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Abstract

The report describes basic principles and features of a PEM FC air-path model, compressor

characterization and specification, suitable for calibration by experiments and following optimization.

The model describes all basic parts by their maps obtained from experiments, using regression

models. It is written as large Excel programming language (Visual Basic) code. It is suitable to be run
using standard optimization codes, e.g., ModeFrontier, using multi-variable genetic algorithm codes.

The basic modules are prepared for usage in a beta-version of the current version of GT Suite
simulation device.
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1. Introductio

N

The goal of a current project SENCAT is to do research and development of advanced nanocatalysts for
the production of FC PEM stack-based electric generators with competitive prices. CTU in Prague
contributes by the partial goal 3 (part C of the project), which is modelling and simulation of air-side

chargers and compressors for these electric power generators.
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Figure 1 Basic lay-out of electrically supercharged PEM FC powerplant, report to SENCAT project application

PEM fuel cells are promising transformer of electric energy, stored in the form chemical energy of
hydrogen, back to electric energy in stationary and vehicle facilities - Figure 1.

High efficiency of PEM FC have to be compromised with the volume and mass of energy facility,
which is important for vehicle implementation especially. In such cases, supercharging at air side is
used. Standard boost pressure achieves 2-3 bars (absolute pressure), which in connection with high
air/fuel ratio means quite high internal power load, reducing net power at stack outlet. An expansion
turbine, mostly in the form of a turbocharger, may help, reducing simultaneously temperature at
atmospheric pressure side, which can be associated with a source of water for air humidification by
either water injection downstream of the last air compressor and air cooler or by a contact
humidifier at system inlet. Due to low temperature of exhaust gas (rest gases from air after
consuming part of oxygen, water steam and aerosol of liquid water and traces of hydrogen), the
turbine of realistic isentropic efficiency is not able to recover all compression work. Either e-turbo
(Figure 19) or turbocharger and e-booster (Figure 2) have to be used as competitors to standard e-
boosted design (Figure 1 or Figure 3). Other compressors or circuit circulation chargers, pumps and
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vans for cooling circuit are driven electrically, as well. The basic system lay-out for modelling
purposes is plotted as general scheme in Figure 2. Not all parts are used in every designed PEM FC
but the model is prepared to take into account possible amendments of a lay-out.

All heat and mass (humidifying) exchangers and the stack itself cause significant pressure drops,
featuring turbulent (kinetic energy) losses, dependent roughly on velocity squared, and laminar flow
friction losses, proportional to velocity.

=

Figure 2 Lay-out of general PEM FC system model without a scheme of cooling circuit. The stack is modelled as a source of
electromotoric force, loaded by internal serial and parallel resistances.

Figure 3 Honda cross-flow FC (principle Alfa Laval Plate Heat Exchangers), e-booster left below the stack— SAE Congress
2009, Jan Macek
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Figure 4 Compact lay-out of Mercedes Benz FC (Eucar Conference 2013, Jan Macek)

The automotive PEM FC are designed in very compact way, as shown in Figure 4 and Figure 5,
mentioned in presentation to [10]. The compact design limits cross-section areas of pipes and it
causes and together with frequent bends of pipes significant pressure losses in connecting pipes and
manifolds.
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Figure 5 Toyota FC in a car (SAE Congress 2015, Jan Macek)

2. Electrochemical Part of PEM FC

The current model is not primarily focused on simulation of electrochemistry and internal specie-
transfer processes of PEM FC, described very carefully, e.g., in [8] and influence of PE membrane
humidification as described in [9]. However, basic traces of PEM FC efficiency dependence on loading
power have to be simulated, since they influence significantly the state of air at inlet and in exhaust
gas (rest of air gases, steam and water aerosol). The basic energy conservation (Stodola) yields

Pnet = _Kcoo/,PF%et - ZPeM,/' + ma/'rha/r,/'n + mfue/hﬁ/e/,/h - (ma/'r + mfue/)hv,aut (1)
i

The fixed parameter for iterations is gross power of a tier. The other set input parameters for the
whole procedure are

e air excess A (inverted value of equivalence ratio), i.e., normalized “air” to fuel ratio, which
takes into account composition of both gas at air and fuel sides, considering their humidity
and traces of other gases, e.g., hydrogen at air side,

e relative cooling heat flux Keooi,p

e boosted pressure at PEM FC inlet pecin.

Then, the largest iteration loop is started by estimation of correction factor between net and gross
power, gross efficiency being based on cell and tier losses (see below). Net power and gas flows at
both sides of PEM FC are

Pnet = Pgrossnnet—gross
P
g _ gross
mfue - H (2)
un gross
mair = mfue//lLt
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The gross power is extracted from fuel chemical energy with efficiency, determined by empirically
modified Tafel curve of a cell (reflected by Figure 6 in the left-hand side “theoretical” efficiency
curve), followed by ohmic part.

Nonlinear regression representation of losses in the form prepared for any power device in [13] or
[14], was applied for dependence on power output normalized by rated output an loss normalized by
the current (!) power output

= B <[44 AP, + AP S AP+ AP

rel ,cell 4" rel
cell=gross
3
cell 'Dce// ‘Z ( )
nce// = = =
Pchem /Dce// + Lre/ cell ] + Lre/ cell
1.0 —r - - r - 1 -
.l __ FuelCell(theoretical) = =
L : FC-tier : :
> 06 L _. o FC-stack.. ..
Q 1 / ; y % . :
c o %l : :
.m J : = /), 1,,,"!”' .
'S i fqei processing % o,
T ; ____a_f_r.supp.ly.____3______ )othér'auxiﬁaﬂeé"“ <
i "#/” """-( ey
o i

20 40 60 80 100
Power [%]

Figure 6 Example of loss distribution in a PEM FC cell, tier and stack - [1]

The following efficiencies can be calculated from additional losses, again normalized to the current
outputs using efficiencies in iterative way (or solving directly the quadratic equations for relative
losses)
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n = 1 B 1 B 1
tier — - -
1+ @@ + i 1+1 M +1L 1+ Lre/,ce// (1 + Lre/,t/'er ) + Lre/,t/er
P P P rel ,cell P rel tier
cell * tier tier tier
1
Nstack = = (4)
] + Lce// Pce// e‘/'er Lt/'er Pﬁer + Lsz‘ack
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Figure 7 Explanation of basic losses inside fuels cell tier [8]

A very simple model according roughly to [8], is plotted inside FC element in Figure 2, using serial and
parallel —“short circuiting” — resistances. It can explain tier losses at higher load (current). The
relative loss at serial resistance yields from power loss a fictitious voltage can be found from

: 2 2 (5)
L///:M:@i =R”P” i :>U2=%
o /Dce// Pce// U o U rel ,cell

Then, the tier loss caused by parallel resistance (influence of cooling water conductivity, short-
circuiting bipolar plates), yields
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2
L — tier‘[para//e/ — Rtier (1 + Lre/ ,lier) U — ( 1 L ) ce//Pce// -Z
rel ,tier rel tier 2
’ Pﬂer /)ce// Rﬂer , Rﬂer /)ce// rel cell
1 (6)
K-———
L _ Rce// ‘Z _ Rce// ‘Z = L _ rel cell
rel tier Rz L - Rz L rel tier - 1
tier rel cell tier " rel ,cell ] — /( -

rel ,cell

Even this simple approach yields quite satisfactory results for loads higher than 15% (outside of Tafel
region), as presented in Figure 8
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Figure 8 Model of cell efficiency from [1] based on model in [11] and correction to tier features assuming constant ohmic
resistances in Figure 2 and Figure 6

The detailed models of cell and tier are not necessary for the current project goals, although they
deliver useful information. The general tier or stack efficiency can be directly substituted by the
regression relation ( 3 ), as well, as presented for the whole stack in Figure 9.

The losses between tier and stack layout are addressed in the current research by compressor and
pump electric drive power inputs, subjected to assessment and optimization, as described below.
Moreover, additional loss caused by variable water concentration at air side for a FC PEM with long
way across a cell (visible clearly in the center of Figure 3) and power input of additional accessories,
i.e.
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1
nstack =
1 Lre/ Jcell ('Z - Lre/ tier )(1 - Lre/ | stack ) + Lre/ tier (1 - Lre/ ,s[ack) + Lre/ | stack
L L/'nh
cell L
_ cell _
rel ,stack — P + Lre/ K + Lre/,acc - ( 7)
net
AC Z PK,/ Z APK,/' Z Pacc,/'
— H2-H20 / i i
- Lre/,ce// (1 - Lre/,t/'er )(1 - Lre/,stack) AC + p + p + p
H2-H20,max 77(5'M77e,me'c/7 net TleM ne,mech net net

Inhomogeneity of concentration drop can be reflected by suitable mean effective concentration
compared to maximum concentration difference at an elementary cell. The approach similar to
temperature difference averaging in cross-flow heat exchangers can be used. The compressor power
assessment is described below.

Celkova ucinnost PEMFC s prislusenstvim: FURORE
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Figure 9 Regression model of stack efficiency from [1] based on model in [11]

3. Gas Properties for PEM FC Model

The temperatures of the whole PEM FC process are close to reference temperature for enthalpy
computations, therefore the need for gas enthalpy simulation is not significant, seemingly.
Nevertheless, the temperature derivative of specific enthalpy, specific isobaric thermal capacity

should be calculated with higher accuracy due to the use of Cp/CV — 1 term in exponents for

isentropic changes. Water steam is diluted and its partial pressures are low, but the temperature
dependence of it should be respected for appropriate assessment of gas humidity and — if necessary
— condensation to liquid water, especially in expansion turbine. That is why the standard regression
formulas for enthalpy are used for all gases in consideration (02, N2, Hz, Ar and H,0)

Hoos = (HZ5S, + AHy )+ H,T + H,T? + H,T7 + H,JT +H.InT
ah 8
%5 — ¢ :/—/J+2HZT+3H3TZ+LJT s (8)
ar P 2.7 T
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Enthalpy of formation (gas-gas, equivalent to LCV) is based on steam and for water is negative, other
elementary gases feature zero values. Regression constant AH, is close to zero. Specific enthalpy
and specific gas constant of a mixture is calculated as scalar product of mass fractions and specific
enthalpies, but it is more suitable to separate variable contents of steam and water using specific
humidity as

_ hdfy + XShHZO,S
1+Xx5+X,

+ XLhHZO,L

h

(9)

Isobaric thermal capacity for T can be used for small temperature differences in compressors and
turbines or mean values

c _ h/'n — haut
P, mean 7- _ 7- ( 10 )
in out

can be evaluated by iterations. If steam condenses to liquid water, the enthalpy is calculated by
constant coefficient relation

h

H20,L = Cp,HZO (

7- _7'ref)+h298.15 =C

ref H20,9-L p,H20 (

298.15
T =T ) + href,HZO,g—g ~lyso (11)
The last term, containing latent heat of condensation, corrects reaction enthalpy to g-L conditions,
i.e., to CV. All water and steam features are prepared for replacement by accurate IAPWS formulae
[19]. However, it would extend the code significantly and cause long computation time with only very
slight improvement of accuracy at pressures and temperatures currently occurring.

The iteration procedure for temperature evaluation from the enthalpy h is based on Newton-
Raphson method as

7__HO+H1,7',+H27',.2+H5,7',3+H4,/7', +H,InT, —h

i+1 i H H (12)
H +2H. T +3H.T? + —2_ T +-=%
1 2°7 3% W 7—/

2

E.g., the employment of expansion turbine procedure requires solving outlet FC temperature from
exhaust enthalpy, using (1) and then (12)

1+K P

m air h FC ,air ,in +m fuel h FC ,fuel ,in ~— ( cool ,P ) gross nnet -gross
m air +m fi

vel

FCv,out — (13)

The maximum cooling is limited by the condition of outlet temperature above the inlet one, i.e.,
limited by exhaust enthalpy at temperature of low-pressure compressor inlet under standard
circumstances

K < maithC,air,in + mfue/hFC,fue/,/h - (ma/‘r + mfue/)hFC,v,out 1
cool P —
P grossn net - gross

(14)

The formulas for humidity of gases are based on standard relations for relative and specific humidity
in dependence on gas pressure
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= Tuzo (15)

p - @psat

Saturated steam pressure depends on temperature. Modified Rankine-Kirchhoff equation is used
with regression coefficients from steam properties, e.g. from IAPWS [19]

4]+/i7f+/42 In7T+A;T

Per =€ (16)

The accuracy for the temperatures in consideration is very good, see Figure 10.

If mass specific humidity is higher than its value for relative humidity of 100%, the excessive water
mass is condensed and the enthalpy of relevant part of steam is substituted by liquid water enthalpy

d g,dry p
r sat
_ "H20

) p_psat (17)
x, =max (0;x - x_,,)

sat

and

N, o + Xshs + X1,

h =
1+Xx5+X, (18)

Rankine-Kirchhoff Relation for Saturated Steam Pressure
120

100 o

80 A

60 A

p [kPa]

40

20 @

a

0 mt i —& L L L L )
270 290 310 330 350 370 390

TIK]
[ O Experiment eNKO+K1/T+K2*InT) eNAOHAITHAZ INT+AST) |

Figure 10 Regression model of saturated pressure/temperature dependence of steam, using modified Rankine-Kirchhoff
relation

4. Air Path Model

Compressors in air-path model — Figure 2 — are simulated by map-based approach. The procedures

described in details in [20] or [21]. The basic relations are based on Eulerian theorem with regression
of two parameters K
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U.. = 7Dy Ny P Pri {1 n 72'/(7-/(1:| L.
K2 ’ ) ’ 2r
60 zrl(TKl Tea 7D, by p,
L‘l (19)
&C -1 Ah
Ah/( = K1U/§2 + KZWZrUK C T 77— ’ Tkz = TKI c “
Ks PK

As understandable from ( 19 ), the value of isentropic efficiency is needed for enthalpy difference
and outlet temperature relations.

Pressure ratio is either evaluated from pressures in compressor inlet and outlet (e.g., atmospheric
pressure and boosted pressure at PEM FC inlet), or from compressor input power (see below).
Regression coefficients from a transformed map (pressure ratio as a function of compressor speed
and MFR) are presented in Figure 11. Compressor power, covered by electric input or by an
expansion turbine, is

P. =Ah, My = mx cpKT,(l— (20)
M

The pressure losses are taken into account in coupling relations, as, e.g.,

T = pHEXf+ApK,DUf (21)
=
p previaus—Ap K,in

Pressure losses are calculated for the averaged temperature and humidity. In the most general case
of intercooler model, the outlet tempertaure is based on map cooling efficiency (and corrected to
water condensation, if necessary). Pressure loss is composed of laminar friction term and
inertia/turbulent term with powers of velocity of one or two, respectively. Due to low change of
pressure, density is estimated form inlet pressure only, unlike temperature:

Ton ot =Tz + 1w (T/(z - TCH,cool)

Pay = . Pic ;o Wg = AL
Iy (TKZ + %(Tkz - TCH,coo/ )j cnPen (22)
.2
Prr = Presma + 0P i BPgy = 2222 Lg’aﬂ’ + QHJ  Pu=p - 'ZK Ll
cH .,

Similar relation as for Ap,,, is used for a pressure drop across a PEM FC stack.

03.01.2020 SENCAT CVUT FS CVUM Z19-20



Regression coefficients
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Figure 11 Regression coefficients for a model of compressor angular momentum equation

The compressor map is represented by regression in the form of polynomial fraction function, in
which coefficients determined by linear regression method are functions of compressor speed, as
plotted in Figure 12, are used in the following relation

a(n,ed)./;7,ed+b

pi K = (@*m+b)/(-c*mA2-d*m+1)

T LE

L8

—

o _Pa _

K - p - . .
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Figure 12 Regression coefficients for Eq.( 23 ), characterizing a speed line in compressor map
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Compressor map with extrapolation to very low pressure ratios is presented in Figure 13, efficiency
curves are in Figure 14. The details on representation of surge limit and other compressor features
are described in [21].

The maps for positive displacement compressors (e.g., EATON) can be used in the same manner
except for reduction factor of MFR and speed, which does not use the square root of temperature for
Mach number similarity. Only the changes of density at inlet need to be respected in appropriate
reduction factor.

CZ K36 3566 D2K96.5mm b2K 6.8 mm

p ref =98100 Pa; T ref =293.0 K
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l == pj K == 0= ®pj K reg l

Figure 13 Compressor map pressure ratio speed-lines — comparison of measurement and regression substitution
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Figure 14 Compressor map efficiency speed lines

An expansion turbine MFR is described as the flow of compressible fluid through a single nozzle with
correction discharge (turbine “swallowing”) coefficient and Saint-Vénant-Wantzel flow function
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mr = A sy \/pLx/ prz/pn 7Ty = Pry/ Pr (24)
T

Besides of W function, discharge coefficient is significantly dependent on turbine pressure ratio, as
well - Figure 15.

The power of a turbine is dependent on enthalpy difference, using standard relation between real
and isentropic enthalpy drop reflected by turbine isentropic efficiency. Compressor power, if driven
by an expansion turbine, takes turbine bearing friction losses into consideration.

i, -1
Py =mr Ah =mr CpTTr177rs 1- [@j V v Pri= Pren — APrc
71
. 2 x,-1 (25)
é/r /77r h Trz Pry | ©
;o T, =T.|1- 1-| 1=
p pa 2 paArz T2 71 Mrs prl

In the case of a turbocharger, compressor power equals to a turbine one, multiplied by a
turbocharger mechanical efficiency. It makes determination of TC compressor pressure ratio
possible. The rest to required boost pressure has to be covered by electrically driven compressor or
by additional power supplied to a turbocharger shaft - Figure 19, in both cases using electric output
from a PEM FC. This power has to be divided by electric motor efficiency including inverter losses and
mechanical efficiency, as already presented in Eq. ( 7).

VYPOCET PARAMETRU TURBINY

1.1

1 M
—= 0.9
=E
i)
'; ﬁ ’ —©—CZK3621.23 -—=—muTreg ==-etaT*etamTD eta T*etamTD
€5 08
o /
0.7 e — il 2N
0.6
1.000 1.500 2.000 2.500 3.000
piT [1]

Figure 15 Regression model of turbine mass-flow rate discharge coefficient at the turbine speed in dependence on pressure
ratio and turbine shaft efficiency including friction losses of bearings
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5. The First Results

During de-bugging period, the code has been tested by sensitivity reactions. The result for air excess
influence on FC power and efficiency is presented in Figure 16. The FCitself has not been simulated
from the point of view of changed concentrations by charging.

Three case are compared: FC with combined TC and e-booster charging, FC without any boosting, but
with coverage of FC proessure loss by electric charger and FC with fully electric drive of a compressor
for boosting. Other factors (auxiliaries, etc.) were not simulated. The pressure loss parameters are
kept at the same level (yet not calibrated).

The higher air excess is, the lower impact of compressor power to stack efficiency, especially if
boosting is used. The positive effect of combined boosting with a TC is obvious but still the power
intensification by boosting causes efficiency drop. Nevertheless, the pressure loss of unboosted FC
causes also efficiency drop due to the driving power of a charger.

Power and Efficiency of PEM FC
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Figure 16 Impact of air excess on FC power and efficiency caused by compressor input power

The FC cooling was kept at level keeping outlet exhaust temperature, as presented in Figure 17 . In
the case of expansion turbine use, the outlet temperature is significantly reduced unlike in other
cases. The cold air causes water condensation but for the level of boosting limited by 200 kPa the
outlet temperature yields no potential for FC cooling intensification. It would occur at higher
pressure ratios. On the other hand, the danger of ice occurrence is also avoided, which is good for
turbine reliability.

The relative cooling loss depends on the system of charging - Figure 18. The values are related — for
comparison — to both fixed gross power and variable net power. The lowest demands are in the case
of unboosted system with the highest efficiency. The apparently high cooling power in the case of a
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TC in comparison to electrical boosting is caused by the overall small net power of the latter case.
The additional demands on intercooling are not involved in Figure 18.

Temperature and Specific Humidity at a Turbine
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—e— Turbine outlet temperature [°C] p s 101 kPa B Specific humidity at FC outlet [-] p s 200 kPa

®  Specific humidity of liquid water at outlet p s 200 kPa

Figure 17 Impact of air excess on FC temperatures and exhaust humidity

Relative Cooling Loss and Pressure Ratio Distribution
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Figure 18 Impact of air excess on charging group pressure ratios and relative cooling loss
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6. Possibilities of Compressor and Turbocharger Procurement

=

Figure 19 IHI e-turbocharger for PEM FC driven Mercedes Benz class GLC of estimated. 150 — 200 kW FC power- Aachener
Kolloquium 2019, Jan Macek- [5]

All gas treating machines have to exclude any lubricating oil contamination. That is why oil-free
active parts have to be used. The solution is in using gas bearings (e.g. ATEKO [7]). Other possible
contacts with pre-negotiated possibility of receiving offers for parameters investigated during project
elaboration, are at Garrett Motion [4], IHI Europeean subsidiary [5] or at Eaton [6].

7. Conclusion
The goals set for the first period of project activities have been fulfilled.

The simulation code reflects power consumption by boosting and side effects, as water
condensation. The data obtained from it will be compared to commercial code results after the
calibration of prepared modules. The form of the model is suitable for the following optimization.

The first results show the way for improving the stack parameters.

Contacts for compressor procurements for a full scale FCs in the future were established during the
first year of project elaboration.

The future work is fully covered by planned calibration and optimization period inside WP 2C during
the year 2020.

The impact of air pressure and air excess on cell efficiency is on one hand out of the scope of the C-
part of the project, but it may be involved into the simulation yielding more complex picture of the
air path design results. The possibilities of using expanded cold humid air for FC cooling
intensification will be taken into account, as well.

The results of 2019 year experiments will be included into the simulation codes and extrapolated by
them into full-scale proposals.
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8. Symbols and Acronyms

area of cross-section [m?]
regression parameters

width [m]

concentration [kmol.m3]

specific thermal capacity [J.kg™.K?]
diameter [m]

LCV of reference fuel [J.kg?]

&
@

TOOOST XX

<

specific enthalpy [J.kg]
electric current [A]

general regression constant

NX NS

time-rate of losses [W]

~

~

stoichiometric (humid)air-to-(humid)fuel ratio [1]

specific latent heat of condensation at very low partial pressure [J.kg!]

S
N
N

MPFR [kg.s™]

speed [min]

power [W]

pressure [Pa]

electric resistance [Q]

specific gas constant [J.kg*.K?]
temperature [K]

electric voltage [V]

blade speed [m.s?]

flow relative velocity [m.s™]
specific humidity [kg H20/kg dry gas]

XSS QTSI T VS I

difference or correction

efficiency [1]

pressure loss coefficient [1]

c,/c, [1]

air excess, relative air-to-fuel ratio [1]
discharge coefficient [1]

pressure ratio, Ludolf number [1]
density [kg.m™]

mass fraction [1]

relative humidity [1]

£9 AT NT N oA NI >

MFR-pressure function [1]
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Subscripts
a

acc

air

cell

CH

cool

dry

eM

FC

fuel

lam

mech

net

out

red
ref

rel

power

sat

stack

tier

21

atmospheric

accessory

air

elementary FC cell with constant concentration in a cross-flow of both reactants

intercooler

cooling liquid or ... to cooling liquid
dry gas mixture

electric motor

fuel cell

fuel, humid hydrogen

gaseous phase

gross (tier) internal power of a FC

iteration or summation subscript
inlet
concentration and/or temperature inhomogeneity

compressor
liquid

at laminar flow

mechanical (friction) losses

net (external, “brake”) FC power

outlet
constant pressure

radial direction

reduced or corrected MFR for turbomachinery

reference state at 298.15K with zero enthalpy of formation for chemical elements

relative, normalized by power in the case of losses or by rated power in the case of

steam

constant entropy; FC inlet
saturated

FC stack

FC tier

Turbine

03.01.2020
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exhaust; constant volume
inlet, upstream

outlet, downstream

2

Acronyms

BSR blade-speed ratio for turbines

cv calorific value

FC fuel cell

Lcv lower calorific value

MFR mass-flow rate

PEM proton or polymer exchange membrane
TC turbocharger
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Relative humidity xy is fixed. For the case of relative humidity over 100%, one part of water steam
condenses to x,. and the rest x,s is in the state of saturated steam.

Start of iteration
g=0,,N,,Ar;H,,H,0,5

h, =(n2PE, + aH,, )+HMT+HMT2+H3T3+H1JT4J@ng

ah 2,
—Z=C,,=H,,+2H, T +3H, T°+

dT P.g
hdry - Z hgadfy,g
g=0,,N, ,Ar,H,
dan,, .,
- ary,g
dT g9=0,,N, ,Ar ,H, dT
_ 298.15 _ 298.15
hHZO,L - pHZO(T 7-ref)+href H20,9-L — pHZO (T 7-ref)+href H20,9-9 /HZO
thZO,L —c
dT — “¥p,H20
A
A0+f+A2|nTv(,-+A3TVI,
psat,v,/' =€ "
2 . S
dT - 3 7—2 7- pS&l',V,/
v,i v,i
g,ary
psat v,i
X rHZO
satyv,i —
pv - psat,v,/'
X p ? A0+7/_41 +A2|n7;',+/437:/1,-
— vty — v,/
If psat,v,lim - r <psat,v,/‘ =€
g,ary + X
rHZO
no condensation, i.e.,
XV,S,/' = Xv
X1 = 0
hd/y\// + X hHZOSV/
hv/ -
’ I+x,
oX, <
v,S,i — 0
oT
ahv,/' _ 1 dhdfy,v,/ +x thZO,S,V,/‘ —c ‘T
oT  1+x,| dT vl dr P
else
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Xosi = Xsatw,i
XV,L,/' = Xv - Xsat,v,i
h o = hd/y,v,/ + XV,S,/'hHZO,S,V,/' + Xv,L,ihHZO,L,V,/' _ hdry,v,i T X 5. (hHZO,S,v,i - hHZO,L,v,/) + thHZO,L,v,/'

v 1+x, 1+x,

dpsat,v,/ (p _ ,0 )+ dpsat,v,/ p

8)(1/,5,/. _ rg,dry a7 v satv,i a7 satv,i

oT r _ 2

H20 pv psat,v,/'
ahv,/ 1 dhdry,v,i dXv,s,/ h h X thZO,S,v,/ c xc —c T
- H20,Sv,i ~ "H20,L,i + v,S,i “—YpH20 + X, pH20 | — Cp

oT 1+x,| drT ar ar

aXv,S,i _ rg,d/y psat,v,i

op Th20 (pv _psat,v,i )2

a)(V,S,i h /7
oh . op H20,Sv,i HZO,L,v,i)
v, _
op 1+x,
end if
Tau{ in
7-am‘ Cp p
C ~
Plir, 2
*
) ZO'g,dfd + Xl + X, X0
r | ~ 9
I+x+x,
Tout T/’n
T r +r
out
s ~
T 2
Tout
“r T
K C TOUf Tout
P Tin Tin
TDZI[‘ .Z
AhT = Cp T 7-/'/7 1- P 77T,s
T
Ky —1
T -1
7-0Llf
Ahl( = Cp T 7-/'n
in 77/(,5
hout,T = h/'n - Ahr
hout,/( = hin + Ah/(

and iteration for T from Start
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Ry + X5 (hHZO,S ~Ny20, ) +X M50,

I1+x
dpsat dpsat
aXS _ rgld/)’ 7(,0 _psat)+ ar Psat
or  ry,, (,D _psa[)z
oh 1 [oh, ox " T
67— - .Z+X ( a;f-y " a;( H20,5 _hHZO'L)-i_XS( g;'OIS _Cp,LHZOJ-i_X Cp,LHZO] = Cp‘

aXS _ fg dry Psat
op Ty 20 (,0 ,Dsat)

oxX
oh aps(h/-/zo,s - hHZO,L)
op - 1+x
dg =dh-vdp =0
Vs op p
0-c ‘T dT Jgay PP (h/-/zo,s - hHZO,L) 7 @
Ty20 (,D psat) I+x Y

If xistoo close to 1 then

aby =T in Loy
Pout
‘out 7' |n Hout. pout
Ahy, = Y /'S
77/(,5
hout,T = hin - Ahr
hout,/( = h/'n + Ah/(
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