from         

https://www.fuelcellstore.com/  for  both  fuel  cell  technologies  so  that  experimental           

polarisation  results  could  be  obtained.  Theoretical  polarisation  curves  were  then  fitted  to  the               

experimental  data  by  modifying  the  empirical  constants  from  Equation  4.7.  Technical             

specifications   for   both   MEAs   are   contained   in   Table   4.5.   
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Table   4.5:   Technical   specifications   for   PEMFC   and   DMFC   MEAs   used   in   experimental   work   

  

The  polymer  electrolyte  MEA  was  operated  at  a  temperature  of  70  ℃  with  pure  hydrogen  as                  

a  fuel  and  humidified  air  as  the  oxidant.  Experimental  conditions  were  varied  slightly  for  the                 

DMFC  MEA  compared  with  the  PEMFC.  An  operating  temperature  of  60  ℃  was  used  due  to                  

rig  limitations.  Humidified  air  was  used  as  the  oxidant  and  dilute  methanol  as  the  fuel.  Full                  

details   of   the   experimental   setups   used   are   discussed   in   Chapter   8.   

Literature  derived  [2,3,6,9]  ranges  were  used  as  the  starting  point  for  the  iterative               

determination  of  fit  parameters  for  the  full  cell  equation  (Equation  4.7).  These  starting  points                

were:  ,  ,  ,   .0E → 6.7E  A cm  i0 = 3 6− 5− / 2  .003 → 0.02 A cm  in = 0 / 2  .01 → 0.245 ΩcmΩ = 0 2  

,  ,  and  .  It  is  expected  that  the  values  required  to  fit  .0E  Vx = 3 4−  .45 cm A  y = 9 2/    → 1α = 0           

the  experimental  data  may  differ  slightly  from  these  ranges  due  in  part  to  the  age  of  available                   

references   and   the   experimental   nature   of   the   tested   fuel   cells.   

Empirical  parameters  used  to  fit  the  full  cell  equation  to  experimental  data  for  the  PEMFC                 

were:  ,  ,  ,  ,    .0E  A cm  i0 = 1 5− / 2  .07 A cm  in = 0 / 2  .35 ΩcmΩ = 0 2  .5E  Vx = 3 4−  1 cm A  y = 1 2/  

and  the  charge  transfer  coefficient,   was  set  at  0.29.  Figure  4.4  contains  the  experimental       α           

and   theoretical   polarisation   curves.   

  

  PEMFC   MEA   DMFC   MEA   

Active   area   25   cm 2   25   cm 2   

Anode   catalyst   and   loading   0.5   mg/cm 2    Pt/C   4.0   mg/cm 2    Pt.Ru   

Cathode   catalyst   and   loading   0.5   mg/cm 2    Pt/C   0.5   mg/cm 2    Pt/C   

Membrane   Nafion TM    212   Nafion TM    117   

Gas   diffusion   layer   Carbon   cloth   with   MPL   Carbon   cloth   with   MPL   



52   

  

  

  

Figure  4.4:  Comparison  of  theoretical  and  experimental  results  for  a  single  cell  25cm 2               

polymer   electrolyte   membrane   fuel   cell   

Experimental  conditions  were  varied  slightly  for  the  DMFC  MEA  compared  with  the              

PEMFC.  An  operating  temperature  of  60  ℃  was  used  due  to  rig  limitations.  Humidified  air                 

was  used  as  the  oxidant  and  dilute  methanol  as  the  fuel.  Full  details  of  the  experimental  setup                   

used  to  obtain  these  results  is  discussed  in  Chapter  8.  A  theoretical  polarisation  curve  was                 

fitted  to  the  experimental  data  using  the  following  empirical  parameters:  ,            .5E  A cm  i0 = 2 7− / 2  

, ,  ,   and  .  Figure  .0045 A cm  in = 0 / 2  .37 ΩcmΩ = 0 2  .5E  Vx = 1 4−  8.9 cm A  y = 2 2/   .074α = 0   

4.5   contains   the   corresponding   experimental   and   theoretical   polarisation   curves.   
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Figure  4.5:  Comparison  of  theoretical  and  experimental  results  for  a  single  cell  25cm 2  direct                

methanol   fuel   cell   

A  common  measurement  of  error  between  experimental  and  modelled  results  is  the  Mean               

Absolute  Error  (MAE)  as  described  by  Equation  4.8  where  an  error,   is  defined  as  the             e      

difference  between  modelled  and  real  values  (Equation  4.9).  It  is  described  as  the  “most                

natural  measure  of  average  error  magnitude”  [11]  because  it  does  not  have  a  weighted  error                 

bias   and   relies   purely   on   the   absolute   differences   between   measured   and   modelled   values.   

Where:   

 AEM = n 1− ∑
i

i=1
e ∣ ∣ i

 ∣ 
∣  (4.8)  

 e = xmodel − xreal  (4.9)  

 e  -  Error  
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However,  an  alternative  error  measurement  which  is  generally  regarded  as  being  more              

suitable  for  calculating  model  error  sensitivities  is  the  Root-Mean-Square  Error  (RMSE)  [12].              

The  key  benefits  of  RMSE  over  MAE  are  that  it  applies  a  heavier  weighting  to  larger  errors                   

and  does  not  rely  on  the  absolute  difference  between  experimental  and  modelled  results.  Both                

these  traits  allow  it  to  provide  a  more  realistic  interpretation  of  model  performance.  Equation                

4.10   shows   the   principal   calculation   behind   RMSE.   

Where:   

For  the  PEMFC  model  a  RMSE  of  9.52  mV  is  achieved  whereas  8.72  mV  was  achieved  for                   

the  DMFC  model.  Both  of  these  errors  are  small  and  represent  less  than  1%  of  the                  

thermodynamic   reversible   potentials   for   each   fuel   cell   technology   respectively.   

4.2 Effect   of   Operating   Conditions   on   Performance   

Several  factors,  which  can  be  defined  as  operating  conditions  can  influence  the  electrical               

performance  of  a  fuel  cell.  Specifically,  the  effects  of  pressure,  temperature  and  anode  and                

cathode   reactant   concentrations   will   be   highlighted.   

In  reality  these  parameters  will  change  the  value  of  the  reversible  open  circuit  voltage.  It  is                  

therefore  important  to  first  define  the  standard-state  reversible  potential,  which  will           V std
0 HHV   

provide  the  reference  point  for  any  change.  The  standard-state  reversible  potential  is  defined               

as  the  thermodynamically  reversible  potential  of  a  fuel  cell  under  standard  temperature  and               

pressure  conditions  of  298.15  K  and  100  kPa  respectively  [3].  The  standard-state  reversible               

potentials   for   a   PEMFC   and   DMFC   are   1.23   V   and   1.22   V   respectively.   

  

 n  -  Sample   size   

 MSE  R = n 1− √∑
i

i=1
ei

2  (4.10)  

 e  -  Error  

 n  -  Sample   size   
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Most  changes  to  the  reversible  open  circuit  voltage  can  be  characterised  by  one  of  the  more                  

common  forms  for  the  Nernst  equation  [2,3].  As  demonstrated  by  Equation  4.11a,  this  form                

of  the  Nernst  equation  relates  the  chemical  activity  of  the  reactants  and  products  to  the                 

standard-state  potential.  The  modified  reversible  open  circuit  voltage,  produced  by  the          V 0    

Nernst  equation  can  also  be  referred  to  as  the  “Nernst  Voltage”.  As  we  are  only  interested  in                   

the   change   in   voltage,   this   can   be   simplified   to   Equation   4.11b.   

Where:   

4.3 Liquid   Reactant   Considerations   

Direct  methanol  fuel  cells  can  be  fed  with  liquid  methanol  fuel  at  almost  any  concentration.                 

Experimental  studies  have  been  carried  out  with  concentrations  of  methanol  ranging  from              

0.25mol/dm 3  [13]  to  pure  methanol  [14].  Methanol  dilution  should  always  be  carried  out  with                

deionised   water   to   prevent   potential   catalyst   poisoning   when   used   as   a   fuel   in   a   DMFC.   

 ln  V 0 = V std
0 HHV + zF

RT ( ΠaM
products

ΠaM
reactants)  (4.11a)  

 ln  ΔV 0 = zF
RT ( ΠaM

products

ΠaM
reactants)  (4.11b)  

 a  -  Chemical   activity   of   species   in   reaction   

 F  -  Faraday   constant   (96,485   C/mol)   

 M  -  Number   of   moles   in   balanced   reaction   

 R  -  Universal   gas   constant   (8.314   J/molK)   

 T  -  Temperature   (K)   

 V 0  -  Reversible   open   circuit   potential   (V)   

V std
0 HHV  -  Standard-state   reversible   potential   (V)   

 V  Δ 0  -  Change   in   reversible   open   circuit   voltage   (V)   

 z  -  Number   of   electrons   transferred   per   mole   of   fuel   
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Generally,  dilute  aqueous  solutions  of  methanol  and  deionised  water  are  used  to  fuel  DMFCs.                

Solution  concentrations  vary  from  publication  to  publication  and  between  commercial            

systems   however,   they   are   generally   low   and   in   the   range   of   1.0   →   4.0   mol/dm 3    [15-21].   

4.3.1 Nernstian   Effect   

Chemical  activity  and  liquid  reactant  solution  concentration  are  directly  related  through             

Equation  4.12  [3].  Substitution  of  this  relationship  into  Equation  4.11b  and  assigning  the               

standard-state  concentration,  a  value  of  1.0  mol/dm 3  it  is  possible  to  draw  a  direct    c0             

relationship  between  the  concentration  of  the  anode  reactant  and  the  change  in  reversible               

open  circuit  voltage  as  shown  by  Equation  4.13.  According  to  the  mathematics,  as  anode                

reactant   concentration   increases,   the   reversible   open   circuit   voltage   will   also   increase.   

Where:   

  

  

  

 c  ai = ci / 0  (4.12)  

 lnΔV 0 = zF
RT (c )methanol  (4.13)  

 ai  -  Chemical   activity   of   species   “i”   in   reaction   

 c0  -  Standard-state   concentration   (mol/dm 3 )   

 ci  -  Concentration   of   species   “i”   in   reaction   (mol/dm 3 )   

cmethanol  -  Concentration   of   methanol   solution   (mol/dm 3 )   

 F  -  Faraday   constant   (96,485   C/mol)   

 R  -  Universal   gas   constant   (8.314   J/molK)   

 T  -  Temperature   (K)   

 V  Δ 0  -  Change   in   reversible   open   circuit   voltage   (V)   

 z  -  Number   of   electrons   transferred   per   mole   of   fuel   
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If  the  effects  of  crossover  are  negated,  then  the  result  of  changing  the  methanol  feed                 

concentration  on  DMFC  would  be  that  demonstrated  by  Figure  4.6.  The  experimental  and               

validated  1.0  M  plots  are  from  the  model  validation  undertaken  in  Section  4.1.5.  Lines  of  0.5                  

M,  1.5M,  2.0  M  and  4.0  M  are  modelled  results  by  applying  Equation  4.11b  with  Equation                  

4.12  substituting  for  the  chemical  activity  term.  This  represents  only  the  change  in  Nernst                

voltage.   

  

Figure  4.6:  Modelled  effect  on  DMFC  performance  as  a  result  of  changing  the  methanol  feed                 

concentration.  Effect  shown  is  that  on  the  Nernst  voltage,  mass  transport  effects  are  assumed                

to   be   negligible.   

As  can  be  seen  by  the  results,  the  Nernstian  effect  of  increasing  the  methanol  feed                 

concentration  is  a  slight  increase  in  voltage  as  predicted.  However,  the  results  also  show  that                 

the  effect  is  negligible.  In  reality,  increasing  methanol  feed  concentration  will  raise  the               

performance  of  a  DMFC  by  a  greater  extent.  This  is  because  the  increased  concentration  will                 

greatly  increase  activity  at  the  catalyst  sites.  This  represents  a  limitation  with  the  current                

modelling  strategy  which  could  be  further  improved  with  detailed  electrochemical  modelling             

of   the   processes.   
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4.3.2 The   Problem   with   Crossover   

The  expected  result  of  increasing  methanol  concentration;  increasing  electrical  performance            

is  not  a  continuous  process.  This  is  due  to  complex  and  conflicting  interactions  between                

methanol   crossover   and   changes   in   the   Nernst   voltage.   

The  rate  at  which  methanol  crosses  over  from  the  anode  to  the  cathode  has  been  shown  to  be                    

roughly  proportional  to  the  methanol  concentration  [15].  It  has  also  been  shown  that  the                

overall  efficiency  of  a  DMFC  decreases  as  the  methanol  concentration  increases  [8,16].  This               

suggests  that  the  crossover  effects  on  DMFC  electrical  performance  are  more  prevalent  than               

the   change   in   Nernst   voltage.   

Exemplar  results,  shown  in  Figure  4.7  from  an  experimental  investigation  into  the  effects  of                

changing  methanol  feed  concentration  on  DMFC  performance  have  been  reproduced  with             

kind   permission   from   Thiagarajan,   V   [17].   

  

Figure  4.7:  Polarisation  (V-i)  and  power  density  (P-i)  curves  of  the  DMFCs  for  different                

molar  concentrations  of  methanol.  Reproduced  with  kind  permission  from  Thiagarajan,  V.             

2019   [17].   
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These  results  clearly  show  a  greater  change  in  performance  as  the  methanol  feed               

concentration  is  varied,  most  likely  linked  to  the  dominant  nature  of  methanol  crossover  as                

the  general  trend  is  for  reducing  performance  as  concentration  is  increased.  Similar  results               

are   shown   by   [18-21].   

4.4 Gaseous   Reactant   Considerations   

Hydrogen  fuelled  PEMFCs  are  highly  sensitive  to  the  concentration,  or  purity  of  the               

hydrogen  fuel  used.  Ideally,  pure  hydrogen  should  be  used  to  maximise  fuel  cell  electrical                

performance  and  minimise  degradation  [2,3].  However,  due  to  the  current  primary  hydrogen              

production  method  being  the  reformation  of  some  light  hydrocarbon  fuel,  it  is  inevitable  that                

some  impurities  will  also  be  produced  as  byproducts.  One  particular  impurity  which  can  have                

a  highly  adverse  effect  on  the  electrical  performance  of  a  PEMFC  is  carbon  monoxide.                

Carbon  monoxide  particles  poison  the  noble  metal  catalyst  layer  [22]  by  occupying  the  active                

platinum   sites   [2].   

Due  to  the  polluting  nature  of  fossil  fuel  reformation,  it  will  not  be  welcome  in  a  future  world                    

with  ever  increasing  environmental  pressures.  Hydrolysis  is  the  process  of  splitting  water  into               

its  constituent  elements,  hydrogen  and  oxygen.  This  process  is  carried  out  by  supplying               

electrical  energy  to  what  is  in  essence  a  reverse  PEMFC.  If  this  electrical  energy  is  generated                  

in  a  renewable,  zero-emission  way  using  technologies  such  as  solar  and  wind  then  the                

generated  hydrogen  is  commonly  given  the  name  ‘green  hydrogen’  [23,24].  When  green              

hydrogen   is   used   as   a   fuel   in   a   hydrogen   fuel   cell,   it   is   considered   completely   zero   emissions.   

Unlike  their  different  fuel  requirements,  both  PEMFC  and  DMFC  technologies  require             

oxygen  to  be  reduced  at  the  cathode.  Reduced  oxygen  anions  are  then  available  to  bond  with                  

the  hydrogen  cations  being  transported  through  the  polymer  electrolyte  membrane.  It  is              

usually  assumed  that  air  is  used  as  a  source  of  oxygen  due  to  the  simple,  low  cost                   

implementation.  However,  it  is  possible  and  arguably  desirable  to  use  an  oxidant  supply  with                

a   higher   concentration   of   oxygen,   even   up   to   pure   oxygen   in   air-independent   designs.   
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As  discussed  in  Chapter  2,  aircraft  operating  at  altitude  where  the  air  density  is  lower  means                 

that  there  will  be  less  oxygen  available  to  the  fuel  cell  per  unit  volume  of  air  injected.  It                    

stands  to  reason  that  this  will  also  adversely  affect  the  chemical  activity  of  the  air.  This                  

relationship   warrants   further   investigation,   which   will   be   detailed   below.   

4.4.1 Partial   Pressure,   the   Traditional   Solution   

As  the  cathode  for  both  fuel  cell  technologies  is  gaseous,  it  is  very  common  both  in  the                   

literature  and  the  teaching  of  fuel  cell  fundamentals  to  use  the  partial  pressure  form  of  the                  

Nernst  equation  [2,3,25,26].  The  partial  pressure  form  is  made  by  equating  the  chemical               

activity  terms  in  Equation  4.8a  to  the  partial  pressures  of  the  same  species.  Equation  4.11                 

demonstrates  the  partial  pressure  form  of  the  Nernst  equation  specifically  for  a  hydrogen  fed                

PEMFC  [2,3,25,26].  The  full  form  of  the  partial  pressure  Nernst  equation  is  based  on  the                 

LHV  of  products  and  reactants  [2].  If  a  calculation  based  on  the  HHV  is  desired,  Equation                  

4.14  can  be  simplified  by  setting  as  liquid  water  would  be  produced  at        , 00 kg m  ϱH O2
= 1 0 / 3        

the   cathode.   [3]   

Where:   

  

 ln  V 0 = V std
0 HHV + 2F

RT ( ϱH O2

ϱ •ϱH2
1 2/
O2)  (4.14)  

 F  -  Faraday   constant   (96,485   C/mol)   

 R  -  Universal   gas   constant   (8.314   J/molK)   

 T  -  Temperature   (K)   

 V 0  -  Reversible   open   circuit   potential   (V)   

V std
0 HHV  -  Standard-state   reversible   potential   (V)   

  ϱH2
 -  Partial   pressure   of   hydrogen   in   balanced   reaction   (Pa)   

  ϱH O2
 -  Partial   pressure   of   water   in   balanced   reaction   (Pa)   

  ϱO2
 -  Partial   pressure   of   oxygen   in   balanced   reaction   (Pa)   
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4.4.2 Concentration   and   Total   Pressure   

For  most  applications,  the  partial  pressure  form  of  the  Nernst  equation,  which  is  in  itself  an                  

approximation,  is  more  than  adequate  at  representing  the  Nernstian  effects  on  fuel  cell               

voltage.  However,  when  systems  are  operated  at  altitude,  such  as  in  aircraft,  this               

approximation  can  break  down  as  partial  pressure  is  actually  a  function  of  both  species                

concentration  and  total  pressure,  as  per  Equation  4.15  [25].  This  relationship  is  particularly               

important  as  the  cathode  oxygen  concentration  can  be  varied  independently  of  total  pressure               

by   either   supplementing   an   air   supply   or   injecting   pure   oxygen   directly   into   the   fuel   cell.   

Where:   

During  a  flight,  total  cathode  inlet  pressure  will  vary  as  a  function  of  the  changing  altitude                  

pressure  as  discussed  in  Chapter  2  and  the  form  of  system  compression  used.  Air                

composition,  and  therefore  oxygen  concentration  remains  fairly  consistent  up  to  an  altitude  of               

around  100  km  (>  300,000  ft)  [27],  far  above  that  of  any  aircraft  past  or  present  [28-30].                   

Oxygen  concentration  is  defined  as  the  molar  ratio,  ,  this  is  equivalent  to  the          ol mol  m O2/ air       

percentage   composition   by   volume   which   is   20.95%   for   oxygen.   

Oxygen  concentration  is  related  to  the  Nernst  voltage  using  the  same  equation  that  was  used                 

for  dealing  with  changes  in  methanol  concentration  (Equation  4.13).  In  addition  to  the               

improvement  in  Nernst  voltage,  using  pure  oxygen  instead  of  air  as  an  oxidant  reduces                

activation  losses  and  greatly  reduces  mass  transport  losses  in  a  PEMFC  [2].  The  effect  is                 

similar  for  a  DMFC,  however,  mass  transport  losses  can  never  be  fully  eliminated  due  to  the                  

presence   of   methanol   crossover   [8,16].   

Figure  4.8  shows  the  result  of  changing  the  oxidant  feed  from  air  to  pure  oxygen  in  the                   

developed  fuel  cell  model.  The  general  upwards  translation  of  the  oxygen  polarisation  curve               

is   as   a   result   of   the   improved   Nernst   voltage.   

  p  ϱi = ci t  (4.15)  

 ci  -  Concentration   of   species   “i”   in   reaction   (mol/dm 3 )   

 pt  -  Total   system   pressure   (Pa)   

  ϱi  -  Partial   pressure   of   species   “i”   in   balanced   reaction   (Pa)   
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Figure  4.8:  Modelled  comparison  of  air-breathing  and  air-independent  PEMFC  polarisation            

and   power   curves  

The  key  benefit  of  using  pure  oxygen  as  demonstrated  by  Figure  4.8  is  the  30%  increase  in                   

peak  power  due  to  the  elimination  of  mass  transport  losses  at  high  current  densities.  Further                 

verification  of  the  applicability  of  the  developed  fuel  cell  model  comes  from  Prater,  K  [31]                 

who   also   noted   a   30%   performance   increase   as   a   result   of   switching   from   air   to   oxygen.   

Although  the  benefit  to  fuel  cell  performance  is  clear  when  changing  from  air  to  oxygen,  the                  

benefit  to  system  performance  is  not  quite  as  obvious.  This  is  because,  utilising  oxygen  as  the                  

cathode  oxidant  would  require  an  aircraft  to  carry  all  of  the  oxygen  it  requires  for  completing                  

its  mission.  A  full  trade-off  study  from  the  perspectives  of  mass,  volume  and  parasitic  load                 

will  be  carried  out  in  Chapter  6  to  compare  the  system  level  efficiencies  of  air-breathing  vs.                  

air-independent   designs.   Additionally,   hybrid   air/oxygen   systems   will   also   be   discussed.   
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Equation  4.16  [2]  is  a  common  representation  that  shows  how  the  Nernstian  cell  voltage  of                 

the  fuel  cell  increases  with  increasing  operating  pressure.  It  is  assumed  that  the  anode  and                 

cathode  are  kept  under  the  same  pressure.  This  assumption  is  generally  expected  as  the                

pressures  would  have  to  be  equilibrated  to  ensure  excessive  gas  diffusion  and  mass  transport                

don’t   happen.   

Where:   

Pressure  related  voltage  increases  are  primarily  a  result  of  the  cathode  activation  overvoltage               

being  reduced  [2].  Additional  benefits  on  cell  performance  from  increasing  the  pressure              

include  increased  exchange  current  density  and  the  potential  for  a  reduction  in  mass  transport                

losses   [2].   

However,  assuming  air  is  used  as  an  oxidant  the  parasitic  load  associated  with  driving  a                 

compressor  to  increase  the  cathode  inlet  pressure  means  that  generally  the  gross  system               

performance  is  reduced  as  pressure  is  increased  [32,33]  despite  the  net  fuel  cell  performance                

increase   [34].   

As  with  concentration,  the  Nernstian  effects  of  changing  pressure  are  negligible.  However,              

the  effect  of  increasing  total  pressure  has  been  shown  to  dramatically  improve  the               

performance  of  both  PEMFCs  and  DMFCs.  Increasing  the  total  pressure  from  100  kPa  to  400                 

kPa  has  been  shown  to  increase  power  density  (mW/cm 2 )  of  PEMFCs  by  over  50%  [35]  and                  

by   20%   for   DMFCs   [36].   

 ln  ΔV 0 = 4F
RT ( p1

p2 )  (4.16)  

 F  -  Faraday   constant   (96,485   C/mol)   

 p1  -  Initial   system   pressure   (Pa)   

 p2  -  Final   system   pressure   (Pa)   

 R  -  Universal   gas   constant   (8.314   J/molK)   

 T  -  Temperature   (K)   

 VΔ 0  -  Change   in   reversible   open   circuit   voltage   (V)   
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This  explanation  is  backed  up  by  Heinzel,  A  [8]  who  noted  that  experimental  works  have                 

shown  significant  performance  improvements  in  DMFCs  as  a  result  of  increasing  the  cathode               

inlet  pressure.  These  performance  gains  could  not  be  predicted  by  the  thermodynamic  or               

kinetic   behaviour.   

Performance  gains  resulting  from  increases  in  total  pressure  are  due  to  the  associated  rise  in                 

chemical  activity.  This  occurs  as  the  elevated  pressure  has  the  effect  of  increasing  the                

availability  of  reactants  to  the  catalyst  sites.  However,  the  pressure  cannot  be  raised               

indefinitely  due  to  physical  design  constraints.  Of  particular  note  are  the  potential  issues  of               

gas  passage  sealing  and  the  mass  and  volume  increases  resulting  from  the  increased  structure                

required   to   resist   the   mechanical   stresses   of   elevated   pressure   operation.   

Finally,  the  effects  of  altering  both  the  concentration  and  total  pressure  of  the  cathode  oxidant                 

supply  can  be  summarised  by  substituting  Equation  4.16  into  Equation  4.11b  as  shown  by                

Equation   4.17.   

Where:   

  

  

 ln ln  ΔV 0 = zF
RT (ΠcM

products

ΠcM
reactants) + 4F

RT ( p1

p2 )  (4.17)  

 c  -  Concentration   of   species   in   reaction   (mol/dm 3 )   

 F  -  Faraday   constant   (96,485   C/mol)   

 p1  -  Initial   system   pressure   (Pa)   

 p2  -  Final   system   pressure   (Pa)   

 R  -  Universal   gas   constant   (8.314   J/molK)   

 T  -  Temperature   (K)   

 V  Δ 0  -  Change   in   reversible   open   circuit   voltage   (V)   

 z  -  Number   of   electrons   transferred   per   mole   of   fuel   
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4.5 Effects   of   Operating   Temperature   

Fuel  cell  operating  temperature  is  a  function  of  the  heat  generation  rate  by  the  exothermic                 

electrochemical  reaction  and  the  heat  rejection  rate.  This  process  will  be  covered  in  detail  in                 

Chapter  7  where  the  modelling  of  fuel  cell  thermal  management  systems  will  be  discussed.                

For  now,  the  effects  of  operating  temperature  specifically  on  the  electrical  performance  of               

PEMFCs   will   be   discussed.   

It  is  well  documented  for  both  hydrogen  fuelled  PEMFCs  [37,38]  and  DMFCs  [17,39,40]               

increasing  the  operating  temperature  up  to  80  ℃  of  the  fuel  cell  will  increase  the  electrical                  

performance.  For  PEMFCs,  increases  in  peak  electrical  power  output  of  around  30%  have               

been  observed  as  a  result  of  increasing  the  operating  temperature  from  40  ℃  to  80  ℃  for  fuel                    

cells   fuelled   with   humidified   hydrogen   and   air   [37,38].   

A  more  varied  rise  in  peak  electrical  power  has  been  observed  for  DMFCs  as  the  operating                  

temperature  was  increased.  Values  have  ranged  from  16%  →  38%  for  air-breathing  test               

setups  [39,40]  and  28%  →  43%  for  tests  using  pure  oxygen  as  the  oxidant  [17,40]  all  with  a                    

temperature  rise  of  approximately  20  ℃.  The  discrepancy  in  the  results  for  the  DMFCs  is                 

most  likely  a  result  of  the  high  variance  in  catalytic  compositions  of  the  electrodes  used.  In                 

comparison,  the  understanding  of  PEMFC  electrode  catalytic  loading  (and  materials)  is  more              

developed   and   therefore   the   published   works   all   use   similar   test   setups.   

In  addition  to  the  published  experimental  results,  it  is  also  possible  to  estimate  the  effect  of                  

changing  the  fuel  cell  operating  temperature  on  electrical  performance.  If  you  refer  back  to                

Equation  4.2,  the  thermodynamic  reversible  voltage  was  shown  to  be  a  function  of  the  change                 

in  Gibbs  free  energy,  .  In  turn,  was  shown  by  Equation  4.3  to  be  a  function  of      gΔ     gΔ            

temperature.  Through  the  combination  of  these  predefined  formulations,  an  empirical            

approximation   was   made   using   Equation   4.18   [41].   

  

  

  

 V  Δ 0 = zF
ΔsT (T )− T 0  (4.18)  
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Where:   

As  operating  temperature  increases  the  thermodynamically  reversible  voltage  for  the            

oxidation  of  hydrogen  decreases  (1.23  V  @  25  ℃  →  ≈  1.18  V  @  100  ℃).  In  contrast,  as                     

operating  temperature  increases  the  thermodynamically  reversible  voltage  for  the  oxidation            

of   methanol   increases   (1.17   V   @   25   ℃   →   ≈   1.18   V   @   100   ℃).   

However,  as  has  been  shown  in  published  experimental  works  typically,  real  fuel  cell               

performance  increases  with  an  increase  in  temperature  [17,37-40].  This  is  despite  the  fact  that                

the  thermodynamically  reversible  voltage  decreases  for  the  hydrogen  oxidation  reaction.  This             

discrepancy  is  due  to  the  raised  temperature  increasing  the  chemical  activity  of  the  reactants                

and   allowing   greater   accessibility   to   the   catalyst   sites.   

One  final  consideration  to  make  is  that  the  upper-limit  for  the  operating  temperature  for  a                 

PEMFC  is  100  ℃.  This  limit  is  imposed  for  non-pressurised  systems  in  an  effort  to  ensure                  

the  presence  of  liquid  water  in  the  polymer  membrane.  Dehydrated  polymer  electrolyte              

membranes  have  been  shown  to  consistently  produce  less  electrical  power  than  their  hydrated               

(humidified)   counterparts   in   the   same   cell   setup   [34,42,43].   

  

  

  

  

  

 F  -  Faraday   constant   (96,485   C/mol)   

 sΔ T  -  Absolute   entropy   change   at   temperature   “T”   (J/mol.K)   

 T  -  Temperature   (K)   

 T 0  -  Reference   temperature   (25℃   /   298.15   K)   

 VΔ 0  -  Change   in   reversible   voltage   (V)   

 z  -  Number   of   electrons   
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4.6 Stacking   

As  it  is  common  to  specify  fuel  cell  performance  using  current  density,  it  is  also  important  to                   

know  what  the  active  area  of  each  cell  is.  Knowing  these  two  values  allows  the  calculation  of                   

the  gross  fuel  cell  current  using  Equation  4.19.  In  order  to  increase  the  total  current                 

production  potential  of  a  fuel  cell,  either  the  current  density  must  be  improved,  or  the  cell                  

must  be  physically  larger  so  that  that  active  area  is  greater.  Generally,  it  is  easier  and  cheaper                   

to  increase  the  active  area  of  a  fuel  cell  as  complex  materials  research  is  usually  required  to                   

improve  current  density.  However,  the  mass  and  volume  limitations  associated  with  the              

aeronautical   industry   may   limit   the   maximum   active   area   possible   for   any   given   application.   

Where:   

Fuel  cell  stacks  are  an  assembly  of  multiple  individual  fuel  cells,  literally  stacked  one  on  top                  

of  another.  Typically,  the  cells  share  common  fuel  and  oxidant  feeds  as  this  maintains                

simplicity  and  helps  reduce  the  mass  and  volume  of  the  stack.  One  of  the  primary  benefits  of                  

fuel  cell  technology  is  the  flexibility  afforded  in  the  electrical  configuration.  Each  of  the  cells                 

can  be  electrically  connected  either  in  series  or  parallel  with  any  number  of  other  cells  to                  

produce  the  current  and  voltage  profiles  stipulated  by  the  customer.  Electrical  power              

produced  by  a  fuel  cell  stack  is  a  function  of  the  cell  potential,  current  and  number  of  cells  as                     

described   by   Equation   4.20.   

  

  

  

 AI = i  (4.19)  

 A  -  Cell   active   area   (cm 2 )   

 I  -  Current   (A)   

i  -  Current   density   (A/cm 2 )   

 InP e = V c  (4.20)  
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Where:   

  

4.7 Summary   

Creation  of  a  validated  electrical  fuel  cell  stack  model  has  been  detailed  step-by-step               

throughout  this  chapter.  Two  common  idealised  fuel  cell  voltages  were  defined,  where  the               

thermodynamic  reversible  voltage,  bears  more  importance  than  the  ideal  potential,     V 0 HHV         

in  the  prediction  of  fuel  cell  electrical  behaviour.  Whereas,  is  used  in  the  V HHV           V HHV      

calculation   of   fuel   cell   efficiency.   

Primary  fuel  cell  irreversibilities:  activation,  fuel  crossover,  ohmic  and  mass  transport  have              

been  defined,  both  theoretically  and  empirically.  An  empirical  form  of  the  Nernst  equation               

was  used  to  predict  the  performance  of  both  a  single  cell  PEMFC  and  DMFC.  The  model                  

results  were  validated  against  experimental  data  for  both  fuel  cell  technologies.  Model              

prediction  root-mean-square  errors  of  9.52  mV  and  8.72  mV  were  achieved  for  PEMFC  and                

DMFC   respectively.   

Combining  Equations  4.2,  4.7,  4.17  and  4.18  gives  the  final  full  cell  equation  (Equation  4.21)                 

used  for  the  modelling  study.  It  combines  the  effects  of  reactant  concentration,  pressure,               

temperature  and  validated  irreversibilities  on  the  temperature  dependent  reversible           

thermodynamic   voltage.   

 I  -  Current   (A)   

 n  -  Number   of   cells   

 P e  -  Electrical   power   (W)   

 V c  -  Cell   potential   (V)   

 ln ln  V c = zF
ΔgHHV + zF

RT (ΠcM
products

ΠcM
reactants) + 4F

RT ( p1

p2 ) + zF
ΔsT (T )− T 0 −  

 ln Ω exp  − RT
zαF ( i0

i + in ) − i − x (yi)  
(4.21)  
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A  summary  of  the  effects  of  changing  several  operating  parameters  covered  in  Equation  4.21               

on   real   fuel   cell   performance   is   given   in   Table   4.6.  

Table  4.6:  Influence  of  increasing  different  operating  parameters  on  methanol  crossover  and              

fuel   cell   performance   [8]   
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Cathode   pressure   Unfavourable   Favourable   Favourable   

Fuel   concentration   Favourable   Unfavourable   Favourable   
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Chapter   5 Fuel   System   Analysis   
  

  

5.1 Introduction   

When  considering  primary  galvanic  cells  of  which  fuel  cells  are  a  type,  the  anode  refers  to                  

the  electrode  from  which  electrons  are  produced  [1].  Therefore,  electrically  speaking  a  fuel               

cell  anode  is  negative  which  is  contrary  to  the  popular  convention  of  electrically  positive                

anodes   for   electrolytic   cells   i.e.   electrolysers.   

A  fuel  cell  anode  system  is  defined  for  the  purpose  of  this  study  as  all  of  the  equipment                    

required  to  store  and  supply  fuel  to  the  anode  inlet  port  of  the  fuel  cell  stack  as  well  as  items                      

which  may  exist  on  an  anode  exhaust.  The  internal  fuel  pathway  from  the  anode  inlet,                 

through  the  flow  field  and  gas  diffusion  layer  to  the  anode  electrode  catalyst  site  was                 

considered   separately   as   being   part   of   the   fuel   cell   itself.   

As  previously  discussed,  the  two  fuel  cell  technologies  focussed  on  in  this  study  have  very                 

different  fuel  requirements.  Polymer  Electrolyte  Membrane  Fuel  Cells  (PEMFC)  require  pure             

hydrogen  gas  to  be  fed  to  the  anode,  typically  under  pressure  [1,2].  Whereas  Direct  Methanol                 

Fuel  Cells  (DMFC)  require  methanol  as  a  fuel,  typically  fed  to  the  anode  as  a  liquid  solution                   

[1,2].   

Fuel  cells  can  typically  have  one  of  three  macro-scale  anode  designs:  dead-ended,              

open-ended  and  semi-dead-ended.  In  a  dead-ended  design  there  is  no  anode  exhaust.              

Therefore,  all  of  the  fuel  provided  at  the  inlet  must  be  reacted  through  the  fuel  cell.  This  is                    

only  possible  in  fuel  cell  designs  where  the  inlet  fuel  is  pure  as  any  impurities  are  unlikely  to                    

pass   through   the   polymer   electrolyte   membrane.   
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Alternatively,  open-ended  and  semi-dead-ended  designs  are  able  to  utilise  impure  fuel  stock,              

assuming  the  impurities  don’t  interfere  with  the  electrochemical  reaction  or  poison  the              

catalyst  sites.  This  is  particularly  important  with  DMFC’s  where  the  fuel  is  a  diluted  solution                 

[1,2].  An  open-ended  design  is  as  it  sounds,  the  anode  has  an  exhaust  which  is  always  open                   

(although  it  can  be  restricted  to  increase  back-pressure).  The  primary  disadvantage  of  this               

design   is   poor   fuel   utilisation.   

Semi-dead-ended  designs  have  a  valve  on  the  anode  exhaust.  This  is  normally  in  the  closed                 

position,  allowing  dwell  times  for  the  fuel  to  react  at  the  catalyst  sites.  Periodically,  the  valve                  

is  opened  to  remove  excess  fuel  and  any  products  which  may  have  been  produced  or  crossed                  

over  to  the  anode.  This  process  is  called  purging  [3]  and  the  associated  purge  strategies  are  a                   

whole   topic   of   research   in   themselves   and   therefore   will   not   be   covered   in   this   work.   

For  semi-dead-ended  designs  incorporating  some  form  of  purging,  it  is  also  possible  to               

recirculate  the  anode  exhaust  stream  between  purge  events.  Benefits  of  implementing  anode              

recirculation  are  reported  to  include:  improved  fuel  utilisation,  reduced  cell-to-cell  voltage             

variation  across  a  stack,  and  increased  membrane  humidification  for  gas  fed  fuel  cells  [4-6].                

However,  due  to  the  complex  multi-phase  interactions  associated  with  anode  recirculation  it              

will   not   be   considered   for   use   with   PEMFCs   in   this   work.   

In  this  Chapter,  anode  system  design  considerations  for  both  fuel  cell  technologies  will  be                

analysed.  In  addition  to  fulfilling  the  fuel  flow  rate  and  inlet  pressure  requirements,  key                

design  priorities  for  anode  fuel  systems  intended  for  use  in  aeronautical  must  include  mass                

and  volume.  As  fuel  cells  are  fundamentally  energy  conversion  devices,  the  most  suitable               

way  of  analysing  these  systems  would  be  to  use  specific  energy,  and  energy              (J kg)  eF CS /   

density,   .    uF CS (J m )/ 3  
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5.2 Hydrogen   

Hydrogen  is  a  colourless,  odourless  gas  which  is  utilised  in  its  pure  molecular  form  as  a  fuel                   

in  PEMFCs.  It  is  generally  not  found  as  an  isolated  molecule  in  nature  (on  Earth)  but  is                   

present  in  many  common  chemical  compounds.  As  such,  it  must  be  extracted  and  isolated                

through  an  energy  consuming  process.  As  a  result,  it  is  common  to  refer  to  hydrogen  as  an                   

energy  carrier  rather  than  a  fuel.  Properties  of  molecular  hydrogen  which  are  pertinent  to  the                 

design  and  analysis  of  storage  and  delivery  systems  are  contained  within  Table  5.1.               

Additional   thermodynamic   data   for   hydrogen   can   be   found   in   Appendix   3.   

Table   5.1:   Properties   of   molecular   hydrogen   [1,2,7-9]   

  

A  range  of  advantages  and  disadvantages  are  presented  by  hydrogen’s  physical  properties.              

The  low  molecular  mass  of  hydrogen  can  be  seen  to  be  a  big  advantage,  especially                 

considering  the  mass  sensitive  nature  of  aeronautical  applications.  However,  when  coupled             

with  the  incredibly  low  density  of  pure  gaseous  hydrogen,  the  volumetric  energy  density  is                

somewhat   lower   than   other   common   fuel   types.   

There  are  three  common  metrics  used  in  the  literature  when  comparing  different  methods  of                

hydrogen  storage  to  each  other  and  to  other  fuel  storage  solutions.  These  are  weight                

percentage,  gravimetric  energy  density  and  volumetric  energy  density.  Weight  percentage,            

 is  a  useful  metric  for  comparing  different  storage  technologies  for  the  same  fuel  as  it  t.%w                 

avoids  any  confusion  with  which  heating  value  was  used  (higher  or  lower).  It  is  defined  as                  

the   mass   of   hydrogen   stored   divided   by   the   total   mass   of   the   hydrogen   and   the   storage   vessel.   

Property   Value   

Molecular   weight   2.016   g/mol   

Boiling   point   20.4   K   

Calorific   value   (Higher   Heating   Value)   at   298   K   141.8   MJ/kg   (39.38   kWh/kg)   

Gaseous   density   at   100kPa   and   298   K   0.0899   kg/m 3   

Liquid   density   at   100kPa   and   20.4   K   70.85   kg/m 3   
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Both  gravimetric  and  volumetric  energy  densities  can  be  used  to  compare  different  fuel  types                

in  addition  to  different  hydrogen  storage  methods.  Gravimetric  energy  density  (specific             

energy),  is  found  using  the  fuel  calorific  value  and  the  mass  of  the  fuel  and  storage  vessel,   e                 

common  units  are  .  Volumetric  energy  density,  is  found  using  the  fuel  calorific     W h kg  k /     u       

value   and   the   volume   of   the   fuel   and   storage   vessel,   common   units   are   .  W h L  k /  

Figure  5.1  shows  the  gravimetric  and  volumetric  storage  densities  of  various  hydrogen              

storage  options.  As  aerospace  applications  tend  to  be  more  mass  sensitive  than  volume               

sensitive,  metal  hydride  hydrogen  storage  would  be  the  least  suitable  solution.  Ideally,  light              

hydrides  would  be  used,  however,  they  are  generally  more  difficult  to  re-fuel  due  to  their                 

availability.  This  leaves  Liquid  Hydrogen  (LH 2 )  and  high  pressure  Compressed  Gaseous             

Hydrogen   (CGH 2 )   as   remaining   storage   options.   

  

Figure  5.1:  Gravimetric  and  volumetric  densities  of  various  hydrogen  storage  options.  ‘DoE              

target’  represents  the  US  Department  of  Energy  target  for  hydrogen  storage  material  [10]               

(Open   access   CC   BY-NC-ND   license)   
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5.2.1 Gaseous   Storage   

Molecular  hydrogen  is  commonly  stored  as  a  compressed  gas  at  around  200  bar  g  [1,11]  and                  

is  commercially  available  as  an  industrial  fuel  gas  [12].  Energy  density  of  CGH 2  storage  is                 

improved  by  increasing  the  storage  pressure  of  the  molecular  hydrogen.  The  pressure  can  be                

raised  either  using  a  mechanical  piston  based  compressor  or  using  non-mechanical             

compression  techniques  such  as  electrochemical  and  metal-hydride  compression  [11,13].  Of            

the  different  compression  techniques  available,  non-mechanical  methods  are  preferred  when            

compressing  hydrogen  intended  for  use  in  fuel  cells  as  the  guarantee  that  the  gas  is  not                  

contaminated   with   the   lubricating   oil   required   in   mechanical   compressors   [11].   

Although  regularly  treated  as  an  ideal  gas  due  to  small  size  and  weak  intermolecular  forces,                 

this  assumption  breaks  down  as  the  pressure  is  increased  [14].  Compressibility  factor,              

sometimes  gas  deviation  factor,   is  used  to  describe  the  deviation  between  the  ideal  gas      Z            

assumption  and  the  behaviour  of  a  real  gas  whilst  being  compressed.  The  variation  of                

compressibility   factor   for   hydrogen   is   shown   in   Figure   5.2   

  

Figure  5.2:  Variation  of  compressibility  factor  of  hydrogen  with  increasing  pressure  at              

temperatures   of   200,   250   ad   300   K   [14]   
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As  demonstrated  by  Figure  5.2,  changing  storage  temperature  leads  to  deviations  in  the  rate               

of  change  of  compressibility  factor  with  increasing  pressure.  Up  to  a  storage  pressure  of                

around  100  bar  g,  the  compressibility  factor  for  molecular  hydrogen  is  fairly  consistent  in  the                 

temperature  range  of  200  K  to  300  K.  Above  this  pressure,  increasing  the  temperature  leads                 

to  a  decreasing  rate  of  change  in  gas  deviation  factor.  Factoring  this  observation  into  the                 

determination  of  gas  density  change  with  increasing  pressure  leads  to  the  results  shown  in                

Figure   5.3.   

  

Figure  5.3:  Density  evolution  of  molecular  hydrogen  with  respect  to  storage  pressure  for               

temperatures   of   273,   298   and   373   K   [11,15]   

An  interesting  observation  from  Figure  5.3  which  is  particularly  relevant  to  the  storage  of                

molecular  hydrogen  at  very  high  pressures  (>  500  bar  g)  is  the  evolving  nonlinearity  of                 

density  evolution  with  increasing  pressure.  It  is  important  that  the  model  developed  as  part  of                 

this  work  is  able  to  account  for  this  deviation  as  it  will  lead  to  variations  in  the  gravimetric                    

and   volumetric   storage   efficiencies.   
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In  addition  to  the  non-ideal  density  evolution  of  molecular  hydrogen,  the  physical              

characteristics  of  the  storage  vessel  will  play  an  important  role  in  determining  the  hydrogen               

storage  efficiency.  Due  to  the  potentially  high  pressures  associated  with  hydrogen  storage,  the               

pressure  vessel  material  choice  is  one  of  the  most  important  considerations  when  designing               

CGH 2  systems  [16].  In  addition  to  being  capable  of  withstanding  the  high  pressure,  chosen                

materials  must  also  be  resistant  to  hydrogen  embrittlement  [17].  Typically,  austenitic  stainless              

steels,   aluminium   and   high-density   polymers   such   as   HDPE   are   used.   

Currently,  there  are  four  commercially  available  CGH 2  storage  cylinders,  Type  I  →  Type  IV                

[14,18,19].  Information  relating  to  the  construction  materials  and  capabilities  of  each  cylinder              

type   are   given   in   Table   5.2   with   key   differences   graphically   represented   in   Figure   5.4.   

Table   5.2:   Materials   and   pressure   ranges   of   Type   I,   II,   III   and   IV   cylinders   [14,18-20]   

  

Figure  5.4:  Representation  of  Type  I,  II,  III  and  IV  compressed  gas  cylinders  [19]  reproduced                 

with   permission   from   Elsevier   (Licence:   4860680258275)   

Cylinder   Classification  Typical   Storage   Pressure  Construction   Materials   

Type   I   150   -   300   bar   g  All   steel   construction   

Type   II   <   1,000   bar   g   Load-bearing   metallic   liner   hoop   
wrapped   with   resin   impregnated   
composite   

Type   III   <   450   bar   g   Non-load-bearing   metallic   liner   
axially   and   hoop   wrapped   with   
resin   impregnated   composite   

Type   IV   Up   to   700   bar   g   High-density   polymer   liner,   axially   
and   hoop   wrapped   with   resin   
impregnated   composite   
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Although  Type  II  cylinders  currently  have  the  highest  storage  pressure  possible  [19,20],  their               

reliance  on  load-bearing  metallic  liners  means  that  the  fully  polymer  and  composite              

construction  of  Type  IV  cylinders  gives  a  distinct  weight  advantage.  This  is  shown  by                

plotting  the  specific  energy  and  energy  density  averages  for  current  commercially  available              

CGH 2  cylinders  at  their  peak  storage  pressures,  Figure  5.5  [21-26].  Specific  energy  and               

energy  density  values  were  found  using  non-ideal  density  evolution  at  298  K  demonstrated               

by  Figure  5.3  in  addition  to  the  physical  mass  and  liquid  volume  of  the  empty  cylinders.                  

These  results  are  valid  for  CGH 2  tanks  capable  of  storing  up  to  10  kg  of  hydrogen  in  a  single                     

tank.   

  

Figure  5.5:  Specific  energy  and  energy  density  variation  with  storage  pressure  and  cylinder               

type  for  existing  commercially  available  CGH 2  storage  cylinders  (data  for  several  cylinders              

has   been   averaged   to   produce   each   plot)   [21-26]   
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The  analysis  from  Figure  5.5  clearly  shows  general  improvements  in  both  specific  energy  and                

energy  density  as  the  cylinder  technology  is  advanced  from  Type  I  to  Type  IV.  Although                 

certain  Type  III  cylinders  come  close  to  matching  the  performance  of  Type  IV  either  on                 

specific   energy   or   energy   density,   Type   IV   cylinders   show   the   best   balance.   

As  well  as  knowledge  of  the  energy  density  and  specific  energy,  collectively  storage               

efficiency  of  different  CGH 2  technologies;  it  would  also  be  beneficial  to  have  direct               

relationships  between  the  quantity  of  hydrogen  stored  and  the  physical  characteristics  of  the               

vessel,  in  particular  its  mass  and  volume.  Commercial  CGH 2  cylinder  data  [21-26]  was  used                

to  produce  the  relationships  for  mass  (Figure  5.6)  and  volume  (Figure  5.7).  For  each  plot,  a                  

linear  trendline  was  generated  with  the  equations  for  mass  plots  given  in  Table  5.3  and  those                  

for  volume  in  Table  5.4.  Data  for  175  bar  g  hydrogen  storage  was  limited  to  two  cylinder                   

types   from   BOC   therefore,   the   inclusion   of   this   information   is   meant   only   for   reference.   

  

Figure  5.6:  Change  in  total  mass  of  hydrogen  and  vessel  with  increasing  mass  of  hydrogen                 

stored   for   175,   350   and   700   bar   g   storage   pressures   [21-26]   
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Table   5.3:   Fits   through   origin   and   R 2    values   for   correlations   from   Figure   5.6   

  

  

Figure  5.7:  Change  in  total  volume  of  storage  vessel  with  increasing  mass  of  hydrogen  stored                 

for   175,   350   and   700   bar   g   storage   pressures   [21-26]   

Table   5.4:   Fits   through   origin   and   R 2    values   for   correlations   from   Figure   5.7   

Plot   Fitted   Correlation   (u   =   mass   of   hydrogen   stored   (kg))   R 2   

175   bar   g    ass 90.592um =   1   

350   bar   g    ass 29.13um =   0.99   

700   bar   g    ass 21.228um =   0.99   

Plot   Fitted   Correlation   (u   =   mass   of   hydrogen   stored   (kg))   R 2   

175   bar   g    ol 82.199uv =   1   

350   bar   g    ol 43.958uv =   1   

700   bar   g    ol 23.356uv =   1   
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All  of  the  presented  data  and  relationships  for  CGH 2  storage  methodologies  clearly  shows               

beneficial  traits  for  storing  hydrogen  at  either  350  bar  g  or  700  bar  g.  In  the  case  of  350  bar  g                       

CGH 2 ,  the  lower  storage  pressure  allows  for  a  lighter  tank  design  when  compared  to  700  bar                  

g  options.  However,  the  volume  advantage  of  storing  at  700  bar  g  is  more  influential  due  to                   

the   greater   slope   difference   between   the   two   technologies.   

5.2.2 Liquid   Storage   

Molecular  hydrogen  can  be  stored  cryogenically  as  a  liquid  if  it  is  cooled  below  its  boiling                  

point  (20.4  K).  Although  the  requirement  for  this  extremely  low  temperature  may  dissuade               

some  from  this  storage  technique,  the  major  benefit  of  LH 2  must  be  considered.  This  is  that                  

the  density  of  LH 2  under  atmospheric  pressure  is  still  79%  higher  than  the  density  of  gaseous                  

hydrogen  which  has  been  compressed  to  700  bar  g.  The  second,  is  that  it  is  much  more                   

efficient  to  store  the  potentially  large  quantities  of  hydrogen  required  for  aviation  as  a  liquid                 

than   a   compressed   gas   [27-29].   

The  extremely  low  temperatures  required  for  LH 2  storage  present  some  unique  design              

challenges  when  compared  to  other  hydrogen  storage  methods.  In  particular,  the  internal              

vessel  temperature  should  not  be  allowed  to  exceed  20.4  K,  above  which  liquid  hydrogen  will                 

boil.  Given  that  the  density  of  gaseous  hydrogen  is  over  48  times  smaller  than  liquid                 

hydrogen  (along  the  saturation  line  at  1.1  bar  absolute)  [30]  any  vaporisation  will  cause  the                 

vessel  internal  pressure  to  rise  significantly.  Although  there  are  several  different  insulation              

strategies  which  can  be  implemented,  more  on  these  later,  a  combination  of  a  significant                

temperature  difference  and  inherent  inefficiencies  of  any  physical  system  mean  that  there  will               

always  be  some  heat  leakage  into  the  LH 2  tank.  This  energy  transfer  will  always  cause  a                  

small  amount  of  unavoidable  LH 2  evaporation,  a  phenomena  commonly  referred  to  as  “Boil               

off”   [27-40]    which   must   be   managed.   

Typical  cryogenic  storage  vessels  (cryostat)  used  to  store  LH 2  have  a  double  wall               

construction  and  are  insulated  using  a  combination  of  a  high-vacuum  inter-wall  cavity  and               

advanced  multi-layer  reflective  insulation  [18,36].  They  are  also  designed  as  low-pressure             

storage   vessels,   typically   expecting   a   range   of   ambient   to   1,000   kPa   [33,36,42].   
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In  addition  to  a  highly  efficient  insulation  design,  it  is  best  practice  to  only  partially  fill  LH 2                   

tanks  to  around  85%  to  95%  [41].  The  remaining  5%  to  15%  of  available  volume  is  known  as                    

ullage  and  is  present  to  accommodate  some  of  the  space  taken  up  by  the  expansion  of  liquid                   

to  gaseous  hydrogen.  Despite  the  additional  volume  requirement  not  directly  dedicated  to              

storing  fuel,  as  shown  by  Figure  5.8,  the  mass  and  volume  of  LH 2  storage  is  still  less  than  that                     

of   state-of-the-art   CGH 2    storage.   

  

Figure  5.8:  Total  mass  and  volume  variation  for  advanced  CGH 2  and  LH 2  storage  vessels                

(data   for   several   vessels   has   been   averaged   to   produce   each   plot)   [21,23,24,26,43]   

The  main  advantage  of  LH 2  over  CGH 2  storage,  a  far  superior  specific  energy  is  also                 

demonstrated  by  Figure  5.8.  Therefore,  for  larger  aircraft  designs  and/or  extended  missions,              

LH 2    should   be   the   preferred   choice   for   storing   hydrogen   in   aircraft.   
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5.2.3 Delivery   

Hydrogen,  regardless  of  whether  it  is  stored  as  a  gas  or  liquid,  needs  to  be  supplied  to  the  fuel                     

cell  anode  inlet  in  gaseous  form  and  at  a  regulated  pressure.  For  CGH 2  storage  solutions,  this                  

is  achieved  relatively  simply  through  the  use  of  valves  and  pressure  regulators.  Although,  it                

should  be  noted  that  it  is  common  to  have  more  than  one  regulator  to  ensure  that  the  low                    

anode  inlet  pressure,  typically  <  3  bar  gauge  [44-46]  can  be  maintained  across  the  wide  range                  

of   possible   storage   pressures.   

For  LH 2  storage  solutions,  fuel  delivery  is  more  complicated  as  it  requires  the  liquid                

hydrogen  to  be  vaporised  (and  pressure  allowed  to  rise)  before  it  can  be  fed  to  the  fuel  cell.                    

This  can  be  achieved  through  careful  design  of  the  tank  insulation  to  control  boil-off  and  use                  

of   an   electric   heater.   

Regardless  of  the  method  chosen  to  store  hydrogen,  the  fuel  cell  is  always  going  to  require  a                   

certain  mass  flow  to  allow  the  electrochemical  reaction  to  move  forward.  Based  on  the                

fundamental  electrochemical  reaction  in  a  PEMFC  as  described  chemically  in  Chapter  3  it               

can  be  shown  that  two  electrons  are  transferred  for  each  molecule  of  hydrogen  reacted.                

Therefore,  the  hydrogen  usage  can  be  calculated  from  Equation  5.1.  The  full  derivation  of                

this   equation   is   shown   by   Larminie,   J   [1].   

Where:   

 ṁH2
= 2F

M InH2 = 2V Fc

M PH2 e
 (5.1)  

 F  -  Faraday   constant   (96,485   C/mol)   

 I  -  Current   (A)   

 M H2  -  Molecular   mass   of   hydrogen   (2.02   g/mol)   

 ṁH2  -  Hydrogen   mass   flow   rate   (kg/s)   

 n  -  Number   of   cells   

  P e  -  Electrical   power   (W)   

 V c  -  Cell   potential   (V)   
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Obtaining  the  desired  mass  flow  calculated  from  Equation  5.1  whilst  also  maintaining  the               

specified  inlet  pressure  can  generally  be  achieved  by  one  of  two  methods.  For  open-ended                

anode  designs,  a  mass  flow  controller  should  be  used  to  control  the  flow  of  hydrogen  into  the                   

fuel  cell.  Storage  pressure  will  need  to  be  regulated  down  to  the  specified  inlet  pressure  of  the                   

mass  flow  controller  to  ensure  correct  function.  In  the  case  of  our  experimental  setup,  this  is                  

2  bar  g.  The  effective  anode  pressure  in  the  fuel  cell  should  be  controlled  by  a  back-pressure                   

valve  on  the  anode  exhaust.  Alternatively,  for  both  dead-ended  and  semi-dead-ended  designs,              

the  anode  pressure  is  regulated  directly  from  the  storage  solution  and  the  mass-flow  is                

roughly   equal   to   the   rate   of   consumption   by   the   fuel   cell.   

For  open-ended  designs  where  the  mass  flow  is  controlled  and  an  exhaust  flow  is  expected,  it                  

is  paramount  that  the  hydrogen  mass  flow  into  the  anode  is  greater  than  the  rate  of                  

consumption.  The  ratio  of  actual  fuel  mass  flow  to  rate  of  consumption  is  termed  the                 

stoichiometric  ratio,   [1,2].  It  is  common  to  run  a  PEMFC  with  a  hydrogen  stoichiometry    λ              

greater  than  one.  Actual  hydrogen  flow  rate  from  the  storage  solution  can  be  found  from                 

Equation   5.2.   

Where:   

  

  

  

  

 λṁH  in2
= ṁH2

 (5.2)  

 ṁH2  -  Hydrogen   mass   flow   rate   (kg/s)   

 ṁH  in2  -  Hydrogen   mass   flow   into   fuel   cell   (kg/s)   

 λ  -  Stoichiometry   
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5.3 Methanol   

Unlike  hydrogen  fed  PEMFCs  where  the  hydrogen  fuel  must  have  no  impurities,  DMFCs  are                

able  to  operate  using  a  methanol  feed  of  varying  concentration.  Typically,  the  literature               

prefers  using  a  methanol  concentration  of  1.0  mol/dm 3  [47-50].  However,  it  is  not  uncommon                

for  applications  to  use  a  concentration  much  higher  than  this,  even  up  to  pure  methanol  [51].                  

To  obtain  different  methanol  solutions  for  use  as  a  fuel  in  a  fuel  cell,  it  is  critically  important                    

that  it  is  diluted  using  De-Ionised  (DI)  water.  This  is  to  avoid  potential  contamination  from                 

impurities  in  the  water  supply.  Properties  of  pure  methanol,   are  shown  in  Table  5.5           H OHC 3       

[52,53].   

Table   5.5:   Properties   of   pure   methanol   [52,53]   

  

When  compared  to  hydrogen  (either  gaseous  or  liquid),  methanol  has  some  significant              

advantages.  Indeed,  the  density  of  pure  methanol,  as  illustrated  in  Table  5.5  is  over  ten  times                 

greater  than  that  of  liquid  hydrogen  leading  to  a  much  higher  volumetric  energy  density.                

Additionally,  under  standard  conditions  methanol  is  a  liquid  which  is  significantly  easier  to               

store   than   either   CGH 2    or   LH 2    [54].  

When  dealing  with  liquid  in  applications  expected  to  operate  at  sub-ambient  temperatures;              

aircraft  flying  at  altitude  being  an  excellent  example,  the  freezing  point  of  the  liquid  in                 

question  becomes  of  great  importance.  For  pure  methanol,  this  shouldn’t  be  an  issue  with  a                 

freezing  point  around  ten  degrees  less  than  the  coldest  temperatures  expected  during  normal               

flight  [55,56].  However,  this  is  not  the  case  for  methanol  solutions  diluted  with  DI  water  as                  

demonstrated   by   Figure   5.9   [57,58].   

Property   Value   

Molecular   weight   32.04   g/mol   

Boiling   point   337.7   K   

Freezing   point   175   K   

Calorific   value   (Higher   Heating   Value)   at   298   K   22.66   MJ/kg   (6.29   kWh/kg)   

Density   at   100kPa   and   298   K   791   kg/m 3   
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Figure   5.9:   Methanol   solution   freezing   point   variation   with   concentration   [57,58]   

The  shape  of  Figure  5.9  is  a  result  of  the  interactions  between  pure  methanol  and  water  in  a                    

binary  mixture.  For  the  methanol  /  water  mixture,  the  location  of  the  first  vertex  close  to  -100                  

℃  is  likely  a  result  of  a  change  in  crystalline  structure  of  ice  at  this  temperature.  The                   

minimum  freezing  point  (eutectic  temperature)  of  a  binary  mixture  occurs  at  the  eutectic               

concentration   which   is   around   82   -   88   wt%   depending   on   data   source   [57,58].   

At  the  lowest  temperature  expected  at  the  ceiling  of  a  Global  Hawk  Unmanned  Aerial                

Vehicle  (UAV)  as  defined  by  MIL-HDBK-310,  187  K  (-86  ℃)  [56]  solution  concentrations               

of  less  than  18  mol/dm 3  (0.65  wt%  methanol)  will  freeze.  Therefore,  careful  consideration               

will  need  to  be  made  to  the  design  of  methanol  storage  solutions  for  aircraft  specification                 

DMFC   systems.   
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5.3.1 Anode   Configurations   

Analogies  can  be  made  between  the  two  common  DMFC  anode  designs,  active  and  passive                

to  the  previously  discussed  dead/open-ended.  However,  the  two  sets  of  terminology  can  not               

be  used  interchangeably.  This  is  because  fuel  is  actively  fed  to  the  fuel  cell  in  both  dead-  and                    

open-ended  cases  whereas,  in  a  passive  DMFC  design  a  fixed  tank  of  methanol  solution  is                 

located  in  the  anode  side  end  plate  of  the  fuel  cell  as  shown  in  Figure  5.10.  This  type  of                     

DMFC   also   implements   a   porous   diffusion   layer   in   place   of   a   more   traditional   flow   field.   

  

Figure  5.10:  Example  layout  for  a  passive  DMFC,  highlighting  the  fixed  methanol  solution               

tank   and   porous   anode   flow   plate   

For  passive  DMFC  designs,  the  optimum  methanol  concentration  has  been  shown  to  be               

around  twice  that  of  an  active  design  (≈  4.0  mol/dm 3 )  as  the  access  of  the  fuel  to  the  active                     

sites  is  only  by  diffusion  [59,60].  Performance  results  for  passive  designs  are  also               

significantly  lower  than  those  achieved  for  active  designs.  This  combined  with  limited              

refuelling   ability   excludes   their   use   in   aeronautical   applications.   
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Active  DMFCs  are  most  analogous  to  an  open-ended  PEMFC  design  as  they  are  designed  to                 

allow  the  methanol  based  fuel  to  flow  through  the  anode  flow  fields.  This  increases  the                 

availability  of  fuel  to  the  reactive  sites  whilst  also  allowing  lower  concentrations  to  be  used                 

[61,62],  reducing  the  inefficiencies  caused  by  crossover.  An  example  layout  for  an  active               

DMFC,   highlighting   the   anode   flow   channels   can   be   seen   in   Figure   5.11.   

  

Figure  5.11:  Example  layout  for  an  active  DMFC,  highlighting  the  flow  channels  on  both                

anode   and   cathode   and   the   flowing   methanol   solution   through   the   anode   end   plate   

5.3.2 Storage   

Compared  to  hydrogen,  the  storage  of  methanol  is  fairly  trivial.  In  large  part  this  is  because  it                   

has  a  liquid  state  for  the  full  environmental  regime  of  most  aircraft.  However,  the  density  of                  

liquid  methanol  changes  with  both  temperature  and  concentration.  Both  are  important  factors              

and   should   be   considered   when   designing   the   storage   system   for   a   DMFC.   

From  a  materials  perspective,  methanol  can  be  stored  readily  in  most  polymer  and  ferrous                

metal  containers  and  is  also  compatible  with  several  elastomer  seal  materials  [63,64].  In  order                

to  avoid  potential  contamination  which  may  leach  from  wetted  materials  entering  the  fuel               

cell,  it  is  general  practice  to  use  materials  such  as  High  Density  PolyEthylene  (HDPE),                

PolyTetraFluoroEthylene   (PTFE)   and   austenitic   stainless   steels   such   as   316   and   316L.   
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Density  evolution  of  methanol  with  changing  temperature  is  an  important  consideration  in  the               

design  of  any  type  of  storage  vessel  as  pure  methanol  will  expand  by  up  to  10  %  when  chilled                     

from  50  ℃  to  -50  ℃  [8].  The  density  evolution  is  also  non-linear  with  the  density  increasing                   

at   a   slower   rate   at   lower   temperatures.   This   relationship   is   demonstrated   in   Figure   5.12.   

  

Figure   5.12:   Density   variation   of   pure   liquid   methanol   with   temperature   [8]   

As  mentioned,  the  density  of  a  methanol  solution  also  varies  with  concentration  in  addition  to                 

temperature  as  demonstrated  at  both  0  ℃  and  20  ℃  in  Figure  5.13  [65].  As  the  concentration                   

of  a  methanol  solution  decreases  from  100  wt%  to  1.0  mol/dm 3  (3.6  wt%)  the  liquid  density                  

increases  by  25%  under  a  constant  temperature  of  20  ℃  (  &            91.7 kg m  @ 100 wt%  ρ = 7 / 3   

).  ρ 91.8 kg m  @ 3.6 wt%   = 9 / 3  
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The  two  different  density  evolution  trends  of  liquid  methanol,  one  with  temperature  and  the                

other  with  concentration  have  shown  that  the  fuel  storage  subsystem  of  a  DMFC  is  much                 

more  sensitive  to  the  concentration  of  the  fuel  stored  than  it  is  to  temperature.  This  leads  to                   

some  interesting  design  concepts  for  achieving  the  highest  storage  efficiency  for  methanol              

fuel.  One  solution,  and  the  simplest  in  terms  of  number  of  components  and  control  logic                 

would  be  to  scale  up  a  typical  lab  setup  where  there  is  a  single  storage  vessel  containing  a                    

premixed  dilute  methanol  solution.  This  would  be  fed  to  the  fuel  cell  using  an  appropriately                 

sized  positive  displacement  pump  and  the  exhaust  flow  to  atmosphere.  An  example  of  this                

design   concept   can   be   seen   in   Figure   5.14.   

  

Figure  5.13:  Change  in  liquid  density  with  methanol  solution  concentration  at  0  ℃  and  20  ℃                  

[65]   
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Figure   5.14:   Concept   design   for   single   tank   active   DMFC   anode   system   

A  more  advanced  concept  would  involve  the  use  of  multiple  (as  little  as  two)  storage  vessels.                  

One  would  be  purposed  with  storing  pure  methanol  for  maximum  energy  density  whereas,               

the  second  tank  would  be  an  intermediary  for  diluting  the  pure  methanol  prior  to  injection                 

into   the   fuel   cell.   An   example   schematic   for   such   a   system   is   highlighted   in   Figure   5.15.   

  

Figure   5.15:   Concept   design   for   multi-tank   active   DMFC   anode   system   
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5.3.3 Delivery   

Delivering  a  methanol  solution  to  the  anode  inlet  of  an  active  DMFC  is  trivial  in  comparison                  

to  using  hydrogen  with  a  PEMFC.  However,  positive  displacement  pumps  are  preferred  over               

other  types  to  allow  the  flow  rate  of  methanol  solution  to  be  carefully  controlled.  We  have                  

already  discussed  the  material  compatibility  of  methanol  and  fortunately  it  shares  many              

properties  with  other  hydrocarbon  fuels.  Therefore,  nearly  all  automotive  rated  fuel  pumps              

will   be   suitable   for   use   with   methanol.   

Based  on  the  fundamental  electrochemical  reaction  in  a  DMFC  as  described  in  Chapter  3  it                 

can  be  shown  that  six  electrons  are  transferred  for  each  molecule  of  methanol  reacted.                

Therefore,   the   methanol   usage   can   be   calculated   from   Equation   5.3.   

Where:   

For  active  DMFC  designs  where  the  mass  flow  is  controlled  and  an  exhaust  flow  is  expected,                  

it  is  paramount  that  the  methanol  mass  flow  into  the  anode  is  greater  than  the  rate  of                   

consumption.  The  ratio  of  actual  fuel  mass  flow  to  rate  of  consumption  is  termed  the                 

stoichiometric  ratio,   [1,2].  It  is  common  to  run  a  DMFC  with  a  methanol  stoichiometry    λ              

greater  than  one.  Actual  pure  methanol  flow  rate  from  the  storage  solution  can  be  found  from                  

Equation   5.4.   

 ṁCH OH3
= 6F

M InCH OH3 = 6V Fc

M PCH OH3 e
 (5.3)  

 F  -  Faraday   constant   (96,485   C/mol)   

 I  -  Current   (A)   

M CH OH3  -  Molecular   mass   of   methanol   (32.04   g/mol)   

 ṁCH OH3  -  Methanol   mass   flow   rate   (kg/s)   

 n  -  Number   of   cells   

  P e  -  Electrical   power   (W)   

 V c  -  Cell   potential   (V)   
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Where:   

Unlike  hydrogen,  as  discussed  it  is  common  to  use  a  dilute  concentration  of  methanol  fuel  in                  

a  DMFC.  Therefore,  the  methanol  flow  rate  calculated  by  Equations  5.3  and  5.4  is  just  that                  

for  the  active  methanol  component  of  a  solution.  In  order  to  size  fuel  pumps  and  storage                  

vessels,  the  gross  solution  flow  rate  is  required.  This  is  calculated  by  dividing  the  methanol                 

mass  flow  rate  into  the  fuel  cell  by  the  solution  concentration  expressed  as  a  weight                 

percentage.   This   is   described   in   Equation   5.5.   

Where:   

5.4 Sub-System   Energy   Density   

When  designing  alternative  energy  systems  such  as  fuel  cells  and  batteries,  in  particular  those                

systems  destined  for  aeronautical  applications;  the  ability  of  that  system  to  store  energy               

efficiently  is  crucial.  In  the  literature,  a  multitude  of  different  methods  are  used  to  try  and                  

describe  the  storage  efficiency  of  a  fuel  cell  system.  Unfortunately,  a  majority  of  these  seem                 

to  only  focus  on  the  storage  vessel  itself  and  not  the  additional  balance  of  plant  required.                  

They  also  seem  to  prefer  expressing  storage  efficiencies  as  weight  percentages,  a  ratio  of  the                 

mass   of   fuel   stored   to   the   total   storage   mass,   and   similarly   for   volume.   

 λṁCH OH  in3
= ṁCH OH3

 (5.4)  

 ṁCH OH3  -  Methanol   mass   flow   rate   (kg/s)   

ṁCH OH  in3  -  Methanol   mass   flow   into   fuel   cell   (kg/s)   

 λ  -  Stoichiometry   

   conc  ṁF uel in = ṁCH OH  in3 / ′  (5.5)  

 onc  c ′  -  Methanol   solution   concentration   

ṁCH OH  in3  -  Methanol   mass   flow   into   fuel   cell   (kg/s)   

 ṁF uel in  -  Fuel   mass   flow   rate   into   fuel   cell   (kg/s)   
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So  that  the  reader  may  make  easier  comparisons  with  more  traditional  fuel  types,  this  work                 

will  use  specific  energy,   and  energy  density,   to  compare  and  contrast  the  relative  storage      e     u         

efficiencies  of  the  different  fuel  storage  technologies  previously  discussed  for  both  hydrogen              

and   methanol.   

5.4.1 Efficiency   Calculation   

Specific  energy  or  energy  per  unit  mass,  ,  Equation  5.6  is  often  used  to  define  the         e          

gravimetric  storage  efficiency  of  a  system.  The  SI  units  for  specific  energy  are  J/kg  however,                 

due  to  the  scales  involved,  it  is  more  common  to  see  it  expressed  in  kWh/kg.  The  conversion                   

from   J   to   kWh   is:   .  .6 × 0  J  1 kW h3 1 6 =   

Where:   

Energy  density  or  energy  per  unit  volume,  ,  Equation  5.7  is  often  used  to  define  the         u          

volumetric  storage  efficiency  of  a  system.  The  SI  units  for  specific  energy  are  J/m 3  however,                 

due  to  the  scales  involved,  it  is  more  common  to  see  it  expressed  in  kWh/L.  The  conversion                   

from   J/m 3    to   kWh/L   is:   .  .6 0  J m  1 kW h L  3 × 1 9 / 3 =  /  

Where:   

 eF CS = Enet
mF CS

 (5.6)  

 Enet  -  Available   energy   from   fuel   (J)   

 eX   -  Specific   energy   of   X   (J/kg)   

 mX   -  Mass   of   X   (kg)   

 uF CS = Enet
volF CS

 (5.7)  

 Enet  -  Available   energy   from   fuel   (J)   

 uX   -  Energy   density   of   X   (J/m 3 )   

 olv X   -  Volume   of   X   (m 3 )   
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5.4.2 Hydrogen   Storage   

For  hydrogen  storage,  the  physical  size  and  mass  of  the  storage  tank(s)  will  be  significantly                 

higher  than  that  of  supporting  balance  of  plant  (regulators  and  heaters)  except  in  very  small                 

hand-held  Unmanned  Aerial  Vehicles  (UAV).  Therefore,  the  estimations  of  specific  energy             

and  energy  density  of  the  fuel  storage  system  were  performed  solely  on  the  storage  vessel.  To                  

carry   out   this   analysis   data   from   multiple   commercial   sources   [21,23,24,26,43]   was   used.   

For  each  storage  technology,  the  mass  of  hydrogen  stored  was  used  to  calculate  the  energy                 

availability  of  each  storage  technology.  Specific  energy  values  were  calculated  by  dividing              

this  energy  by  the  total  mass  of  the  hydrogen  stored  and  the  storage  vessel,  note  that  for  the                    

LH 2  case  this  mass  includes  the  required  insulation.  To  calculate  the  energy  density  the                

energy  content  was  divided  by  the  total  physical  volume  of  the  storage  vessel.  Results  are                 

shown   in   Figure   5.16.   

  

Figure  5.16:  Specific  energy  and  energy  density  variation  for  advanced  CGH 2  and  LH 2               

storage  vessels  (data  for  several  vessels  has  been  averaged  to  produce  each  plot)               

[21,23,24,26,43]   
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Figure  5.16  demonstrates  the  relative  improvements  in  specific  energy  and  energy  density  as               

the  storage  technology  was  advanced  from  350  bar  g  Type  III  cylinders  through  to  LH 2 .  The                  

results  show  similar  specific  energy  for  both  CGH 2  storage  technologies  with  an              

improvement   of   over   4x   for   the   LH 2    case.   

Compressed  gaseous  storage  options  are  however  separated  by  their  relative  energy  densities,              

with  the  higher  pressure  Type  IV  cylinders  performing  better  than  the  lower  pressure  Type                

III.  However,  LH 2  storage  also  outperforms  both  gaseous  options,  but  by  a  smaller  margin                

than  the  specific  energy  case.  This  is  a  result  of  the  still  relatively  low  density  of  liquid                   

hydrogen   (70.85   kg/m 3 )   and   the   additional   bulk   associated   with   cryogenic   insulation.   

Despite  the  fact  that  from  a  storage  efficiency  perspective,  LH 2  has  been  shown  here  to                 

outperform  all  types  of  CGH 2 ,  it  is  not  necessarily  the  best  case  for  every  application.  This  is                   

due   to   the   complexities   of   creating   and   storing   cryogenic   liquid   hydrogen   as   discussed   earlier.   

5.4.3 Methanol   Storage   -   Single   vs’   Twin   Tank   Case   Study   

In  order  to  evaluate  the  storage  efficiency  of  the  two  different  active  DMFC  anode  systems                 

discussed  earlier,  a  single  pre-diluted  tank  (Figure  5.14)  and  a  multi  tank  system  consisting  of                 

a   pure   methanol   tank   and   a   separate   mixing   tank   (Figure   5.15).   

To  define  the  operating  requirements  on  the  anode  feed  system,  the  validated  single-cell               

DMFC  model  created  in  Chapter  4  was  used.  The  model  was  scaled  by  increasing  the  fuel                  

cell  active  area,   from  25  cm 2  to  100  cm 2  to  increase  the  current  output  and  the  number  of     A                 

cells  was  increased  to  raise  the  voltage.  A  fixed  current  density,   of  153  mA/cm 2 ,  chosen             i      

because  of  its  location  at  the  lower  end  of  the  ohmic  region  of  the  validated  polarisation                  

curve.  These  points  gave  a  steady  state  operation  case  of  ,   and             5.3 AI = 1  5.5 VV = 6   

.  This  corresponded  to  a  (pure)  methanol  inlet  flow  rate  of  around  15  cc/min  , 01 WP e = 1 0               

using   Equation   5.3.   
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Liquid  fuel  pumps  [66,67]  were  chosen  based  on  their  material  compatibility  with  pure               

methanol  and  sized  to  deliver  over  the  desired  flow  rates  to  allow  for  derating  over  time.  Fuel                   

tank  sizing  assumed  spherical  HDPE  vessels  with  an  assumed  wall  thickness  of  5  mm.  An                 

overview  of  the  system  operating  setpoint  and  component  selection  has  been  included  in               

Table  5.6.  The  component  selections  in  Table  5.6  are  specific  to  the  size  of  fuel  cell  specified                   

with  the  exception  of  the  storage  vessels  where  a  conversion  factor  from  volume  of  fuel                 

required   is   given.   

Table   5.6:   Overview   of   designs   and   system   operating   setpoint   used   in   case   study   

Overview   of   Two   Design   Schematics   

Single   Tank   Case  

 

Twin   Tank   Case   

 

Component   Selection   for   Case   Study   and   Relevant   Sizes   

Methanol   storage   tanks   can   be   made   from   
HDPE   [68]   which   has   a   density   of   0.97   
g/cm 3   
(storage   vessels   assumed   spherical)   

Tank   material   mass   =     
 .251 iquid vol   (kg)0 × l 0.657  

Tank   material   volume   =     
 .2587 iquid vol   (litres)0 × l 0.657  

Solution   pump   is   a   Flojet   Triplex   design   
[66]   

Pump   mass   =   3.5   kg   
Pump   volume   =   1.97   L   

Concentrated   methanol   pump   is   a   RS-Pro   
micropump   [67]   

Pump   mass   =   0.05   kg   
Pump   volume   =   0.024   L   

Liquid   separator   data   is   estimated   Mass   =   1.0   kg   
Volume   =   2.0   L   
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To  provide  a  range  of  system  operating  cases  the  anode  inlet  stoichiometry  of  1.5  was                 

assumed  along  with  a  two  hour  run  time.  Methanol  concentration  at  the  inlet  to  the  fuel  cell                   

varied  from  1.0  mol/dm 3  to  15.0  mol.dm 3 .  The  results  of  this  case  study  are  shown  in  Figure                  

5.17.   

  

Figure  5.17:  Energy  density  and  specific  energy  results  for  methanol  storage  cases  study  at                

varying   methanol   feed   concentrations   

  

System   Operating   Point   for   1,001   W   Electrical   Power   

Current   density,    i  0.153   A/cm 2   

Active   area,    A  100   cm 2   

Stack   current,    I  15.3   A   

Number   of   cells,    n  233   

Stack   voltage,    V  65.5   V   
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As  would  be  expected,  both  the  system  specific  energy  and  energy  density  are  improved  by                 

feeding  the  DMFC  with  a  higher  concentration  methanol  solution.  It  was  also  shown  that  the                 

storage  efficiency  improvement  is  much  more  prominent  for  the  single  tank  case.  This  is                

because  the  increase  in  energy  content  of  a  more  concentrated  solution  is  the  largest                

contributor   to   the   size   of   the   pre-dilute   tank   in   that   design.   

Overall,  it  is  clear  that  a  twin  tank  design  with  a  pure  methanol  container  and  a  separate                   

mixing  tank  will  give  both  higher  system  specific  energy  and  energy  density,  unless  highly                

concentrated  methanol  could  be  fed  to  the  DMFC  without  prior  dilution.  Given  the  current                

mass  transport  limitations  discussed  in  Chapter  4,  it  is  highly  likely  that  any  DMFC  system                 

would   either   need   to   store   pre-diluted   fuel   or   incorporate   an   on-demand   dilution   system.   

5.4.4 Technology   Comparison   

To  compare  the  gravimetric  and  volumetric  storage  efficiencies  of  hydrogen  to  methanol,              

specific  energy  and  energy  density  values  were  calculated  for  just  the  storage  vessel  for  each                 

of  the  cases  outlined  in  Figure  5.18.  For  the  methanol  cases,  a  single  tank  with  the  respective                  

concentrations  shown  was  assumed.  Just  the  fuel  and  storage  vessels  were  considered  as  they                

scale  with  mission  duration  for  both  fuel  cell  technologies  whereas.  The  additional  associated               

componentry  for  hydrogen  systems  (regulators,  valves)  does  not  scale  whereas  pumps             

required  for  methanol  systems  will.  The  storage  efficiency  parameters  are  all  based  on  the                

associated  fuel  cell  (PEMFC  or  DMFC)  operating  under  the  conditions  described  earlier  in               

5.4.3.   
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Figure  5.18:  Specific  energy  and  energy  density  averages  for  commercial  hydrogen  and              

methanol   storage   solutions   [21,23,24,26,43,68]   

Firstly,  the  results  highlight  the  excellent  scope  available  from  advanced  LH 2  storage,  both  in                

terms  of  energy  density  and  specific  energy.  However,  it  should  be  noted  that  an  increased                 

energy  density  can  be  achieved  with  very  high  concentration  or  pure  methanol.  Additionally,               

storing   pure   methanol   is   comparatively   very   simple   when   compared   to   LH 2 .   

Methanol  storage  at  lower  concentrations  of  around  10.0  mol.dm 3  shows  comparable             

performance  to  highly  pressurised  hydrogen.  Again,  also  without  the  added  complexities  and              

difficulties   of   storing   hydrogen.   

For  use  in  the  aviation  industry,  military  or  civil,  the  use  of  methanol  as  a  fuel  would  result  in                     

very  few  changes  to  existing  infrastructure  and  cost  models.  This  could  be  the  key  factor  in                  

the  wide  adoption  of  fuel  cell  technology  in  the  aeronautical  industry  despite  the  higher                

power  of  similarly  sized  hydrogen  fuel  cell  systems.  It’s  current  limitation  is  the  requirement                

for   lower   power   density   DMFCs   to   utilise   the   fuel.   
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5.5 Summary   

In  this  Chapter,  the  anode  subsystems  of  both  PEMFCs  and  DMFCs  have  been  analysed  in                 

detail  from  the  perspective  of  possible  integration  into  an  aircraft.  Based  purely  on  the                

material  properties  of  both  hydrogen  and  methanol,  the  primary  fuel  sources  for  the               

aforementioned  fuel  cells,  interesting  comparisons  have  been  made  based  on  the  extremely              

high   specific   energy   of   hydrogen   and   the   comparatively   high   density   of   methanol.   

It  has  been  shown  that  anode  subsystem  specific  energy  and  energy  density  both  improve  for                 

hydrogen  as  the  storage  pressure  is  increased,  cylinder  type  advanced  and  with  liquefaction.               

A  similar  trend  has  also  been  shown  with  methanol  storage  with  increasing  specific  energy                

and   energy   density   with   increasing   methanol   concentration.   

A  case  study  was  carried  out  to  determine  whether  a  single  or  multi  tank  methanol  storage                  

solution  would  be  optimal  for  a  DMFC  anode  feed  system.  It  was  found  that  although  the                  

performance  of  the  single  tank  system  improved  dramatically  with  increasing  methanol             

concentration,  the  twin  tank  design  cases  had  higher  specific  energy  and  energy  density  at  the                 

same   inlet   feed   concentration.   

Finally,  hydrogen  and  methanol  storage  solutions  were  directly  compared.  Liquid  hydrogen             

was  found  to  be  the  most  energy  dense  fuel  cell  fuel  storage  configuration  considered.                

However,  pure  and  high  concentration  methanol  storage  both  showed  similar  performance  to              

those  for  LH 2  and  CGH 2 .  Given  that  the  material  properties  favoured  methanol  from  a  cost                 

and  ease  of  storage  perspective,  the  potential  benefits  of  DMFCs  over  PEMFCS  for  aviation                

have   been   shown.   
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Chapter   6 Oxidant   System   
Analysis   

  

  

6.1 Introduction   

Oxidant,  generally  oxygen,  can  either  be  extracted  from  the  ambient  air  in  an  air-breathing                

system  or  stored  on-board  in  pure  form  in  an  air-independent  system.  The  main  aircraft                

specific  consideration  for  which  system  should  be  used  is  flight  altitude.  As  a  result  of  the                  

temperature  and  pressure  fluctuations  associated  with  altitude,  only  closed-cathode  fuel  cell             

designs  are  deemed  suitable.  A  closed-cathode  design  refers  to  one  where  one  where  forced                

convection   through   the   cathode   flow   channels   is   required.   

The  first  step  in  system  design,  common  to  both  air-breathing  and  air-independent  systems  is                

the  calculation  of  the  required  oxidant  flow  rate  to  maintain  the  chemical  reaction.  The  mass                 

flow  rate  of  oxygen  required  to  maintain  the  electrochemical  reaction  is  defined  by  Equation                

6.1   [1].   

  

  

  

  

  

  

 ṁO2 = 4F
M InO2 = 4V Fc

M PO2 e  (6.1)  
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Where:   

  

6.2 Air-Breathing   

A  majority  of  existing  commercially  available  Polymer  Electrolyte  Membrane  Fuel  Cell             

(PEMFC)  and  Direct  Methanol  Fuel  Cell  (DMFC)  systems  implement  an  air-breathing  design              

[2-9].  This  is  done  because  for  a  majority  of  fuel  cell  use  cases:  automotive,  portable,  an                  

air-breathing  design  is  cheaper  to  implement  as  there  is  no  need  for  onboard  oxidant  storage.                 

Although,  technically  a  fuel  cell  system  would  still  be  considered  “air-breathing”  if  stored               

compressed  air  was  used,  in  practice  this  would  not  happen  due  to  the  increased  performance                 

seen  whilst  running  on  oxygen  [10].  Figure  6.1  shows  a  typical  schematic  diagram  for  the                 

cathode   side   of   an   air-breathing   low-temperature   fuel   cell   design.   

  

  

  

  

  

  

  

 F  -  Faraday   constant   (96,485   C/mol)   

 I  -  Current   (A)   

 M O2  -  Molecular   mass   of   oxygen   (32   g/mol)   

 ṁO2  -  Oxygen   mass   flow   rate   (kg/s)   

 n  -  Number   of   cells   

 P e  -  Electrical   power   (W)   

 V c  -  Cell   potential   (V)   
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Figure  6.1:  Example  schematic  for  the  cathode  side  of  a  typical  air-breathing              

low-temperature   fuel   cell   

In  this  system  configuration,  the  oxygen  required  by  the  fuel  cell  to  maintain  the  reaction  is                  

supplied  in  the  form  of  air.  Compressor  air  mass  flow  rate  can  be  used  for  sizing  a                   

compressor  for  a  fuel  cell  system,  regardless  of  altitude  because  even  though  the  partial                

pressure  of  oxygen  reduces  (a  direct  result  of  the  total  pressure  reducing)  the  concentration  of                 

oxygen  in  air  remains  constant.  The  mass  flow  rate  of  air  required  is  calculated  in  a  similar                   

manner  to  that  of  oxygen.  The  calculation  for  air  is  described  by  Equation  6.2  [1].  Where                  

refers   to   the   volume   fraction   of   oxygen   in   air.  0.21""  

  

  

  

  

  

 ṁair = M Inair
0.21·4F = M Pair e

0.21·4V Fc
 (6.2)  
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Where:   

6.2.1 Compressor   Design   

The  intolerance  of  low  temperature  fuel  cells  to  contaminants  in  either  the  fuel  or  oxidant                 

stream  is  well  documented  [1,11-14].  As  a  result,  the  design  and  manufacture  of  dry                

compressors  utilising  air  bearing  technology  has  progressed  in  recent  years.  At  current              

technology  levels,  fuel  cell  compatible  air  compressors  have  an  average  gravimetric  power              

efficiency   of   0.45   kW/kg   and   volumetric   power   efficiency   of   0.39   kW/l   [14-19].   

In  addition  to  the  mass  and  space  occupied  by  the  additional  component,  a  compressor  or                 

blower  is  going  to  present  as  a  parasitic  power  draw  on  the  fuel  cell  system.  It  is  therefore                    

very  important  that  a  compressor  is  sized  such  that  it  can  be  as  small  and  efficient  as  possible                    

whilst  still  delivering  the  required  oxygen  mass  flow.  Operating  fuel  cell  systems  in  an                

aeronautical  environment  presents  particular  challenges  for  the  cathode  system  due  to  the              

reduced   air   pressure   and   lower   availability   of   oxygen   at   altitude.   

To  investigate  the  effect  of  increasing  altitude  on  the  operation  of  an  air  breathing  fuel  cell                  

system,  the  power  required  to  compress  the  necessary  inlet  air  was  calculated  over  a  range  of                  

altitudes.   The   power   of   a   fuel   cell   suitable   compressor   can   be   found   from   Equation   6.3   [1,20].   

  

 F  -  Faraday   constant   (96,485   C/mol)   

 I  -  Current   (A)   

 M air  -  Molecular   mass   of   air   (28.96   g/mol)   

 ṁair  -  Air   mass   flow   rate   (kg/s)   

 n  -  Number   of   cells   

 P e  -  Electrical   power   (W)   

 V c  -  Cell   potential   (V)   

  P comp = ηcomp

c ṁ Tp air 1 (( p1

p2 ) γ
γ 1−

− 1)  (6.3)  
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Where:   

Air  pressure  and  temperature  both  vary  with  altitude  as  discussed  in  Chapter  2  [21].  Data                

from  the  International  Standard  Atmosphere  (ISA)  [21]  was  used  to  calculate  the  compressor               

power  requirement  for  a  two  stoichiometry  flow  at  a  range  of  altitudes  as  a  percentage  of  net                   

fuel  cell  power.  The  results,  shown  in  Figure  6.2  are  independent  of  fuel  cell  power.  There  are                   

many  fuel  cell  subsystems  which  may  require  electrical  power.  The  power  that  these               

subsystems  consume  is  deemed  to  be  parasitic  and  the  largest  is  the  compressor  or  blower                 

required  in  an  air-breathing  cathode  design.  It  would  not  be  unreasonable  to  impose  a  limit  of                  

20%  of  the  net  fuel  cell  rated  power  as  an  upper  limit  for  any  individual  system  component                   

[22].   

  

  

  

  

  

  

  

 cp  -  Specific   heat   at   constant   pressure   (J/kgK)   

 ṁair  -  Air   mass   flow   rate   (kg/s)   

 P comp  -  Compressor   power   (W)   

 p1  -  Compressor   inlet   pressure   (Pa)   

 p2  -  Compressor   exit   pressure   (Pa)   

 T 1  -  Temperature   at   compressor   inlet   (K)   

 γ  -  Specific   heat   ratio   

 ηcomp  -  Compressor   efficiency   
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Figure  6.2:  Compressor  power  variation  with  altitude  as  a  percentage  of  net  fuel  cell  power.                

Assumes   fuel   cell   operating   at   2.5   air   stoichiometries   and   a   compressor   efficiency   of   67%   

At  an  altitude  of  ≈  20,000  ft  the  power  required  by  the  compressor  to  meet  the  inlet  air  mass                     

flow  requirement  was  20%  of  that  produced  by  the  fuel  cell.  This  is  an  excessive  parasitic                  

load  for  an  aircraft  fuel  cell  therefore,  an  air  independent  system  will  be  required  for  any                  

aircraft  operating  at  an  altitude  above  20,000  ft.  An  air  breathing  design  will  be  used  for                  

altitudes   less   than   20,000   ft.   

An  alternative  compressor  design  which  could  be  considered  for  use  in  this  application  is  a                 

turbo  compressor.  For  this  design,  some  of  the  energy  contained  within  the  cathode  exhaust  is                 

used  to  help  compress  and  feed  oxygen  to  the  inlet.  This  type  of  compressor  has  not  been                   

considered  here  as  it  would  require  a  separate  detailed  study  on  the  behaviour  of  turbine                 

wheels   in   fully   humidified   and   super-saturated   flows.   
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6.2.2 Additional   Balance   of   Plant   

In  addition  to  the  air  compressor,  other  Balance  of  Plant  (BoP)  components  demonstrated  in                

Figure  6.1  such  as  heat  exchangers  and  water  separation  need  to  be  considered.  Depending  on                 

the  operating  environment  and  specific  fuel  cell  requirements,  the  air  flow  exiting  the               

compressor  may  need  to  be  cooled  prior  to  inlet  into  the  fuel  cell.  It  is  well  documented  that                    

an  operating  temperature  of  around  80  ℃  is  favourable  for  low  temperature  fuel  cells                

[23-27].  Specifics  on  the  different  thermal  management  systems  required  to  maintain  this              

temperature  will  be  detailed  in  Chapter  7.  For  now  it  is  sufficient  to  note  that  low  power  fuel                    

cells  (<  5  kW)  are  typically  air  cooled  and  higher  power  fuel  cells  have  a  separate  dedicated                   

cooling   system   

Based  on  this  understanding  and  the  knowledge  that  fuel  cells  are  generally  insensitive  to                

changes  in  cathode  inlet  temperature  [28]  as  long  as  it  is  below  the  maximum  limit,                 

determination  of  compressor  exit  temperature  variation  with  altitude  will  reveal  any             

requirement  of  inlet  charge  cooling.  The  first  step  in  this  determination  is  to  apply  the                 

isentropic  pressure  /  temperature  relationship  to  a  compressor  using  the  standard  NASA              

equation,   Equation   6.4   [20].   

Where:   

 P RC = pt1

pt2 = ( T 1

T 2 )
γ

γ 1−  (6.4)  

 P RC  -  Compressor   pressure   ratio   

 pt1  -  Total   inlet   pressure   (Pa)   

  pt2  -  Total   exit   pressure   (Pa)   

 T 1  -  Compressor   inlet   temperature   (K)   

 T 2  -  Compressor   exit   temperature   (K)   

 γ  -  Specific   heat   ratio   
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Rearranging  Equation  6.4  for  ,  using  a  standardised  compressor  exit  pressure  of  500  mbar      T 2           

gauge  along  with  a  specific  heat  ratio  of   it  is  possible  to  calculate  the  change  in          .4γ = 1          

compressor  exit  temperature  based  on  the  changing  ambient  pressure  and  temperature  with              

altitude.  Standardised  ISA  data  [21]  was  used  to  provide  the  ambient  temperature  and               

pressure   variation.   

The  results,  shown  in  Figure  6.3  demonstrate  how  the  compressor  exit  temperature  increases               

with  increasing  altitude.  This  is  a  result  of  the  increasing  pressure  ratio  required  to  maintain                 

the  same  exit  pressure  at  altitude.  Up  to  a  flight  altitude  of  24,000  ft  the  compressor  exit                   

temperature  remains  below  80  ℃,  if  it  is  assumed  that  the  compressor  inlet  is  at  ambient.                  

Above  this  altitude  it  would  be  necessary  to  implement  a  heat  exchange  system  between  the                 

compressor   exit   and   fuel   cell   inlet.   

For  system  configurations  that  require  the  compressor  exit  air  to  be  cooled,  the  amount  of                 

heat  rejection  required  to  lower  the  temperature  should  be  calculated.  This  is  achieved               

through  the  implementation  of  Equation  6.5  [20].  The  results,  also  included  in  Figure  6.3                

demonstrate  a  more  linear  response  to  heat  generation  rate  with  altitude  than  simply  exit                

temperature.   

Where:   

Q̇   =     ṁ  ΔTcp  (6.5)  

 cp  -  Specific   heat   at   constant   pressure   (J/kgK)   

ṁ   -  Mass   flow   rate   (kg/s)   

Q̇   -  Heating   rate   (W)   

 TΔ  -  Change   in   temperature   (K)   
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Figure  6.3:  Compressor  exit  temperature  variation  and  heat  generation  per  unit  mass  with               

altitude   

6.3 Air-Independent   

Air-independent  fuel  cell  cathode  systems  are  characterised  by  their  isolation  from  the              

atmosphere.  The  main  component  of  an  air  independent  system  is  a  method  of  storing  pure                 

oxygen  on-board  the  aircraft  in  a  sufficient  quantity  to  meet  the  desired  endurance  and                

cooling  requirements.  An  example  layout  of  an  air-independant  low-temperature  fuel  cell             

system   is   given   in   Figure   6.4.   
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Figure  6.4:  Example  schematic  for  the  cathode  side  of  a  typical  air-independent              

low-temperature   fuel   cell   

The  requirement  of  an  air-independent  system  to  store  all  of  the  oxidant  required  for  the                 

mission  should  not  be  underestimated  as  the  total  mass  and  volume  of  the  oxidant  system  will                  

vary  based  on  mission  requirements.  Whereas,  an  air-breathing  design  will  be  sized  for  the                

fuel   cell   in   use   and   operating   environment   of   the   mission.   

6.3.1 Oxygen   Storage   

Storing  pure  oxygen  in  large  quantities  either  under  pressure  as  a  gas  or  at  low  temperature  as                   

a  liquid,  although  technically  more  straight  forward  than  hydrogen,  poses  a  greater  risk  to  the                 

user  due  to  its  unique  properties.  Pure  oxygen  is  an  excellent  oxidising  agent  and  if  present  in                   

sufficient  concentration  in  combination  with  certain  materials  can  cause  violent  reactions  and              

spontaneous  combustion  [29,30].  For  reference,  the  properties  of  molecular  oxygen  used  in              

this   study   have   been   included   in   Table   6.1.   
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Table   6.1:   Properties   of   molecular   oxygen   [30,31]   

  

The  same  methodology  that  was  used  for  hydrogen  storage  in  Chapter  5  was  used  to  find  the                   

most  suitable  oxygen  storage  method  between  Compressed  Gaseous  Oxygen  (CGO 2 )  and             

Liquid  Oxygen  (LO 2 ).  Data  from  commercially  available  storage  cylinders  was  gathered  and              

analysed  for  the  purpose  of  comparison  [32-39].  The  results  of  this  analytical  comparison  are                

shown   in   Figure   6.5.   

Unlike  hydrogen,  the  total  storage  mass  of  gaseous  oxygen  isn’t  improved  by  increasing  the               

storage  pressure  for  current  tank  technologies.  However,  liquefaction  is  still  an  effective              

method  of  increasing  the  gravimetric  storage  efficiency  of  oxygen.  The  evolution  of              

volumetric  storage  efficiency  of  oxygen  storage  does  follow  the  same  trend  as  for  hydrogen                

with  the  efficiency  increasing  as  the  gaseous  storage  pressure  is  increased  and  further  still  as                 

a   result   of   liquefaction.   

  

  

  

  

  

  

  

Property   Value   

Molecular   weight   32   g/mol   

Boiling   point   90.2   K   

Gaseous   density   at   100kPa   and   298   K   1.33   kg/m 3   

Liquid   density   at   100kPa   and   20.4   K   1,142   kg/m 3   
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Figure   6.5:   Comparison   of   molecular   oxygen   storage   methods   [32-39]   

Overall,  based  on  the  total  mass  and  volume  of  the  storage  systems,  LO 2  outperforms  both                 

compressed  gas  options.  This  is  because  the  higher  (relative  to  hydrogen)  boiling  point  of                

oxygen  as  shown  in  Table  6.1  allows  for  a  simpler,  more  lightweight  tank  insulation  design.                 

However,  if  weight  isn’t  the  limiting  factor  in  the  system  design,  storing  oxygen  as  a                 

compressed   gas   at   a   pressure   of   700   bar   gauge   provides   similar   volumetric   storage   efficiency.   

6.4 Hybrid,   Semi-Independent   

To  minimise  the  parasitic  current  draw  on  the  fuel  cell  system  and  the  amount  of  on-board                  

oxygen  required  it  is  hypothesised  that  a  hybrid  system  combining  both  a  compressor  and                

on-board  “top-up”  oxygen  storage  could  be  used.  An  example  schematic  for  this  type  of                

system   has   been   included   as   Figure   6.6.   

Another  potential  use  of  this  type  of  cathode  system  configuration  would  be  to  supply                

supplemental  oxygen  to  the  fuel  cell  under  periods  of  high-altitude  operation.  This  would               

allow   greater   mission   flexibility   from   a   singular   system   design.   
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Figure  6.6:  Example  schematic  for  the  cathode  side  of  a  hybrid  semi-independent              

low-temperature   fuel   cell   

6.5 System   Comparison   

An  investigation  was  carried  out  into  the  potential  advantage  of  implementing  a  hybrid               

semi-independent  system,  analogous  to  the  one  discussed  in  Section  6.4.  Results  were              

achieved  by  derating  the  compressor  component  of  the  system  to  reduce  the  airflow  rate  into                 

the  fuel  cell  and  then  calculating  the  additional  oxygen  required  to  bring  the  cathode                

stoichiometry,   back  up  to  2.0.  The  study  was  conducted  for  the  system  configurations   λ              

shown  in  Table  6.2  over  a  range  of  altitudes  from  0  ft  to  65,600  ft  and  range  of  flight  times                      

from   30   minutes   to   ten   hours.   
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Table   6.2:   Cathode   system   configurations   for   system   comparison   study   

  

The  primary  outputs  of  this  study  were  comparisons  of  the  mass  and  volume  of  air-breathing,                 

hybrid  and  air-independent  cathode  systems  for  a  fuel  cell  operating  over  a  range  of  altitudes                 

and  for  a  variety  of  mission  durations.  The  first  step  was  to  define  an  operating  map  for  the                    

compressor  based  on  parasitic  power  draw.  Using  Equation  6.2  for  cathode  airflow  with  a                

stoichiometry  of  2.0  and  Equation  6.3  the  variation  of  compressor  power  with  altitude  is                

expressed  as  a  function  of  net  fuel  cell  power  in  Figure  6.7.  Compressor  flow  rates  required                 

to  deliver  25%,  50%,  75%  and  100%  of  the  2.0  stoichiometry  flow  rate  are  included  to                  

represent   the   system   configurations   from   Table   6.2.   

  

  

  

  

  

  

  

  

  

Configuration   %   O 2    from   Compressor   %   O 2    from   LO 2    Storage   

Air-breathing  100%   0%   

Hybrid     75%   25%   

50%   50%   

25%   75%   

Air-independent   0%   100%   
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Figure   6.7:   Compressor   power   as   a   percentage   of   net   fuel   cell   power   

A  dotted  line  on  Figure  6.7  represents  a  compressor  power  draw  of  20%  of  net  fuel  cell                   

power.  As  this  has  already  been  deemed  excessive,  only  case  studies  in  which  the  compressor                 

power   draw   is   below   this   limit   were   considered   in   the   study.   

Three  flight  times;  30  minutes,  one  hour  and  ten  hours  were  used  to  demonstrate  the                 

sensitivity  of  system  configuration  to  mission  duration.  As  all  design  points  have  been               

normalised  to  an  air-independent  case  and  compressor  power  normalised  to  fuel  cell  power  it                

was  found  that  the  results  presented  were  insensitive  to  fuel  cell  power.  Mass  and  volume  of                 

the  compressor  and  liquid  oxygen  storage  were  calculated  using  the  relationships  derived              

during   this   Chapter.   
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Figure  6.8  shows  the  system  configuration  comparison  for  a  30  minute  flight  time.  The  red                 

dotted  line  represents  the  mass  and  volume  of  a  fully  air-independent  system  using  LO 2                

storage.  Each  of  the  solid  lines  represent  the  mass  of  a  system  configuration  as  a  percentage                  

of  the  air-independent  system.  The  dashed  lines  show  the  same  relationship  for  volume.  The                

lengths  of  each  line  represents  the  maximum  altitude  possible  for  each  configuration  before               

the   compressor   power   exceeds   20%   of   the   fuel   cell   power.   

  

Figure  6.8:  Cathode  system  mass  and  volume  change  with  altitude  as  a  percentage  of  a  fully                  

air-independent   design   for   a   30   minute   flight   time   

Results  from  the  30  minute  design  point  show  that  for  altitudes  in  excess  of  30,800  ft  an                   

air-independent  cathode  configuration  has  the  lowest  overall  mass  and  volume.  As  the              

altitude  is  decreased,  the  optimum  configuration  in  terms  of  mass  includes  a  larger               

compressor  contribution  until  below  20,000  ft  where  a  fully  air-breathing  system  is  most               

advantageous.  An  air-independent  configuration  remains  the  most  promising  in  terms  of             

volume  until  altitude  is  decreased  below  17,000  ft  in  which  case  an  air-breathing  design  is                 

smaller.   
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When  the  flight  time  was  doubled  to  one  hour  an  air-independent  configuration  was  only                

beneficial  in  terms  of  mass  and  volume  at  altitudes  above  56,000  ft  as  shown  in  Figure  6.9.                   

Below  this  altitude,  having  an  air-breathing  cathode  topped  up  with  stored  oxygen  saves  both                

mass  and  space.  At  a  typical  altitude  for  a  commercial  passenger  aircraft,  35,000  ft  based  on                  

this  study  a  hybrid  cathode  system  would  be  most  suited  with  the  compressor  supplying  50%                 

of   the   required   oxidant   flow.   

  

Figure  6.9:  Cathode  system  mass  and  volume  change  with  altitude  as  a  percentage  of  a  fully                  

air-independent   design   for   a   one   hour   flight   time   

To  demonstrate  the  effect  of  further  increasing  the  flight  time  on  the  relative  performance  of                 

the  defined  cathode  configurations,  a  ten  hour  flight  time  was  considered.  The  results,  Figure                

6.10  show  that  for  extended  mission  durations  it  is  always  beneficial  to  utilise  some  form  of                  

hybrid  or  fully  air-breathing  cathode  design.  This  relationship  is  reliant  on  the  calculation               

methodology  and  physical  relationships  defined  in  this  Chapter  and  may  change  if  significant              

advances   in   either   compressor   design   or   oxygen   storage   are   realised.   
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Figure  6.10:  Cathode  system  mass  and  volume  change  with  altitude  as  a  percentage  of  a  fully                  

air-independent   design   for   a   ten   hour   flight   time   

6.6 Summary   

In  this  Chapter  both  air-breathing  and  air-independent  fuel  cell  cathode  subsystems  have  been              

discussed  and  analysed.  Both  systems  can  be  and  have  been  used  for  both  PEMFC  and                 

DMFC  systems  although  commercially,  air-breathing  systems  are  nearly  always  preferred            

due   to   their   lower   cost   and   less   difficult   integration.   

Key  design  considerations  for  both  cathode  system  types  have  been  discussed;  primarily,  the               

compressor  design  for  an  air-breathing  system  and  consideration  of  oxygen  storage  methods              

for  air-independent  systems.  How  these  considerations  relate  to  system  gravimetric  and             

volumetric   efficiencies   have   also   been   discussed.   

It  was  shown  that  for  air-independent  systems,  the  most  efficient  method  of  storing  oxygen                

both  in  terms  of  mass  and  volume  is  in  a  liquified  state.  It  was  also  shown  that  the  difference                     

in  storage  efficiency  between  liquefied  oxygen  and  high-pressure  compressed  gaseous            

storage   was   less   extreme   than   that   previously   demonstrated   for   hydrogen.   
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A  hypothesis  was  made  and  proven  that  combining  elements  from  both  air-breathing  and               

air-independent  systems  into  a  hybrid  semi-independent  system  might  lead  to  gravimetric  and              

volumetric  efficiency  gains.  The  results  yielded  from  this  investigation  showed  that             

incorporating  onboard  oxygen  storage  in  the  form  of  LO 2  (air-independent)  into  an              

air-breathing  design  would  lead  to  improvements  in  efficiency  for  high  altitude  flights.  For               

very  short  flight  times,  a  fully  air-independent  system  was  shown  to  offer  both  mass  and                 

space   savings.   

Given  the  additional  mission  flexibility  and  performance  improvements  garnered  from  the             

inclusion  of  onboard  oxygen  to  supplement  the  cathode  supply  to  a  fuel  cell,  it  is  the                  

recommendation  of  this  work  that  any  mid  to  large  scale  fuel  cell  integration  effort  should                 

include  a  hybrid  semi-independent  cathode  design.  This  will  enable  flexibility  for  operation              

at  higher  altitudes  as  well  as  the  ability  to  artificially  boost  the  fuel  cell  performance  by                  

operating   an   oxygen   rich   cathode.   
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Chapter   7 Thermal   Management   
System   Modelling   

  

  

7.1 Introduction   

It  is  critical  to  the  performance  and  durability  of  the  fuel  cell  to  ensure  adequate  cooling  to                   

maintain  the  operating  temperature  of  polymer  electrolyte  based  fuel  cells  below  100  °C.               

This  ensures  adequate  membrane  hydration  for  optimum  proton  conductivity  [1].  Zhang,  G              

[2]   gives   the   four   main   sources   of   heat   generation   in   PEMFCs.   These   are:   

1. Entropic   heat   of   reactions   

2. Irreversible   heat   of   electrochemical   reactions   

3. Heat   from   ohmic   resistances   

4. Heat   from   condensation   of   water   vapour   

The  low-quality  heat  produced  by  fuel  cells  [3],  a  result  of  their  low  operating  temperature                 

leads  to  added  complexity  in  the  thermal  management  system  design.  As  heat  transfer  is                

fundamentally  a  factor  of  an  area,  a  temperature  difference  and  a  thermal  conductivity  [4],  the                 

design  complexities  take  the  form  of  either  an  increased  transfer  area  or  the  utilisation  of  a                  

heat   transfer   medium   with   a   higher   thermal   conductivity.   

As  cases  in  which  the  exhaust  water  is  in  liquid  form  are  very  rare  [5,6]  it  is  usual  to  use  the                       

Lower  Heating  Value  (LHV)  for  the  thermodynamic  reversible  voltage  when  calculating  the              

heat  generation  rate  of  a  fuel  cell.  This  equates  to  1.23  V  for  a  Polymer  Electrolyte                  

Membrane  Fuel  Cell  (PEMFC)  and  1.22  V  for  a  Direct  Methanol  Fuel  Cell  (DMFC).  Fuel                 

cell   heating   rate   can   be   calculated   using   Equation   7.1.  
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Where:   

If  the  cells  within  the  stack  are  not  adequately  hydrated,  then  the  proton  exchange  membranes                 

will  dry  out  and  overheat.  Overheating  can  cause  further  issues  such  as  melting  of  materials                 

or   a   fire.   This   leads   to   the   need   for   a   robust   cooling   solution   for   the   fuel   cell.   

Four  main  approaches  to  the  thermal  management  of  PEMFCs  exist  depending  on  the  heat                

dissipation  and  system  packaging  requirements:  physical  contact,  air-cooling,  liquid-cooling           

and  phase-change-cooling  [1,2,5,6].  Each  cooling  strategy  will  be  discussed  and  a  modelling              

strategy   devised   for   the   one(s)   deemed   most   suitable   for   use   in   aeronautical   applications.   

As  thermal  management  is  only  a  small  component  of  this  work  package,  a  simplified                

approach  to  modelling  fuel  cell  thermal  management  will  be  implemented.  The  generally              

accepted  approach  [7-9]  of  modelling  the  fuel  cell  as  a  single  control  volume  and  using                 

average  stack  thermal  properties  (temperature,  heat  capacity,  and  thermal  conductivity)  will             

be  implemented  in  this  Chapter.  This  approach  is  a  good  approximation  to  a  real  fuel  cell                  

because  the  material  balance,  both  in  terms  of  mass  and  volume  is  dominated  by  the  material                  

used   for   the   bipolar   plates.   

  

  

Q̇ gen     n  = I (V )LHV − V c = P e ( V c

V LHV − 1)  (7.1)  

 I  -  Current   (A)   

 n  -  Number   of   cells   

 P e  -  Electrical   power   (W)   

Q̇ gen   -  Heat   generation   rate   (W)   

 V c  -  Cell   potential   (V)   

 V LHV   -  Thermodynamic   neutral   voltage   based   on   the   LHV   (V)   
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7.2 PEMFC   Cooling   Methodologies   

7.2.1 Physical   Contact   Heat   Sink   

For  very  small,  low-power  fuel  cells  heat  rejection  through  physical  contact  with  some  sort  of                 

heatsink  may  be  the  only  feasible  possibility.  This  is  especially  true  if  such  a  fuel  cell  was                   

located  in  an  area  with  limited  direct  access  to  an  ambient  airflow.  Such  applications  of  this                  

type  of  fuel  cell  might  include  portable  electronics  such  as  laptops  and  smartphones  [10,11].                

It  is  also  hypothesised  by  the  author  that  this  type  of  fuel  cell  architecture  may  also  find  a  use                     

as  part  of  a  distributed  fuel  cell  system  on  board  an  aircraft.  In  particular,  small  fuel  cells                   

located  in  space-limited  areas  such  as  wing  tips  could  utilise  the  skin  of  the  aircraft  as  a                   

heatsink   in   subsonic   designs.   

Physical  contact  cooling,  otherwise  referred  to  as  “cooling  with  heat  spreaders”  or  “edge               

cooling”  relies  on  in-plane  heat  conduction  between  the  fuel  cell  and  the  heat  sink  [2].  When                  

implementing  this  cooling  method,  it  is  essential  that  the  in-plane  thermal  conductivity  of  the                

cooling  plates  is  high.  Two  common  methods  for  implementing  edge  cooling  are  heat  pipes                

and   cooling   plates   constructed   from   highly   conductive   graphite-based   materials.   

The  key  benefit  of  physical  contact  cooling  is  a  significant  reduction  in  the  Balance  of  Plant                  

(BoP)  required.  There  is  no  need  for  dedicated  coolant  delivery  therefore,  eliminating              

components  including  pumps  reducing  the  overall  mass,  volume  and  parasitic  current  draw  of               

the  cooling  system.  However,  major  challenges  with  this  cooling  strategy  include  being  able               

to  control  the  temperature  variation  across  the  active  area  of  the  fuel  cell  and  scalability  to                  

higher   power   applications.   

  

  

  

  



135   

7.2.2 Air-Cooling   

Cooling  by  means  of  passing  a  separate  airflow  across  the  fuel  cell  stack  is  the  most  popular                   

cooling  method  for  lower  power  fuel  cells  (<  4  kW)  [12].  This  cooling  strategy  makes  use  of                   

heat  transfer  by  convection  from  the  fuel  cell  assembly  to  the  forced  airflow.  In  addition  to                  

the  balance  of  plant  requirement,  an  open-cathode  fuel  cell  design  is  also  necessary  to                

implement  this  cooling  strategy.  Figure  7.1  gives  an  example  schematic  of  how  an  open                

cathode  PEMFC  design  may  be  implemented,  notice  the  additional  cooling  channels  and              

discrete   anode   and   cathode   flow   fields   for   each   Membrane   Electrode   Assembly   (MEA).   

  

Figure  7.1:  Example  schematic  of  an  open-cathode  air-cooled  fuel  cell  with  a  dead-ended               

anode   fed   by   a   common   hydrogen   manifold   

Supporting  BoP  for  an  open-cathode  air-cooled  fuel  cell  design  primarily  consists  of  cooling               

fan(s),  their  power  supply  and  associated  ducting.  As  the  open-cathode  design  does  not  allow                

for  in-line  humidification,  care  must  be  taken  both  in  design  and  operation  to  ensure  adequate                 

membrane   hydration.   

Sizing  the  BoP  required  to  support  an  air-cooled  PEMFC  is  a  multi-step  process.  The  goal  is                  

to  determine  the  mass  flow  of  air  required  to  maintain  the  desired  fuel  cell  operating                 

temperature.  The  heat  generation  rate,  defined  earlier  in  Equation  7.1  gives  the  minimum  heat                

that  must  be  rejected  to  maintain  a  constant  temperature.  Mass  flow  rate  of  air,  is                ṁair  

directly   proportional   to   the   heating   rate   of   the   cooling   airflow   as   defined   by   Equation   7.2.   
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Where:   

Using  a  modified  form  of  Equation  7.2,  this  time  relating  to  the  thermal  properties  of  the  fuel                   

cell  it  is  possible  to  derive  a  formula  for  the  rate  of  temperature  change  of  the  fuel  cell  as  a                      

result  of  the  energy  balance  between  heat  generation  and  removal  by  air.  The  final  form  of                  

this  is  included  as  Equation  7.3.  The  average  fuel  cell  stack  heat  capacity,   is  determined               cpF C
   

using   the   heat   capacity   of   the   bulk   material,   usually   stainless   steel.   

Where:   

Multiplying  Equation  7.3  through  by  time  and  adding  the  initial  fuel  cell  starting  temperature,                

 gives  the  fuel  cell  stack  temperature  at  that  particular  instant.  This  process  is  T F C int               

described   by   Equation   7.4.   

  

  

Q̇ air     c ΔT= ṁair p air  (7.2)  

 cp  -  Specific   heat   at   constant   pressure   (J/kgK)   

 ṁair  -  Mass   flow   of   air   (kg/s)   

Q̇ air   -  Heat   transfer   rate   to   air   (W)   

 TΔ air  -  Change   in   air   temperature   (K)   

Ṫ FC     = m  cF C pF C

Q̇  Q̇( gen− air)  (7.3)  

 cpF C
 -  Average   fuel   cell   stack   heat   capacity   (J/kgK)   

 mF C  -  Fuel   cell   mass   (kg)   

Q̇ air   -  Heat   transfer   rate   to   air   (W)   

Q̇ gen   -  Heat   generation   rate   (W)   

Ṫ FC   -  Rate   of   change   of   fuel   cell   temperature   (K/s)   
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Where:   

Over  recent  years,  significant  work  has  been  carried  out  in  industry  to  improve  the                

performance  of  lightweight  air-cooled  PEMFCs  for  the  purpose  of  powering  small  remotely              

piloted  Unmanned  Aerial  Vehicles  (UAV).  A  selection  of  the  most  advanced  modern  fuel               

cells   have   been   included   in   Table   7.1.   

Table   7.1:   Current   state-of-the-art   commercial   air-cooled   PEMFCs   [13-16]   

  

Based  on  the  available  data  included  within  Table  7.1,  a  specific  power  of  2,000  W/kg  and  a                   

power  density  of  600  W/L  will  be  used  specifically  for  air-cooled  PEMFCs  in  this  work.                 

Temperature  regulation  using  air-cooling  is  managed  by  varying  cooling  fan  speed  as  a               

function  of  fuel  cell  temperature.  This  can  vary  from  a  set  of  simple  limit  switches  to  more                   

refined  methodologies  based  on  predictive  control.  It  would  be  typical  to  include  a  safety                

factor   in   the   upper   temperature   limit   to   allow   for   temperature   variations   with   the   stack.   

 T F C t = T F C int + (T ̇  t)F C   (7.4)  

 T F C  -  Fuel   cell   temperature   at   time   t   (K)   

T F C int  -  Initial   fuel   cell   temperature   (K)   

Ṫ FC   -  Rate   of   change   of   fuel   cell   temperature   (K/s)   

 t  -  Time   (s)   

Fuel   Cell   Rated   Power   
(W)   

Specific   Power   
(W/kg)   

Power   Density   
(W/L)   

Intelligent   Energy   AC64   [13]   2,760   2,110   670   

Intelligent   Energy   AC10   [14]   650   1,140   595   

Horizon   Aerostacks   [15]   1,000   444   166   

Ballard   FCair   [16]   1,300   325   68   
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7.2.3 Liquid-Cooling   

Liquid-cooling  of  a  PEMFC  stack  works  on  a  similar  principle  to  the  cooling  of  an  internal                  

combustion  engine.  Extra  plates  with  embedded  coolant  channels  are  normally  included  in              

the  fuel  cell  construction.  This  increases  the  mass  and  volume  of  the  fuel  cell  stack,  therefore                  

decreasing   the   gravimetric   and   volumetric   densities.   

A  liquid  based  thermal  management  strategy  offers  several  benefits  when  compared  with  air               

cooling.  Firstly,  the  increased  heat  capacity  of  the  liquid  coolant  allows  for  a  higher  degree  of                  

heat  rejection.  Therefore  it  is  not  uncommon  to  find  liquid-cooled  PEMFCs  stacks  with  rated                

power  in  excess  of  5  kW  [17,18].  Secondly,  the  use  of  a  cooling  fluid  as  a  heat  transfer                    

medium  allows  the  heat  to  be  transferred  more  efficiently  over  a  greater  distance  from  where                 

it  is  generated  in  the  fuel  cell  to  where  it  is  exchanged  with  the  environment.  An  exemplar                   

schematic   of   a   liquid   cooled   PEMFC   system   is   shown   in   Figure   7.2.   

  

Figure   7.2:   Exemplar   schematic   of   a   liquid-cooled,   externally   humidified    PEMFC   system   

Ideally,  De-Ionised  (DI)  water  is  used  as  the  coolant  due  to  its  very  high  heat  capacity  (4.18                   

kJ/kgK)  [2]  and  the  reduced  risk  of  contaminating  the  fuel  cell  MEA.  However,  generally  and                

especially  in  colder  climates  where  freezing  may  pose  a  threat,  it  is  also  common  to  use  an                   

antifreeze   mixture   of    water   and   ethylene-glycol.   
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Figure  7.3  demonstrates  how  the  freezing  point  of  a  water/ethylene  glycol  solution  varies               

with  the  percentage  composition  by  mass  of  ethylene  glycol  [19,20].  At  a  solution  of  37%                 

water  /  63%  ethylene-glycol  by  mass  (40/60  by  volume),  the  freezing  point  of  the  coolant  is                  

-53   ℃   (220   K)   compared   with   0   ℃   (273   K)   for   pure   DI   water.   

  

Figure  7.3:  Freezing  point  of  water/ethylene  glycol  solutions  with  varying  mass  compositions              

of   ethylene   glycol   [19,20]   

A  disadvantage  of  a  liquid-cooled  system  is  that  it  requires  the  largest  BoP  of  any  of  the                   

cooling  methodologies.  This  is  because,  as  well  as  requiring  a  coolant  storage  and  delivery                

system,  it  is  also  necessary  to  have  a  separate  humidifier.  The  humidifier  is  required  to  ensure                  

the  cells  remain  wetted  through  high  power  operation.  The  key  challenge  is  the  optimisation                

of  the  coolant  flow  field  [2].  This  is  usually  achieved  by  controlling  the  coolant  inlet                 

temperature   and   the   coolant   flow   rate   [21].   
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Liquid-cooled  PEMFCs  have  been  the  primary  choice  for  automotive  manufacturers,            

including  Toyota  and  Hyundai  [22].  Unfortunately,  detailed  information  on  the  specific             

systems  is  not  widely  available  due  to  their  respective  company  intellectual  property.              

However,  information  on  other  commercially  available  liquid-cooled  PEMFCs  is  available            

and   is   summarised   in   Table   7.2.   

Table   7.2:   Current   state-of-the-art   commercial   liquid-cooled   PEMFCs   [17,18,23,24]   

*   Stack   only,   does   not   include   any   of   the   thermal   system   balance   of   plant   

Specific  power  and  power  density  are  shown,  using  the  data  in  Table  7.2,  to  scale  with  the                  

rated  power  of  the  fuel  cell.  This  holds  true  even  when  comparing  between  the  different                 

manufactures.  Generally,  the  specific  power  and  power  density  of  liquid-cooled  fuel  cells  will               

be  lower  than  that  of  air-cooled  systems  due  to  the  extra  BoP  required.  Based  on  the  supplied                   

data,  a  specific  power  of  500  W/kg  and  a  power  density  of  200  W/L  will  be  used  for                    

liquid-cooled   PEMFCs   in   the   modelling   work.   

The  solution  used  to  model  the  liquid-cooled  thermal  management  system  was  based  heavily               

on  the  one  used  for  air-cooled  systems.  The  primary  difference  was  the  inclusion  of  a                 

0.37/0.63  DI  water/ethylene  glycol  coolant  to  act  as  an  energy  carrier  between  the  fuel  cell                 

and  the  heat  exchanger.  The  required  flow  rate  of  liquid  coolant  can  be  found  using  Equation                  

7.5.   

  

  

  

Fuel   Cell   Rated   Power   
(kW)   

Specific   Power   
(W/kg)   

Power   Density   
(W/L)   

Ballard   FCvelocity-9SSL*   [23]  21   1,235   1,522   

Ballard   FCveloCity-HD   [24]   100   551   190   

Hydrogenics   HyPM-XR   [25]   12.5   156   115   

Hydrogenics   HyPM-HD   [26]   33   449   471   
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Where:   

The  heat  capacity  of  water/ethylene  glycol  solutions  varies  with  both  temperature  and              

composition  [20].  These  relationships  are  outlined  in  Figure  7.4  with  specific  attention  drawn               

to  a  mass  composition  of  37%  water,  63%  ethylene  glycol  earlier  identified  as  the  solution                 

with   the   lowest   freezing   point.   

  

Figure  7.4:  Relationships  between  specific  heat  and  temperature  for  water/ethylene  glycol             

solutions   with   mass   percentages   of   ethylene   glycol   ranging   from   11%   to   91%   [20]   

Q̇ c     c ΔT= ṁc p c c  (7.5)  

 cp c  -  Coolant   specific   heat   capacity   (J/kgK)   

 ṁc  -  Mass   flow   of   coolant   (kg/s)   

Q̇ c   -  Heat   transfer   rate   to   coolant   (W)   

 TΔ c  -  Change   in   coolant   temperature   (K)   
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Many  researchers  have  written  excellent  works  detailing  the  design  process  of  heat              

exchangers,  these  were  expertly  summarised  and  implemented  by  my  colleague  Dr  A.  Fly               

[25].  As  such  it  should  be  sufficient  to  use  the  specific  power  and  power  density  relationships                  

deduced  earlier.  Especially  as  a  majority  of  these  also  include  the  liquid-cooling  BoP  such  as                 

heat   exchangers   and   pumps.   

7.2.4 Phase-Change-Cooling   

Two  main  approaches  to  phase-change-cooling  have  been  suggested  [2];  evaporative  and             

cooling  through  boiling.  Evaporative-cooling  shows  more  promise  as  cooling  through  boiling             

introduces  two-phase  flow  instabilities.  Evaporative-cooling  works  by  the  removal  of  heat             

through  the  evaporation  of  ultra  pure  DI  within  the  flow  channels,  both  cooling  and                

humidifying   the   cells   [21,26].   

Numerous  advantages  of  phase-change-cooling  exist  in  relation  to  the  performance  of  a              

PEMFC  system.  The  coolant  flow  rate  is  reduced  in  comparison  with  liquid-cooling  as               

phase-change-cooling  utilises  the  latent  heat  of  vaporisation  of  the  cooling  fluid  which  is               

usually  considerably  higher  than  the  sensible  heat  of  the  fluid.  An  example  of  this  is  the  latent                   

heat  of  water,  2250  kJ/kg  at  100  kPa,  which  is  more  than  500  times  greater  than  the  sensible                    

heat   absorbed   by   the   temperature   of   liquid   water   increasing   by   1   °C   [2].     

Phase-change-cooling  also  has  a  reduced  BoP  when  compared  with  liquid-cooling  due  in  part               

to  its  self-humidifying  nature.  Additionally,  all  of  the  heat  rejected  from  the  fuel  cell  to  the                  

cooling  fluid  does  not  need  to  be  rejected  to  the  atmosphere  prior  to  reinjection  into  the  fuel                   

cell.  Only  sufficient  heat  needs  to  be  rejected  from  the  coolant  stream  to  condense  sufficient                 

water  to  maintain  a  positive  water  balance.  Although  heat  rejection  from  an              

evaporatively-cooled  fuel  cell  system  has  been  shown  to  be  up  to  three  times  greater  than  that                  

of   a   liquid-cooled   system   [1].   

A  positive  water  balance  refers  to  a  state  where  the  system  is  producing  more  water  than  is                   

required  to  be  injected  into  the  fuel  cell.  As  water  is  produced  as  a  byproduct  of  the                   

electrochemical  reaction  inside  the  fuel  cell,  not  all  of  the  water  evaporated  needs  to  be                 

condensed  to  maintain  this  positive  water  balance.  An  exemplar  schematic  for  an              

evaporatively   cooled   PEMFC   system   is   shown   in   Figure   7.5.   
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Figure   7.5:   Exemplar   schematic   of   an   evaporatively-cooled   PEMFC   system   

The  key  challenge  with  evaporative-cooling  is  avoiding  premature  degradation  of  the  active              

components  within  the  fuel  cell.  As  the  coolant  is  injected  directly  into  the  flow  channels,  it                  

will  interact  with  the  cells  and  the  polymer  electrolyte  membrane.  Due  to  this  prolonged                

contact  with  the  active  surfaces  of  the  fuel  cell,  it  is  critical  that  the  coolant  remains                  

non-conductive.   

Ultra-pure  DI  water  is  non-conductive  as  all  the  charged  particles  are  removed  during  the                

de-ionisation  process.  However,  DI  water  has  a  very  strong  ionic  affinity,  meaning  that  it  will                 

readily  strip  ions  from  exposed  surfaces  within  the  fuel  cell.  It  is  therefore  important  to                 

ensure  that  the  materials  which  are  in  contact  with  the  coolant  are  chosen  for  their                 

compatibility   with   DI   water.   

At  the  time  of  writing,  evaporatively-cooled  PEMFCs  are  yet  to  garner  commercial  maturity.               

However,  they  have  been  the  subject  of  continued  research  and  development  for  at  least  the                 

past  20  years  [21,25-29].  As  such,  detailed  information  regarding  this  specific  PEMFC              

technology  remains  proprietary.  This  fact  combined  with  the  higher  confidence  in  mature              

liquid-cooled  alternatives,  excludes  further  investigation  of  evaporatively-cooled  PEMFCs  as           

part   of   this   work.   
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7.3 DMFC   Thermal   Management   

Heat  is  rejected  through  two  processes  in  direct  methanol  fuel  cells.  Firstly,  a  small  fraction                 

of  the  generated  heat  is  rejected  directly  from  the  outermost  surfaces  to  ambient  through                

either  natural  or  forced  convection  [30].  Most  of  the  heat  generated  by  the  electrochemical                

reaction  in  a  DMFC  is  rejected  to  the  reactant  flows,  with  the  temperatures  of  both  being                  

raised   and   the   liquid   solution   on   the   anode   being   vaporised   [30-34].   

Unlike  the  typical  evaporative  system  required  for  a  PEMFC  (Figure  7.5),  DMFCs  do  not                

require  additional  DI  water  to  be  injected  for  the  purpose  of  heat  rejection.  Instead,  they                 

utilise  the  abundance  of  liquid  solution  (methanol  in  water)  already  present  on  the  anode  as                 

coolant.  An  example  schematic  of  a  DMFC  system  is  shown  in  Figure  7.6.  It  is  important  to                   

note  that  the  primary  function  of  a  DMFC’s  thermal  management  system  is  enabling  the                

recycling   of   unused   reactants   from   the   anode   and   product   water   from   the   cathode.   

  

Figure  7.6:  Example  schematic  of  a  DMFC  system,  highlighting  the  thermal  management              

balance   of   plant   
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Sufficient  heat  must  be  rejected  from  the  exhaust  stream  to  condense  all  unused  methanol  for                 

recirculation  into  the  fuel  cell.  As  the  latent  heat  of  evaporation  of  methanol  is  around  50%  of                   

that  of  water  [35],  less  heat  exchange  is  required  when  compared  to  a  hydrogen  fed  PEMFC.                  

Considering  that  a  majority  of  the  anode  exhaust  flow  is  in  liquid  form,  heat  rejection  is                  

centred  predominantly  around  sensible  cooling  rather  than  condensing  phase-change.  In            

addition,  sufficient  water  must  be  condensed  from  the  cathode  exhaust  stream  to  maintain  the                

desired   fuel   concentration   in   the   mixing   tank   highlighted   in   Figure   7.6.   

Ultimately,  the  thermal  management  of  a  DMFC  is  a  complex  interaction  between  the  way                

the  system  is  physically  designed  and  the  operating  parameters.  An  excellent  review  of  how                

these  parameters  affect  the  operating  temperature  of  DMFCs  was  given  over  20  years  ago  by                 

Argyropoulos,  P.  et  al  [32],  summarised  in  Table  7.3.  They  concluded  in  their  study  that                 

DMFC  operating  temperature  is  weakly  affected  by  inlet  flow  conditions  and  is  strongly               

affected   by   the   physical   size   and   load   profile.   

Table  7.3:  Summary  of  the  effects  of  changing  various  DMFC  design  and/or  operation               

parameters  on  temperature  [32]  reproduced  with  permission  from  Elsevier  (Licence:            

4916440413416)   

  

Parameter   Effect   on   DMFC   
Temperature   

Comments   

Increasing   the   number   of   stacked   cells   Increase   Critical   effect   

Increasing   the   ratio   of   active   to   total   cross   
sectional   area   

Small   -   

Increasing   the   current   density   Increase   Critical   effect   

Increasing   the   anode   side   inlet   temperature     Increase   Critical   effect   

Increasing   the   anode   side   inlet   flow   rate   Small   Increase   Convective   heat   
transfer   not   critical   

Increasing   the   cathode   side   inlet   temperature     Increase   Weak   Effect   

Increasing   the   cathode   side   inlet   flow   rate   Small   decrease   Based   on   
assumptions   made   
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7.4 Effect   of   Altitude   on   Heat   Removal   

Fundamentally,  all  of  the  thermal  management  strategies  outlined  in  this  Chapter  can  be               

summarised  as  different  techniques  for  moving  the  heat  from  the  active  sites  in  the  fuel  cell  to                   

some  form  of  heat  exchanger  to  be  exchanged  with  the  atmosphere.  This  final  step  in  each                  

process,  the  exchange  of  heat  with  the  atmosphere  will  be  affected  by  an  aircraft’s  altitude  in                  

the   same   manner.   

As  discussed  in  Chapters  2  and  6,  the  variation  with  altitude  of  the  properties  of  air  are  well                    

understood.  To  recap,  as  altitude  increases  from  sea  level  to  20  km  (65,000  ft)  the  ambient  air                   

temperature  decreases  from  288  K  to  216  K  and  the  pressure  decreases  from  101  kPa  to  55                   

kPa  [2,36].  The  variation  of  the  thermal  conductivity  of  air  with  increasing  altitude  is  directly                 

proportional  to  the  change  in  temperature  [36].  Finally,  the  density  of  air  decreases  with                

increasing   altitude   following   a   similar   trend   to   that   of   pressure.   

Using  the  standard  equation  for  heat  transfer  and  the  associated  relationships,  Equation  7.6,  it                

is  possible  to  relate  how  the  altitude  variance  of  each  of  the  thermal  properties  of  air  affect                   

the  potential  heat  transfer  rate.  As  altitude  is  increased,  assuming  that  the  operating               

temperature  of  the  fuel  cell  remains  unchanged,  the  temperature  difference,   will            TΔ   

increase.  From  Figure  7.7  [35,36],  it  can  be  seen  that  increasing  altitude  will  reduce  the  heat                  

transfer  coefficient,   as  both  the  thermal  conductivity  and  reciprocal  of  thermal  diffusivity    K            

decrease  with  increasing  altitude.  This  results  in  a  need  for  an  increased  heat  transfer  surface                 

area   to   achieve   the   same   overall   heat   transfer   at   higher   altitudes.   

As  well  as  the  performance  of  the  heat  exchange  process  at  altitude,  the  ability  of  air  to                   

remove  the  desired  heat  must  also  be  considered.  As  the  ability  of  air  to  hold  thermal  energy                  

is  dominated  by  the  change  in  temperature  between  hot  and  cold  (Equation  7.2).  This  means                 

that  as  the  altitude  is  increased,  and  temperature  decreased,  less  air  mass  flow  is  required  to                  

remove  the  same  quantity  of  heat.  This  is  demonstrated  graphically  in  Figure  7.8  for  a  fixed                  

heat  load  of  50  kW.  The  mas  flow  plateau  noted  in  Figure  7.8  is  a  direct  result  of  the  ISA                      

temperature   profile   in   the   atmosphere   as   shown   by   Figure   2.4   in   Chapter   2.   
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Where:   

  

  

  

  

  

  

  

  

  

  

Q̇     A  &  K ∝ k,   &  α  = K S T( w − T f)   1
αt t = k

ρcp 
 (7.6)  

 AS  -  Surface   area   (m 2 )   

 cp  -  Specific   heat   capacity   at   constant   pressure   (J/kgK)   

 K  -  Heat   transfer   coefficient   (W/m 2 K)   

 k  -  Thermal   conductivity   (W/mK)   

Q̇   -  Heat   transfer   rate   (W)   

 T f  -  Flow   temperature   (K)   

 T w  -  Wall   temperature   (K)   

 αt  -  Thermal   diffusivity   (m 2 /s)   

 ρ  -  Density   (kg/m 3 )   
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Figure  7.7:  Change  in  thermal  diffusivity  and  thermal  conductivity  of  air  with  increasing               

altitude   based   on   the   International   Standard   Atmosphere   [35,36]   
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Figure  7.8:  Change  in  mass  flow  rate  of  air  required  to  remove  a  thermal  load  of  50  kW  with                     

altitude   

Considering  what  has  been  discussed,  the  most  suitable  fuel  cell  thermal  management  system               

for  high-altitude  flight  is  an  evaporative  phase-change  design.  This  deduction  is  based  on  the                

notion  that  the  fuel  cell  stack  temperature  for  both  air-cooled  and  liquid-cooled  systems  is                

directly  linked  to  the  ability  of  the  thermal  management  system  to  reject  heat  to  the                 

environment.  However,  in  the  case  of  phase-change  systems  (and  DMFC  systems)  the              

purpose  of  the  heat  exchange  is  to  recover  liquid  water  for  recycling.  In  these  designs  the                  

bulk  temperature  of  the  cathode  exit  flow  only  needs  reducing  sufficiently  to  recover               

sufficient   liquid   water   before   being   exhausted   off   the   aircraft.   

To  its  detriment,  when  considering  the  desire  for  a  reduced  heat  signature  and  visible                

signature  in  the  form  of  reduced  contrails  the  evaporative-cooling  designs  do  lose  favour               

when   compared   to   the   closed   nature   of   a   liquid-cooled   design.   
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7.5 Summary   

In  this  Chapter  the  four  primary  cooling  strategies  for  hydrogen  fed  polymer  electrolyte               

membrane  fuel  cells  have  been  introduced  and  compared.  Two  primary  methods  were              

identified  based  on  net  fuel  cell  electrical  power,  air-cooling  and  liquid-cooling.  For  lower               

power  output  fuel  cells  <  4  kW,  air-cooling  would  be  the  preferred  method  due  to  its  lower                   

cost  and  simpler  system  design.  Liquid-cooling  has  been  identified  as  the  preferred  cooling               

methodology  for  higher  power  fuel  cell  systems  due  to  higher  technology  maturity  and  more                

robust   nature.   

Simplified  modelling  strategies  have  been  developed  for  both  air-cooling  and  liquid-cooling             

scenarios.  These  were  both  based  on  the  assumption  that  the  fuel  cell  stack  can  be  treated  as  a                    

single  control  volume  and  used  average  stack  thermal  properties.  This  assumption  produces              

reasonable  results  as  the  bulk  material  properties  of  a  fuel  cell  are  generally  the  same  and                  

relate   directly   to   the   material   choice   of   the   bipolar   plates.   

The  current  status  and  primary  function  of  direct  methanol  fuel  cell  thermal  management               

systems  has  been  identified.  In  general,  the  literature  does  not  suggest  any  active  thermal                

management  strategy  for  this  fuel  cell  technology  other  than  the  initial  fuel  cell  stack  design                 

and  operating  envelope.  This  is  because,  in  most  cases  their  temperature  is  self-regulating  due                

to  the  liquid  fuel  supplied  to  the  anode  providing  ample  evaporative  cooling.  Therefore,  the                

primary   function   of   thermal   management   here   is   to   enable   reactant   and   water   recycling.   

As  altitude  is  increased  the  ability  of  the  ambient  air  to  remove  heat  from  the  system  is                   

improved  per  unit  mass.  However,  the  heat  transfer  ability  of  the  heat  exchanger  is  reduced.                 

Therefore,  a  larger  heat  transfer  surface  area  is  required  to  dissipate  the  same  heat  load  at                  

high   altitude   compared   to   at   sea   level.   
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Chapter   8 Dynamic   Modelling   
  

  

8.1 Overview   of   Previous   Chapters   

8.1.1 Aircraft   Submodel   -   Chapter   2   

In  Chapter  2,  a  predictive  aircraft  model  was  developed  in  conjunction  with  atmospheric               

models  for  both  temperature  and  pressure.  The  work  carried  out  on  the  predictive  aircraft                

model   was   published   as   an   SAE   Technical   Paper   in   2017   [1].   

The  rate  of  aircraft  electrification  has  been  shown  to  be  growing.  Combined  with  increasing                

environmental  pressures  a  model  was  developed  to  enable  efficient  preliminary  design             

decisions  on  fuel  cell  systems  for  aeronautical  applications,  a  predictive  tool  was  constructed               

to   quickly   estimate   the   peak   electrical   demand   of   the   user's   aircraft.   

Fifteen  aircraft  categories  have  been  defined  based  on  the  aircrafts  primary  function  and               

propulsion  method.  A  model  was  then  developed  which  can  predict  the  electrical  generation               

capability  and  propulsive  requirements.  Validating  the  categorisation  model  against  real            

aircraft  data  showed  a  good  correlation  between  the  real  and  modelled  data.  Generally,  an                

error  of  less  than  5%  was  obtained  by  the  model.  Certain  instances,  higher  than  this  cut-off                  

percentage   arose   when   the   model   was   based   on   a   small   dataset.   

Variation  of  atmospheric  properties  with  altitude  which  could  affect  the  performance  of  a  fuel                

cell  system  were  given  according  to  the  International  Standard  Atmosphere  (ISA)  along  with               

MIL-HDBK-310  Hot  and  MIL-HDBK-310  Cold.  The  atmospheric  models  provided  by            

MIL-HDBK-310   gave   the   extremes   of   both   hot   and   cold   environments.   
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8.1.2 Fuel   Cell   Submodel   -   Chapter   4   

Creation  of  a  validated  electrical  fuel  cell  stack  model  has  been  detailed  step-by-step  in                

Chapter  4.  Importance  of  the  thermodynamic  reversible  voltage,  was  discussed  in          V 0 HHV     

relation   to   the   modelling   of   fuel   cell   electrical   behaviour.  

Primary  fuel  cell  irreversibilities:  activation,  fuel  crossover,  ohmic  and  mass  transport  have              

been  defined,  both  theoretically  and  empirically.  An  empirical  form  of  the  Nernst  equation               

was  used  to  predict  the  performance  of  both  a  single  cell  Polymer  Electrolyte  Membrane  Fuel                 

Cell  (PEMFC)  and  Direct  Methanol  Fuel  Cell  (DMFC).  The  model  results  were  validated               

against  experimental  data  for  both  fuel  cell  technologies.  Root  mean  square  errors  in  the                

predicted  real  cell  voltage  were  9.52  mV  and  8.72  mV  for  the  PEMFC  and  DMFC                 

respectively.   

8.1.3 Anode   Submodel   -   Chapter   5   

It  has  been  shown  that  anode  subsystem  specific  energy  and  energy  density  both  improve  for                 

hydrogen  as  the  storage  pressure  is  increased,  cylinder  type  advanced  and  with  liquefaction.               

A  similar  trend  has  also  been  shown  with  methanol  storage  with  increasing  specific  energy                

and   energy   density   with   increasing   methanol   concentration.   

A  case  study  was  carried  out  to  determine  whether  a  single  or  multi  tank  methanol  storage                  

solution  would  be  optimal  for  a  DMFC  anode  feed  system.  It  was  found  that  although  the                  

performance  of  the  single  tank  system  improved  dramatically  with  increasing  methanol             

concentration,  the  twin  tank  design  case  always  had  higher  specific  energy  and  energy               

density   at   the   same   inlet   feed   concentration.   

Finally,  hydrogen  and  methanol  storage  solutions  were  directly  compared,  Figure  8.1.  Liquid              

Hydrogen  (LH 2 )  was  found  to  be  the  most  energy  dense  fuel  cell  fuel  storage  configuration                 

considered.  However,  pure  and  high  concentration  methanol  storage  both  showed  similar             

performance  to  those  for  LH 2  and  compressed  gaseous  hydrogen.  Given  that  the  material               

properties  favoured  methanol  from  a  cost  and  ease  of  storage  perspective,  the  potential               

benefits   of   DMFCs   over   PEMFCS   for   aviation   have   been   shown.   
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Figure  8.1:  Specific  energy  and  energy  density  averages  for  commercial  hydrogen  and              

methanol   storage   subsystems   [2-7]   

8.1.4 Cathode   Submodel   -   Chapter   6   

Key  design  considerations  for  both  air-breathing  and  air-independant  cathode  systems  were             

discussed,  primarily  the  compressor  design  for  an  air-breathing  system  and  consideration  of              

oxygen  storage  method  for  air-independent  systems.  How  these  considerations  relate  to             

system   gravimetric   and   volumetric   efficiencies   have   also   been   discussed.   

It  was  shown  that  for  air-independent  systems,  the  most  efficient  method  of  storing  oxygen                

both  in  terms  of  mass  and  volume  is  in  a  liquified  state.  It  was  also  shown  that  the  difference                     

in  storage  efficiency  between  liquefied  oxygen  and  high-pressure  compressed  gaseous            

storage   was   less   extreme   than   that   previously   demonstrated   for   hydrogen.   
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A  hypothesis  was  made  and  proven  that  combining  elements  from  both  air-breathing  and               

air-independent  systems  into  a  hybrid  semi-independent  system  might  lead  to  gravimetric  and              

volumetric  efficiency  gains.  The  results  yielded  from  this  investigation  showed  that             

incorporating  onboard  oxygen  storage  in  the  form  of  LO 2  (air-independent)  into  an              

air-breathing  design  would  lead  to  improvements  in  efficiency  for  high  altitude  flights.  For               

very  short  flight  times,  a  fully  air-independent  system  was  shown  to  offer  both  mass  and                 

space   savings.   

Given  the  additional  mission  flexibility  and  performance  improvements  garnered  from  the             

inclusion  of  onboard  oxygen  to  supplement  the  cathode  supply  to  a  fuel  cell,  it  is  the                  

recommendation  of  this  work  that  any  mid  to  large  scale  fuel  cell  integration  effort  should                 

include  a  hybrid  semi-independent  cathode  design.  This  will  enable  flexibility  for  operation              

at  higher  altitudes  as  well  as  the  ability  to  artificially  boost  the  fuel  cell  performance  by                  

operating   an   oxygen   rich   cathode.   

8.1.5 Thermal   Management   Submodel   -   Chapter   7   

Simplified  modelling  strategies  have  been  developed  for  both  air-cooling  and  liquid-cooling             

scenarios.  These  were  both  based  on  the  assumption  that  the  fuel  cell  stack  can  be  treated  as  a                    

single   control   volume   and   used   average   stack   thermal   properties.   

The  current  status  and  primary  function  of  direct  methanol  fuel  cell  thermal  management               

systems  has  been  identified.  In  general,  the  literature  does  not  suggest  any  active  thermal                

management  strategy  for  this  fuel  cell  technology  other  than  the  initial  fuel  cell  stack  design                 

and  operating  envelope.  This  is  because,  in  most  cases  their  temperature  is  self-regulating  due                

to  the  liquid  fuel  supplied  to  the  anode  providing  ample  evaporative  cooling.  Therefore,  the                

primary   function   of   thermal   management   here   is   to   enable   reactant   and   water   recycling.   

As  altitude  is  increased  the  ability  of  the  ambient  air  to  remove  heat  from  the  system  is                   

improved  per  unit  mass.  However,  the  heat  transfer  ability  of  the  heat  exchanger  is  reduced.                 

Therefore,  a  larger  heat  transfer  surface  area  is  required  to  dissipate  the  same  heat  load  at                  

altitude   compared   to   at   sea   level.   

  



158   

8.2 Additional   Submodels   

8.2.1 Battery   Model   

High  specific  energy  fuel  cell  systems  have  already  been  shown  to  be  essential  for                

aeronautical  applications.  However,  in  some  cases  the  relatively  poor  specific  power  of  fuel               

cells  compared  to  alternative  electrical  power  providers,  batteries  and  capacitors  calls  for              

some  form  of  hybridised  system.  Chao,  C  H.  [8]  gives  an  excellent  comparison  of  the  relative                  

specific   energy   and   specific   power   of   the   main   technology   options   Figure   8.2.   

  

Figure  8.2:  Specific  Energy  vs.  Specific  Power  for  various  energy  storage  technologies,              

including  fuel  cells  and  advanced  Li-ion  batteries  [8]  reproduced  with  permission  from              

Elsevier   (Licence:   4927150372144)   
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A  “Lithium-Ion  Temperature  Dependent  Battery  Model”  [9]  built  into  MATLAB®  Simulink             

was  adapted  and  used  for  battery  simulations.  This  model  provides  an  experimentally              

validated  method  of  simulating  a  battery's  charge  and  discharge  characteristics  under  varying              

temperatures  [9].  The  model  is  based  on  an  equivalent  circuit  with  multiple  laplace  functions                

to  represent  the  various  compatible  battery  chemistries  and  discharge  characteristics  obtained             

from   manufacturer’s   published   data.   Model   assumptions   include   [9]:   

● Minimum   battery   potential   is   0   V   

● Discharging   and   charging   characteristics   are   assumed   to   be   equal   

● Peukert   effect,   capacity   change   with   current   amplitude   is   ignored   

● Batteries   have   no   self-discharge   or   memory   effects   

Significant  advances  are  being  made  every  year  in  the  field  of  lithium-ion  battery  technology                

however,  the  technology  chosen  for  simulation  was  Lithium  Cobalt  Oxide  (LiCoO 2 )  as  this               

chemistry  has  been  proven  safe  for  aviation  in  the  Boeing  787  [10].  The  specific  energy  of                  

this  battery  technology  was  taken  as  155  Wh/kg  [11]  and  an  energy  density  assumed  to  be                  

240   Wh/litre.   

Atmospheric  temperature  variation  as  a  result  of  changing  altitude  was  used  as  the  input  to                 

the  temperature  dependent  battery  model  as  shown  by  Figure  8.3.  The  user  was  able  to  select                  

which  atmospheric  model,  from  ISA  and  MIL-HDBK-310  Hot/Cold  the  temperature            

variation   was   based   on.   
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Figure  8.3:  Matlab®  Simulink  battery  submodel  showing  the  integration  of  atmospheric             

temperature   variation   and   output   links   

8.2.2 Submodel   Integration   

Power  electronics  interlink  between  fuel  cell  and  battery  assumed  to  be  an  dual  ideal  diode                 

powerpath  controller,  a  form  of  parallel  hybridisation  [12].  This  utilises  the  theory  of  natural                

balancing,  where  the  higher  voltage  supply  supplies  the  initial  load.  As  the  voltage  of  the                 

primary  supply  (fuel  cell)  drops  (polarisation  curve)  the  voltage  will  balance  with  that  of  the                 

secondary  power  source  (battery).  From  this  point,  both  the  fuel  cell  and  battery  will  supply                 

the  load  (with  equal  and  ‘balanced’  voltage).  This  link  is  represented  by  the  red  dashed  line                  

between   the   two   bus   bars   of   Figure   8.4.   
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Figure  8.4:  Simplified  schematic  for  MATLAB®  Simulink  dynamic  fuel  cell  system  model.              

Fuel   cell   and   battery   assumed   to   be   interlinked   with   a   dual   ideal   diode   powerpath   controller.   

The  model  schematic  (Figure  8.4)  also  shows  the  dependence  of  each  submodel  on  the  other,                 

represented  by  double-headed  arrows.  A  key  novel  aspect  of  this  model  in  comparison  to                

others  in  the  literature  [13-23]  is  the  deep  integration  of  the  dependence  on  ambient  operating                 

conditions.  This  is  of  vital  importance  for  an  fuel  cell  system  integration  into  an  aircraft                 

designed   to   operate   at   elevated   altitudes.   

8.3 Model   Calibration   

A  full  cell  equation  (Equation  8.1)  was  derived  in  Chapter  4  by  combining  the  effects  of                  

reactant  concentration,  pressure,  temperature  and  validated  irreversibilities  on  the           

temperature  dependent  reversible  thermodynamic  voltage  [24-26].  Experimental  data  was           

obtained   for   both   a   PEMFC   and   DMFC   for   the   purpose   of   calibrating   the   model.   
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Where:   

  

  

  

 ln ln  V c = zF
Δg + zF

RT (ΠcM
products

ΠcM
reactants) + 4F

RT ( p1

p2 ) + zF
ΔsT (T )− T 0 −  

 ln Ω exp  − RT
zαF ( i0

i + in ) − i − x (yi)  
(8.1)  

 c  -  Concentration   of   species   in   reaction   (mol/dm 3 )   

 F  -  Faraday   constant   (96,485   C/mol)   

 gΔ   -  Absolute   Gibbs   free   energy   change   (J/mol)   

i  -  Current   density   (A/cm 2 )   

 i0  -  Exchange   current   density   (A/cm 2 )   

 in  -  Internal   current   density   (A/cm 2 )   

 p1  -  Initial   system   pressure   (Pa)   

 p2  -  Final   system   pressure   (Pa)   

 R  -  Universal   gas   constant   (8.314   J/molK)   

 sΔ T  -  Absolute   entropy   change   at   temperature   “T”   (J/mol.K)   

 T  -  Temperature   (K)   

 T 0  -  Reference   temperature   (25℃   /   298.15   K)   

 V c  -  Cell   potential   (V)   

 x  -  Mass   transport   loss   empirical   constant   1   (V)   

 y  -  Mass   transport   loss   empirical   constant   2   (cm 2 /A)   

 z  -  Number   of   electrons   transferred   per   mole   of   fuel   

α  -  Charge   transfer   coefficient   

 Ω  -  Area   specific   resistance   (Ωcm 2 )   
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Literature  derived  [24-27]  ranges  were  used  as  the  starting  point  for  the  iterative               

determination  of  fit  parameters  for  the  full  cell  equation  (Equation  8.1).  These  starting  points                

were:  ,  ,  ,   .0E → 6.7E  A cm  i0 = 3 6− 5− / 2  .003 → 0.02 A cm  in = 0 / 2  .01 → 0.245 ΩcmΩ = 0 2  

,  ,  and  .  It  is  expected  that  the  values  required  to  fit  .0E  Vx = 3 4−  .45 cm A  y = 9 2/    → 1α = 0           

the  experimental  data  may  differ  slightly  from  these  ranges  due  in  part  to  the  age  of  available                   

references   and   the   experimental   nature   of   the   tested   fuel   cells.   

8.3.1 Experimental   Method   

Membrane  Electrode  Assemblies  (MEA)  were  manufactured  for  both  operation  with            

hydrogen  (PEMFC)  and  methanol  (DMFC).  A  MEA  typically  consists  of  seven  layers:  two               

Gas  Diffusion  Layers  (GDL),  two  MicroPorous  Layers  (MPL),  two  catalyst  layers  and  a               

membrane.  The  arrangement  of  these  layers  in  a  complete  MEA  is  shown  in  Figure  8.5.  It  is                   

also  common  practice  to  refer  to  the  sub-assembly  of  GDL,  MPL  and  catalyst  layer  as  a  Gas                   

Diffusion   Electrode   (GDE).   

  

Figure   8.5:   Arrangement   of   a   seven-layer   membrane   electrode   assembly   

A  commercially  available  GDE  with  a  catalyst  loading  of  0.50  mg/cm 2  60  wt%  Pt/C                

(FuelCellStore.com  1610004)  was  used  for  both  the  anode  and  cathode  of  the  PEMFC  MEA                

and  the  cathode  of  the  DMFC  MEA.  A  novel  platinum  nickel  titanate  (Pt.NiTiO 3 )  catalyst                

was  used  on  the  DMFC  anode  GDE  as  it  has  been  shown  to  offer  increased  performance  over                   

traditional  catalysts  [28-30].  Due  to  its  novel  nature,  the  DMFC  anode  GDE  had  to  be                 

manufactured   in-house.   
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Anode  catalyst  ink  was  prepared  using  Pt.NiTiO 3 /C  novel  catalyst  powder,  manufactured  by              

PSG  College  of  Technology,  India  as  per  Thiagarajan  et  al.  using  the  wet  chemical  method                 

[29]  with  a  mass  breakdown  of  40%  platinum,  20%  NiTiO 3  and  40%  carbon  support,  water                 

based   D1021   Nafion TM    ionomer   dispersion   and   IsoPropyl   Alcohol   (IPA)   ≥99.7%   solvent.   

Appropriate  quantities  of  each  of  the  catalyst  ink  constituents  were  measured  out  and  added                

to  a  mixing  vial  in  the  following  order  to  avoid  ignition  of  the  platinum-based  catalyst                 

powder:  Catalyst  powder  →  Ionomer  →  Solvent.  The  ratios  by  wet  mass  used  were:  3%                 

catalyst   powder,   40%   ionomer   and   57%   IPA   as   per   [28].   

The  ink  mixture  was  swirled  by  hand  after  the  addition  of  the  ionomer  and  before  the                  

addition  of  the  IPA  to  ensure  that  all  the  catalyst  powder  had  been  wetted.  The  mixture  was                   

then  sonicated  for  120  mins  using  a  camlab  camSonix  C175  digital  ultrasound  bath  at  a                 

frequency  of  37  kHz  to  ensure  a  colloidal  suspension.  The  sonication  time  was  based  on  a                  

literature   survey   where   two   hours   was   found   to   be   typical   [31,32].   

Catalyst  ink  was  coated  onto  CeTech  carbon  cloth  with  microporous  layer  GDL              

(FuelCellStore.com  1595000)  using  a  bar  coater  at  a  speed  of  1.0  mm/s.  To  ensure                

consistency,  the  coating  was  carried  out  in  a  single  layer.  Single  layer  coating  is  also                 

beneficial  from  a  mass  manufacturing  perspective  as  it  helps  to  simplify  the  process.  The                

coating  Wet-Layer  Thickness  (WLT)  defined  by  Equation  8.2,  was  used  to  obtain  different               

platinum   loadings,   where     is   the   area   density   of   platinum,   commonly   given   in   mg/cm 2 .  ρP t  

Where:   

  

  

  

 LTW = mP t 

T arget P t loading × Ink volume  (8.2)  

 mP t  -  Mass   of   platinum   (kg)   

 LTW  -  Wet-Layer   Thickness   (m)   
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An  oversized  section  of  GDL  was  used  so  that  the  uniformly  coated  middle  section  could  be                  

used  in  the  assembly  of  the  MEA.  After  coating,  the  catalyst  ink  mixture  was  allowed  to  dry                   

for  a  minimum  of  24  hours  in  ambient  conditions.  Once  fully  dry,  the  correct  active  area  of                   

GDE  was  cut  out  and  its  mass  measured.  The  difference  in  area  density  between  the  coated                  

GDE,   and  uncoated  GDL,   was  used  to  find  the  final  platinum  loading  using   ρGDE     ρGDL           

Equation   8.3.   

Where:   

Where   the   percentage   of   platinum   in   the   dry   mix,     was   defined   by   Equation   8.4.  P t% dry mix  

Where:   

The  mass  of  the  dry  ionomer  was  calculated  using  the  “equivalent  dry  density”,                ρdry ionomer  

which  was  deduced  experimentally.  This  was  done  by  pipetting  a  known  quantity  of  Nafion TM                

D1021  Dispersion  liquid  into  a  vial,  allowing  it  to  dry  naturally  and  weighing  the  remaining                 

solid.   Other   masses   and   volumes   were   measured   experimentally.   

 ctual P t loading P tA =  (ρ ρ )GDE −  GDL × % dry mix  (8.3)  

P t% dry mix  -  Percentage   of   platinum   in   the   dry   mix   

 ρGDE  -  Area   density   of   GDE   (kg/m 2 )   

 ρGDL  -  Area   density   of   GDL   (kg/m 2 )   

 P t  % dry mix =
m  × %P t( catalyst powder catalyst powder)

m  + vol  × ρcatalyst powder ( ionomer dry ionomer)
 (8.4)  

P t% catalyst powder  -  Percentage   of   platinum   in   the   catalyst   powder   

 P t% dry mix  -  Percentage   of   platinum   in   the   dry   mix   

 mcatalyst powder  -  Mass   of   catalyst   powder   (kg)   

 volionomer  -  Volume   of   ionomer   solution   (m 3 )   

 ρdry ionomer  -  Equivalent   dry   density   of   ionomer   (kg/m 3 )   
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Final  assembly  of  both  the  PEMFC  and  DMFC  MEAs  was  carried  out  by  hot-pressing  under                 

a  pressure  of  5.0  MPa  at  a  temperature  of  120  °C  for  180  s  with  a  sheet  of  Nafion TM  117                      

membrane  (FuelCellStore.com  591239).  Technical  specifications  for  both  MEAs  are           

summarised   in   Table   8.1.   

Table   8.1:   Technical   specifications   for   PEMFC   and   DMFC   MEAs   used   in   experimental   work   

  

Each  MEA  was  installed  in  the  Scribner  single  cell  test  fixture  and  clamping  bolts  torqued  to                 

3  Nm  as  per  the  manufacturer's  instructions.  Fuel  cell  temperature  was  controlled  using               

cartridge  heaters  in  each  end  plate  and  a  closed  loop  temperature  controlled.  Electrically  the                

fuel  cell  was  connected  to  a  TDI  RBL488  50-150-800  electronic  load,  controlled  digitally  by                

in-house  National  Instruments TM  LabVIEW  software.  Pressure  and  temperature  signals  were            

logged   throughout   the   tests   using   the   same   LabVIEW   software.   

Oxidant,  in  the  form  of  air,  was  fed  via  a  heater/dehumidifier  unit  at  500  ml/min.  The                  

heater/humidifier  was  set  such  that  the  cathode  inlet  was  at  60  ℃  and  100%  Relative                 

Humidity  (RH).  Hydrogen  fuel  was  fed  to  the  anode  (when  configured  as  a  PEMFC)  also  via                  

the  heater/humidifier  unit  as  was  also  fed  at  60  ℃  and  100%  RH.  When  configured  as  a                   

DMFC,  a  dilute  solution  of  deionised  water  and  methanol  with  a  molar  concentration  of  1.0                 

mol/dm 3  was  fed  at  3  ml/min  via  a  MASTERflex  L/S  Series  peristaltic  pump.  A  schematic                 

representation   of   the   experimental   test   setup   has   been   included   as   Figure   8.6   for   reference.   

  

  

  PEMFC   MEA   DMFC   MEA   

Active   area   25   cm 2   25   cm 2   

Anode   catalyst   and   loading   0.5   mg/cm 2    Pt/C   0.66   mg/cm 2    Pt.NiTiO 3 /C   

Cathode   catalyst   and   loading   0.5   mg/cm 2    Pt/C   0.5   mg/cm 2    Pt/C   

Membrane   Nafion TM    117   Nafion TM    117   

Gas   diffusion   layer   Carbon   cloth   with   MPL   Carbon   cloth   with   MPL   
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Figure  8.6:  Dual-purpose  experimental  test  setup.  Anode  configuration  can  be  quickly             

modified   to   allow   either   PEMFC   testing   with   hydrogen   or   DMFC   testing   with   methanol.   

Conditioning,  sometimes  “activation”  is  considered  to  play  an  important  role  in  achieving  the               

best  fuel  cell  performance  possible  [33].  The  protocol  outlined  in  Table  8.2  was  used  to                 

activate  the  MEAs  in  this  study.  Each  current  setpoint,   used  was  a  certain            of  I% max      

percentage   of   the   maximum   possible   current   for   that   MEA.   

Table   8.2:   Membrane   electrode   assembly   conditioning   protocol   

  

Step   Setpoint   (≈%   of   I max )   Time   (s)   Step   Setpoint   (≈%   of   I max )   Time   (s)   

1   0%   300   6   40%   300   

2   7.5%   300   7   50%   300   

3   15%   300   8   75%   300   

4   20%   300   9   0%   300   

5   30%   300   10   Polarisation   (OCV   –   0.1V)   
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Fuel  cell  performance  was  evaluated  by  holding  Open  Circuit  Voltage  (OCV)  for  300  s  to                 

check  stability  and  then  running  extended  polarisations  with  a  scan  rate  of  0.5  mV/s  to  ensure                  

a   pseudo   steady-state   response.   

8.3.2 PEMFC   

Empirical  parameters  used  to  fit  the  full  cell  equation  to  experimental  data  for  the  PEMFC                 

operating  at  a  temperature  of  70  ℃  with  pure  hydrogen  as  a  fuel  and  humidified  air  as  the                    

oxidant  were:  ,  ,  ,  ,    .0E  A cm  i0 = 1 5− / 2  .07 A cm  in = 0 / 2  .35 ΩcmΩ = 0 2  .5E  Vx = 3 4−  

 and  the  charge  transfer  coefficient,   was  set  at  0.29.  Figure  8.7  contains  the  1 cm A  y = 1 2/       α          

experimental  and  theoretical  polarisation  curves.  The  Root-Mean-Square  Error  (RMSE)  for            

the  calibrated  PEMFC  model  was  9.52  mV.  Full  details  on  the  calculation  of  RMSE  and  its                  

advantages   over   other   error   measurements   was   discussed   in   Chapter   4.   

  

Figure  8.7:  Comparison  of  theoretical  and  experimental  results  for  a  single  cell  25cm 2               

polymer   electrolyte   membrane   fuel   cell   
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8.3.3 DMFC   

Experimental  conditions  were  varied  slightly  for  the  DMFC  MEA  compared  with  the              

PEMFC.  An  operating  temperature  of  60  ℃  was  used  due  to  rig  limitations.  Humidified  air                 

was  used  as  the  oxidant  and  dilute  methanol  as  the  fuel.  A  theoretical  polarisation  curve  was                  

fitted  to  the  experimental  data  using  the  following  empirical  parameters:  ,            .5E  A cm  i0 = 2 7− / 2  

, ,  ,   and  .  Figure  .0045 A cm  in = 0 / 2  .37 ΩcmΩ = 0 2  .5E  Vx = 1 4−  8.9 cm A  y = 2 2/   .074α = 0   

8.8  contains  the  corresponding  experimental  and  theoretical  polarisation  curves.  The  RMSE             

for   the   calibrated   DMFC   model   was   calculated   to   be   8.72   mV.   

  

Figure  8.8:  Comparison  of  theoretical  and  experimental  results  for  a  single  cell  25cm 2  direct                

methanol   fuel   cell   

  

  

  

  



170   

8.4 Modelling   Evaluation   

Two  aircraft  were  chosen  as  modelling  case  studies  to  test  the  outputs  of  the  dynamic                 

MATLAB®  Simulink  model.  The  first  was  the  Skywalker  X8,  a  small  (<  7  kg)  remotely                 

operated  model  Unmanned  Aerial  Vehicle  (UAV).  This  aircraft  was  chosen  as  a  good               

representation  of  the  type  of  small  surveillance  UAV  used  by  the  military  which  would                

greatly  benefit  from  the  increased  range  afforded  by  a  fuel  cell  system  over  the  more                 

traditional   battery   only   systems.   

A  General  Atomics  MQ-1  Predator  was  chosen  as  the  second  aircraft  case  study.  This                

represents  a  typical  military  multi-role  Medium-Altitude  Long-Endurance  (MALE)  UAV.           

Additionally,  this  type  of  UAV  could  see  many  civilian  applications,  performing  roles  such  as                

search   and   rescue   and   aerial   mapping.   

8.4.1 Aircraft   1   -   Skywalker   X8   

A  Skywalker  X8  remotely  piloted  model  UAV  (Figure  8.9)  was  chosen  as  a  case  study  to                  

represent  the  growing  market  of  small,  easily  transportable  surveillance  aircraft.  This  type  of               

aircraft  has  multiple  uses,  both  in  the  civilian  and  military  sectors.  Table  8.3  contains  the                 

standard  specification  for  this  type  of  aircraft.  The  power  requirements,  both  propulsive  and               

electrical   were   generated   using   the   previously   developed   aircraft   sizing   tool   [1].   
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Figure   8.9:   Skywalker   X8   model   unmanned   aerial   vehicle   

Table   8.3:   Technical   specifications   of   Skywalker   X8   [1,34,35]   

  

Based  on  the  research  set  out  in  this  Thesis,  the  relatively  low  power  requirement  (<  500  W)                   

and  the  very  low  payload  availability  for  the  fuel  cell  system  (≈  2  kg)  of  this  aircraft  an                    

air-cooled  open-cathode  PEMFC  system  with  onboard  CGH 2  storage  is  recommended.  This             

system  will  be  intended  to  be  the  primary  power  provider  to  both  the  propulsion  and  auxiliary                  

systems   onboard   the   aircraft.   

  

  

MTOW   4.5   kg   Endurance   25   min   

Weight   empty   2.0   kg   Propulsive   power   
requirement   [1]   

250   W   

Wingspan   2.1   m   Electrical   power   
requirement   [1]   

250   W   

Altitude   200   m   
(650   ft)   

Total   power   
requirement   

500   W   



172   

The  key  question  to  answer  as  part  of  this  modelling  case  study  is  the  degree  of  benefit  which                    

may  be  obtained  by  hybridising  the  fuel  cell  with  a  battery  as  a  secondary  power  source.  In                   

the  case  of  a  fuel  cell  /  battery  hybrid  system,  the  fuel  cell  will  be  sized  such  that  it  can                      

deliver   the   cruise   power   demand.   In   this   case   the   cruise   power   demand   is   20   A   at   12   VDC.   

Technical  data  contained  within  Table  8.3  will  be  used  for  the  physical  sizing  of  the  power                  

system.  An  experimentally  derived  flight  profile,  Figure  8.10  will  be  used  to  ascertain  the                

dynamic  response  of  the  fuel  cell  system.  The  discrepancy  in  current  demand  during  straight                

and   level   flight   was   due   to   changing   wind   conditions   during   the   data   collection   flight.   

  

Figure  8.10:  Experimentally  derived  flight  and  current  demand  profile  for  Skywalker  X8              

operating   at   a   nominal   voltage   of   12   VDC   
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8.4.2 Aircraft   2   -   MQ-1   Predator   

The  General  Atomics  MQ-1  Predator,  Figure  8.11  is  a  multi-role  medium-range             

long-endurance  unmanned  aerial  vehicle.  Its  primary  role  is  as  an  aerial  reconnaissance              

aircraft  for  American  military  organisations  however,  it  can  also  be  fitted  with  offensive               

weaponry   in   order   to   undertake   combat   operations.   

  

Figure   8.11:   General   Atomics   MQ-1   Predator   (image   in   Public   Domain)   [36]     

As  standard,  propulsion  is  provided  courtesy  of  a  Rotax  914F  piston  engine  rated  at  75  kW                  

with  a  3  kW  starter  generator  used  for  both  starting  the  engine  and  providing  electrical  power                  

to  aircraft  systems.  The  power  requirements  predicted  by  the  sizing  model  are  shown  to  be  in                  

good  agreement  with  the  original  aircraft  specification.  These  have  been  included  with  other               

key   technical   specifications   for   the   aircraft   in   Table   8.4.   

Table   8.4:   Technical   specifications   of   General   Atomics   MQ-1   Predator   [1,37]   

MTOW   1,020   kg   Endurance   20   hrs   

Weight   empty   512   kg   Propulsive   power   
requirement   [1]   

76   kW   

Wingspan   16.8   m   Electrical   power   
requirement   [1]   

2   kW   

Altitude   7,620   m   
(25,000   ft)   

Total   power   
requirement   

78   kW   
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Of  the  508  kg  difference  between  the  MTOW  and  weight  empty,  204  kg  is  designated  as                  

payload  leaving  304  kg  for  fuel  and  fluids.  When  the  mass  of  the  engine,  78  kg  and  necessary                    

ancillaries  are  added  to  the  equation  the  total  mass  available  for  the  fuel  cell  system  (without                  

changing   the   range   or   payload)   is   ≈   400   kg.   

A  high  power  density  fuel  cell  system  would  be  essential  as  it  will  be  the  primary  motive                   

power  provider  and  it  will  need  to  physically  fit  inside  the  constraints  of  the  small  diameter                  

highly  aerodynamic  high  aspect  ratio  airframe.  Combined  with  the  power  requirement  of              

nearly  80  kW,  a  liquid-cooled  PEMFC  will  be  used.  Based  on  the  endurance  and  altitude                 

requirements  of  the  aircraft,  hydrogen  fuel  will  be  stored  in  liquid  form  and  oxidant  will  be                  

supplied  via  an  air-breathing  design  utilising  a  compressor  as  the  additional  parasitic  current               

draw   was   preferential   due   to   the   associated   mass   and   volume   benefits.   

This  modelling  evaluation  exercise  is  primarily  concerned  with  determining  the  suitability  of              

a  fuel  cell  system  based  on  power,  mass  and  volume  metrics.  However,  additional  mission                

benefits  are  associated  with  replacing  the  internal  combustion  powertrain  with  a  hydrogen              

fuel  cell  system.  The  lower  exhaust  temperature  of  the  fuel  cell  system  will  reduce  the                 

thermal  signature  of  the  aircraft  in  flight.  Additionally,  the  silent,  vibration  free  operation  of                

the  fuel  cell  will  lower  the  acoustic  emissions.  Both  of  these  fuel  cell  characteristics  aid  the                  

low   observability   desirable   during   reconnaissance   missions.   

A  theoretical  flight  profile  for  the  MQ-1  Predator  carrying  out  a  reconnaissance  mission  with                

an  eight  hour  loiter  period  over  the  target  area  is  shown  in  Figure  8.12.  The  current  demand  is                    

based   on   generating   the   total   power   requirements   at   a   nominal   voltage   of   300   V.   
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Figure   8.12:   Theoretical   profile   for   a   typical   reconnaissance   flight   for   MQ-1   Predator   

8.5 Results   

8.5.1 Aircraft   1   -   Skywalker   X8   

Based  on  the  operating  regime,  Figure  8.12  and  the  physical  constraints  of  the  Skywalker  X8                 

an  air-cooled  air-breathing  PEMFC  fuelled  by  gaseous  hydrogen  compressed  to  700  barg  was               

modelled  as  the  solitary  motive  power  provider  for  the  aircraft.  To  allow  the  delivery  of  the                  

full  flight  profile  the  fuel  cell  was  based  on  the  validated  polarisation  curve  and  an  active                  

area,   of  80  cm 2 .  Due  to  the  highly  modular  nature  of  hydrogen  fuel  cells,  this  active  area   A                  

would   likely   be   split   into   two   separate   stacks,   each   with   40   cm 2    to   allow   better   packaging.  
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Each  key  subsystem  of  the  complete  fuel  cell  system  was  sized  by  the  model  to  meet  the                   

requirements  of  the  aircraft  and  mission  profile.  As  the  fuel  cell  is  a  closed  cathode,                 

air-cooled  design,  gravimetric  and  volumetric  power  densities  of  2,000  W/kg  and  600  W/l               

were  used  to  assign  dimensionality  to  the  fuel  cell  stack.  These  numbers  were  obtained  from                 

commercial  data  as  discussed  in  Chapter  7.  A  nominal  mass  of  0.125  kg  and  volume  of  0.30  l                    

was  assigned  to  the  air-cooling  thermal  management  system  which  comprises  a  cooling  fan               

and   cowl.   

For  the  fuel  system,  the  mass  of  hydrogen  required  for  the  total  flight  was  calculated  using                  

the  methodology  outlined  in  Chapter  5.  The  relationships:   and          ass 21.228um =    

 which  describe  the  total  storage  system  mass  (kg)  and  volume  (l)  where  “ ”  ol 23.356uv =               u  

is  the  mass  of  hydrogen  stored  were  used  for  subsystem  sizing.  Derivation  of  these                

relationships   was   detailed   in   Chapter   5.   

Commercial  compressor  data  was  analysed  in  Chapter  6  to  derive  gravimetric  and  volumetric               

power  efficiencies  of  0.45  kW/kg  and  0.39  kW/l  respectively.  Compressor  power,  calculated              

using  Equation  6.3  and  the  desired  flow  rate  for  the  fuel  cell  (Equation  6.2)  was  used  to  feed                    

these   relationships..   

A  summary  of  their  masses  and  volumes  is  included  in  Table  8.5.  Note,  that  as  the  mission                   

length  is  extended,  only  the  mass  and  volume  of  the  hydrogen  storage  and  delivery  subsystem                 

will   change   due   to   the   nature   of   the   other   systems’   design.   

Table   8.5:   Subsystem   sizing   for   a   fuel   cell   only   system   suitable   for   a   Skywalker   X8   

  

Subsystem   Mass   (kg)   Volume   (litres)   

Fuel   cell   stack   0.299   0.996   

Hydrogen   storage   and   
delivery   

0.164   0.181   

Oxidant   delivery   0.125   0.144   

Thermal   management   0.125   0.30   

Totals:  0.713   1.62   
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The  model's  dynamic  response  to  a  single  10  minute  flight  profile  for  the  sized  fuel  cell                  

system  can  be  seen  in  Figure  8.13.  Here  the  fuel  cell  delivers  the  full  current  demand                  

according  to  the  flight  profile.  As  the  altitude  of  the  aircraft  remained  fairly  low  (<  200  m),                   

there  are  very  few  altitude  effects  on  the  performance  of  the  fuel  cell  system.  The  fuel  cell                   

upper  temperature  limit  was  set  to  80  ℃  to  enable  the  highest  performance  with  minimal                 

parastics   from   the   thermal   management   system.   

  

Figure  8.13:  Model  output  in  response  to  a  single  Skywalker  X8  flight  profile  for  an                 

air-cooled  air-breathing  polymer  electrolyte  fuel  cell  system  with  700  barg  compressed             

hydrogen   storage   

It  was  hypothesised  that  the  overall  system  energy  density  and  specific  energy  could  be                

improved  by  hybridising  the  fuel  cell  system  with  a  secondary  energy  source  in  the  form  of  a                   

LiCoO 2  battery.  A  hybrid  system  of  systems  was  designed  such  that  the  fuel  cell  was  capable                  

of  providing  the  full  cruise  power  demand  (20  A  at  12  V).  The  battery  component  was  sized                   

such  that  at  the  end  of  the  flight  profile,  the  State  of  Charge  (SOC)  was  at  least  30  %  and  that                       

the  maximum  current  draw  was  never  more  than  10  times  the  capacity.  These  steps  were                 

taken   to   prolong   battery   life.   
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An  active  area  of  45  cm 2  and  minimum  cell  voltage  of  0.5  V  were  selected  for  the  fuel  cell                     

stack  subsystem.  For  a  single  10  minute  flight  profile  a  2.0  Ah  capacity  battery  was  required                  

in  order  to  ensure  the  discharge  rate  was  below  the  predefined  limit.  The  dynamic  response  of                  

the  hybrid  system  model,  Figure  8.14  shows  how  the  fuel  cell  supplies  the  baseline  load  up  to                   

20  A.  This  baseline  load  was  determined  by  the  current  the  fuel  cell  could  provide  at  a                   

minimum   cell   voltage   of   0.5   V.   Peak   loads   above   this   threshold   are   provided   by   the   battery.   

Due  to  the  lower  power  output  of  the  fuel  cell  required  for  this  design  case,  an  upper                   

temperature  limit  of  70  ℃  was  used.  This  could  be  achieved  using  the  same  size  thermal                  

management  system  used  for  the  higher  output  case.  To  achieve  a  core  temperature  of  70  ℃                  

and  airflow  rate  of  0.03  kg/s  was  applied  when  the  core  temperature  exceeded  72  ℃,  this                  

airflow   was   then   removed   when   the   core   temperature   reduced   to   67   ℃.   

  

Figure  8.14:  Model  output  in  response  to  a  single  Skywalker  X8  flight  profile  for  an                 

air-cooled  air-breathing  polymer  electrolyte  fuel  cell  with  700  barg  compressed  hydrogen            

storage   hybridised   with   a   2.0   Ah   LiCoO 2    4-cell   battery   

Table  8.6  contains  a  sizing  breakdown  of  the  system  of  systems  for  a  hybrid  architecture                 

Skywalker  X8  for  a  single  flight  profile.  In  comparison  to  the  similar  analysis  carried  out  on                  

the  fuel  cell  only  system  it  has  been  shown  that  the  hybrid  system  has  a  lower  overall  mass                    

and   requires   less   physical   space   within   the   airframe.   
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Table   8.6:   Subsystem   sizing   for   a   fuel   cell   /   battery   hybrid   system   suitable   for   a   Skywalker   X8   

  

To  compare  the  overall  performance  of  both  the  fuel  cell  only  and  fuel  cell  /  battery  hybrid                   

system,  they  were  compared  to  the  battery  only  system  traditionally  used  in  this  type  of                 

aircraft.  This  analysis  involved  re-sizing  the  three  different  power  system  architectures  for              

each  flight  condition.  Flight  conditions  were  defined  as  multiples  of  the  original  giving  a                

flight   time   range   of   10   mins   to   100   mins.   Analysis   results   are   contained   within   Figure   8.15.   

  

  

  

  

  

  

  

  

  

  

Subsystem   Mass   (kg)   Volume   (litres)   

Fuel   cell   stack   0.157   0.522   

Hydrogen   storage   and   
delivery   

0.114   0.125   

Oxidant   delivery   0.062   0.072   

Thermal   management   0.125   0.30   

Battery   0.180   0.115   

Totals:  0.64   1.13   
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Figure  8.15:  Variation  of  total  system  mass  with  increasing  flight  time  for  battery  only,  fuel                 

cell   only   and   fuel   cell   /   battery   hybrid   systems   for   the   Skywalker   X8   

System  analysis  results  clearly  show  that  for  all  but  the  very  shortest  flight  times  a  power                  

system  containing  a  fuel  cell  is  always  lighter  than  using  a  battery  system  alone.  If  the  power                   

delivery  system  is  designed  for  the  maximum  payload  of  the  aircraft  then  a  fuel  cell  only                  

system   can   provide   twice   the   energy   of   a   battery   only   system.   

When  considering  the  volume  occupied  by  the  three  different  systems  and  how  it  evolves                

through  increased  flight  time  the  battery  only  system  shows,  in  Figure  8.16  clear  advantages                

over  the  other  alternatives.  However,  given  that  the  available  volume  within  the  Skywalker               

X8  airframe  is  9.55  litres  [35],  even  a  fuel  cell  only  system  can  be  comfortably  integrated                  

when   only   considering   the   space   occupied.   
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Figure  8.16:  Variation  of  total  system  volume  with  increasing  flight  time  for  battery  only,  fuel                 

cell   only   and   fuel   cell   /   battery   hybrid   systems   for   the   Skywalker   X8   

The  modelling  results  for  the  Skywalker  X8  have  shown  that  the  benefits  of  fuel  cell  and                  

hybrid  systems  over  more  conventional  battery  architecture  are  generally  related  to             

gravimetric  efficiency.  This  means  that  for  the  same  take-off  weight,  the  aircraft  can  fly                

further   using   a   fuel   cell   system   than   a   battery.  

8.5.2 Aircraft   2   -   MQ-1   Predator   

A  fuel  cell  system  was  sized  to  suit  the  Predator  UAV  and  dynamically  modelled  based  on  the                   

flight  profile  and  operating  assumptions  described  in  Section  8.4.2.  The  system  was              

configured  assuming  no  change  in  the  mission  requirements  of  the  aircraft.  A  liquid-cooled               

polymer  electrolyte  membrane  fuel  cell  with  an  active  area  of  700  cm 2  and  745  cells  was                  

required  to  meet  the  peak  power  requirement  without  requiring  a  secondary  power  source.               

Liquid  hydrogen  fuel  was  used  along  with  an  air  compressor.  Mass  and  volume  breakdowns                

of   the   main   fuel   cell   system   components   are   given   in   Table   8.7.   
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Table   8.7:   Subsystem   sizing   for   a   fuel   cell   system   suitable   for   a   MQ-1   Predator   

  

The  initial  mass  allowance  given  for  the  fuel  cell  system  in  modelling  study  outline  was  400                  

kg  of  which  340  kg  was  set  aside  for  fuel.  Unfortunately,  at  current  technology  levels  based                  

on  the  sizing  results  in  Table  8.7,  it  is  not  possible  to  directly  replace  the  fossil  fuelled  power                    

plant  with  a  hydrogen  fuelled  fuel  cell  system  whilst  maintaining  the  same  mission               

endurance.   

When  considering  the  two  main  components  in  terms  of  mass,  the  fuel  cell  and  the  hydrogen                  

storage,  improvements  can  be  made  to  both  when  compared  to  the  legacy  equipment  being                

replaced.  In  this  particular  instance,  the  fuel  cell  stack  and  thermal  management  has  more                

than  double  the  mass  of  the  Rotax  914F  piston  engine  and  associated  starter  /  generator.                 

Whereas  the  original  mass  allowance  for  fuel  and  fluids  is  around  75%  of  that  required  for                  

the   hydrogen   storage   system.   

Using  currently  available  technology,  it  would  be  possible  to  physically  integrate  a  fuel  cell                

system,  like  the  one  designed  into  a  MQ-1  Predator  by  sacrificing  the  endurance  requirement                

and  therefore  the  amount  of  hydrogen  storage  required.  Alternatively,  improvements  in  the              

specific  power  of  the  fuel  cell  stack  above  500  W/kg  would  also  better  suit  the  adoption  of                   

fuel  cells  in  these  types  of  aircraft.  Although  specific  powers  above  this  threshold  have  been                 

readily  reported  in  the  literature,  the  numbers  used  in  this  work  are  based  on  real                 

commercially  available  data  [38-41].  A  doubling  of  the  current  figure  to  1,000  W/kg  would                

allow   the   design   architecture   to   fit   within   the   original   400   kg   limit.   

Subsystem   Mass   (kg)   Volume   (litres)   

Fuel   cell   stack   (+   thermal   
management)   

242   605   

Hydrogen   storage   and   
delivery   

414   1,455   

Oxidant   delivery   24   28   

Totals:  680   2088   
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Dynamic  response  plots  for  the  modelled  fuel  cell  to  the  input  altitude  and  current  profiles  are                  

shown  in  Figure  8.17.  The  upper  plot  shows  the  overall  current  and  voltage  response  of  the                  

complete  fuel  cell  system.  As  the  boundary  of  the  model  is  the  fuel  cell  system,  no  details  are                    

given   on   how   power   is   utilised   however,   it   can   be   assumed   that   a   majority   is   for   propulsion.   

The  lower  section  of  Figure  8.17  shows  the  breakdown  of  the  three  main  current  demands  on                  

the  fuel  cell  stack,  aircraft  demand,  air  compressor  demand  and  coolant  pump  demand  and                

the  total  response  of  the  fuel  cell.  It  is  shown  that  although  the  air  compressor  is  a  relatively                    

high  parasitic  power  drain  on  the  overall  system,  the  coolant  pump  is  not.  This  is  because  of                   

the   low   coolant   flow   rate   when   compared   to   air   flow   rate.   

  

Figure  8.17:  Model  output  response  to  flight  profile  for  MQ-1  Predator  described  in  Figure                

8.12.   Specific   breakdown   of   key   current   demands   and   outputs   given   in   lower   half.   
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8.6 Additional   Model   Scope   

The  models  and  associated  strategy  discussed  throughout  this  work  were  used  to  carry  out  a                 

sensitivity  study  on  potential  future  improvements  in  fuel  cell  stack  and  hydrogen  storage               

technologies.  The  sensitivity  study  looked  at  three  technology  level  scenarios.  The  first  was               

using  the  specific  power/energies  and  power/energy  densities  of  today’s  levels  which  have              

been  discussed  already  in  this  Thesis.  The  second  level  assumes  the  specific  stack  power  is                 

increased  from  500  W/kg  to  2.0  kW/kg  and  stack  power  density  from  200  W/l  to  2.5  kW/l  for                    

all  fuel  cell  types.  Thirdly,  an  increase  in  the  specific  energy  and  energy  density  of  hydrogen                  

storage  by  one  third  was  considered.  The  aim  of  this  study  was  to  determine  which  area  of                   

fuel  cell  system  design  is  most  limiting  in  terms  of  overall  system  mass  and  volume.  Five                  

aircraft  of  varying  types  were  used  in  the  sensitivity  study.  Summaries  of  key  design  and                 

mission   criteria   are   contained   in   Table   8.8.   

Table   8.8:   Summary   of   aircraft   used   in   sensitivity   study   

  

  

  

Aircraft   MTOW   (kg)  Flight   Time   
(hrs)   

Fuel   Cell   
Power   (kW)   

Fuel   Cell   
Cooling   

Fuel   Cell   
Use   

Skywalker   
X8   

4.5   0.6   0.5   Air   Propulsion   

MQ-1   
Predator   

1,020   15   80   Liquid   Propulsion   

Medium   
Business   

3,000   4   840   Liquid   Propulsion   

Narrow   
Body   
Passenger   

73,500   6   135   Liquid   APU   

Wide   Body   
Passenger   

500,000   10   466   Liquid   APU   
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Results  for  the  sensitivity  study  carried  out  on  the  aircraft  in  Table  8.8  using  the  technology                  

levels  discussed  earlier  are  shown  in  Figure  8.18.  The  results  suggest  that  for  aircraft  using                 

fuel  cells  for  propulsion,  increasing  specific  power  and  power  density  of  the  fuel  cell  stack                 

lead  to  significant  reductions  in  system  mass  and  volume.  The  level  of  system  improvement                

appears  to  be  fairly  insensitive  to  flight  duration.  However,  system  configurations  with  higher               

power  fuel  cell  stacks  such  as  the  MQ-1  Predator  see  significant  mass  and  volume  savings                 

with   the   increase   in   fuel   cell   technology   level.   

  

Figure  8.18:  Percentage  change  in  overall  system  mass  and  volume  for  doubling  fuel  cell                

sizing   efficiency   and   doubling   hydrogen   storage   efficiency   

For  systems  using  fuel  cells  as  an  Auxiliary  Power  Unit  (APU),  the  system  mass  and  volume                  

savings  are  directly  related  to  the  relative  fuel  cell  power  and  mission  duration.  For  the                 

Narrow  Body  (NB)  aircraft  which  had  a  smaller  fuel  cell  and  shorter  mission  duration  it  is                  

shown  that  the  savings  are  less  than  the  Wide  Body  (WB)  aircraft  with  a  more  powerful  fuel                   

cell   and   longer   range.   
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The  results  also  show  that  for  a  majority  of  aircraft,  which  have  relatively  short  flight                 

profiles,  the  overall  system  mass  and  volume  is  currently  more  sensitive  to  changes  in  the                 

fuel   cell   stack   power   density   and   specific   power   than   it   is   the   storage   efficiency   of   hydrogen.   

8.7 Summary   

For  both  case  studies  used  in  this  modelling  evaluation  the  high  specific  power  requirements                

favoured  the  use  of  a  hydrogen  fed  polymer  electrolyte  fuel  cell  systems.  It  has  been  shown                  

previously  in  this  work  that  the  specific  energy  of  a  liquid  fed  direct  methanol  fuel  cell  can  be                    

higher  than  an  equivalent  PEMFC  fed  by  gaseous  hydrogen.  However,  for  the              

high-endurance  case  (MQ-1  Predator)  hydrogen  was  stored  in  its  liquid  state  therefore,              

providing   the   highest   specific   energy   of   any   system   described   in   this   work.   

Development  of  a  dynamic  fuel  cell  model  which  accounts  for  environmental  conditions              

associated  with  aeronautical  applications  has  been  shown.  The  developed  model  was  used  in               

conjunction  with  a  simple  battery  model  from  the  Simulink  library  and  an  experimentally               

derived  flight  profile  to  investigate  the  consequences  of  hybridisation  on  a  Skywalker  X8               

model   aircraft   

Three  system  architectures  were  derived  for  testing:  fuel  cell  only,  battery  only  and  fuel                

cell/battery  hybrid.  The  flight  profile,  which  is  representative  of  a  10  minute  flight,  was  used                 

as  the  input  to  each  modelled  architecture.  Using  the  battery  only  model  as  a  baseline,  the                  

gravimetric  and  volumetric  performance  of  the  fuel  cell  and  hybrid  systems  were  shown  for  a                 

varying   number   of   looped   flight   profiles.   

The  modelling  work  has  shown  that  substantial  mass  and  volume  savings  can  be  made  by                 

replacing  a  battery  system  with  a  fuel  cell  system.  Hybridising  a  fuel  cell  with  a  battery  has                   

also  been  shown  to  offer  improvements  in  volumetric  efficiency  when  compared  to  a  solely                

fuel  cell  system.  However,  these  observations  are  dependent  on  mission  flight  time.  For               

shorter  flights  a  fully  battery  system  is  suggested  to  be  more  suitable.  Whereas,  for  longer                 

flights   a   fuel   cell   or   hybrid   system   gives   the   advantages   of   lower   mass   and   volume.  
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For  a  medium-range  long-endurance  unmanned  aerial  vehicle  such  as  the  MQ-1  Predator  the               

use  of  hydrogen  fed  liquid-cooled  fuel  cells  has  been  shown  to  be  feasible  using  current                 

technology  levels  if  the  mission  requirements  of  the  aircraft  are  modified.  It  was  also  clear                 

from  the  results  that  hydrogen  storage  is  not  the  only  limiting  factor.  Commercialisation  of                

higher  specific  power  liquid-cooled  fuel  cell  systems  in  the  region  of  1,000  W/kg  would                

allow   full   integration   with   no   performance   limitations.   

Reference  was  made  to  the  additional  mission  benefits  associated  with  replacing  the  internal               

combustion  powertrain  with  a  hydrogen  fuel  cell  system  in  particular,  the  reduced  acoustic              

and  thermal  emissions  from  the  aircraft.  Both  of  which  aid  the  low  observability  desirable                

during   reconnaissance   missions.   

A  study  was  carried  out  using  the  model  to  determine  the  sensitivity  of  overall  system  mass                  

and  volume  to  changes  in  the  technology  level  of  fuel  cell  stacks  and  hydrogen  storage.  The                  

results  across  a  range  of  aircraft  types  and  mission  durations  show  that  based  on  the  current                  

liquid-cooled  fuel  cell  technology  levels  presented  in  this  work,  the  overall  system  is  more                

sensitive   to   improvements   in   this   than   it   is   in   hydrogen   storage   efficiency.   
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Chapter   9 Conclusions   
  

  

In  response  to  the  increased  demand  for  aircraft  electrification  and  growing  interest  in  fuel                

cell  technology,  a  comprehensive  study  has  been  carried  out  to  assess  the  suitability  of  fuel                 

cells  for  a  range  of  aircraft.  The  aim  of  this  study  was  to  explore  the  applicability  and                   

limitations  of  utilising  fuel  cells  for  the  purpose  of  aircraft  electrification  with  key  objectives                

to:   

1. Define  a  methodology  to  predict  the  electrical  requirements,  propulsive  or  auxiliary  of              

any   aircraft   based   on   the   highest   level   design   information.   

2. Critically  analyse  existing  fuel  cell  technologies  and  down-select  to  two  technologies.             

Assess   the   required   balance   of   plant   for   the   down-selected   fuel   cell   technologies.   

3. Produce  and  evaluate  a  dynamic  fuel  cell  system  sizing  model  to  assist  aircraft               

designers   during   an   aircraft's   preliminary   design   phase.   

For  Objective  1,  fifteen  aircraft  categories  were  defined  based  on  the  aircrafts  primary               

function  and  propulsion  method.  A  model  was  then  developed  to  predict  the  electrical               

generation  capability  and  propulsive  requirements.  Validating  the  categorisation  model           

against  real  aircraft  data  showed  a  good  correlation  between  the  real  and  modelled  data.                

Generally,  an  error  of  less  than  5%  was  obtained  by  the  model.  Certain  instances,  higher  than                  

this  cut-off  percentage  arose  when  the  model  was  based  on  a  small  dataset.  The  results  for                  

this  section  of  work  were  published  as  a  peer  reviewed  technical  paper  by  SAE  International                 

in   2017   (Appendix   1,   Entry   1).  
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Six  commercially  available  fuel  cell  technologies  were  reviewed  for  use  in  aeronautical              

applications.  Key  decision  factors  for  the  down-selection  of  two  technologies  from  the  six               

were  operating  temperature  and  technology  maturity.  A  low  operating  temperature  of  <  100               

℃  was  seen  as  advantageous  to  minimising  an  aircraft  thermal  signature,  a  key  requirement                

for  most  military  aircraft.  Combined  with  the  high  maturity  level  of  the  solid  polymer                

membrane,  hydrogen  fed  Polymer  Electrolyte  Membrane  and  liquid  fed  Direct  Methanol  Fuel              

Cells   (PEMFC   &   DMFC)   were   selected   as   the   best   solutions   for   further   study.   

A  system  of  systems  design  approach  was  adopted  for  each  of  the  down-selected  fuel  cell                 

technologies.  This  holistic  approach  was  vital  as  both  PEMFC  and  DMFC  systems  have               

distinct  advantages  over  each  other  and  the  full  system  must  always  be  considered  to  avoid                 

bias.  Primary  fuel  cell  subsystems  were  grouped  into  four  categories  to  aid  comparison.  Each                

of  these  categories  also  represents  a  distinct  submodel  of  the  complete  dynamic  model  shown                

in   Figure   8.4   in   Chapter   8.   

An  electrochemical  submodel,  Equation  9.1,  was  developed  which  allowed  maximum            

flexibility  in  that  it  could  be  used  for  either  fuel  cell  technology  and  incorporated                

performance  effects  of  altitude  related  flight  conditions.  It  combined  the  effects  of  reactant               

concentration,  pressure,  temperature  and  validated  irreversibilities  on  the  temperature           

dependent  reversible  thermodynamic  voltage.  This  full  cell  model  is  a  combination  of              

equations   published   separately   in   the   literature.   

Fuel,  or  anode  reactant,  is  the  primary  area  of  divergence  between  PEMFC  and  DMFC                

systems.  Polymer  electrolyte  membrane  fuel  cells  require  a  supply  of  purified  hydrogen  for               

optimum  performance  and  durability.  Although  hydrogen  has  the  highest  specific  energy  of              

any  fuel,  it  has  one  of  the  lowest  energy  densities.  This  means  that  its  usefulness  as  a  fuel  is                     

dependent   on   high   pressure   compression   or   complex   liquefaction.   

 ln ln  V c = zF
ΔgHHV + zF

RT (ΠcM
products

ΠcM
reactants) + 4F

RT ( p1

p2 ) + zF
ΔsT (T )− T 0 −  

 ln Ω exp  − RT
zαF ( i0

i + in ) − i − x (yi)  
(9.1)  



193   

Direct  methanol  fuel  cells  on  the  other  hand  utilise  methanol  as  a  fuel  without  prior                 

reformation.  As  a  result,  a  potential  140  %  rise  in  energy  density  can  be  realised.  Additional                  

benefits  arise  from  the  use  of  liquid  methanol  as  a  fuel  as  its  storage  and  handling                  

requirements  are  very  similar  to  traditional  hydrocarbon  fuels.  Meaning  that  integration  into              

existing  aircraft  designs  and  adoption  by  both  civilian  and  military  aircraft  operators  will  be                

seamless  when  compared  to  that  of  hydrogen.  A  summary  of  the  key  findings  are  shown  in                  

Figure   9.1.   

Direct  methanol  fuel  cells  are  known  to  have  a  much  lower  specific  power  than  PEMFCs  at                  

today's  technology  levels.  However,  the  advantages  of  the  fuel  type  mean  it  will  still  be  a                  

suitable   choice   for   auxiliary   electrical   generation   onboard   larger   aircraft.   

  

Figure   9.1:   Summary   of   low-temperature   fuel   cell,   aircraft   suitable   fuel   storage   technologies   

Both  down-selected  fuel  cell  technologies  have  the  same  oxidant  requirements  at  the  cathode.               

Either  an  air-breathing  or  air-independent  design  can  be  implemented  where  an  air-breathing              

solution  would  utilise  some  form  of  atmospheric  air  compression  whereas,  air-independent             

uses   an   onboard   oxygen   supply.   
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A  hypothesis  was  made  and  proven  that  combining  elements  from  both  air-breathing  and               

air-independent  systems  into  a  hybrid  semi-independent  system  might  lead  to  gravimetric  and              

volumetric  efficiency  gains.  The  results  yielded  from  this  investigation  showed  that             

incorporating  onboard  oxygen  storage  in  liquid  form  (air-independent)  into  an  air-breathing             

design   would   lead   to   improvements   in   efficiency   for   high   altitude   mission   profiles.   

However,  for  missions  at  an  altitude  below  20,000  ft  it  was  shown  that  an  air-breathing                 

system  would  be  the  most  efficient  from  both  a  gravimetric  and  volumetric  perspective.               

Ultimately,  future  advances  in  either  compressor  or  oxygen  storage  technologies  may  alter              

these   findings.   

The  final  component  of  Objective  2  was  the  thermal  management  subsystem.  When  choosing               

the  appropriate  cooling  strategy  for  a  hydrogen  fed  fuel  cell  the  primary  consideration  is  the                 

rate  of  heat  generation.  For  lower  power  output  fuel  cells  <  4  kW,  air-cooling  would  be  the                   

preferred  method  due  to  its  lower  cost  and  simpler  system  design.  Liquid-cooling  has  been                

identified  as  the  preferred  cooling  methodology  for  higher  power  fuel  cell  systems  due  to                

higher   technology   maturity   and   more   robust   nature.   

The  current  status  and  primary  function  of  direct  methanol  fuel  cell  thermal  management               

systems  has  been  identified.  In  general,  the  literature  does  not  suggest  any  active  thermal                

management  strategy  for  this  fuel  cell  technology  other  than  the  initial  fuel  cell  stack  design                 

and  operating  envelope.  This  is  because,  in  most  cases  their  temperature  is  self-regulating  due                

to  the  liquid  fuel  supplied  to  the  anode  providing  ample  evaporative  cooling.  Therefore,  the                

primary   function   of   thermal   management   here   is   to   enable   reactant   and   water   recycling.   

As  altitude  is  increased  the  ability  of  the  ambient  air  to  remove  heat  from  the  system  is                   

improved  per  unit  mass.  However,  the  heat  transfer  ability  of  the  heat  exchanger  is  reduced.                 

Therefore,  a  larger  heat  transfer  surface  area  is  required  to  dissipate  the  same  heat  load  at                  

altitude   compared   to   at   sea   level.   

A  dynamic  fuel  cell  sizing  model  was  created  by  combining  the  previously  discussed               

submodels.  It  was  calibrated  using  both  a  single-cell  PEMFC  and  DMFC  each  with  an  active                 

area  of  25cm 2 .  The  model  was  shown  to  be  in  excellent  agreement  with  errors  in  the  region  of                    

5   %   and   predominantly   in   the   difficult   to   simulate   mass   transport   region.   
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Model  evaluation  was  carried  out  using  two  case  study  aircraft,  a  Skywalker  X8  and  a                 

General  Atomics  MQ-1  Predator.  Results  from  the  Skywalker  X8  study  showed  the  benefit  of                

fuel  cell  systems  over  modern  Li-ion  batteries.  A  fuel  cell  system  was  shown  to  offer  mass                  

savings  for  all  but  the  shortest  flights  with  the  potential  for  volumetric  savings  on  longer                 

flight  times.  The  larger  MQ-1  Predator  case  study  showed  that  the  integration  of  current                

commercially  available  fuel  cell  technology  is  feasible  with  small  mission  modifications.             

Commercialisation  of  higher  specific  power  liquid-cooled  fuel  cell  systems  in  the  region  of               

1,000   W/kg   would   allow   full   integration   with   no   performance   limitations.   

A  study  was  carried  out  using  the  model  to  determine  the  sensitivity  of  overall  system  mass                  

and  volume  to  changes  in  the  technology  level  of  fuel  cell  stacks  and  hydrogen  storage.  The                  

results  across  a  range  of  aircraft  types  and  mission  durations  show  that  based  on  the  current                  

liquid-cooled  fuel  cell  technology  levels  presented  in  this  work,  the  overall  system  is  more                

sensitive   to   improvements   in   this   than   it   is   in   hydrogen   storage   efficiency.   

  

Future   Work   

An  alternative  compressor  design  which  could  be  considered  for  use  in  this  application  is  a                 

turbo  compressor.  For  this  design,  some  of  the  energy  contained  within  the  cathode  exhaust  is                 

used  to  help  compress  and  feed  oxygen  to  the  inlet.  This  type  of  compressor  has  not  been                   

considered  here  as  it  would  require  a  separate  detailed  study  on  the  behaviour  of  turbine                 

wheels   in   fully   humidified   and   super-saturated   flows.   

More  detailed  sensitivity  studies  could  be  carried  out  using  the  model  and  associated  aircraft                

database  to  test  how  changing  system  components  can  affect  the  overall  mass  and  volume.  If                 

detail,  in  the  form  of  increased  component  resolution  was  added  into  the  model  then  these                 

sensitivity  studies  could  theoretically  be  run  on  anything  down  to  the  type  of  valve  used  to                  

actuate   the   purge   valve   of   a   hydrogen   fuel   cell   system.   
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Continual  updating  of  the  models  parameters  will  allow  it  to  better  represent  changing               

technology  levels  in  all  of  the  systems  mentioned  in  this  work.  Of  particular  interest  to  the                  

author  would  be  an  increase  in  research  effort  on  the  improving  of  direct  methanol  fuel  cell                  

power  densities.  Or  alternative  systems  which  would  allow  the  utilisation  of  a  liquid,               

methanol  like  fuel  by  a  fuel  cell  system.  This  would  have  profound  effects  on  the  adoption  of                   

low   and/or   zero   emission   fuel   cell   technology   by   the   aviation   industry.   
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Appendix   2   -   Aircraft   Categorisation   
Empirical   Correlations   

  

  

Figure   A2.1:   Refined   correlations   for   existing   propeller   driven   all   electric   aircraft   
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Figure   A2.2:   Refined   correlations   for   existing   propeller   driven   unmanned   aerial   vehicles   

  

Figure   A2.3:   Refined   correlations   for   existing   jet   propelled   fighter   and   trainer   aircraft   
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Figure   A2.4:   Refined   correlations   for   existing   propeller   driven   fighter   and   trainer   aircraft   

  

Figure   A2.5:   Refined   correlations   for   existing   jet   propelled   transport   aircraft   
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Figure   A2.6:   Refined   correlations   for   existing   propeller   driven   transport   aircraft   

  

Figure   A2.7:   Refined   correlations   for   existing   jet   propelled   airliner   and   freighter   aircraft   
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Figure   A2.8:   Refined   correlations   for   existing   propeller   driven   airliner   and   freighter   aircraft   

  

Figure   A2.9:   Refined   correlations   for   existing   jet   propelled   business   aircraft   
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Figure   A2.10:   Refined   correlations   for   existing   propeller   driven   business   aircraft   

  

Figure   A2.11:   Refined   correlations   for   existing   propeller   driven   utility   aircraft   
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Figure   A2.12:   Refined   correlations   for   existing   propeller   driven   amphibian   aircraft   

  

Figure   A2.13:   Refined   correlations   for   existing   propeller   driven   light   aircraft   
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Appendix   3   -   Chemical   Information   
  

A3.1 Hydrogen   

Thermodynamic   data   from   O’Hayre,   R   (2016)   

  

  

  

  

  

Temperature   
(K)   

ĝ T    (J/mol)   ĥ T    (J/mol)   ŝ T    (J/mol.K)   Cp T    (J/molK)   

200   -26660   -2770   119.42   27.26   

220   -29070   -2220   122.05   27.81   

240   -31540   -1660   124.48   28.21   

260   -34050   -1090   126.75   28.49   

280   -36610   -520   128.87   28.7   

298   -38960   0   130.68   28.84   

300   -39200   50   130.86   28.85   

320   -41840   630   132.72   28.96   

340   -44510   1210   134.38   29.04   

360   -47220   1790   136.14   29.1   

380   -49960   2380   137.72   29.15   

400   -52730   2960   139.22   29.18   
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A3.2 Methanol   

Thermodynamic   data   from   O’Hayre,   R   (2016)   

Liquid   

  

Gas   

  

  

  

  

Temperature   
(K)   

ĝ T    (J/mol)   ĥ T    (J/mol)   ŝ T    (J/mol.K)   Cp T    (J/molK)   

298   -276370   -238500   127.19   81.59   

300   -276610   -238420   127.28   81.59   

400   -290560   -230260   150.75   81.59   

Temperature   
(K)   

ĝ T    (J/mol)   ĥ T    (J/mol)   ŝ T    (J/mol.K)   Cp T    (J/molK)   

280   -268110   -201730   237.08   42.95   

298   -272440   -200940   239.81   44.04   

300   -272880   -200860   240.08   44.15   

320   -277710   -199960   242.97   45.46   

340   -282600   -199040   245.77   46.85   

360   -287540   -198090   248.49   48.31   

380   -292540   -197110   251.14   49.83   

400   -297590   196090   253.74   51.4   
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A3.3 Water   

Thermodynamic   data   from   O’Hayre,   R   (2016)   

Liquid   

  

Gas   

  

Temperature   
(K)   

ĝ T    (J/mol)   ĥ T    (J/mol)   ŝ T    (J/mol.K)   Cp T    (J/molK)   

273   -305010   -287730   63.28   76.1   

280   -305460   -287200   65.21   75.81   

298   -306690   -285830   69.95   75.37   

300   -306820   -285690   70.42   75.35   

320   -308270   -284180   75.28   75.27   

340   -309820   -282680   79.85   75.41   

360   -311460   -281170   84.16   75.72   

373   -312580   -280180   86.85   75.99   

Temperature   
(K)   

ĝ T    (J/mol)   ĥ T    (J/mol)   ŝ T    (J/mol.K)   Cp T    (J/molK)   

280   -294720   -242440   186.73   33.53   

298   -298130   -241830   188.84   33.59   

300   -298480   -241770   189.04   33.6   

320   -302280   -241090   191.21   33.69   

340   -306130   -240420   193.26   33.81   

360   -310010   -239740   195.2   33.95   

380   -313940   -239060   197.04   34.1   

400   -317890   -238380   198.79   34.26   
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A3.4 Oxygen   

Thermodynamic   data   from   O’Hayre,   R   (2016)   

  

  

  

  

  

  

  

Temperature   
(K)   

ĝ T    (J/mol)   ĥ T    (J/mol)   ŝ T    (J/mol.K)   Cp T    (J/molK)   

200   -41540   -2710   194.16   25.35   

220   -45450   -2190   196.63   26.41   

240   -49410   -1660   198.97   27.25   

260   -53410   -1100   201.18   27.93   

280   -57450   -540   203.27   28.48   

298   -61120   0   205   28.91   

300   -61540   30   205.25   28.96   

320   -65660   620   207.13   29.36   

340   -69820   1210   208.92   29.71   

360   -74020   1810   210.63   30.02   

380   -78250   2410   212.26   30.3   

400   -82510   3020   213.82   30.56   
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A3.5 Carbon   Dioxide   

Thermodynamic   data   from   O’Hayre,   R   (2016)   

  

  

Temperature   
(K)   

ĝ T    (J/mol)   ĥ T    (J/mol)   ŝ T    (J/mol.K)   Cp T    (J/molK)   

200   -436930   -396900   200.1   31.33   

220   -440950   -396250   203.16   32.77   

240   -445040   -395590   206.07   34.04   

260   -449190   -394890   208.84   35.19   

280   -453390   -394180   211.48   36.24   

298   -457250   -393510   213.79   37.13   

300   -457650   -393440   214.02   37.22   

320   -461950   -392690   216.45   38.13   

340   -466310   -391920   218.79   39   

360   -470710   -391130   221.04   39.81   

380   -475150   -390330   223.21   40.59   

400   -479630   -389510   225.31   41.34   




