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1. Introduction 

Modern society relies on energy being available for transportation, industry and 
residential heating or cooling, among others. Along with increasing population 
and growing personal income, the energy demand is expected to increase [2]. 

Fossil fuels have fulfilled a large portion of our energy demand for several dec-
ades. The use of fossil fuels is, however, not sustainable because of their limited 
reserves and the emissions associated with them. 

Interest in renewable and sustainable energy has increased in the past dec-
ades. The total renewable power capacity has increased by 150% from 800 GW 
in year 2004 to 2017 GW in year 2016. In the same period of time, the sum of 
solar (photovoltaic, PV) and wind power capacity increased more than 15 times 
from 50.6 GW to 790 GW. [3,4] 

The power output of both PV and wind power plants depends on prevailing 
weather conditions. For this reason, power generation from these sources is un-
predictable in the long term and is likely to mismatch with the demand for 
power. In addition, the electric grid is unevenly loaded from these sources, and, 
therefore, energy storage is needed. [2] 

The concept of the Hydrogen economy was first published in 1972 [5]. The 
idea behind this concept is to found the energy infrastructure on hydrogen as 
energy storage [2]. The excessive energy from PV and wind power can be stored 
as hydrogen by splitting water with electrolysis, for example. 

 
Fuel cells are devices that can convert the energy stored in hydrogen back to 

electricity while emitting only water and heat. Fuel cells have no moving parts 
in contrast to combustion engines, which makes their operation efficient and 
silent [6]. 

Proton exchange membrane fuel cells (PEMFCs) are one type of fuel cells es-
pecially suited for applications where rapid load changes are expected (e.g. au-
tomotive, grid balancing, backup power) [7]. PEMFCs are, however, still too ex-
pensive for large-scale commercialization, but research is ongoing to reduce 
their price [8]. 

PEMFCs, like other fuel cell types, require a set of system components for fuel 
supply, oxidant supply, and cooling, for example. This set of components is 
called the balance of plant (BoP), and it makes up a substantial fraction of the 
total system cost [9]. The purpose of the BoP is to ensure optimal operating con-
ditions for the PEMFC. Thus, careful design of the BoP is a key to cost efficient 
and durable PEMFC systems. 
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1.1 Thesis objective 

The primary task of a hydrogen supply system in a PEMFC is to deliver hydro-
gen to a fuel cell. Without a hydrogen supply, the PEMFC cannot operate. The 
hydrogen supply system also has secondary tasks, such as preventing the 
buildup of impurities (contaminants and inert gases), removing liquid water, 
humidifying the hydrogen, and recirculating hydrogen. These tasks are im-
portant for efficient and long lasting PEMFC operation. The objective of this 
thesis is to study devices and methods for hydrogen supply that could improve 
PEMFC system performance and durability. 

Hydrogen purge is an efficient way of removing inert gases and other impuri-
ties as well as liquid water from an anode. However, it has not been clear how 
the anode inert gas content, system humidity level, and hydrogen purge param-
eters affect the PEMFC and fuel efficiencies. Methods for measuring the re-
quired quantities were developed, and the aforementioned questions were stud-
ied in publications [I] and [II]. 

Although hydrogen humidification adds system complexity and cost, it is often 
employed because it improves PEMFC efficiency. A bubble humidifier has a 
simple design and working principle and is, thus, a good humidifier candidate 
for PEMFC systems. However, downsides such as hydrostatic pressure drop and 
the lack of controllability are factors often considered to outweigh the benefits. 
In publication [III], a bubble humidifier was designed, characterized, and mod-
elled, and improvements on its design and control were discussed. 

Hydrogen recirculation is typically employed in PEMFC systems because it 
improves PEMFC performance. Mechanical pumps often employed for hydro-
gen recirculation have been proven too unreliable. Ejectors, on the other hand, 
are seen as promising devices for this application. However, the limited working 
range of ejectors and the challenges in ejector primary flow control are seen as 
factors limiting their usability. Publications [IV]-[VI] examined the possibility 
of using the simplest thinkable approach to hydrogen recirculation – a single 
ejector with discrete primary flow control. 

1.2 Thesis structure 

The thesis first gives a brief introduction to PEMFC technology and PEMFC sys-
tems in Chapter 2. Chapter 3 provides an overview of hydrogen supply in 
PEMFC systems and describes the three secondary tasks of the hydrogen supply 
system: hydrogen purge, hydrogen humidification, and hydrogen recirculation. 

Chapters 4-6 discuss the three secondary tasks of hydrogen supply in more 
detail and present the methods employed and results obtained in publications 
[I]-[VI]. Chapter 4 focuses on inert buildup and hydrogen purge, which was 
studied experimentally in publications [I] and [II]. Chapter 5 presents design, 
characterization, and modelling of a bubble humidifier for hydrogen humidifi-
cation based on publication [III]. Chapter 6 presents methods and results of the 
work done in publications [IV]-[VI], which targeted hydrogen recirculation with 
a single, fixed geometry ejector and a discrete primary flow control. 

A summary of the results is given in Chapter 7. The publications that thesis is 
based on are attached at the end.
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2. Background 

This chapter introduces proton exchange membrane fuel cell (PEMFC) technol-
ogy. The PEMFC itself is introduced in Section 2.1, and the auxiliary compo-
nents needed for successful operation of a PEMFC, i.e. the PEMFC system, are 
introduced in Section 2.2. 

2.1 Proton exchange membrane fuel cell 

A PEMFC, like other types of fuel cells, is an electrochemical cell; it converts the 
chemical energy of a fuel to electricity. Its function, therefore, resembles that of 
a battery. The main difference between fuel cells and batteries is, however, that 
fuel and oxidant are continuously supplied to fuel cells whereas batteries are 
closed systems. Therefore, fuel cells can, in principle, output electrical energy as 
long as fuel and oxidant are supplied. In this sense, the function of fuel cells 
closely resembles that of internal combustion engines (ICEs). The main differ-
ence between ICEs and fuel cells is, however, that fuel cells do not output me-
chanical energy like ICEs but electrical energy. 

This work focuses solely on PEMFCs although a number of other fuel cell types 
exist. An introduction to PEMFC structure, its working principle, and factors 
that affect PEMFC voltage, power, and efficiency follow. A key factor in PEMFC 
technology, namely water management, is introduced in Section 2.1.3. 

2.1.1 Structure and working principle 

The basic structure of a PEMFC is shown in Figure 1. It consists of a membrane 
electrode assembly (MEA), gas diffusion layers (GDLs), gaskets, and end plates 
sandwiched together. The MEA is a polymer membrane (electrolyte) with cata-
lyst layers (electrodes) attached to both sides. To enable normal PEMFC opera-
tion, the polymer membrane should be 1) proton conductive, 2) impermeable to 
gases, and 3) an electrical insulator [10]. The purposes of the GDLs is to enable 
the transport of 1) reactant gases to the catalyst, 2) water away from the catalyst, 
and 3) heat and electrons from the catalyst to the end plate, and 4) to give me-
chanical support to the MEA [6]. The end plates provide mechanical support, 
function as electron conductors, and contain gas channels for distributing the 
reactants over the entire cell [10]. 
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Figure 1. The structure of a PEMFC. The cell active area (gray area in MEA) is typically hundreds 
of cm2 at most. The thickness of MEA is tens of micormeters while the thickness of the GDL is 
typically around 200 μm. Figure modified from [11]. 

Several PEMFCs can be connected electrically in series to form a PEMFC 
stack. The end plates between two adjacent cells then serve as both anodic and 
cathodic end plates and are called bipolar plates. Stacking cells together enables 
higher output voltages, as in batteries. 

 
PEMFCs use pure hydrogen gas as the fuel. Hydrogen rich reformate gas can 

also be used as the fuel but, in that case, special attention is required because of 
the fuel’s higher impurity content. Reformate gas typically contains at least the 
impurities CO2 and CO but might also contain significant amounts of N2, H2O, 
and CH4 depending on the fuel and production process [12–15]. Liquid fuels, 
such as methanol or ethanol, can also be used. However, in such a case, the fuel 
cell is called a direct methanol fuel cell (DMFC) or a direct ethanol fuel cell 
(DEFC). 

Hydrogen is fed to the PEMFC on the anode side, where it transfers from the 
gas channels through the GDL to the anode catalyst sites (see Figure 2). The 
catalyst splits hydrogen into protons and electrons. The protons pass through 
the membrane to the cathode, and the electrons pass through an external cir-
cuit, thus producing an electrical current. 

The oxidant used in PEMFCs is commonly air, but pure oxygen can also be 
used. Either way, the oxidant is fed to the cathode, and the oxygen transfers 
through the GDL to the cathode catalyst sites. At these sites, oxygen reacts with 
the protons and the electrons and water is produced. Depending on operating 
conditions, the water produced may transfer to the anode side or leave the cell 
with the oxidant stream as shown in Figure 2. 
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Figure 2. The reactions occurring and the transport of reactants and products in a PEMFC (single 
cell) when one oxygen molecule reacts with two hydrogen molecules and forms two molecules of 
water. 

2.1.2 Current, voltage, power, and efficiency 

The voltage of a PEMFC is a function of current drawn. Consequently, the out-
put power is not a linear function of current, and the cell efficiency is not con-
stant. This section briefly explains how cell current, voltage, power, and effi-
ciency are interrelated.  

The half-cell reactions (hydrogen oxidation reaction, HOR, and oxygen reduc-
tion reaction, ORR), the overall reaction, and the Gibbs energy changes at stand-
ard state ( ) per mole of water formed [16] are: 

 
HOR:     H2(gas)                  2H+(aq) + 2e-    (1) 

ORR:     ½O2(gas) + 2H+(aq) + 2e-  H2O(liq)             (2) 

Overall: H2(gas) + ½O2(gas)            H2O(liq)             (3) 

 
The Gibbs energy change ( ) for a chemical reaction is [6]: 

      (4) 

where  is the activity and  is the stoichiometric coefficient of species . For 
an ideal gas (denoted by superscript *) [6]: 

        (5) 

The Gibbs energy change equals the maximum attainable work per mole ( ) 
in a reaction. The electrical work ( ) is obtained by multiplying the charge ( ) 
by the voltage ( ) [6]: 

H2 
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       (6) 

The number of electrons transferred per molecule of water produced (accord-
ing to Eq. 3) is 2. Thus, the charge transferred per mole water produced is: 

      (7) 

where  is the Avogadro constant,  is the elementary charge, and  is the Far-
aday constant. Combining Eqs. 6 and 7 gives an equation for the reversible open 
circuit voltage (OCV) for a hydrogen fuel cell: 

        (8) 

Further, combining Eqs. 4 and 8 gives the Nernst equation: 

      (9) 

which relates the reversible OCV to the standard state reversible OCV ( ), the 
temperature ( ), and the activities ( ). 

The standard state reversible OCV can be calculated from the reaction Gibbs 
energy change at standard state ( ): . The ac-
tual OCV is notably lower (typically around ) mainly because of hydrogen 
crossover [17] and internal currents [6]. Also the temperature and the reactant 
activities affect the reversible OCV, as seen in Eq. 9. 

 
When current is drawn from a cell, the voltage drops further. This is called 

voltage polarization and is mainly caused by three types of irreversibilities or 
losses: activation losses, ohmic losses, and concentration losses [6]. Other com-
monly used terms for these irreversibilities include overpotential, overvoltage, 
or voltage drop. The aforementioned irreversibilities have their most pro-
nounced influence on cell voltage at different current levels (Sections I, II, and 
III), which gives the cell voltage polarization curve its characteristic shape (Fig-
ure 3 a). 
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Figure 3. Typical PEMFC a) current-voltage (I-E) curve (also called polarization curve) and b) 
current-power (I-P) curve. 

The activation losses in Section I cause a notable drop in cell voltage with in-
creasing current. The activation losses are caused by reaction kinetic limita-
tions. The activation loss of HOR is negligible compared to the activation loss of 
ORR in PEMFCs. [6] 

The ohmic losses in Section II cause a nearly linear voltage drop with increas-
ing current. The ohmic losses arise from the resistance of the electrolyte and the 
current carrying parts of the cell [6]. These resistances follow Ohm’s law and, 
for that reason, have a linear relationship with current.  

The mass transfer starts to limit the achievable current in Section III. The cell 
current-voltage behavior starts to deviate from the linear relationship, and, at 
some current, the cell voltage suddenly drops. This is the current that corre-
sponds to the maximum mass transfer rate. 

 
The PEMFC power output is: 

        (10) 

A typical PEMFC current-power (I-P) curve is shown in Figure 3 b. The power 
increases typically almost linearly with current in Sections I and II and is 
roughly half of the maximum power. In other words, the other half is converted 
into heat. In Section III, the mass transfer limited current is reached, and the 
power collapses. 
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Fuel cell efficiency ( ) is commonly related to the lower heating value 
(LHV) of hydrogen combustion at standard state: 

H2(gas) + ½O2(gas)    H2O(gas)  [16] (11) 

and is defined as follows: 

      (12) 

Consequently, the shape of the current-efficiency curve is identical with the cur-
rent-voltage (I-E) curve shown in Figure 3 a. At zero current, the maximum ef-
ficiency is obtained, but the power is zero. 

2.1.3 Water management 

Water management is a key factor for operating a PEMFC successfully. This is 
because the polymer membrane must be hydrated in order to be proton conduc-
tive. Water is formed in the cathode reaction, which, in principle, would suffice 
to keep the membrane hydrated. In practice, however, the water formed at the 
cathode is distributed unevenly within the cell. 

The membrane in PEMFCs is most commonly made of perfluorosulfonic acid 
(PFSA) polymer [18,19]. In PFSA, sulphonated side chains form hydrophilic 
clusters, which absorb water. Within these hydrated regions and between them, 
protons are able to move, thus giving rise to proton conductivity. [6] Therefore, 
the membrane needs to be hydrated to be proton conductive. The higher the 
water content, the higher the membrane proton conductivity [6,20]. Dehydra-
tion decreases membrane conductivity, increases ohmic losses, and, subse-
quently, decreases PEMFC performance. [21] 

 
When water is produced at the cathode, the membrane absorbs part of it while 

the rest of it eventually leaves the fuel cell with the cathode gas. Ideally the water 
formed in the reaction would suffice to maintain the membrane hydrated as the 
water absorbed by the membrane is not consumed. However, various water 
transport mechanisms cause the water to distribute unevenly within the cell. 

The most important water transport mechanisms are electro-osmotic drag 
(EOD), back-diffusion (BD), and convection. Pressure and temperature differ-
ences also cause water transport. [19] 

EOD is a result of protons moving from the anode towards the cathode and 
dragging along water molecules [19]. Thus, the EOD is always in the direction 
away from the anode towards the cathode. As a result of EOD and water gener-
ation, water builds up at the cathode while the anode remains drier. The con-
centration difference tends naturally to even out by diffusion. This form of water 
transport is called back-diffusion [19]. 

Convective water transport act along cell in contrast to the other water 
transport mechanisms. Dry reactant gases fed to the cell will dry out the cell 
inlet. Water will condense at the end of the cell when the reactant gas flow has 
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become saturated. [6] If the liquid water is not removed, it will buildup and pre-
vent reactant gases from reaching the reaction site – a condition called flooding 
[21,22]. 

Water generation at the cathode and the various water transport mechanisms 
(mainly EOD and convective water transport) result in uneven water distribu-
tion within the cell unless care is taken. One part of the cell may suffer from 
dehydration while another part floods. Particularly at high current density lev-
els, the cathode water concentration will increase due to water generation, and 
the anode may be dehydrated due to the EOD [21].  

Both flooding and membrane dehydration should be avoided throughout the 
cell. Flooding prevents reactants from reaching the reaction sites and, therefore, 
causes a performance decrease and possibly permanent damage to the PEMFC 
[23]. As a consequence of water generation, the EOD, and the reactant gas flows, 
flooding is more likely to occur at the cathode close to cell outlet, but anode 
flooding is also possible [I,II]. Membrane dehydration, on the other hand, be-
sides decreasing PEMFC performance through decreased proton conductivity, 
also speeds up membrane aging [23]. 

Theory and practice have shown that membrane dehydration in PEMFCs can-
not be avoided at operating temperatures above approximately 60°C without 
external humidification. Because of this and because more humid operating 
conditions result in better performance, external humidification is commonly 
employed. [6,24] Reactant gas inlet humidities should, however, be controlled 
to avoid flooding in the cell.  

2.2 Proton exchange membrane fuel cell system 

PEMFC stacks in operation consume reactants and produce heat. The reactants 
typically need to be humidified before entering the PEMFC stack. Therefore, 
equipment for preparing and feeding the reactants and for removing heat is 
needed. This equipment together with the PEMFC stack forms a PEMFC system. 

PEMFC systems can be classified according to their reactant pressure level, 
operating temperature level, fuel supply method, and oxidant supply method 
(see Table 1). Pressurizing reactants not only improves PEMFC performance 
(see Nernst equation, Eq. 9) but also consumes energy and adds system com-
plexity [25]. This work focuses on non-pressurized systems. 

Table 1. PEMFC system classifications. 

Factor Classification 

Operating pressure Non-pressurized (~0-0.3 barg) / Pressurized (~0.5-2 barg) 

Operating temperature Low (< 50 °C) / Moderate (50-80 °C) / High (> 80 °C) 

Fuel supply Open anode / Dead-end anode (with or without recirculation) 

Oxidant supply Free-breathing / Forced convection 

 
PEMFC stack performance improves with increasing temperature through the 

improved reaction kinetics [6,26]. However, maintaining the electrolyte suffi-
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ciently hydrated at elevated temperatures is challenging [6], and a PEMFC per-
formance decrease associated with dehydration is possible. The focus of this 
work is on PEMFC systems operating at moderate (50-80 °C) temperatures. 

Fuel can be supplied to a PEMFC stack in open anode mode or in dead-end 
anode (DEA) mode. In open anode mode, the fuel is fed in excess and the not 
utilized fuel is vented out. This mode is employed mainly in test setups and 
when reformate gas is used as fuel. In the DEA mode, the anode outlet is closed 
with a valve, and the PEMFC stack is fed with the amount fuel that is utilized. 
With time, impurities enrich in the anode, and a hydrogen purge (also called 
anode purge) must be performed (i.e. the anode outlet valve is opened) to re-
move the impurities. Alternatively, a bleed valve can be employed to pass a small 
bleed stream that prevents impurities from enriching. Conceptually, the bleed 
valve does not differ from open anode operation. Hydrogen recirculation can be 
employed in both open anode and DEA modes to increase the flow rate through 
the stack although hydrogen recirculation in open anode systems is uncommon. 
This work focuses on systems with DEA and occasional hydrogen purges and 
with hydrogen recirculation. 

When system simplicity or energy density [J/m3] is crucial (e.g. in portable 
applications), the cathode can be made free-breathing. In this case, the air en-
ters the cathode by free convection and no blower is needed. The relatively slow 
air supply rate, however, limits fuel cell power output [10]. Therefore, if high 
power density [W/m3] is needed, forced convection with an air blower or com-
pressor must be employed. The PEMFC stack air supply in this work is realized 
with blowers. 

 
Figure 4 shows a typical but simplified schematic of a non-pressurized PEMFC 

system with DEA and using ambient air as the oxidant and pressurized hydro-
gen as fuel. This system consists of three subsystems: 1) fuel supply, 2) oxidant 
supply, and 3) cooling. The oxidant supply and cooling subsystems are briefly 
discussed below. The fuel supply subsystem is discussed in more detail in Sec-
tion 3. 

 

Figure 4. Simplified schematic of the PEMFC system. B: blower, EV: expansion vessel, F: filter, 
H: humidifier, HE: heat exchanger, L: electrical load, P: pump, PR: pressure reducer, PU: purge 
valve. 

 
When using ambient air as the oxidant, the oxidant supply subsystem typically 

contains at least an air filter, a blower, and a humidifier, as shown in Figure 4. 
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Recirculation is not a viable option to humidify the air because of the high inert 
content (~79%) in air. Instead, a humidifier – typically a membrane humidifier 
[27] or a spray tower [28] – is employed. Operation without an air humidifier 
has also been demonstrated [24] but with a notable performance decrease com-
pared to a humidified system. Pure oxygen can be used as the oxidant in appli-
cations where air is not available [29,30]. 

The cooling subsystem consists of at least a cooling water recirculation pump, 
a heat exchanger, and an expansion vessel. The operating temperature range 
focused on in this work is 60-70 °C. The low operating temperature necessitates 
using a larger heat exchanger because of the low temperature difference. In sta-
tionary applications, the size of the heat exchnager is not a problem [27,28], but 
in e.g. transport applications, the size of the system is a critical factor. 

Details of the electrical subsystem do not fall within the scope of this thesis. 
However, some general characteristics are worth mentioning. The maximum 
stack output current is typically ca 1 A/cm2 cell area in non-pressurized systems 
and ca 2 A/cm2 cell area in pressurized systems. The maximum stack output 
voltage is relative to the number of cells in the stack, which might range from a 
few to a few hundred, depending on the application. Because the voltage varies 
with load current, a DC/DC converter is usually employed to maintain constant 
output voltage. Additionally, the electrical subsystem can be hybridized to limit 
the required PEMFC stack size. 
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3. Hydrogen Supply in a PEMFC System 

The main purposes of the hydrogen supply system in a PEMFC system are: 1) to 
maintain a suitable pressure level at the anode, 2) to maintain a sufficient fuel 
flow rate through the stack, 3) to guarantee a sufficient fuel inlet humidity level, 
and 4) to prevent excessive hydrogen discharge to the surrounding air. In its 
simplest form, the hydrogen supply can simply comprise a pressure reducer that 
reduces the pressure of hydrogen in the storage tank to a suitable level. In prac-
tice, however, the hydrogen supply comprises many components that deal with 
the aforementioned tasks. This chapter introduces the principles of hydrogen 
supply in PEMFC systems.  

3.1 Overview 

The hydrogen fed to the PEMFC stack is not 100% hydrogen but contains impu-
rities that are either inert or poisonous to the PEMFC. In addition, some nitro-
gen and carbon dioxide will permeate through the membrane to the anode when 
air is employed as the oxidant. The impurities are not consumed, unlike fuel, 
and are, therefore, enriched in the anode. The enriched impurities decrease 
PEMFC performance either by decreasing fuel concentration (Nernst equation) 
or by poisoning the PEMFC [31]. This thesis focuses on inert impurities that are 
not poisoneous to the PEMFC, such as nitrogen (N2), and their effect on fuel cell 
performance. 

The performance decrease associated with inert gas buildup can be mitigated 
by allowing fresh fuel to flush out the impurities either intermittently (hydrogen 
purge) or continuously (bleed). The fraction of hydrogen purged is termed the 
purge fraction ( ). The higher the purge fraction, the more hydrogen is lost but 
the lower the impurity concentration will be in the anode. 

Anode gas recirculation is often applied in multi-kW PEMFC systems. The re-
circulation serves the purpose of increasing the gas flow rate, thus enhancing 
convective mass transfer and preventing water droplet formation due to water 
BD (back-diffusion) from the cathode. Water droplet formation occurs espe-
cially close to the cell outlet, where the anode gas is also hydrogen depleted. 
Recirculation also humidifies the anode inlet gas, which is completely dry unless 
a humidification is employed. 

The effects of the purge fraction and recirculation rate are best visualized by 
solving the balance equations. This is done in the next section. 
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3.2 Anode material balances 

Figure 5 shows the anode side streams for which the steady state material and 
species balance equations are solved. The stream denoted by subscript ff repre-
sents fresh fuel from storage. Subscript in denotes the anode inlet stream, which 
is a combination of the fresh fuel stream and the recirculated stream denoted by 
r. Subscript out denotes the anode outlet stream, which is split into the recircu-
lated stream and the purged stream, denoted by p. Subscript s refers to species 
consumption or transport inside the stack. 

 

Figure 5. Streams in a PEMFC fuel supply system. 

The molar flow rate is denoted by  where the subscript  refers to the stream. 
The hydrogen consumption rate ( ), the nitrogen permeation rate ( ), 
and the water transport rate ( ) are all assumed to occur away from the 
anode. Normally nitrogen permeation and water transport occur towards the 
anode and, therefore, they might take negative values. In contrast, the hydrogen 
consumption rate is always positive, and it is calculated, based on Eq. 7, as fol-
lows: 

       (13) 

where  is the current applied,  is the number of cells in the PEMFC stack, 
and  is the Faraday constant. 

The mole fractions are denoted by  where the subscript  refers to species 
(H2, N2, or H2O) and the subscript  refers to the stream. For simplicity, N2 rep-
resents all inert compounds entering the anode with the fuel or diffusing from 
the cathode through the membrane. The diffusion of hydrogen to the cathode or 
hydrogen consumption in the reaction with oxygen diffused from the cathode is 
not considered. 

The total material balance equations are: 

       (14) 

   (15) 

       (16) 

and the species balance equations are: 

     (17) 
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     (18) 

     (19) 

Purged gas and recirculated gas are recognized to have the same composition 
as the anode outlet gas (i.e. ). Combining these equations 
yields the total material and species balance equations for the entire fuel supply 
system: 

       (20) 

      (21) 

With this notation, the purge fraction ( ) is defined as follows: 

     (22) 

and it is related to the fuel efficiency ( ) – also known as the total fuel utiliza-
tion ( ) – as follows: 

     (23) 

The fuel utilization per pass ( ), which is a measure of the recirculation 
rate, is defined as follows: 

      (24) 

where  is the fuel stoichiometric ratio at inlet. The steady state balance equa-
tions can be solved by assuming 1) the stack pressure drop is a linear function 
of the inlet mass flow rate: 

 ,     (25) 

2) the anode outlet gas is saturated at stack temperature: 

 ,     (26) 

and 3) continuous purging (i.e. bleed). For operation with intermittent purges 
and the same purge fraction, the results would be similar except that the con-
centrations would vary around those with continuous purging. 

The results are plotted in gas phase mole fractions ( ) to visualize possible 
water condensation and because the gas phase mole fractions are typically 
measured, not the total mole fractions. The gas phase mole fractions are com-
puted by limiting water gas phase mole fraction according to Eq. 26 and keeping 
the ratio of hydrogen and nitrogen mole fractions constant. 

The parameters in Table 2 are used for example calculations (unless otherwise 
noted) in Section 3 to illustrate the effect of the purge fraction, anode gas recir-
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culation rate, fuel purity, and nitrogen permeation rate on the anode gas com-
position. For simplicity, the anode outlet humidity and the nitrogen permeation 
rate are assumed constant. 

Table 2. Parameters for the model. The parameters are chosen based on the PEMFC systems 
studied in this work (see sections 4.2.1 and 6.5). 

Parameter Value Explanation 

  60 °C Cell temperature 

  0.199 bar [32] Water vapor pressure at cell temperature 

  100% Cell outlet relative humidity 

  120 A Cell current 

  1 Number of cells in stack 

  0.9999 Hydrogen mole fraction in fuel 

  0.0001 (= 100 ppm) Nitrogen mole fraction in fuel 

  0.0000 Water mole fraction in fuel 

  0.99 Total fuel utilization 

  0.60 Fuel utilization per pass 

  0.25 barg Cell inlet pressure 

  1.5·104 bar∙(kg∙s-1)-1 Cell pressure drop coefficient 

  -3.7∙10-7 mol/s (*) Nitrogen permeation rate (anode to cathode) 
 
(*) For a fully hydrated membrane at 60 °C, with 25 μm thickness, with 200 cm2 area, and exposed to 0.9 
bar N2 partial pressure difference [33,34]. 

Despite the simplified approach employed here, some generally valid obser-
vations about the effects of purge fraction and recirculation rate can be made. 
First, decreasing the purge fraction (i.e. increasing total fuel utilization) in-
creases anode impurity (represented here by N2) concentration and decreases 
fuel concentration, as discussed is Section 3.1. Employing a low purge fraction 
can result in impurity concentrations that are several orders of magnitude 
higher in the fuel cell than in the fuel, as seen in Figure 6 a. For example, a purge 
fraction of  results in 1933 times higher N2 mole fraction in the anode 
inlet stream compared to the fuel.  With a zero purge fraction, the N2 partial 
pressure on the anode side approaches that on the cathode side. This would re-
sult in an excessive decrease in performance especially in non-pressurized 
PEMFC systems. The water concentration, which depends on the fixed outlet 
relative humidity, changes only a little with purge fraction; the observed change 
is due to a change in pressure drop. 



Hydrogen Supply in a PEMFC System 
 

17 

 

Figure 6. Gas phase mole fractions at anode inlet and outlet at varying a) purge fraction ( ) and 
b) fuel utilization per pass ( ). Solved from material balance equations. The dashed line indi-
cates conditions shown in Table 2. 

Second, an increase in the recirculation rate (i.e. a decrease in fuel utilization 
per pass) causes inlet concentrations to approach the outlet concentrations (Fig-
ure 6 b). Therefore, increasing the recirculation rate theoretically (but not in 
practice) decreases PEMFC performance. The outlet concentrations remain 
nearly unchanged over most of the recirculation rate range. The change in outlet 
concentrations observed at high recirculation rates is due to an increased water 
outlet mole fraction as a conequence of the increased pressure drop. In reality, 
the outlet concentrations also depend on water transport and the N2 permeation 
rate, both of which are functions of the recirculation rate. 

Third, the anode gas recirculation humidifies the anode inlet (Figure 7 b). 
Without recirculation, the anode inlet gas equals the dry hydrogen supply from 
the storage unless a humidifier is employed. The anode inlet humidity increases 
with increasing recirculation rate. For example, a roughly 35% (i.e. a relatively 
low) fuel utilization per pass is required to achieve a 55 °C dew point tempera-
ture (corresponding to a 80% relative humidity) at the anode inlet even though 
the anode outlet is assumed saturated with water. In practice, the recirculation 
rate is limited by the power consumption, when employing a mechanical pump, 
or the achieved recirculation rate, when employing an ejector. 

 

Figure 7. Anode inlet and outlet dew point temperatures at varying a) purge fraction ( ) and b) 
fuel utilization per pass ( ). Solved from material balance equations. The dashed line indicates 
conditions shown in Table 2. 
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The anode inlet dew point temperature exceeds that of the anode outlet at ap-
proximately 25% fuel utilization per pass. This is possible because of the in-
crease in pressure difference between the inlet and the outlet while the anode 
outlet partial pressure remains constant. The effect of the purge fraction on inlet 
humidity is minor (Figure 7 a). 

The effects of fuel impurity concentration and the N2 permeation rate are 
shown in Figure 8 a and b. The relative effect of fuel concentration at the simu-
lated conditions (Table 2) is minor (0.6·10-7 mol/s) compared to the N2 perme-
ation rate (3.7·10-7 mol/s); decreasing the concentration of impurity in fuel by 
an order of magnitude does not significantly decrease the concentrations in the 
fuel cell, as seen in Figure 8 a. Instead, the N2 permeation rate accounts for most 
of the impurity buildup at these conditions. An increase either in fuel impurity 
concentration or in the membrane permeation rate results in a higher recircu-
lated stream impurity content and, subsequently, necessitates an increase in 
purge frequency or bleed rate. 

 

Figure 8. Gas phase mole fractions at anode inlet and outlet at varying a) N2 mole fraction in fuel 
( ) and b) N2 permeation rate ( ). Solved from material balance equations. The dashed 
line indicates conditions shown in Table 2. 

It is important to distinguish between steady state and dynamic behavior. The 
above discussion solely considers steady state. The time required for concentra-
tions to reach a steady state (or pseudo steady-state with intermittent purges) 
depends mainly on anode volume and current level. Based on experience from 
PEMFC systems presented in sections 4.2.1 and 6.5, the steady state is typically 
reached in tens of minutes, the temperatures and, consequently, the water con-
centrations taking the longest time to stabilize. Steady state is likely never 
reached in applications with load changes several times within a minute. In ap-
plications with long periods (thousands of hours) of constant operation, the 
steady state is of primary importance, and the way steady state is reached (i.e. 
system dynamics) is of minor importance. 

3.3 Hydrogen purge 

One purpose of the hydrogen purge is to remove accumulated impurities. A 
purge fraction that is too high results in poor fuel efficiency. A purge fraction 
that is too low results in high concentration polarization and reduced fuel cell 
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efficiency. The Nernst equation (Eq. 9) can be used for estimating the effect of a 
decrease in hydrogen partial pressure on cell voltage [6]: 

      

   

   

       (27) 

where the hydrogen partial pressure ( ) is averaged over the cell, and the ref-
erence hydrogen partial pressure ( ) corresponds to the reference cell volt-
age ( ). The power decrease per cell due to concentration polarization is: 

       (28) 

On the other hand, the power lost per cell due to hydrogen vented out in 
purges (at an average rate of ) is computed by applying Faraday’s law of 
electrolysis: 

     (29) 

where  is the average rate of hydrogen lost in purges converted to electrical 
current, and  is a reference cell voltage (same as above).  and  
are plotted in Figure 9 as a function of purge fraction and fuel utilization per 
pass. 

 

Figure 9. Change in cell power output due to concentration polarization and hydrogen lost in 
purges at varying a) purge fraction ( ) and b) fuel utilization per pass ( ). Solved from material 
balance equations. The values are relative to the dashed line indicating conditions shown in Table 
2.  is assumed. 
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As seen in Figure 9 a, the cell net output power is much more sensitive to total 
fuel utilization than to concentration polarization at the simulated conditions. 
One could draw the conclusion that the optimal purge fraction is very low 
(<0.001). However, in publication [II], it is shown that the measured concen-
tration polarization can be notably higher than the theoretical one. In addition, 
these simulations (like numerous others, e.g. [35–38]) do not account for the 
effects of water transport and condensation. 

 
Water condenses when water vapor partial pressure exceeds water vapor pres-

sure. Liquid water in anode gas channels is harmful in two ways; it 1) restricts 
the gas flow in gas channels and 2) prevents hydrogen from reaching the catalyst 
sites. The uneven flow distribution between cells that occurs from the water 
droplets plugging the gas channels induces further growth of existing droplets. 

Fuel starvation is a condition in which hydrogen cannot reach the reaction 
site, either locally because of water droplets blocking them or globally because 
of no hydrogen present. When local fuel starvation occurs, the cell regions suf-
fering from hydrogen shortage adapt their electrode potentials to a higher level. 
The potential difference between the anode and the cathode remains constant 
because of the highly conductive bipolar plates. The elevated electrode poten-
tials enable unwanted reactions (water splitting and corrosion of the carbon 
support on the cathode and oxygen reduction at the anode) and a reversed cur-
rent. Local fuel starvation has, therefore, negative effect on cell lifetime, but it 
is difficult to detect before irreversible damage to the PEMFC has occurred be-
cause of the unchanged cell voltage. [23,39] 

The other main purpose of the hydrogen purge is, thus, to remove liquid water 
from the gas channels and guarantee stable performance even when operating 
at very humid conditions, i.e. at conditions where the reactant gases are close to 
saturated or even oversaturated with water. A PEMFC typically achieves maxi-
mum performance at such high-humidity conditions. The effect of humidity 
level on the optimal purge parameters is difficult to study by modelling, but 
some experimental studies about the subject have been conducted (e.g. [40,41]). 
This is also the main topic in publication [II]. 

 
A hydrogen purge can be triggered based on various criteria: a predefined volt-

age drop [42], [II], time-based [43], the applied load current [37,44], the anode 
pressure [V], or a predefined impurity concentration [35,37], for example. The 
choice of triggering criterion is governed by the expected drive cycle and by the 
operating conditions. The primary purpose of a hydrogen purge at dry operating 
conditions is to remove inert gases and, for this reason, either a time-based or a 
coulomb counter-based purge trigger would be suitable. Flooding can be ex-
pected at humid operating conditions, and cell voltage deviation is one of the 
best indicators of that. 

The liquid water is removed most efficiently with a high-flow-rate purge. 
Therefore, the purge valve should have a sufficiently low flow resistance, i.e. a 
high Kv-value. An excessively high Kv-value, however, depressurizes the anode 
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rapidly as soon as the valve is opened. This results in a pressure difference be-
tween the anode and cathode and causes unnecessary stresses on the polymer 
membrane [23]. 

While a high flow rate efficiently removes liquid water, it also results in a large 
amount of hydrogen being vented out. Therefore, the purge length (i.e. the time 
the valve is kept open) should be relatively short, typically few hundred milli-
seconds. The typical response time of a solenoid valve is a few tens of millisec-
onds. In other words, the valve may not have time to fully open before it is closed 
during very short purges. 

 
An alternative to a hydrogen purge is a hydrogen bleed [36,45], i.e. to contin-

uously vent out a fraction of the anode outlet gas. Hydrogen bleed can also be 
employed in parallel with hydrogen purge. This might be necessary when using 
low grade hydrogen to avoid excess buildup of impurities in the anode loop. A 
correctly sized and fast reacting proportional valve can also be employed both 
as a bleed valve and as a purge valve. 

The main difference between a hydrogen purge and a bleed is the maximum 
flow rate encountered through the stack during operation. During a hydrogen 
purge, the flow rate is normally multiplied whereas a continuous bleed adds typ-
ically at most a few percent (depends on total fuel utilization) to the flow rate. 
Because of this, the purge is often preferred as it efficiently removes liquid wa-
ter, thus stabilizing PEMFC operation. 

Another difference between a hydrogen purge and a bleed is the rapid pressure 
decrease during a purge. This easily leads to an excessive pressure difference 
between the anode and cathode, especially in pressurized systems, and, subse-
quently, complicates pressure management. 

3.4 Hydrogen humidifiers 

As seen in Figure 7 b, the anode inlet humidity (expressed in dew point temper-
ature) is relatively low even with hydrogen recirculation unless high recircula-
tion rate is applied. For example, a typical fuel utilization per pass of 0.6 results 
in an anode inlet dew point temperature of 45 °C which corresponds to a relative 
humidity of only 48% at the cell operating temperature (60 °C). For best PEMFC 
performance, the anode inlet relative humidity should be close to 100%. 

The anode inlet is further dehydrated at high power levels because of the EOD 
(electro-osmotic drag) prevailing over BD (back-diffusion) and because the fuel 
that is fed is drier (unless the recirculation rate is increased in the same propor-
tion). Anode inlet dehydration can be mitigated by feeding air and fuel to the 
cell in counterflow mode because water is then transported from the humid 
cathode outlet stream to the dry anode inlet stream. Despite the advances in 
polymer technology that enable the use of thinner membranes (18 μm mem-
branes were available in 2007), which in turn facilitates membrane hydration 
[25], inlet gas humidification is often applied to increase PEMFC performance 
and durability [21]. Gas humidifiers are commonly employed not only on the 
cathode side but also often on the anode side in addition to hydrogen recircula-
tion [27,28]. 
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Humidifiers typically employed for anode gas humidification can be classified 
as either a gas-to-gas type or a liquid-to-gas type. From system complexity point 
of view, the gas-to-gas type humidifiers are more attractive since liquid water is 
not needed. Liquid water must either be refilled or condensed from PEMFC 
stack outlet gas streams. A gas-to-gas type humidifier can be placed between the 
streams where a transfer of humidity is required without the need for any addi-
tional system components. 

Possible humidifier types and their advantages and disadvantages are listed in 
Table 3. An example of a gas-to-gas humidifier is the enthalpy wheel [46,47]. 
Examples of liquid-to-gas humidifiers are the water atomizer [48–50], spray 
tower [28], and bubble humidifier [51,52]. A membrane humidifier can be op-
erated both in gas-to-gas [53,54] and in liquid-to-gas [55] modes. 

Table 3. A summary of the advantages and disadvantages of humidifiers with respect to hydrogen 
gas humidification based on references [6,28,46–55] and the author’s own experience. 

Gas-to-gas 

Humidifier type Advantages Disadvantages 
Enthalpy wheel - Compact size 

- Low gas pressure drop 
- Gas leakages 
- Power consumption 
- Require maintenance 

Membrane humidifier 
 

- No power consumption 
- Compact size 

- Gas leakages 
- Moderate gas pressure drop 

(~20-50 mbar [47], times two) 
- High price 

Liquid-to-gas 

Humidifier type Advantages Disadvantages 
Water atomizer - Gas tight 

- Low gas pressure drop 
- Controllable humidity 

- Inefficient heat transfer 
- Sensitive to control (oversatura-

tion possible) 
- Power consumption 

Membrane humidifier - Compact size 
- No power consumption 

- Gas leakages possible 
- High price 

Spray tower - Gas tight 
- Low gas pressure drop 
- Low power consumption 

- Large size (several times that 
of a membrane humidifier) 

Bubble humidifier - Gas tight 
- Low power consumption 

- Large size (several times that 
of a membrane humidifier) 

 
A characteristic feature of gas-to-gas humidifiers is that the mass transfer is 

not limited to water – other gases are also transferred between the two streams 
[47]. This introduces a safety risk through possible leakages when humidifying 
hydrogen since the cathode outlet air is the only possible humidity source. 
Therefore, gas-to-gas type humidifiers are not considered here for hydrogen hu-
midification. 

The water atomizer humidifiers have the advantages of being small, enabling 
humidity control with short delay, and having practically no gas pressure drop 
[48–50]. However, unless the humidified gas requires cooling (e.g. after com-
pression), a heat exchanger is needed [48,49] since water evaporation is a heat-
intensive process. A heat exchanger causes a drop in gas pressure and adds to 
the humidifier size, especially if the available temperature difference is low (e.g. 
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PEMFC stack coolant). Heating with electricity reduces size and weight but adds 
parasitic power consumption. In addition, a liquid water flow control mecha-
nism is required for water atomizers [48,49]. Finally, water-atomizing humidi-
fiers permit over-saturating the gas, which can lead to PEMFC flooding. 

Liquid-to-gas membrane humidifiers are compact in size, they require no 
power to operate, and they can easily make use of the waste heat rejected from 
a PEMFC stack through the cooling circuit. However, as with the gas-to-gas 
membrane humidifier, gas leakages might occur in the liquid-to-gas version, 
which introduces a safety risk when humidifying hydrogen. Further, impurities 
in the heating water have been reported to plug the humidifier [50], thus limit-
ing its lifetime. In addition, the price of membrane humidifiers is high [47,48]. 
For example, the price of the two membrane humidifiers used for humidifiying 
the cathode inlet air in the 50 kW PEMFC pilot plant [27] was thousands of eu-
ros per piece. On the other hand, the membrane humidifier for a mass-produced 
80 kW PEMFC system was estimated to cost approximately $100 in 2010 [25]. 

The spray tower (with a packed bed [28]) and the bubble humidifier both 
bring the heated water and the gas in direct contact with each other. Although 
these humidifiers are relatively large and heavy, the good contact between 
phases ensures efficient heat and mass transport. For example, the approach 
dew point temperatures achieved with the bubble humidifier studied in publi-
cation [III] were notably lower compared to those achieved with water atomiz-
ing humidifiers [48,49]. The achieved humidification performance depends, 
however, on humidifier sizing and, therefore, direct comparison cannot be 
made. Both the spray tower and the bubble humidifier are gas tight and con-
sume little power but the gas pressure drop in a bubble humidifier is higher than 
in a spray tower due to the water bed. 

3.5 Hydrogen recirculation 

As shown in Figure 6 b, an increase in recirculation rate results in a higher av-
erage N2 concentration in the anode gas channels. Therefore, a decrease in 
PEMFC performance with an increase in the recirculation rate could be ex-
pected (Figure 9 b). However, a higher average N2 concentration decreases the 
N2 permeation rate, thus partly cancelling out the increase in the average N2 
concentration caused by the increase in recirculation rate. In addition, an in-
crease in recirculation rate enhances convective mass transfer and prevents wa-
ter droplet formation inside the PEMFC, as mentioned in Section 3.1. In general, 
the higher the recirculation rate, the better and more stable the PEMFC perfor-
mance, especially at high-humidity conditions. 

The recirculation rate in systems with a mechanical pump (Figure 4) is limited 
by pump power consumption (given a pump with high enough performance). At 
some point, the added recirculation rate does not pay off. The power consump-
tion of recirculation will typically be low (depends on recirculation rate and sys-
tem flow resistance) relative to the power consumption of the cathode blower. 
Furhermore, the recirculation can be varied with a variable rotating speed pump 
to meet the requirements of the prevailing operating conditions. Therefore, the 
sizing and operation of a mechanical hydrogen recirculation pump is simple. 
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Mechanical pumps for hydrogen recirculation are relatively expensive. Expe-
rience has also shown that the operating conditions in PEMFC systems can be 
too demanding for mechanical pumps to meet the system lifetime requirements 
[27]. These qualities have resulted in a greater interest in other hydrogen recir-
culation solutions. 

3.5.1 Hydrogen recirculation with ejectors 

Ejectors are a valid alternative to mechanical pumps in PEMFC systems for an-
ode gas recirculation. Their operation relies on transferring momentum directly 
from a primary gas to a secondary gas. A high-pressure primary gas is supplied 
to the primary inlet port after which it enters the nozzle (Figure 10). In the noz-
zle, the primary gas is accelerated to high velocity (up to several Mach) and its 
pressure is reduced. The high-velocity primary gas meets the almost stagnant 
secondary gas downstream of the nozzle, and the transfer of momentum equal-
izes the velocities of the two gases as they mix. The gas mixture decelerates in 
the ejector diffuser, and, as a result, the pressure increases. The primary gas in 
PEMFC applications equals the fresh hydrogen feed from storage, the secondary 
gas equals the recirculated gas, and the ejector outlet gas equals the anode inlet 
gas (Figure 11). 

 

Figure 10. Ejector main parts. 

  

Figure 11. Simplified schematic of the PEMFC fuel supply system with an ejector. PR: pressure 
reducer, PU: purge valve, E: ejector. 

Ejectors are more durable and less expensive than mechanical pumps because 
they have no moving parts. These are the main reasons why ejectors have re-
ceived growing interest recently. In addition, the solid construction of ejectors 
makes it easy to seal them. Ejectors also make use of the hydrogen storage pres-
sure energy – an energy source otherwise lost – which makes them more energy 
efficient than mechanical pumps. 

Ejectors, however, have qualities that make their usage more challenging than 
mechanical pumps. First, the primary gas flow rate of an ejector is proportional 
to the primary inlet pressure. Therefore, the primary gas pressure (or flow rate) 
of an ejector must be controlled to match the hydrogen consumption rate. Oth-
erwise, the anode pressure will vary in a DEA (dead-end anode) setup. Second, 

Secondary
inlet

Primary
inlet

Outlet

Mixing section Diffuser

Nozzle

PR

PEMFC stackPU

Anode

C
athode

Pressurized
H2 E



Hydrogen Supply in a PEMFC System 
 

25 

the recirculation rate achieved with an ejector varies with the primary gas flow 
rate (i.e. the hydrogen consumption rate) and cannot be controlled. Therefore, 
the ejector must be sized carefully to achieve an adequate flow rate when 
needed. Third, the hydrogen purge with an ejector is not as efficient as in sys-
tems with hydrogen fed passively through a pressure reducer since the ejector 
nozzle limits the flow rate of the primary gas. Instead, either the primary pres-
sure of the ejector must be increased during a purge or a hydrogen supply line 
bypassing the ejector must be implemented. 

3.5.2 Model-based ejector sizing 

Ejector sizing is conducted with models that predict the effect of ejector dimen-
sions and boundary conditions on ejector performance. Ejectors have been 
modelled with various approaches ranging from simplified 1D models [56–58] 
to complex CFD models in 3D [59–61]. 

The 1D models are based on isentropic flow relations and the balance equa-
tions of mass, energy, and momentum. These models consider only the main 
ejector dimensions, such as the diameters of the nozzle and mixing section. The 
computation is inherently relatively light. While satisfactory accuracy has been 
obtained with the 1D models, their accuracy is usually limited to specific oper-
ating conditions or a range of operating conditions. Further, their accuracy re-
lies largely on experimental parameters [62] applied to account for non-ideali-
ties in ejector operation. 

At the other end of the model spectrum, CFD models are based on actual ejec-
tor geometry. The modelling domain is spatially discretized, and the balance 
equations are solved in every discretized portion, “cell”, separately. Conse-
quently, CFD models in 3D can provide more accurate predictions of ejector 
performance for a wider range of conditions [60]. However, the number of de-
grees of freedom in a 3D model (millions) is considerably higher than in a 1D 
model (dozens), and more time and computational resources (memory and 
CPU) is required to both setup the model and solve it. 

A 2D CFD model is lighter than a 3D CFD model both computationally and in 
model setup, and it provides more accurate predictions of ejector performance 
than a 1D model. A 2D CFD model does not require parameter tuning like 1D 
models do. Moreover, 2D modelling conducted with CFD can be employed for 
checking the effects of various ejector dimensions, which are neglected in 1D 
models. However, a 2D CFD model is limited to the axissymetric part of an ejec-
tor and, therefore, cannot capture the phenomena resulting from the non-ax-
isymmetric parts. The degree to which the non-axisymmetry affect ejector per-
formance depends on the ejector design. 

The flow in ejectors is typically turbulent, which adds modelling complexity. 
In CFD, turbulence is typically modelled by employing Reynolds-averaged Na-
vier–Stokes (RANS) equations. In practice, this means that the flow (pressure 
and velocity) is decomposed into a mean part and a fluctuating part. The fluctu-
ating part (the Reynolds stress term) can be modelled with an eddy viscosity 
model (EVM), which relates the Reynolds stress term to mean velocities. Exam-
ple of EVMs are the k-ε and the k-ω models. Many alternative approaches for 
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turbulence modelling exist but the RANS equations coupled with EVMs are usu-
ally a good compromise between accuracy and computational cost. 

Because of the trade-off between accuracy and effort, the ejector is, in many 
cases, best designed by stepwise increasing the modelling complexity (Figure 
12). The initial screening of possible ejector designs is conducted with simple 
models. The modelling complexity can be increased with a limited number of 
designs once some estimate of the ejector performance in the intended system 
is obtained. Ultimately, the final adjustments of the design (before manufactur-
ing) are made with a complex model. 

 

Figure 12. Ejector design approach.

1D model 
(initial screening) 

2D model 
(improved accuracy) 

3D model 
(refined design) 
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4. Hydrogen Purge 

Impurities enter the anode both with the fuel and through the membrane. The 
impurities will build up in a DEA setup to a high level and will impair fuel cell 
stack performance unless hydrogen purges or a bleed is applied. In addition, a 
fraction of the water formed at the cathode is transported to the anode. At high-
humidity conditions, water might condense and cause an uneven flow between 
anode gas channels. The high flow velocity achieved during a hydrogen purge 
flushes out condensed water and maintains stable PEMFC performance. 

The impaired stack performance resulting both from impurity buildup and 
from anode gas channel flooding is possible to detect by monitoring the cell volt-
ages. However, even though cell voltages would decrease at these conditions, 
the cause for the decrease in voltages may be difficult to track down. Possible 
causes for decreased cell voltages include a decrease in anode gas recirculation 
rate and an increase in impurity content. A decrease in recirculation rate might 
be a result of liquid water plugging the gas channels, for example. An increase 
in impurity content might be a result of an increased rate of inert gas permea-
tion through the membrane, a variation in fuel purity level, or inefficient hydro-
gen purges. 

A better view of the prevailing conditions can be obtained with additional 
measurements, and the operating parameters can be optimized. For example, 
by measuring the anode gas composition, the purge frequency and length can 
be optimized to result in stable operation without purging hydrogen in excess. 
In addition, added instrumentation in a fuel cell system can, at best, aid in de-
tecting the malfunction of a component and help in choosing the best strategy 
for continued operation. On the other hand, extra transmitters are usually 
avoided to keep the system cost as low as possible and to avoid potentially failing 
components that the system operation depends on. 

In publications [I] and [II], methods for determining some key figures of hy-
drogen supply and recirculation were developed. In publication [I], a method 
for determining fresh fuel purity and the membrane inert gas permeation rate 
in a fuel cell system was developed. In publication [II], the same but updated 
fuel cell system was used to develop methods for determining the purged gas 
volume and composition. 
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4.1 Inert buildup and hydrogen purge calculations 

The calculations used to determine some key figures of hydrogen supply and 
recirculation are presented below. 

4.1.1 Fuel quality and inert gas membrane permeability 

In a system with DEA, the concentration of inert gases (mainly nitrogen) in the 
anode gas increases between hydrogen purges due to fuel impurities and mem-
brane permeability. The rate of increase in inert concentration can be used to 
estimate the inert concentration in the fuel and the membrane permeability. 
Using the notation in Section 3.2 and assuming ideal gas ( ) at constant 
pressure and temperature, the inert gas (here represented by nitrogen, N2) 
buildup rate ( ) is: 

   (30) 

where  is the rate of inert gas entering with fuel: 

     (31) 

and  is the molar flow rate of inert gases entering the anode through the 
membrane. Combining Eqs. 30 and 31 gives: 

     (32) 

Differentiating  with respect to  and assuming that membrane permea-
bility, anode pressure, and temperature are independent of the load current 

 gives the following expression for the inert gas mole 

fraction in fuel: 

   (33) 

Substituting Eq. 33 into Eq 32 gives an expression for the rate of inert gases 
entering the anode through the membrane: 

   (34) 

As mentioned above, Eqs. 33 and 34 are valid when the membrane permea-
bility can be assumed independent of the load current. This is not exactly true 
since membrane permeability is known to be a function of at least the mem-
brane pressure difference, humidity, and temperature [34,63]; all of which de-
pend, at least to some degree, on the load current. Further, current density af-
fects membrane permeability [63], and the fuel and oxygen crossovers (both of 
which consume fuel) have been neglected in this analysis. Neglecting gas cross-
over might not be a valid assumption in the future as new PEMFCs employ thin-
ner membranes with higher gas crossover rates. 
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The error associated with using gas phase mole fractions ( ) instead of total 
mole fractions ( ) is related to the anode gas volume ( ). Therefore, the use 
of gas phase mole fractions, which usually are measured, can be used even 
though some water condensation occurs. 

Eqs. 33 and 34 can be used to detect variations in fuel purity and membrane 
permeability, especially in applications with a repeated load cycle. Even though 
the results are only approximations and might deviate from actual ones, the 
measurements give the overall trends and help detect a change in the deter-
mined quantities. 

4.1.2 Purge gas amount and composition 

The hydrogen purge serves two purposes. First, it removes condensed water 
from the channels, thus stabilizing fuel cell performance under humid operating 
conditions. Second, it removes inert gases from the anode, which, when accu-
mulated, decrease fuel cell performance. Knowledge of the purged amount and 
composition gas give an indication of purge efficiency and aids in choosing the 
correct purge parameters for the prevailing operating conditions. 

 
The total fuel utilization ( ), i.e. the fuel efficiency ( ), of a fuel cell is the 

ratio of the hydrogen consumption rate to the hydrogen supply rate. The differ-
ence between supply and consumption rates equal the rate at which hydrogen 
is lost, mainly in hydrogen purges. Thus, dividing the average hydrogen lost rate 
by the purge frequency gives the average of hydrogen lost during one purge. 
However, this does not give the total amount of purged anode gas vented during 
a purge, which typically also contains water and nitrogen. Even if fuel efficiency 
is corrected with measured water and nitrogen concentrations, the amount of 
purged gas determined this way is not very accurate because the purged gas 
composition depends on purge length, as will be shown in Section 4.3.2. 

The approach to determining the purged gas amount depends on how the sys-
tem is operated. In systems where the hydrogen supply rate is kept constant 
during a purge, the amount of gas purged ( ) can be determined from the an-
ode pressure difference before (1) and after (2) the purge: 

      (35) 

In systems where the anode pressure is kept constant by supplying hydrogen 
through a pressure reducer, the amount of purged gas ( ) can be determined 
by numerically integrating the difference between the fuel supply rate ( ) and 
the hydrogen consumption rate ( ) during a purge: 

      (36) 

This requires measuring the fuel supply rate with a transmitter that has a short 
response time. Figure 13 shows an example of a measured hydrogen flow rate 
profile during a hydrogen purge in a system with the anode pressure maintained 
constant with a pressure regulator. 
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Figure 13. Example of hydrogen flow rate and mole fraction profiles during a hydrogen purge. 
Operating parameters: ; ; . The dashed lines 
show the purge valve control signal (on/off). Data in figure is from measurements conducted for 
publication [II]. 

In both of the above cases, the change in anode gas temperature (hydrogen 
supply is usually colder than anode gas) might introduce an error. However, un-
less the temperature change during the purge is significant, the error should be 
small. In addition, the pressure change in the case of constant hydrogen supply 
rate might not be uniform due to hydrogen recirculation. Therefore, computing 
the amount of purged gas separately in different parts of the anode might give 
results that are more accurate. 

 
The composition of purged gas can be determined based on the hydrogen bal-

ance. The gas phase mole fractions ( ) are again used because they are meas-
ured whereas the total mole fractions ( ) are not (for reasoning, see section 
4.1.1). The amount of hydrogen supplied during a purge is: 

      (37) 

where  is the hydrogen mole fraction in fuel. The amount of hydrogen in 
the anode before ( ) the purge is: 

      (38) 

and the amount of hydrogen in the anode after ( ) the purge is: 

      (39) 

It is assumed that the total amount of anode gas remains unchanged (
). This implies that the same amount of gas ( ), but with a different com-

position, exits the anode during the purge. The amount of hydrogen in the 
purged gas is the difference between the amount of hydrogen supplied ( ) 
and the amount of hydrogen accumulated in the anode (

) during the purge. The purged gas hydrogen mole fraction is, therefore: 

   

  ,   (40) 
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which is the same result that is obtained when a perfectly mixed anode is as-
sumed (see Appendix A). Similar equations can be obtained for the other gas 
components. 

As the gas concentrations in the anode loop are non-uniform, volume-based 
averaging is necessary before applying Eq. 40. An example of a change in the 
hydrogen mole fraction at the anode inlet during a hydrogen purge measured in 
publication [II] is shown in Figure 13. 

As discussed earlier in this section, the purged gas composition does not nec-
essarily equal anode outlet gas composition before the purge. This is because 
the anode outlet gas concentration changes as the purge process proceeds. Im-
mediately after opening the purge valve, the gas close to the purge valve vents 
out. Simultaneously, the flow rate from other parts of the anode starts gradually 
to increase – first upstream of the anode gas recirculation pump and through 
the stack. Ultimately, with a high enough pressure difference between the anode 
inlet and purge valve, the gas flow in the recirculation pump might even reverse. 

If the purge valve is open long enough, the purged gas hydrogen content grad-
ually increases as the hydrogen depleted gas flows out and fresh fuel enters the 
anode. The purged gas hydrogen content increases as the flow rate through the 
stack increases, thus decreasing the fuel utilization per pass. When the fresh fuel 
front reaches the purge valve, the hydrogen content in the purged gas increases 
further. When the purged gas hydrogen content increases from the initial one, 
the purged gas can be thought of as being a mixture of fresh fuel ( ) and 
anode outlet gas ( ), as concluded in Appendix A: 

   (41) 

Thus, the fraction of fresh fuel in purged gas can be expressed as follows: 

      (42) 

This quantity can be used as a measure to determine a suitable purge length 
for the system. If , the purged gas has the same H2 mole fraction as 
the anode outlet gas before the purge. This might be an indication of a too short 
purge resulting in inefficient for water removal. From fuel efficiency point of 
view, the case of  is optimal because minimum amount of H2 is lost 
relative to total purged gas volume. The value of  cannot be less than 
zero. On the other hand, if , the purged gas contains much hydro-
gen as a result of a too long purge. This results in poor fuel efficiency. The opti-
mal  naturally depends on the system and the operating conditions. 

The purged gas amount could, in principle, also be determined from the 
change in measured anode gas composition. However, this is possible only if the 
purge is sufficiently short and the purged gas composition is the same as the 
anode gas composition before the purge (see Eq. 40). 
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4.1.3 Recirculation rate 

The hydrogen recirculation rate is challenging to measure as the anode gas typ-
ically consists of at least hydrogen, nitrogen, and both gaseous and condensed 
water. The total mass or volume flow rate can be determined with standard de-
vices but usually not without introducing a significant flow resistance, which 
decreases the recirculation rate or adds power consumption. Gas composition 
transmitters are needed to be able to determine the composition of the recircu-
lated gas and the fuel utilization per pass (or alternatively the stoichiometric 
ratio of hydrogen at the anode inlet). 

The recirculation rate can be determined from the material balances if gas 
composition transmitters are available and the fuel feed composition is known. 
Using the notation introduced in Section 3 but again, gas phase mole fractions 
( ) instead of total mole fractions ( ), the anode inlet molar flow rate is (Eq. 
14 and Eq. 17): 

     (43) 

or 

      (44) 

The recirculation rate can thus be computed when the molar feed rate and the 
mole fractions of one component are known in the feed, at the anode inlet, and 
in the recirculated gas (or in the anode outlet gas, ). The feed rate in 
a DEA setup equals the hydrogen consumption rate ( ), and 

the feed is typically almost pure (>99.9%) hydrogen. Therefore, the recircula-
tion rate can be approximated based on load current and, e.g. the humidity 
measurements, as in publication [I]: 

      (45) 

The accuracy of Eq. 45 depends mainly on the accuracy of the humidity meas-
urements. This accuracy decreases with an increase in recirculation rate because 
of the decrease in the water mole fraction difference in the nominator, as 
pointed out by Koski et al. [45]. Furthermore, humidity measurements close to 
the dew point decrease accuracy because of possible water condensation. 

Assuming only three gas components (the three main components are usually 
hydrogen, water, and nitrogen), the anode gas composition at any point can be 
determined by one additional measurement of the concentration of either hy-
drogen or nitrogen at the anode inlet, at the anode outlet, or in the recirculation 
line. The remaining gas compositions are calculated using Eqs. 14-19 and re-
calling that . 

Alternatively, if a mass flow transmitter (e.g. a coriolis flow meter) is employed 
instead of a concentration transmitter, the composition in the recirculation line 
can be computed by solving the following set of equations: 

   (46) 
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       (47) 

where  is the mass flow rate,  is the molar mass, and the summation is car-
ried for all species . Again, only three components must be as-
sumed. 

If neither a hydrogen concentration transmitter nor a mass flow transmitter 
is employed, the mass flow rate at the anode inlet or outlet can be estimated 
from the stack pressure drop, although with limited accuracy. Water condensa-
tion in gas channels might drastically change the flow resistance inside the 
stack. In addition, the pressure drop is not only a function of the mass flow rate 
but also of the gas composition and the temperature. 

With knowledge of the molar flow rate of the recirculated gas and the gas com-
position, the fuel utilization per pass (or alternatively the anode inlet hydrogen 
stoichiometry) can be computed with Eq. 24. 

4.2 Experimental setup and measurements 

4.2.1 Test bench [I,II] 

The test bench used in inert buildup and hydrogen purge measurements is 
shown in Figure 14. Hydrogen was fed through a pressure reducer and hydrogen 
recirculation was realized with a diaphragm pump (GD Thomas 118ZC20/24). 
Air was fed with a 24 VDC blower (Domel 497.3.265) and humidified using a 
membrane humidifier (PermaPure FC300-1660-10HP). The deionized cooling 
water was pumped (Johnson Pump, CM30P7-1) through a liquid-to-liquid heat 
exchanger (SWEP, B5Hx20/1PSC-S) with tap water flowing through the cold 
side.  

 

Figure 14. Simplified 8 kW PEMFC system scheme. B: blower, CN: condenser (and gas-liquid 
separator), CT: H2 concentration transmitter, EV: expansion vessel, F: filter, HE: heat exchanger, 
L: electronic load, MFC: mas flow controller, MH: membrane humidifier, MV: manual valve, P: 
coolant pump, PU: purge valve. Dotted components are present only in 1st generation setup and 
dashed components are present only in 2nd generation setup. 

In the initial (1st generation) test bench, used for inert buildup measurements, 
an aged Nedstack P8 64-cell stack with a 200 cm2 active single cell area was 
employed. The anode inlet H2 concentration was measured with a concentration 
transmitter (H2scan, HY-OPTIMA 740) placed in a slipstream. The slipstream 
was dried with an ice bath because the H2 concentration transmitter did not tol-
erate condensed water. 
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In the 2nd generation test bench, used for hydrogen purge measurements, the 
aged stack was replaced with a new Nedstack P8 64-cell stack with a 200 cm2 
active single cell area. In addition, new H2 concentration transmitters (Applied 
Sensor HPS-100) were used. The new transmitters tolerated water condensa-
tion, and they could be placed directly in the recirculation stream. The slip-
stream was removed. In the 2nd generation test bench, a setup for controlling 
the cathode inlet humidity was implemented with a humidifier bypass line and 
two manual valves, as shown in Figure 14. 

4.2.2 Inert buildup measurements [I] 

The measurements were conducted by operating the PEMFC system at constant 
load current levels ranging from 25 A to 175 A at 25 A steps, without hydrogen 
purges, and with a constant air flow rate corresponding to the air stoichiometry 
of 2.5 at 175 A current level. Each current level was maintained for several 
minutes, and the decrease in the H2 mole fraction was recorded. The slipstream 
setup used for measuring the H2 mole fraction caused a short (in the order of 
seconds) delay in mole fraction readings, which was negligible with the long 
measurement times employed. 

4.2.3 Hydrogen purge measurements [II] 

The objective of the hydrogen purge measurements was to find out how various 
purge parameters and system humidity levels affect purge efficiency (the re-
moval of liquid water and inert gases) and system efficiency. The varied param-
eters were the purge length ( ), the cathode inlet humidity ( ), the cri-
teria triggering a purge ( ), and the purge type (single or double). 

 is defined as the measured change in average cell voltage since the last 
purge. 

The measurements were performed by first allowing the system to stabilize at 
operating conditions (120 A load current, 200 mbarg anode pressure, 2.5 air 
stoichiometry, and 60-60.5 °C coolant inlet temperature). After stabilization, 10 
consecutive purge cycles were performed. The results were averaged from the 
successful purge cycles recorded. 

4.3 Results and discussion 

4.3.1 Inert buildup [I] 

Figure 15 a shows the inert gas buildup at various stack load current levels as a 
function of time. The amount of inert gas ( ) was calculated from measured 
hydrogen mole fractions using the ideal gas law. The solid straight lines show 
the linear fits made to the measurements. 

The inert buildup rates calculated from the linear fits, few of which are shown 
in Figure 15 a, were plotted as a function of the stack current in Figure 15 b. As 
shown in the figure, the inert buildup rate is linearly proportional to the current. 
Assuming that membrane permeability is independent of the load current, the 
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slope of the line is proportional to the fuel purity, and the intercept equals mem-
brane permeability, as discussed in Section 4.1.1. 

 

Figure 15. a) Amount of inert gas in anode loop ( ) relative to t = 0 s and calculated from 
measured hydrogen mole fractions and plotted as a function of time with load currents 25 A, 100 
A, and 175 A. Operating conditions: ; ; anode gas recircu-
lation pump control = 100%; ; inert concentration at t = 0 s varies in the range of 2.5 to 
7.9 mole-% at the anode inlet and in the range of 8.0 to 9.8 mole-% at the anode outlet. b) The 
calculated inert gas buildup rate ( ) as a function of load current. 

The inert concentration in fuel can be calculated using Eq. 33 and the slope 
( ) in Figure 15 b: 

    (48) 

In other words, according to measurements, the fuel used was 99.95% pure hy-
drogen. The measurements were conducted with grade 2.5 hydrogen (purity ≥ 
99.5%). 

The anode outlet humidity readings fluctuated during the inert buidup meas-
urements presumably due to water condensation. This made the determination 
of water concentration unreliable. Therefore, water concentrations averaging 
between the anode inlet and outlet was employed in the calculations. 

The partial volumes of anode inlet gas and anode outlet gas were not meas-
ured. The results presented here are based on estimated partial volumes (40% 
anode inlet and 60% anode outlet of the total anode volume 2.6 dm3). In con-
trast, the results presented in publication [I] were based on the assumption that 
the entire anode loop had the same H2 concentration. The partial anode volumes 
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clearly affected the results, and, for precise measurements, the partial anode 
volumes should be determined. 

4.3.2 Purge gas volume and composition [II] 

Figure 16 shows the averaged flow rate profiles measured with three different 
hydrogen purge strategies: a) a double purge with , b) a single purge 
with , and c) a single purge with . The purges were per-
formed with a  trigger criteria and at three levels of cathode 
inlet humidity: . 

 

Figure 16. Fuel (hydrogen) feed flow rate profiles during a) double purge ( ), b) single 
purge, ( ) and c) single purge ( ) performed with varying cathode inlet hu-
midities ( ) and with purge triggering criteria . The 
dashed lines show the control signal of the purge valve (on/off). The averaged flow profiles are 
based on 6-9 (*) consecutive purge cycles (each plotted in lighter color) at each condition (see 
publication [II]). *The experiments with  in a)-figure were repeated only 2 times. 

The effect of cathode inlet humidity on purge efficiency is clearly seen from 
the higher flow rates achieved at drier conditions. When a double purge is per-
formed (Figure 16 a), the second flow rate peak is almost independent of the 
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cathode inlet humidity, which indicates that the first purge had flushed the liq-
uid water from the gas channels. The double purge can be used to indicate purge 
efficiency [64]. 

 
Following the approach presented in Section 4.1.2, the amount and the com-

position of the purged gas can be determined based on hydrogen flow rate pro-
file measurements (Figure 16) and changes in the hydrogen mole fraction. The 
results are shown in Figure 17. 

 

Figure 17. a) Volume of anode gas purged ( ) and b) hydrogen mole fraction in purged gas ( ) 
and hydrogen mole fraction at anode outlet before the purge ( ) as a function of cathode 
inlet humidity ( ). Operating parameters: ; . The error 
bars show the standard deviation of the measured values. Figure is a combination of two figures 
in publication [II]. The results are based on 6-9 consecutive purge cycles at each condition (see 
publication [II]). 

As expected, the amount of purged gas decreased with an increase in cathode 
inlet humidity (Figure 17 a) due to a greater amount of condensed water and, 
consequently, an increase in flow resistance. Simultaneously, the composition 
of the purged gas approached that of the anode outlet before the purge (Figure 
17 b), especially with . This indicates that the change in flow rate 
during the purge became too sluggish for the temporary increase in fuel utiliza-
tion per pass to affect the composition of the purged gas. 

 
Figure 18 shows the fraction of fresh fuel in the purged gas ( ) as a 

function of cathode inlet humidity. At the most humid conditions 
 and with a short purge ,  essentially dropped to zero 

(Figure 18 a), which from a fuel efficiency point of view is optimal. Figure 18 b 
shows the amount of purged gas at this condition, . This 
corresponds to the maximum volume that could be purged in this system with 
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minimum hydrogen concentration in the purged gas. For comparison, the total 
anode volume was ca 2.6 dm3. 

 

Figure 18. Fraction of fresh hydrogen in purged gas ( ) as a function of a) cathode inlet 
humidity ( ) and b) purged volume ( ). Operating parameters: ; 

. The error bars show the standard deviation of the measured values. Figure modified 
from publication [II]. The results are based on 6-9 consecutive purge cycles at each condition 
(see publication [II]). 

4.3.3 Effect of inert buildup on concentration polarization [II] 

The voltage drop that triggered the hydrogen purge ( ) 
is related to the decrease in reactant concentration at catalyst sites. The Nernst 
equation (Eq. 9) relates reactant concentrations to cell voltage. Therefore, the 
theoretical voltage drop can be calculated with Eq. 27, which relates the meas-
ured hydrogen partial pressures at the anode ( ) and the expected voltage 
drop. As the hydrogen partial pressure varies inside the cell, the hydrogen par-
tial pressure is averaged between the cell inlet and outlet: 

     (49) 

The temperature ( ) in Eq. 27 is the anode outlet temperature and is believed to 
represent well the conditions inside the stack. 

Figure 19 shows the results. As seen, the calculated voltage drop as a result of 
dilution of the anode gas by the inert gases is roughly half of the measured volt-
age drop. This implies that the hydrogen partial pressure in the gas channel de-
viates remarkably from the catalyst site hydrogen partial pressure. In other 
words, the mass transfer resistance between the anode gas channels and the 
catalyst sites (i.e. in the GDL) can be notable and should be taken into account 
when designing the hydrogen supply and recirculation in PEMFC system. 

The cathode inlet humidity does not seem to affect the ratio of theoretical to 
measured voltage drop even though the changes in water activity were disre-
garded when calculating the theoretical voltage drop. This can be due to the low 
operating temperature and that liquid water was present. The activity of liquid 
water is close to one and is independent of pressure. 
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Figure 19. Measured voltage drop between purges ( ) compared to the voltage drop cal-
culated using measured hydrogen mole fractions and the Nernst equation ( ). Operating 
parameters: ; ; ; 

; . Figure modified from publication [II]. The results are based 
on 6-9 consecutive purge cycles at each condition (see publication [II]). 

Strictly speaking, the Nernst equation holds only at OCV when no current is 
applied [6]. Therefore, when applying Eq. 27 in calculating the theoretical po-
larization caused by varying reactant concentration, one must assume that the 
reactant concentration does not influence any of the other polarization phenom-
ena that take place in a PEMFC. For example, an increase in the concentration 
of oxygen at the cathode is known to reduce the cathode activation loss owing 
to higher catalyst site coverage [6]. In contrast, the anode activation loss is 
known to be negligible [6] and, thus, does not need to be considered here. 

4.3.4 Effect of hydrogen purge on fuel and stack efficiencies [II] 

The amount of hydrogen lost during hydrogen purges affects the total efficiency 
of the system through fuel efficiency. Figure 20 shows the measured fuel effi-
ciency ( ), stack efficiency ( ), and their combined efficiency ( ), all as a func-
tion of purge-triggering voltage and as a function of the cathode inlet humidity. 
The efficiencies are computed as follows: 

     (50) 

     (51) 

   (52) 

where it has been recognized that stack efficiency equals average cell efficiency 
( ). The stack efficiency is calculated based on the LHV of hydrogen at stand-
ard conditions,  [16]. 

As shown in Figure 20 a, frequent purges ( ) result in poorer 
fuel efficiency because more hydrogen is vented out. Nonetheless, the highest 
combined efficiency was achieved at these same conditions with the two tested 
purge lengths and with two different cathode inlet humidities (Figure 20 c). This 
underlines the importance of one of the main purposes of the hydrogen purge: 
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to prevent concentration polarization through the removal of impurities. In ad-
dition, a close to 100% fuel efficiency increases the risk of (local) fuel starvation, 
thus compromising stack lifetime. 
 

 

Figure 20. a) & d) Fuel efficiency ( , not including fuel crossover), b) & e) stack efficiency (  
based on the LHV of hydrogen), and c) & f) combined efficiency ( ) as function of purge-triggering 
criteria ( , a-c) and as function of cathode inlet dew point temperature (Tdew,cat,in, d-f). Op-
erating parameters: ; . The error bars show the standard 
deviation of the measured values. Figure is a combination of two figures in publication [II]. The 
results are based on 6-9 consecutive purge cycles at each condition (see publication [II]). 

The combined efficiency also increased with an increase in cathode inlet hu-
midity, as shown in Figure 20 f. This is partly due to higher fuel efficiency (Fig-
ure 20 d) and partly due to higher stack efficiency (Figure 20 e). Compared to 
the short purge ( ), the long purge ( ) appears to improve 
stack efficiency and the combined efficiency at high-humidity conditions de-
spite poorer fuel efficiency (Figure 20 f). This underlines the importance of the 
second main purpose of the hydrogen purge: to guarantee stable stack operation 
by the removal of condensed water from the gas channels.
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5. Hydrogen Humidification 

Even with hydrogen recirculation, the anode inlet humidity may be inadequate, 
as was discussed in Section 3. The work presented in publication [III] targeted 
designing and manufacturing a hydrogen humidifier for a 50 kW PEMFC sys-
tem [27,65], which is shown in the schematic diagram in Figure 21. A bubble 
humidifier was regarded as most suitable for this purpose mainly because of its 
simple, gastight construction and its continued humidification after power fail-
ure.  

 

Figure 21. Simplified schematic diagram of the 50 kW PEMFC pilot plant. BH: bubble humidifier, 
BV: bypass valve, C: compressor, CN: condenser, EV: expansion vessel, F: filter, HE: heat Ex-
changer, L: load, MH: membrane humidifier, P: pump, PR: Pressure reducer, PU: Purge Valve, 
S: gas-liquid separator. 

With a lack of references, the bubble humidifier was designed in-house with 
safe tolerances. Effort was put into characterizing the humidifier and validating 
the implemented model. The validated model was then employed for studying 
bubble humidifier control and for suggesting improvements in bubble humidi-
fier design. 

5.1 Bubble humidifier design and construction [III] 

The design of the bubble humidifier is shown in Figure 22. The bubble column 
was a 1.525 m high DN 400 pipe. Both ends of the column were made of pipe 
caps; the bottom was welded to the pipe and the cover was removable and fas-
tened with a flange fitting. 

The gas inlet and outlet were located in the cover of the bubble column. The 
gas inlet was connected with a pipe to the sparger that was located at the bottom 
of the column. Two spargers were manufactured, one with 486 pieces of 1 mm 
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diameter laser-cut holes and the other with 65 pieces of 2 mm diameter holes. 
The sparger holes were sized to cause a gas pressure drop large enough to over-
come the hydrostatic pressure inside the sparger and to push the water out 
through a hole drilled at the bottom. This enabled an even distribution of gas 
flow through the sparger holes. The humidifier gas outlet was open to the gas 
volume in the top part of the column. 

 

Figure 22. Bubble humidifier design and test setup. C: compressor, FI: flow rate indicator, FT: 
flow rate transmitter, HT: humidity transmitter, LI: level indicator, PD: differential pressure trans-
mitter, PT: gauge pressure transmitter, TT: temperature transmitter. Dimensions are in mm. Fig-
ure from publication [III]. 

The heating water inlet and outlet were also located in the cover, and they were 
connected in a closed loop with the heat exchanger. The heat exchanger was 
made of 6 m long DN 15 finned pipe turned into a coil, and it had a total heat 
exchange area of ca 3.9 m2. A fraction of the PEMFC system coolant water was 
circulated through the bubble column (controlled by a throttle) to supply the 
heat needed. 

The water needed to replace the humidity leaving with the gas was supplied 
from the bottom of the column. The water supplied was condensed from the 
PEMFC stack cathode outlet and filtered through deionization filters. Therefore, 
the PEMFC system was completely self-contained with respect to water and heat 
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needed by the bubble humidifier. The water level was visible through a trans-
parent tube located on side of the column. When operated in the power plant, 
capacitive water level sensors were mounted onto the transparent pipe to allow 
for automated water level control [27]. 

All bubble humidifier metal parts were made of corrosion-resistant steel (EN 
1.4404), and the welds in contact with the water-gas mixture were passivated by 
pickling. In addition, the entire bubble humidifier was insulated with foamed 
plastic to minimize heat losses. 

5.2 Bubble humidifier characterization [III] 

The bubble humidifier was characterized using the setup illustrated in Figure 
22. Ambient air was used instead of hydrogen, and it was supplied with a roots 
compressor (Ogura, TX12) at flow rates of 275, 550, and 840 nlpm. These flow 
rates correspond approximately to the hydrogen flow rates at low power (75 A), 
nominal power (150 A), and full power (230 A). The temperature and humidity 
of the humidifier outlet gas were measured with a Vaisala HMM-211 transmit-
ter. 

The heating water was supplied employing three heaters with a combined 
maximum heating power of 5.8 kW. The heating water was supplied at two flow 
rates (ca 8 lpm and 13.5 lpm) and three humidifier inlet temperatures (55 °C, 
60 °C, and 65 °C). Both the heating water inlet and outlet temperatures were 
measured with K-type thermocouples. 

During humidifier characterization, the water level was maintained at a con-
stant 0.86 m above the sparger. Both of the spargers (the one with 1 mm holes 
and the one with 2 mm holes) were tested. 

5.3 Bubble humidifier modelling [III] 

The bubble humidifier model developed and presented in publication [III] can 
be divided into two parts: 1) heat transfer from heating water to bubble column, 
and 2) mass transfer of water (evaporation) from bubble column to bubbles. The 
principle is illustrated in Figure 23. 

The heat transfer from heating water (subscript h) to bubble column media 
(subscript l) was modelled by solving the energy balance equations for two con-
trol volumes: 1) the bubble column (subscript bc) with all content including the 
gas (subscript g) and the heat exchanger with the exclusion of heating water, 
and 2) the heating water. The energy balances for these control volumes are: 

  

   (53) 

      (54) 
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Figure 23. Humidifier model principle. : heat transfer rate from heating water, : temperature 
of bubble column water, : temperature of heating water, : heat transfer coefficient outside 
the heat exchanger, : heat transfer coefficient inside the heat exchanger, : thermal conduc-
tivity of heat exchanger wall, : molar heating water flow rate, : molar gas flow rate, : 
evaporation rate of water in bubble column, : bubble rise velocity, : bubble radius, : water 
concentration inside bubble, : water concentration at the bubble surface, : time. Figure modified 
from publication [III]. 

On the left hand side of Eq. 53,  is the volume of (liquid) water in bubble 
column,  is the density of (liquid) water in bubble column,  is the molar 
mass of water,  is the heat capacity of (liquid) water in bubble column, and 

 is the temperature of bubble column content. On the right hand side of Eq. 
53,  is the heat transfer rate,  is the molar flow rate of gas,  is the gas 
temperature,  is the molar evaporation rate of water in the bubble column, 
and  is the latent heat of water. In Eq. 54,  is the molar flow rate of 
heating water,  is the heat capacity of heating water, and  is the tempera-
ture of heating water. The heat transfer rate ( ) depends on the heat transfer 
resistance inside the heat exchanger pipe ( ), through the pipe ( ), and 
outside the pipe ( ): 

    (55) 

where the logarithmic mean temperature difference ( ) is computed from 
heating water inlet and outlet temperatures ( , ) and the temperature 
of bubble column content as follows: 

 , (56) 
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the heat transfer resistance inside the heat exchanger pipe depends on the con-
vective heat transfer coefficient inside the heat exchanger ( ) and the pipe in-
side area ( ) as follows: 

 ,     (57) 

the heat transfer resistance through the pipe depends on the pipe inner and 
outer radius ( , ), the pipe inside area, and the thermal conductivity of heat 
exchanger wall ( ) as follows: 

 ,    (58) 

and the heat transfer resistance outside the pipe depends on the convective heat 
transfer coefficient outside the heat exchanger ( ), the heat exchanger pipe 
outside area ( ), the fin efficiency ( ), and the fin area ( ) as follows: 

     (59) 

In the bubble column energy balance equation (Eq. 53) and in calculating the 
logarithmic mean temperature difference (Eq. 56), uniform bubble column tem-
perature was assumed.  

The convective heat transfer coefficients (  and ) were calculated using 
correlations found in literature ([66,67] and [68,69], respectively). The fin effi-
ciency in Eq. 59 accounts for a decline in fin temperature when approaching its 
tip, and is calculated as suggested in reference [70]. 

 
The mass transfer of water to the gas bubbles was assumed to occur solely by 

diffusion and can be thought to represent a worst-case scenario. First, the bub-
ble surface was assumed to be saturated with water vapor at the temperature of 
the bubble column media. Assuming ideal gas behavior, the saturated water 
concentration is: 

       (60) 

The volume-average water concentration inside the bubble ( ) was calculated as 
follows [71]: 

      (61) 

where the time averaged Sherwood number ( ) and the Fourier number ( ) 
are defined as follows: 

   (62) 

       (63) 

where  is the water diffusion coefficient,  is the bubble retention time, 
and  is the bubble radius. The radius of bubbles formed in the sparger was 
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calculated using correlations suggested by Bhavaraju et al. [72]. The bubble re-
tention time was calculated based on the water level and the rise velocity, of 
which the latter was calculated using a correlation by Grace et al. [73]. 

5.4 Results and discussion [III] 

A comparison of simulated and measured bubble column temperatures during 
characterization tests is shown in Figure 24. As can be seen, the match is good: 
the average deviation of bubble column temperature  was less than 0.3 °C 
at all tested conditions. 

 

Figure 24. Time average bubble column temperature ( ) as a function of air flow rate ( ). 
Sparger orifice size: a) 1 mm, b) 2 mm. *Measurements during which the setpoint temperature 
could not be maintained. Figure modified from in publication [III]. 

The measured approach dew point temperatures relative to heating water inlet 
temperatures were in the range of 1.8 to 8.7 °C. The corresponding relative hu-
midities ( ) were in the range of 67% to 92% at heating water inlet tempera-
ture. At a gas flow rate corresponding to low system power, the approach dew 
point temperature was 3.1 °C when heating water was supplied at 65 °C and at 
a 13.5 lpm flow rate. At a gas flow rate corresponding to nominal and full power, 
the approach dew point increased to 5.9 °C and 8.5 °C, respectively. 

The measurements with a 13.5 lpm heating water flow rate resulted in a 0.6-
2.3 °C lower approach dew point temperature (2.4 to 7.7% higher ) compared 
to measurements conducted with an 8 lpm heating water flow rate. The effect of 
heating water flow rate increased with increasing gas flow rate. 

Using the sparger with larger holes resulted in a lower approach dew point 
temperature in most cases. However, the differences were small. 

The approach dew point temperatures above were calculated from the heating 
water inlet temperature and the surface temperature of the bubble column wa-
ter – not the gas outlet dew point temperature. This was due to the assumed 
condensation of water vapor from the gas phase during characterization tests 
and a resulting drop in dew point temperature. 

 



Hydrogen Humidification 
 

47 

Figure 25 shows the results of water mass transfer simulations when the mass 
transfer rate is assumed to be limited by the diffusion rate in the gas bubbles. In 
reality, some convection also occurs and, thus, the simulated mass transfer rates 
were interpreted as worst-case scenarios. The results show that bubbles with a 
ca 1 cm diameter (as in the present study) require roughly a 5 cm water bed to 
reach saturation. In practice, fitting a large enough heat exchanger in such a low 
water bed is challenging. Therefore, it is safe to say that the mass transfer rate 
does not limit the performance of the humidifier but the heat transfer rate does. 
In addition, it is justified to use the surface temperature of the bubble column 
water in calculating the approach dew point temperatures of the humidified gas.  

 

Figure 25. a) Time ( ) and b) water bed height ( ) needed for water vapor to reach 99.9% of 
equilibrium concentration  in spherical hydrogen bubbles due to pure diffusion at 

 as a function of hydrogen bubble diameter ( ). Figure modified from publication 
[III]. 

The high gas pressure drop is one of the most cited disadvantages of a bubble 
humidifier (e.g. [47,49]). The results shown in Figure 25 suggest that this is not 
necessarily true. The 5 cm water bed height required to reach saturation is 
equivalent to a 5 mbar hydrostatic pressure drop. With the pressure drop intro-
duced in the spargers (≤ 15 mbar [65]), the total pressure drop would be approx-
imately 20 mbar – a figure comparable to many other humidifier types. How-
ever, as pointed out above, the heat exchanger needs careful design to accom-
plish this if placed inside a bubble humidifier. Another option is to heat the hu-
midifier water in an external heat exchanger. 

 
Since humidifier performance is not mass transfer limited according to the 

simulations, it must be heat transfer limited. Thus, humidifier performance can 
be improved by improving heat transfer. In practice, the means to improve hu-
midifier performance are limited to increasing the heating water flow rate and 
the heat exchange area. The heat transfer rate also depends on the gas flow rate 
(through heat consumption and a change in temperature difference) and the 
heating water inlet temperature. However, these parameters are typically fixed 
by system design. 
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Figure 26 shows the simulated effect of the heating water flow rate and heat 
exchange area on the humidifier outlet dew point temperature reached. Accord-
ing to simulations, a 5.7 °C approach dew point temperature is reached at nom-
inal system power (i.e. with 558 nlpm hydrogen gas flow rate), with 13.5 lpm 
heating water flow rate, and with 3.9 m2 heat exchange area. Doubling the heat-
ing water flow rate to 27 lpm decreases the approach dew point temperature to 
4.3 °C, whereas, doubling the heat exchange area to 7.8 m2, decreases the ap-
proach dew point temperature to 4.1 °C. However, a high heating water flow rate 
translates into a high pressure drop and additional power consumption of the 
coolant pump. A large heat exchanger, on the other hand, is more expensive. 
Thus, sizing the bubble humidifier is a compromise between performance and 
cost. 

 

Figure 26. Simulated steady state bubble humidifier outlet dew point temperature ( ) as a 
function of heating water flow rate ( ) and heat exchange area ( ). Hydrogen gas flow 
rate ( ) is 558 nlpm (left) and 856 nlpm (right). Heating water inlet temperature is . 
The dew point temperature attained with 3.9 m2 heat exchanger and 13.5 lpm heating water flow 
rate is marked in the figures. Figure modified from publication [III]. 

The membrane’s proton conductivity, and, consequently, fuel cell perfor-
mance, improves with increasing humidity level. However, operating conditions 
that are too humid cause unstable fuel cell performance because of water con-
densation in the gas channels. The water generation rate and, consequently, the 
humidity level in the fuel cell is proportional to the load current. Therefore, con-
trolling the inlet gas humidity may be desired. With a bubble humidifier, the 
humidification can be controlled either by varying the heating water flow rate 
or by varying the heat transfer area, as shown in Figure 26. The heating water 
flow rate can be varied with a (proportional) valve or a pump. The heat transfer 
area can be varied, for example, by passing heating water either through one or 
several parallel heat exchangers all submerged in the bubble column. 

5.5  Bubble humidifier in 50 kW power plant 

The bubble humidifier was successfully operated for 4,400 hours and it pro-
vided sufficient humidification for the 50 kW PEMFC pilot plant [27]. The only 
problem encountered was the too efficient humidification at low gas flow rates, 
which caused stack flooding during system startup. In addition, minor corrosion 
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was observed in the heat exchanger welds after characterization experiments 
conducted with air. 

A solution to the too efficient humidification at low gas flow rates could be a 
humidifier bypass [27] or controllable heat transfer, as discussed in Section 5.4. 
The rather slow humidifier control discussed in publication [III] could be 
speeded up with a decrease in the amount of water in the humidifier. This would 
allow more rapid changes in humidification, but it would also place more strict 
requirements on the humidifier control. The amount of water used in publica-
tion [III] was excessive due to the rapid mass transfer in evaporation. 
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6. Hydrogen Recirculation 

One of the main challenges of mechanical hydrogen recirculation pumps is their 
wear and, ultimately, breakdown [27]. One option for a mechanical hydrogen 
recirculation pump is to use a single fixed geometry ejector and its discrete con-
trol in a PEMFC system. This hydrogen recirculation scheme operates without 
any moving parts apart from the solenoid valves for hydrogen supply and hy-
drogen purge. Thus, it provides a hydrogen supply and recirculation setup with 
ultimate simplicity and at a potentially very low price compared to mechanical 
hydrogen recirculation pumps. The downside of employing a single fixed geom-
etry ejector with discrete control is, however, a more challenging system opera-
tion since the ejector operation is limited to discrete points. 

This chapter discusses the application of a single, fixed geometry ejector and 
discrete flow control in PEMFC system. First, a 2D CFD modelling approach to 
the ejector is introduced and the modelling accuracy is discussed (publication 
[IV]). Second, the discrete control approach, its challenges, and management 
strategies are discussed (publication [V]). Finally, the capabilities of a system 
employing the ejector and discrete control method for rapid load changes are 
studied (publication [VI]). 

6.1 Ejector design and manufacturing [IV] 

The work presented in publications [IV-VI] is based on the same ejector, the 
design of which is shown in Figure 27. The primary nozzle was sized based on 
isentropic flow relations, assuming critical flow and ideal gas behavior. The rest 
of the ejector dimensions were chosen based on previous work found in the lit-
erature [74–76]. The ejector design targeted a wide operating range in a 5 kW 
PEMFC system. 

The ejector was manufactured by 3D printing at AM Finland Oy with the direct 
metal laser-sintering technique. The critical ejector surfaces were polished at 
the Finnish School of Watchmaking. 
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Figure 27. Geometry of ejector employed in publications [IV-VI]. Figure from publication [IV]. 

6.2 Ejector modelling [IV] 

Modelling always involves assumptions and simplifications. Therefore, the 
modelling approach must be validated against experimental data before any 
conclusions are drawn based on the results. 

The modelling work in publication [IV] aimed at validating a 2D axisymmetric 
CFD modelling approach. The differences in the accuracies of three turbulence 
models (SST k-ω, RNG k-ε, and Realizable k-ε) in predicting ejector perfor-
mance were studied in particular. 

The modelling was conducted with ANSYS Fluent v16.0 software installed on 
workstation with an 8-core CPU and 16 GB RAM. The flow was assumed com-
pressible and steady. The fluid was treated as an ideal gas, and both gravity and 
phase transitions were neglected. The modelled domain (shaded area in Figure 
27) was spatially discretized with structured quadrilateral meshes. Mesh-in-
depence tests were conducted. The smallest mesh tested had ca 48,000 cells and 
the finest had ca 753,000 cells. The balance equations were solved with a pres-
sure-based solver. Second-order interpolation and upwind schemes were em-
ployed for the pressure and the balance equations, respectively. The ejector 
walls were assumed smooth and adiabatic, and the no-slip condition was ap-
plied. 

6.3 Ejector characterization [IV] 

Publication [IV] presents the characterization of two ejectors; the custom-made 
ejector and a commercially available ejector (SMC, ZH05S-X267) sold mainly 
for vacuum generation. 

The characterization was conducted with the test setup shown in Figure 28. In 
the setup, the ejector primary and secondary inlets were fed with either air or 
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hydrogen. The pressure of both inlets could be varied independently with man-
ual pressure regulators. The secondary inlet gas passed through a liquid-to-gas 
membrane humidifier before being fed to the ejector. The secondary inlet gas 
humidity could be controlled by varying the liquid temperature and flow rate. 
Ejector outlet pressure was controlled with a manual backpressure regulator. 

 

Figure 28. Ejector characterization test setup. TT: temperature transmitter, FT: flow rate transmit-
ter, PT: gauge pressure transmitter, HT: humidity transmitter. Figure from publication [IV]. 

6.4 Ejector discrete control [V] 

In publication [V], a discrete ejector-primary-gas-control system (EPC) based 
on three solenoid valves and flow restrictions was designed and implemented. 

The principle of the discrete EPC is to fluidically connect two or more (in this 
case three) flow restrictions in parallel. By allowing flow either through one or 
several of these flow restrictions, discrete flow rate levels (corresponding to 
PEMFC stack load current levels) is achieved. The solenoid valves used for ena-
bling/disabling flow through a restrictor can also act as the restrictors if suitable 
sizes are available. The principle of the discrete EPC is shown in Figure 29. 

 

Figure 29. Principle of the discrete EPC. Figure from publication [V]. 

The sizing of flow restrictions can be done in various ways. One approach that 
results in evenly spaced flow rate levels is obtained when the smallest flow re-
strictor (or valve) is sized to pass a flow rate that equals the desired flow rate 
difference between two levels. The next restrictors should be sized to pass a flow 
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rate twice that of the previous restrictor. This sizing approach was employed in 
publication [V]. However, because of a hydrogen supply pressure that was too 
low (ca 16 barg was required while only ca 9 barg was applied), the evenly spaced 
flow rate levels could not be achieved throughout the operating range. Table 4 
shows the stack currents achieved with the EPC sizing employed in the present 
work. 

Table 4. Measured 50-cell stack load current levels achieved with the current fuel supply system 
operated at 8.5-8.7 barg restrictor inlet pressure and 0.05 to 0.1 barg anode pressure. Table 
reproduced from publication [V]. 

Load 
level 
[#] 

Control 
valve open 

Restrictor inlet 
pressure 

[barg] 

Ejector primary 
pressure 

[barg] 

Stack 
current 

[A] 

Stack current 
increment 

[A] 
0 - 8.7 - 0 - 

1 1 8.6 0.5 (*) 29 (*) 29 

2 2 8.6 1.6 56 28 

3 1, 2 8.5 2.8 83 27 

4 3 8.5 4.0 111 27 

5 1, 3 8.5 (**) 5.0 133 22 

6 2, 3 8.5 (**) 5.7 149 16 

7 1, 2, 3 8.5 (**) 6.3 162 14 

(*) Flow in ejector primary nozzle is subcritical, i.e. the primary flow rate (and the achievable stack current) 
depends on both ejector primary and outlet pressure. 
(**) Flow in restrictors is subcritical, i.e. the current step increment size decreases. 

One drawback of the discrete EPC is that the hydrogen supply rate cannot be 
adjusted from the levels fixed in the design stage. If the supply rate deviates 
from the consumption rate, anode pressure will vary. The rate of variation in 
anode pressure due to a mismatch between hydrogen supply and consumption 
rate is inversely proportional to the anode volume. Consequently, in anode vol-
ume-optimized systems, the anode pressure changes can be very fast (several 
bars per second). 

During normal operation, a mismatch between hydrogen supply rates and the 
consumption rate can occur due to a load change, a hydrogen purge, or a varia-
tion in hydrogen supply pressure (e.g. because of temperature variation in a 
spring-loaded pressure reducer). When such a mismatch occurs, some action 
must be taken to prevent over- or under-pressure. A possible action in hybrid-
ized systems, for example, is variation of the load current. 

If variation of the load current is not possible, the EPC can be sized and the 
PEMFC system can be operated in such a way that hydrogen is always delivered 
in excess. The excess hydrogen can be vented out with periodic or pressure trig-
gered purges, continuous purge (=bleed), or by employing a backpressure reg-
ulator. In the work described in publication [V], both periodic purging and var-
iation of load current were proven to work well. 
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6.5 Ejector-based system testing [V] 

The characterized custom-made ejector and the discrete EPC were tested in a 5 
kW PEMFC system with a 50-cell S2 stack by PowerCell Sweden AB. Other main 
components in the system were an air blower (Ametek Inc., Windjammer, 230 
VAC), a cathode gas-to-gas membrane humidifier (Perma Pure LLC, FC300-
1600-10HP), a coolant pump (EMP Inc., WP29), a coolant deionization filter 
(Spectrapure Inc., DI-MBHT-RT3-10L-25), and a liquid-to-liquid heat ex-
changer (Swep International AB, B5Hx20/1P-SC-S). The anode inlet was hu-
midified only with the hydrogen recirculation achieved with the single ejector. 
A simplified system scheme is shown in Figure 30. 

 

Figure 30. Simplified 5 kW PEMFC system scheme. B: blower, BV: buffer volume, E: ejector, 
EPC: ejector primary gas control system, EV: expansion vessel, F: filter, HE: heat exchanger, L: 
electronic load, MH: membrane humidifier, MV: manual valve, P: coolant pump, PU: purge valve. 

A buffer volume of roughly 11 dm3 was applied at the anode inlet, as shown in 
Figure 30. This was a safety precaution targeted at slower pressure changes that 
result from the mismatch between the hydrogen supply rate and consumption 
rate. The use of a buffer volume turned out to be useful in preventing an exces-
sive pressure rise or drop and, thus, possible system damage, especially during 
the system testing phase. Later, with experience on system behavior, the buffer 
volume was disconnected from the anode loop with a manual valve. 

After initial system testing, two sets of measurements were conducted. First, 
a polarization curve was measured to validate system and ejector performance 
at steady state operation. The polarization curve was measured by operating the 
system at load current levels 1 A to 3.5 A below those dictated by EPC sizing. 
Excessive anode pressure was avoided by periodic hydrogen purges. The system 
was operated at the load current levels shown in Table 4 in the following order: 
starting from load level 4, increasing the load up to level 7, then decreasing down 
to level 0, and finally increasing the load back to level 4. Each load current level 
(except load level zero) was maintained for 15 minutes. 

Second, the effect of inert content on the recirculation rate was measured. The 
measurements were conducted by operating the system at constant load current 
and anode pressure levels with long purge cycles to allow inert gas buildup in 
the anode. The measurements were conducted with varying anode inlet pres-
sure levels (20, 60, 150 mbarg) at load level 4 (each measurement repeated 2-5 
times) and with varying load levels (1, 4, 7) and constant anode inlet pressure of 
60 mbarg (each measurement repeated 5 times). 
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6.6 Load changes with discrete ejector control [VI] 

During a load change, the fuel supply and consumption rates temporarily mis-
match when discrete ejector control is used. This is because the load current 
changes almost instantaneously while the fuel supply rate develops more slowly. 
The mismatch can cause over- or under-pressure at the anode or, at worst, fuel 
starvation. One method to manage the mismatch is to optimize the timing of 
fuel supply with respect to the load change. 

The effect of fuel supply timing was studied with the 5 kW PEMFC system. For 
these experiments, the control software was modified as follows. First, the data 
acquisition routine was improved to achieve continuous a 100 Hz data recording 
rate. Second, the timing of the hydrogen supply valve, air blower, and electronic 
load control was improved. In addition, mechanical relays employed for con-
trolling the hydrogen supply valve were found unreliable during fast control se-
quences, and they were replaced with solid-state relays. 

The experiments were conducted by letting the system stabilize on load level 
2 (see Table 4), which resulted in ca 2 kW stack power. The anode pressure was 
maintained at 100 mbarg, air stoichiometry was maintained at 2.5, and the cool-
ant inlet temperature was maintained at 70 °C. The buffer volume employed 
during system testing was disabled, and the anode pressure was controlled by 
fine-tuning the load current with a PI controller. 

Prior to ramping up the power, the airflow rate was increased (ca 2 seconds 
before power ramp), and fine-tuning of the load current was disabled (ca 1 sec-
ond before the power ramp). In addition, the data recording rate was increased 
to 100 Hz. 

The power ramp-up was performed by ramping up the fuel supply and the load 
current to level 7 (≈ 4 kW). The load ramp-up timing ( ) was relative to the 
fuel supply initiation. Five load ramp-up timings were tested: -50 ms, 0 ms, +50 
ms, +100 ms, and +200 ms. The experiments with each load ramp-up timing 
were repeated at least six times. Approximately 1 second after the power ramp-
up, load current fine-tuning was again enabled, and, approximately after 10 sec-
onds, the recording rate was set to normal. 

 
The anode pressure was observed to be a critical parameter in the initial tests 

because a pressure that is too high or low could damage the stack. Therefore, a 
model for predicting anode pressure during load changes was implemented. The 
simulation results were used for determining the safe load ramp-up timings 
listed in the previous paragraph. A description of the model can be found in 
publication [VI]. 

6.7 Results and discussion 

6.7.1 Ejector modelling [IV] 

The measured ejector entrainment ratios and those obtained with 2D CFD mod-
elling were compared by calculating both the mean absolute deviation ( ) and 
the mean relative deviations ( ). The s and s were computed as follows: 
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    (64) 

     (65) 

where  is the measured entrainment ratio,  is the simulated entrain-
ment ratio,  is the index of measurement, and  is the total number of meas-
urements. The entrainment ratio is the ratio of the ejector secondary inlet mass 
flow rate ( ) to the ejector primary inlet mass flow rate ( ): 

       (66) 

The ADs and RDs of modelled entrainment ratios compared to the measured 
entrainment ratio are shown in Table 5. 

Table 5. ADs and RDs calculated separately for data points with low ( ) and high 
( ) entrainment ratio, and for all data points. Working gas: H2, , 

. Table reproduced from publication [IV]. 

 AD RD 

Model Ωmeas < 1 Ωmeas > 1 All Ωmeas < 1 Ωmeas > 1 All 

SST k-ω 0.78 0.72 0.73 227.2% 31.5% 68.2% 

RNG k-ε 0.47 1.08 0.97 144.6% 41.5% 60.9% 

Realizable k-ε 0.48 1.17 1.04 146.2% 44.5% 63.6% 

 
Overall, the 2D axisymmetric CFD modelling gave relatively good predictions 

of the performance of the ejector considering the substantially lighter computa-
tion compared to 3D modelling. The 2D modelling overestimated the perfor-
mance of the ejector for all turbulence models at nearly all conditions. The mean 
absolute deviations ( s) of simulated ejector entrainment ratios were in the 
range 0.73 to 1.04 and the mean relative deviations ( s) were in the range 
60.9% to 68.2%, as shown in Table 5. 

Simulations conducted with the SST k-ω model had the lowest  while sim-
ulations conducted with the RNG k-ε model had the lowest . There was, how-
ever, notable variation in the accuracies of the turbulence models depending on 
the conditions, as seen in Figure 31. In a system with a low flow resistance (≤51.7 
mbar, : “low”), the SST k-ω model gave more accurate predictions of the 
ejector performance at high primary gas flow rates while the two k-ε models 
gave better predictions at low primary gas flow rates. In a system with a high 
flow resistance (≤206.9 mbar, : “high”), all three turbulence models gave 
similar predictions, the maximum deviation in the predicted entrainment ratio 
being less than 9%. 
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Figure 31. Comparison of a) fuel utilization per pass and b) entrainment ratio predictions obtained 
with the different turbulence models along the low-flow-resistance operating curve (≤51.7 mbar, 

: “low”) and the high-flow-resistance (≤206.9 mbar, : “high”) operating curve. Working gas 
= H2, , . Figure modified from publication [IV]. 

Figure 32 shows the ejector exergetic efficiency as a function of stack pressure 
drop measured and modelled at three primary pressure levels. It can be seen 
that the maximum efficiency occurred at stack pressure drops close to half of 
their maximum at all primary pressure levels. 

 

Figure 32. Measured and simulated ejector efficiency ( ) as function of stack pressure drop 
( ). Working gas = H2, . Figure modified from publication [IV]. 

The ejector should operate at maximum efficiency for highest recirculation 
rate. The observation that maximum efficiency is reached at stack pressure 
drops half of their maximum can be useful in the first stage of dimensioning an 
ejector for a specified system because, in principle, only the maximum pressure 
difference for an ejector must be known for optimal sizing. However, the maxi-
mum efficiency of a certain ejector geometry does not necessarily mean that that 
ejector geometry, of all possible ejector geometries, gives the best performance. 
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Therefore, this method can only be used as a first approximation in the search 
for optimal ejector dimensions. 

A comparison of the simulation results of the three models in Figure 32 shows 
that the two k-ε models accurately predict the position of maximum efficiency. 
Therefore, these models would be more useful in ejector optimization than the 
k-ω model, which tends to predict maximum efficiency at a pressure drop that 
is too high. None of the models predicted the value of the efficiency accurately. 

6.7.2 Ejector characterization [IV] 

The entrainment ratio and efficiency maps of the two ejectors measured with 
humid air and a 500 mbarg ejector outlet pressure are shown in Figure 33. The 
operating lines plotted on the maps represent the path along which an ejector 
operates when used in systems with low (≤51.7 mbar, : “low”), moderate 
(≤103.4 mbar, : “moderate”), or high flow resistance (≤206.9 mbar, : 
“high”). The maximum efficiency curve, i.e. the curve along which maximum 
efficiency is achieved, is also plotted on the efficiency maps. 

 

Figure 33. Custom-made ejector operating curves plotted on a) entrainment ratio map and b) 
efficiency map, and commercial ejector operating curves plotted on c) entrainment ratio map and 
d) efficiency map. Working gas = air, , . Figure modified from 
publication [IV]. 

The ejector operating maps in Figure 33 show that the recirculation rate 
achieved with the ejectors declined when system flow resistance increased, as 
expected. For the custom-made ejector, the best efficiency was achieved close to 
the high-flow-resistance operating curve. The commercial ejector operated 
mostly far from its maximum efficiency and, therefore, achieved a poor recircu-
lation rate compared to the custom-made ejector. 

Optimally, the ejector would operate close to maximum efficiency throughout 
its operating range. However, the ejector operating curve and the maximum ef-
ficiency curve might not be possible to match over the entire range. Either a 
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variable geometry ejector can be employed [74] or several differently sized ejec-
tors can be operated in parallel [75] to address this issue. 

  
Figure 34 shows the custom-made ejector operating curves plotted on the ef-

ficiency and fuel utilization per pass maps measured with humid hydrogen and 
a 250 mbarg outlet pressure. Again, the highest efficiency was mostly achieved 
in the high-flow-resistance system. Nonetheless, the highest recirculation rate 
was achieved in a system with low flow resistance for which the fuel utilization 
per pass was almost 50% at a primary pressure as high as 5 barg. This highlights 
the significance of anode subsystem flow resistance in the achieved recirculation 
rate, especially when ejectors are employed. 

 

Figure 34. Custom-made ejector operating curves plotted on a) exergetic efficiency ( ) map and 
b) fuel utilization per pass ( ) map. Working gas = H2, , . 
Figure modified from publication [IV]. 

6.7.3 System testing [V] 

The measured ejector performance in the actual PEMFC system is shown in Fig-
ure 35. The time-averaged fuel utilization per pass ( ) varied between 40% 
(±7%) at 25 A stack current and 64% at 160 A stack current. Correspondingly, 
the time-averaged anode inlet hydrogen stoichiometry ( ) varied from 2.6 
(±0.4) to 1.6 within the same stack current range. 

 

Figure 35. Ejector performance as function of stack current: fuel utilization per pass ( ), ejector 
secondary gas pressure lift ( ), entrainment ratio ( ), and ejector primary pressure ( ). The 
error bars show the variation in time-averaged values between upward and downward polariza-
tion curve measurements. *Only data from downward curve is available. Figure modified from 
publication [V]. 
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The recirculation rate was lower than what could be expected from Figure 34. 
Possible reasons for this include the inert content of the recirculated gas (char-
acterization was conducted with pure hydrogen) and the lower anode pressure. 
Both of these factors were found to affect the recirculation rate, and their effect 
will be addressed below. An additional cause for the observed lower recircula-
tion rate is the poor efficiency of the ejector at these conditions. Because of the 
low efficiency, the effect of flow resistance of the system on the achieved recir-
culation rate is minor. 

 
The effects of recirculated gas inert content and anode pressure are shown in 

Figure 36. The fuel utilization per pass, the ejector entrainment ratio, the ejector 
secondary inlet dew point temperature (which is close to the anode outlet dew 
point temperature), the ejector outlet dew point temperature (i.e. the anode in-
let dew point temperature), and the ejector secondary gas pressure increase are 
plotted as functions of the inert mole fraction of the ejector secondary gas cal-
culated on dry basis ( ). 

 

Figure 36. Effect of anode gas inert content on dry basis ( ) on fuel utilization per pass 
( ), entrainment ratio ( ), ejector secondary inlet dew point temperature ( ), ejector 
outlet dew point temperature ( ), and ejector secondary gas pressure lift ( ) at load 
levels 1, 4, and 7 (a-e) and at anode pressure levels 20, 60, and 150 mbarg (f-j). Each experiment 
was repeated 2-5 times. Figure is a combination of two figures in publication [V]. 
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The increase in the anode gas inert content reduced the anode inlet dew point 
temperature ( ) roughly by 2 to 3 °C when the inert content of dry re-
circulated gas ( ) increased by 0.1 (Figure 36 d and i). The decrease in 
anode inlet humidity (Figure 36 c and h) was a result of the decrease in molar 
recirculation rate (increased fuel utilization per pass, Figure 36 a and f), which 
was a result of hydrogen being replaced with the heavier nitrogen. At the same 
time, the mass-based recirculation rate (i.e. the entrainment ratio) increased 
(Figure 36 b and g). The magnitude of the effect depended on the load level. 
These observations can explained with the added molar mass of recirculated 
gas, which leads to a lower recirculation rate since the ejector operation is based 
on momentum transfer. 

The effect of the anode gas inert content on water management is twofold. On 
one hand, the added inert concentration decreases the recirculation rate (as 
noted in the previous paragraph) thus, depressing the removal of water droplets 
from gas channels. On the other hand, the added inert concentration increases 
both the mass flow rate and the anode gas viscosity, both of which enhance the 
removal of water droplets. Therefore, the net effect of added inert concentration 
on water management deserves additional study. 

 
The increase of anode pressure level caused both the molar recirculation and 

the mass-based recirculation rate to increase, as seen in Figure 36 f and g. This 
can be explained by a higher gas density that allowed a higher flow rate through 
the fixed geometry ejector. 

The anode inlet humidity appeared to be independent of the anode pressure 
level despite the greater recirculation rate (Figure 36 i). Instead, the anode out-
let humidity decreased 1.4-1.7 °C with a 130 mbar (20 mbarg to 150 mbarg) in-
crease in the anode pressure level. A possible explanation for this observation is 
a decreased water transport rate from cathode to anode as a result of the higher 
anode pressure. Another explanation is the drier operating conditions at higher 
anode pressures, which are a result of more efficient hydrogen purges. 

6.7.4 Load changes with discrete ejector control [VI] 

During rapid load changes with a PEMFC system, one of the main concerns is 
sufficient fuel supply and prevention of fuel starvation. In addition, the anode 
pressure variation is a concern in systems where the anode pressure is not au-
toregulated (e.g. by a pressure regulator). Figure 37 shows ejector primary pres-
sure (which is proportional to the hydrogen supply rate), anode pressure, as well 
as stack current, voltage, and power measured during the experiments de-
scribed in Section 6.6. 

The hydrogen flow developed relative slowly; the final primary pressure level 
and, consequently, the final hydrogen flow rate was reached in ca 350 millisec-
onds, as seen in Figure 37 a. The time is proportional to the volume between the 
EPC and the ejector. Thus, by minimizing this volume, the time required to 
reach the final flow rate can be reduced. The opening times of the fuel supply 
valve also affect the time required to reach the final flow rate. 
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Figure 37. a) Ejector primary pressure ( ), b) anode inlet pressure relative to set setpoint 
( ), c) stack load current ( ), d) stack voltage ( ), and e) stack output 
power ( ) as function of time relative to hydrogen supply ramp-up for five load ramp-up timings 
relative to fuel supply ramp-up ( ). The experiments with each 
load ramp-up timing were repeated at least six times. The thin lines show the measurement vari-
ation. Figure modified from publication [VI]. 

The stack voltages (Figure 37 d) showed no depression, i.e. no sign of fuel 
shortage on the reaction sites despite the slowly developing fuel supply rate. In 
one case (i.e. ), the load current was increased even before the in-
itiation of fuel supply, and still the stack voltage showed no depression. This can 
be explained by a sufficiently large hydrogen buffer in the anode volume. There-
fore, this behavior might be different in anode-volume-optimized systems. 

The pressure at the anode inlet (Figure 37 b) shows relatively modest varia-
tions, which supports the notion that the hydrogen buffer was sufficient. The 
measured variations in anode pressure are in line with the simulated ones (Fig-
ure 38 a) with the exception of the effect of load control, which was disabled in 
the measurements. Figure 38 b shows minimum and maximum anode pres-
sures as functions of load ramp-up timing. 
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Figure 38. Simulated a) relative anode inlet pressure  as function 
of time relative to hydrogen supply ramp-up for four load ramp-up timings 

 and b) maximum and minimum anode pressure as a function of load 
ramp-up timing. Figure modified from publication [VI]. 

Optimally, the load ramp-up timing would be chosen to result in minimal var-
iation in anode pressure. In publication [VI] it was found that minimal variation 
in pressure does not occur when the hydrogen supply is ramped up simultane-
ously with the load current (i.e. at ). Instead, variation in pressure 
depends on the time that the hydrogen flow requires to fully develop, and the 
optimal load ramp-up timing is, therefore, always positive (assuming that the 
load change occurs instantaneously). In the current case, it was ca 100 millisec-
onds and the resulting pressure variation was 20-25 mbar, as shown in Figure 
39.  

 

Figure 39. Simulated and measured anode pressure variation ( ) during a power 
ramp-up as function of load ramp-up timings relative to fuel supply ramp-up ( ). The error bars 
show measurement variations. 

In the present system, where the anode volume was rather large (~1.5 dm3 or 
~0.3 dm3/kW), the variation in anode pressure was only little higher than 100 
mbar even when the load ramp-up time deviated 200 milliseconds from the op-
timum. Since the pressure variation is inversely proportional to the anode vol-
ume, the rate of pressure changes in anode-volume-optimized systems can be 
notably higher.
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7. Summary and Conclusions 

This work studied devices and methods for the hydrogen supply system in 
PEMFC systems both through modelling and experimental work. The studies 
concentrated on 1) inert buildup and hydrogen purge, 2) hydrogen humidifica-
tion, and 3) hydrogen recirculation. A summary of key findings follows. 

7.1 Hydrogen purge 

Inert gas buildup and hydrogen purges were studied with a close to commercial 
PEMFC system with advanced instrumentation. Methods for determining 
membrane permeability, fuel purity, as well as the amount and composition of 
purged gas were developed. The effects of hydrogen purge on system perfor-
mance were studied by varying the purge triggering criteria (average cell voltage 
drop 3 mV, 6 mV, or 9 mV), purge length (200 ms or 400 ms), purge type (single 
or double), and cathode inlet dew point temperature (52 °C, 55 °C, or 58 °C). 

It was found that, even though fuel efficiency decreased with more frequent 
purging, the overall system efficiency increased. In other words, while very high 
fuel efficiencies (>99.9%) were easily attainable, the buildup of inert gases 
caused voltage polarization that outweighed the benefits of improved fuel effi-
ciency. 

At increasingly humid conditions, the primary function of a hydrogen purge 
shifted from the removal of inert gas towards the removal of water. While in-
creasing the humidity level improved PEMFC performance, the operation also 
became more unstable because of accumulated liquid water in the gas channels. 
At high-humidity conditions, relatively long (400 ms) and frequent hydrogen 
purges resulted in the highest combined fuel and stack efficiency. 

A double purge (two consecutive purges performed with a short interval) was 
also tested. The second purge resulted in higher flow rates because the first 
purge had flushed part of the liquid water from the gas channels. Thus, the sec-
ond purge could serve as an indicator of the suitability of the purge parameters 
(length, frequency) employed. The double purge was not found to improve the 
removal of water compared to a longer single purge. 

Finally, the concentration polarization measured between consecutive purges 
was compared to the voltage polarization predicted by the Nernst equation cal-
culated with gas concentrations in anode gas channels. The measured voltage 
polarization was observed to be roughly twice that of the theoretical one. Thus, 
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it is important to account for mass transfer resistance when designing the 
PEMFC hydrogen supply system. 

7.2 Hydrogen humidification 

A bubble humidifier for a 50 kWe PEMFC pilot plant was designed and charac-
terized. The humidifier was powered with waste heat from the PEMFC system 
and supplied with water condensed from the cathode outlet gas. 

The humidifier was characterized by supplying air at flow rates corresponding 
to hydrogen consumption rates at PEMFC system low (75 A), nominal (150 A), 
and full (230 A) power. The approach dew point temperatures achieved were 3.1 
°C at low power, 5.9 °C at nominal power, and 8.5 °C at full power when the 
humidifier was supplied with heating water at 65 °C at a 13.5 lpm flow rate. 

The bubble humidifier was modelled with correlations for heat and mass 
transfer found in literature. A comparison of experimental data and simulation 
results showed good agreement. Simulations revealed that the humidifier per-
formance was heat transfer limited. According to the simulations, the approach 
dew point could be decreased from 5.7 °C to 4.3 °C or 4.1 °C at nominal power 
by doubling the heating water flow rate or the heat transfer area, respectively. 

The bubble humidifier was successfully operated for 4,400 hours in a 50 kWe 
pilot plant in Äetsä, Finland. During operation at low power, the bubble humid-
ifier was found to provide humidification that was too efficient. Thus, humidifi-
cation control would be needed. The easiest control methods would be letting 
part of the gas bypass the humidifier or letting part of the heating water bypass 
the humidifier. 

7.3 Hydrogen recirculation 

An ejector for a 5 kW PEMFC system was characterized, modelled, and verified 
in a PEMFC system. Moreover, a discrete ejector primary flow control system, 
based on three solenoid valves, was designed and verified in the PEMFC system. 
Finally, power ramp-rate capabilities of the PEMFC system employing the ejec-
tor and the discrete primary flow control system were studied. 

 
A custom-made ejector was designed and manufactured from stainless steel 

with 3D printing. The ejector was characterized with dry and humid air and hu-
mid hydrogen, and its performance was compared to a commercial ejector. The 
custom-made ejector performed notably better than the commercial one. 

Ejector performance maps visualized how close to optimum conditions the 
ejector operated. Optimum performance is achieved when the ejector operates 
close to maximum efficiency throughout its operating range. The maximum ef-
ficiency occurred close to pressure drops that were half of the maximum pres-
sure differences against which the ejector could operate. This can be used as an 
initial sizing rule for ejectors. 

It was found that an ejector can be sized for optimal operation either at high 
currents or at low currents, but not both. Sizing an ejector for high currents 
would inevitably compromise its performance at low currents, and vice versa. A 
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relatively high recirculation rate is usually required at low currents (compared 
to high high currents) for stable stack performance. 

 
The custom-made ejector was modelled with CFD in 2D axisymmetric geom-

etry, and three turbulence models were tested. It was found that, while none of 
the three turbulence models provided accurate results (ca 60-70% error in en-
trainment ratio), there were clear differences in accuracies. The SST k-ω turbu-
lence model predicted ejector performance better at high primary and second-
ary gas flow rates, in general. The RNG k-ε and the Realizable k-ε turbulence 
models, on the other hand, more accurately predicted the position of maximum 
efficiency. 

 
The custom-made ejector was installed in a 5 kW PEMFC system, and the sys-

tem was characterized with stack currents ranging from 15% to 81% of maxi-
mum. The fuel utilization achieved per pass varied between 40% at lowest stack 
current and 64% at highest stack current. This high recirculation with a single 
ejector was possible because of 1) low stack flow resistance, and 2) ejector sizing 
that favored operation at low currents. 

The effect of anode pressure and inert concentration on the recirculation rate 
achieved with the ejector was studied with the 5 kW PEMFC system. The recir-
culation rate increased with anode pressure level. A possible explanation for this 
is the increase in gas density. On the other hand, an increase in inert concentra-
tion resulted in an added mass-based recirculation rate but decreased the mo-
lar-based recirculation rate. This is explained by the high molar mass of nitro-
gen (compared to hydrogen), which is the main constituent of impurities that 
enter the anode. The net effect of added inert concentration on the removal of 
liquid water from gas channels was, however, unclear because of the added vis-
cosity. 

 
A discrete primary flow control setup was designed for a 5 kW PEMFC system. 

The control setup was based on three discrete solenoid valves, thereby enabling 
seven discrete open states (and one closed state). The setup was proven to func-
tion in practice. 

 The main benefits of the discrete ejector control setup are its robustness and 
the minimum requirement of moving parts. However, because operation is only 
possible at specified discrete states, some sort of balancing between hydrogen 
consumption and supply is necessary. For this reason, two methods were tested: 
1) varying the load current, and 2) a hydrogen purge triggered by a pressure 
limit. Both methods were proven to work. 

 
When using the discrete ejector primary flow control, the fuel supply and con-

sumption rates temporarily mismatched during a load change, which resulted 
in variations in anode pressure. One method to manage the mismatch is to op-
timize the timing of fuel supply with respect to the load change. This was studied 
for the 5 kW PEMFC system. 
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It was found that, in this system (with ~0.3 dm3/kW anode volume), the mis-
match between fuel supply and consumption was relatively easy to manage. The 
anode pressure variation with optimal timing was 20-25 mbar. The optimal tim-
ing depends mainly on fuel supply valve opening times and the volume that is 
required to pressurize upstream of the ejector primary inlet.  

When the load ramp-up timing relative to fuel ramp-up deviated 200 millisec-
ond from the optimal, the pressure variation was little above 100 mbar, which 
is a modest variation. The pressure variation is inversely proportional to the an-
ode volume and, thus, depending on tha node volume, the pressure variation 
might be several times that reported here. 

7.4 Concluding remarks and future work 

PEMFCs are regarded as an important part of a future carbon neutral energy 
supply. PEMFC technology is developing but still remains too expensive for 
commercialization in many applications. The total cost of a PEMFC system con-
sists of two main parts: the stack and the BoP. 

The design of a PEMFC BoP is application specific. PEMFC stacks are well 
suited for a wide range of applications, but limitations in BoP performance 
might constrain PEMFC system operation. A BoP design is intended to maxim-
ize PEMFC system lifetime and efficiency while minimizing cost and meeting 
the targets placed for the system. 

This thesis contributes to this topic by presenting applied studies on the fuel 
supply subsystem. The results presented are useful when designing the fuel sup-
ply for cost-effective, efficient, and long-lasting PEMFC systems. Even though 
the focus of this work is on stationary systems, the findings are applicable to 
other applications as well. 

Because of the wide variety of possible applications for PEMFCs, each one with 
its own specific requirements, the work with BoP design for PEMFC systems is 
far from finished. For example, the design and operation of a bubble humidifier 
with 5-10 cm water bed and either an internal or external heat exchanger is an 
interesting topic for future studies. In addition, questions related to hydrogen 
supply based on an ejector with discrete primary flow control during fast power 
transients deserves future study to avoid conditions that compromise stack life-
time. 

One interesting topic for future work is the recirculation rate achieved with an 
ejector during fast power transients. When the stack current is abruptly in-
creased, the anode pressure decreases, as was shown in Section 6. If the impu-
rity content of anode gas is high, the hydrogen inside the cells might be tempo-
rarily consumed unless the ejector recirculates the hydrogen-richer anode gas 
from the anode loop. However, since the ejector operation relies on hydrogen 
feed, the recirculation rate will not increase until the hydrogen feed is ramped-
up. Therefore, fuel starvation might occur during power transients unless the 
timing of a fuel ramp-up is optimized. 

The ejector sizing deserves also further studies. There are numerous studies 
about ejector modelling with CFD in 3D. However, the ejectors designed for 
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PEMFC applications are with no exceptions (to the authors knowledge) mod-
elled in 2D.  Therefore, there is no information available of the 3D-modelling 
accuracy under operating conditions relevant to the PEMFC. Finally, there are 
only few studies regarding ejector dimensioning. How should the ejector dimen-
sions be chosen to achieve the desired performance at specified conditions? 
How does the choice of dimension affect ejector performance at “off-design” 
conditions? What is the best approach to size a dual-ejector system (with two 
ejectors in parallel)? These questions all deserve further work. 
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Appendix A: Purged gas amount and 
composition 

This appendix presents the calculation of the amount and composition of 
purged gas assuming a perfectly mixed anode volume. All species are assumed 
to be in their gaseous phase ( ). The schematic of such a system is shown 
in Figure A 1. 

 

Figure A 1. Schematic of a PEMFC system with perfectly mixed anode volume and all species in 
their gaseous phase ( ). 

The total material balance and species balance equations for the perfectly 
mixed anode volume are: 

      (A1) 

   (A2) 

where it has been recognized that the purged gas has the same composition as 
the perfectly mixed anode ( ). Further, the correct way of expressing 
hydrogen consumption, inert gas permeation through the membrane, and water 
transport ( ) has been replaced with a more generic representation ( ). 
In this representation, the  represents the fraction and direction of, e.g. hy-
drogen consumption relative to , not the species mole fraction in a stream 
(there is no actual stream). This representation proves to be useful later. 

The flow rates and, consequently, the amount of anode gas are assumed con-
stant: 

      (A3) 
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       (A4) 

Then, the species balance equation may be written as follows: 

    (A5) 

Integrating this over an arbitrary time period from the time  to  and 
from the initial composition  to , yields: 

    (A6) 

This equation can be simplified by recognizing that the composition of the 
fresh fuel ( ) is typically close to  (i.e. ). The simplified 
equation is: 

      (A7) 

or 

   (A8) 

This equation is valid when 

    (A9) 

and 

    (A10) 

This is true when the purge is not performed too frequently ( ) and 
when the purge is not too long ( ), or when the flow rate of the purged 
gas is high compared to the rate of hydrogen consumption ( ). At least 
the first two requirements are generally true. 
 

The total amount of gas purged ( ) and species  purged ( ) are obtained 
by integrating over one purge from the time  to , as follows: 

      (A11) 

  

          

          (A12) 
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In other words, the purged gas can be thought as being a mixture of 1) fresh 
fuel and 2) gas present in the anode before the purge is executed (“old anode 
gas”). The amount of old anode gas purged ( ) is: 

              (A13) 

as seen in Eq. A12. Consequently, the amount of fresh fuel purged ( ) is the 
remaining part: 

             (A14) 

During long purges (  is large), the amount of old anode gas purged relative 
to the total amount of gas purged is small, and the composition of the purged 
gas approaches that of fresh fuel. During short purges, the opposite is true, and 
the composition of purged gas approaches that of the old anode gas. 

 
The composition of the anode gas at any instance can be calculated from Eq. 

A8. In the beginning of a purge (at time ), it is  and at the end of a 
purge (at time ): 

  

               (A15) 

The average composition of purged gas ( ) can be calculated using Eq. A12: 

  (A16) 

which, using Eq. A15, can be rewritten in terms of the composition of anode gas 
before ( ) and after ( ) the purge, as follows: 

  

             (A17) 

The above equations hold, strictly, only in case of a perfectly mixed anode vol-
ume when the assumptions made are true. In reality, the anode volume is not 
perfectly mixed. Neither are the flow rates constant and equal throughout the 
purge. Nonetheless, the purged gas can be represented with a mixture of fresh 
fuel and old anode gas as long as the assumptions in Eqs. A9 and A10 hold. In 
this case, the fractions of these gases are, however, not easily determined be-
cause the flow rates vary during a purge. On the other hand, if the assumptions 
in Eqs. A9 and A10 do not hold, the magnitude of stream “s” (primarily the hy-
drogen consumption rate) will affect the composition of purged gas.  
  



 

82 

 



 

83 

Appendix B: Errata 

This appendix lists the errors found in publications I-VI. 

Publication II 

Figure 11 in publication II contains erroneous values of calculated Nernst volt-
age drop. The erroneous values and corrected values are shown Table B 1. 

Table B 1. Erroneous ( ) and correct ( ) values of calculated Nernst voltage drop 
in publication II. 

 [°C]  [ms]  [mV]  [mV]  [mV] 

52 200 -3 -1.5 -1.5 

52 200 -6 -2.8 -2.8 

52 200 -9 -4.1 -4.1 

52 400 -3 -1.7 -1.5 

52 400 -6 -3.1 -3.8 

52 400 -9 -4.2 -5.2 

55 200 -3 -1.3 -1.3 

55 400 -3 -1.7 -1.7 

55 400 -6 -3.5 -3.5 

55 400 -9 -4.3 -4.3 

58 200 -3 -1.7 -1.7 

58 400 -3 -1.6 -1.6 

 
The error does not change the conclusions drawn since most erroneous values 

of calculated Nernst voltage drop deviated only little from the correct values. 
Figure 19 in Section 4.3.3 is plotted with the correct values. 
 

Equation 6 in publication II is erroneous. The correct definition of the stack 
efficiency ( ) reads: 

       (B1) 
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The correct form of stack efficiency is also shown in Eq. 51 in Section 4.3.4. 
Stack efficiency in publication II was calculated with the correct equation de-
spite the erroneous equation in the written text. 

Publication III 

Equation 3 in publication III is erroneous. It should show the approximation of 
time-averaged Sheerwood number instead of the approximation of instantane-
ous Sherwood number. The approximation of time-averaged Sheerwood num-
ber ( ) reads [71]: 

   (B2) 

The correct form of time-averaged Sheerwood number approximation is also 
shown in Eq. 62 in Section 5.3. The bubble humidifier in publication III was 
simulated with the correct equation despite the erroneous equation in the writ-
ten text. 
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a b s t r a c t

The design and construction of a polymer electrolyte membrane fuel cell (PEMFC) system

test bench suitable for investigating the effects of inert gas build-up and hydrogen quality

on the performance of PEMFC systems is reported. Moreover, a new methodology to

measure the inert gas crossover rate using an on-line hydrogen concentration sensor is

introduced, and preliminary results are presented for an aged 8 kW PEMFC stack. The

system test bench was also characterized using the same stack, whereupon its perfor-

mance was observed to be close to commercial systems. The effect of inert gas accumu-

lation and hence the quality of hydrogen on the performance of the system was studied by

diluting hydrogen gas in the anode supply pipeline with nitrogen. During these experi-

ments, uneven performance between cells was observed for the aged stack.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

General interest in clean-energy production is increasing and

environmental concerns are a daily topic. In this context,

emerging energy-conversion technologies such as polymer

electrolyte membrane fuel cells (PEMFC) have attracted

attention due to their high efficiency, low or null local green-

house gas emissions, high power density, low operating

temperature, lack of moving parts, quiet operation and fast

start-up and shutdown [1].

Despite their advantages, PEMFC systems have not reached

the full-scale commercial stage, as they face many technical

challenges concerning balance of plant (BoP), durability and

cost [2,3]. Oneway to reduce overall system costs is to simplify

the BoP. However, this will compromise the systems’ dura-

bility and reduce controllability.

To keep the hydrogen utilization rate high, PEMFC systems

usually operate in dead-end mode with periodic opening of

the exhaust valve (hydrogen purge) and gas recirculation [4,5].

Dead-end operation mode means that the anode compart-

ment is closed, and anode gas and water are purged when

necessary [6]. The cathode is usually fed with humidified air

from the atmosphere at a stoichiometric ratio above 2.

Dead-end operation and the purging cycles are achieved

using an electro-valve, usually a solenoid valve (SV), which is

placed downstream from the anode exit. The purge can then

be triggered based on pressure [7], current [8], voltage [9] or it

can be time-dependent [10], or a combination of these.
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Independently of the purging strategy, the most important

parameters to optimize and control during the purging

cycles are: i) the purge stop time, which is the time the SV is

kept closed between purges; and ii) the purge time, which is

the time the SV is kept open [11]. These parameters are

always system-dependent.

Gas recirculation is carried out either by using a pump or

an ejector or a combination of the two [12]. Since the

recirculated anode gas contains water, the gas recirculation

will provide some humidity to the anode gas entering the cell.

When the anode is operated in dead-end mode with gas

recirculation, inert gases accumulate on the gas channels,

diluting the fuel and increasing mass transfer resistance. Inert

gases originate both from the cathode, via permeation through

the membrane [13], and from hydrogen that is supplied to the

system, especially if the hydrogen is produced from

hydrocarbons [14]. If liquid water accumulates in the gas

diffusion layers (GDL) and gas channels, mass transfer

resistance is further increased. Water can condense and

accumulate at the anode due to transport through the

membrane from the cathode and since hydrogen is consumed

[15].

Accumulation of nitrogen along the anode channel of

a PEMFC stack has been modeled and experimentally vali-

dated byMüller et al. [16]. These authors observed a significant

decline of stack voltage due to nitrogen accumulation, but the

effect on cell voltage distribution was not reported. In their

model, accumulation of liquid water was not taken into

account.

Uneven liquid water accumulation can cause uneven

current distribution in a cell and deviation between cell volt-

ages in PEMFC stacks. Moçotéguy et al. [17] presented

experimental results and simulations of the dynamic

behavior of a stack operated in dead-end mode. According to

these results, the performance of a single cell is affected by

its relative position in the stack and further by aging of the

stack. The results also stated that the cells near the inlet

perform better due to higher partial pressure of the gases,

while cells near the outlet perform worse due to water

accumulation. Uneven cell voltage distribution due to

flooding has been studied by ÓRourke et al. [18], who have

developed amethod to detect anode flooding in PEMFC stacks.

The effects of inert gases and water accumulation (flood-

ing) have been studied using experimental set-ups that do not

allow continuous monitoring [19e21] or control [16] of the

relative humidity (RH) of the gas. Inert gas accumulation in

the anode gas mixture and liquid water accumulation in

GDLs and gas channels have a combined effect on mass

transfer resistance.

Within this study, a PEMFC test bench to study system-level

issues was designed and constructed. The test bench was

designed and operated so as to correspond closely to

acommercial PEMFCsystem.Thetestbenchwasequippedwith

both humidity sensors and an on-line hydrogen concentration

sensor (H2 CS) so that the water balance and the effect of

hydrogen dilution on the system’s performance could be

studied.

In this article, the PEMFC system test bench is first

described. The performance and characteristics of the system

test bench are then presented. On-line monitoring of

hydrogen concentration has been applied to determine

nitrogen crossover and the hydrogen quality using an aged

stack. On-line monitoring was also applied when the effect of

inert gas content on system performance and deviation

between cell voltages were studied.

2. Description of the fuel cell system test
bench

The system test bench was built under a fume hood in such

way that easy substitution of the stack, system components

and instrumentation is possible. In this study, a commercial

PEMFC stack (Nedstack P8) was used. The stack has a nominal

output power of 8 kW and comprises 64 cells, each with

200 cm2 of active area. The test bench was designed especially

to study the inert (mainly N2) build-up characteristics, opti-

mization of BoP subsystems and performance of PEMFC

systems.

The fuel cell system consisted of four subsystems, namely:

fuel supply, oxidant supply, cooling and control. A simplified

scheme of the experimental set-up is shown in Fig. 1. A brief

description of the four subsystems is given below. A detailed

description of the test bench and more details of the system

components can be found in the M.Sc. theses of Viitakangas,

Karimäki and Nikiforow [22e24].

The fuel supply subsystem fed hydrogenwith an industrial

purity of >99.9% and humidity of <20 ppm from a hydrogen

pipeline to the anode of the stack. The gas was humidified by

mixing humid hydrogen from the exhaust with the dry

hydrogen using a recirculation pump. The effects of different

fuel qualities on PEMFC system performance were analyzed

by feeding N2 into the hydrogen flow using a mass flow

controller.

Hydrogen flow rate wasmeasured using amass flowmeter

(Bronkhorst EL-FLOWF-112AC), and the downstream pressure

was controlled using a manual pressure regulator. The anode

was operated in dead-end mode with gas recirculation

executed by a double diaphragm hydrogen pump (GD Thomas

118ZC20/24) and programmed purging cycles.

Fig. 1 e Simplified scheme of the system test bench. V:

valve, SV: solenoid valve, PR: pressure regulator, FM: flow

meter, FC: flow controller, P: pump/blower, C: condenser

(ice bath), H2 CS: hydrogen concentration sensor, F: filter,

MH: membrane humidifier, DF: de-ionization filter and H:

heat exchanger.
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The hydrogen content of the anode gas was measured on-

line using an H2scan HY-OPTIMA 740 hydrogen concentration

sensor (H2 CS). For the hydrogen concentration measure-

ments, a small fraction of the anode exhaust gas, taken after

the H2 recirculation pump, was first dried by refrigerating it

using an ice bath and then passed through the H2 CS using

a hydrogen sensor slipstream loop (H2 SL), shown in Fig. 1. The

pressure gradient between the inlet and outlet of the H2 SL

determined the gas flow rate in the loop. H2 CS measured

the partial pressure of hydrogen. Therefore, the absolute

pressure in the location of the hydrogen sensor was also

measured. Drying the gas reduced the vapor pressure down

to approximately 10 mbar. Therefore, the measurement of

humidity (water vapor pressure) at the location of the sensor

was not needed.

The oxidant supply subsystem fed humidified air to the

cathode. It consisted of a filter, a flowmeter, a by-pass blower

and a membrane humidifier, as in commercial fuel cell

systems. The cathode blower was controlled to follow the

current profile drawn from the stack so that 5 � lO2 � 2.5 for

most of the time. The control system has been documented in

more detail by Keränen et al. [25].

The cooling subsystem regulated the temperature of the

stack. De-ionized water was used as a coolant in the cooling

subsystem’s primary cooling loop. A mixed bed ion-exchange

filter was implemented in the loop to extend the coolant

replacement frequency. Heat from the stack was transferred

to a secondary cooling loop (using cold tap water) through

a liquid-to-liquid heat exchanger.Water flow in the secondary

loop was controlled by using a solenoid valve.

The control subsystem was based on an embedded open-

source control system developed mainly at Aalto University

[25,26]. Additional data from different sensors was acquired

through a data acquisition system developed in-house based

on Fieldpoint/LabView by National Instruments.

All BoP components operated with a 24 V DC supply

voltage. Therefore, a lead-acid battery pack with correspond-

ing nominal voltage was used to power all the BoP compo-

nents in order to mimic a commercial system. A

programmable electronic DC load (AMREL PLW12K-120-1200)

capable of loading up to 12 kW was used for the measure-

ments. Fig. 2 shows the physical layout of the test bench used

in this study.

3. Experimental results and discussion

3.1. Test bench and PEMFC system characterization

The gross power, net power andBoP-associatedparasitic losses

of the systemas a functionof the stack current are presented in

Fig. 3. The maximum gross power of the system was 6.5 kW,

while the maximum net power delivered by the system was

5 kW at maximum stack current of 180 A. The performance

was not measured at its full rated current (225 A) due to an

insufficient flow rate of the recirculation pump that could not

provide adequate hydrogen humidification at full power. Due

to limited hydrogen humidification capability, the operation

temperature was also kept 10 �C lower than specified

maximum temperature (65 �C). Because of these safety

measures, the nominal power of the stack (8 kW) was not

reached. However, reaching the nominal power of the stack

was not the main goal of this study.

Fig. 3 alsoshows thatparasitic lossesdue toBoPcomponents

were in the range of 400 W at stand-by and low-current

conditions. The system could not deliver net power below

a stack current of 7 A. At the maximum current level,

auxiliary power consumption was about 1.5 kW, almost 23%

of gross power. This is slightly too high to be comparable with

commercial systems. There are two main reasons for this

poor system efficiency, in addition to the low operation

temperature mentioned earlier. Firstly, the brushless DC

blower used on the cathode side operates below 10%

efficiency over a wide range of operating conditions [22]. This

Fig. 2 e Physical layout of the test bench: A. N2 mass flow

controller, B. Pressure regulator, C. Air filter, D. Heat

exchanger, E. Cathode blower, F. H2 recirculation pump, G.

Control system, H. H2 concentration sensor, I. Fuel cell

stack, J. Ice bath.

Fig. 3 e PEMFC system gross power, net power and BoP

related losses as a function of stack current. Operating

conditions: Tstack [ 55 �C.
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highlights the importanceof selecting thecorrectblowerand its

control strategy. Secondly, during this measurement the

cooling was provided by an underdimensioned radiator with

power-consuming fans instead of a liquid-to-liquid heat

exchanger used in later experiments [23].

The performance and controllability of the integrated

system were characterized to ensure that its behavior was

reasonably close to a commercial system. The polarization

curve, alongwith stack and systemefficiencies, is presented in

Fig. 4. The stack efficiency, calculated using the higher heating

value of hydrogen (HHVH2 ), includes losses due to hydrogen

purge and hydrogen crossover (Eq. (A1) in Appendix).

Therefore, the stack efficiency reached a maximum of 53% at

a current level of 20 A. The system efficiency, which included

the BoP related parasitic losses (Eq. (A2) in Appendix),

reached a maximum of 43% when stack current was 60 A,

which corresponded to a net power of 2.2 kW.

The control strategy of the cathode blower is very impor-

tant for both system efficiency and ramp rate capability of the

system. The blower control strategy followed in the present

work is similar to the one recommended for dynamic opera-

tion of PEMFC stacks for automotive applications [27] and is

further documented by Keränen et al. [25].

The small graph on the upper left corner of Fig. 5 shows

that the oxygen stoichiometry (Eq. (A3) in Appendix) could

be maintained between the desired values (between 2.5 and

5) during steady state measurements.

However, the measured cathode stoichiometric ratio

during the transients was significantly lower. The cathode

blower response to a current pulse is presented in Fig. 5.When

the current was increased from 20 A to 120 A, the cathode

stoichiometric ratio dropped temporarily to lO2 z 1.5 due to

the blower control delay. As the system was also pressurized

during the transient, the actual air flow rate in the stack at

the beginning of the transient was even lower.

The hydrogen recirculation and humidification subsystem

was characterized. The performance of the recirculation

pump was measured at different control voltages (33%, 66%

and 100% ofmaximum) at two stack currents (120 A and 160 A)

and anode pressure levels (100 mbarg and 300 mbarg). The

rate of recirculation was then calculated using the humidities

of exhaust gas and mixed gas stream (Eq. (A7) in Appendix).

InFig. 6 theachievedflowratesare shown.Theseflowswere

achieved using humid hydrogen (absolute humidity of about

15%). In these measurements a time-triggered hydrogen

purge was used frequently to ensure that the amount of

accumulated nitrogen in the measurement was kept very

low. The maximum flow rate specified by the manufacturer

(55 lpm for dry hydrogen) was not reached. This is probably

due to the increased temperature, pressure head and

humidity of the hydrogen. The limited accuracy (�5%) may

also explain part of the discrepancy.

The results in Fig. 6 also show that when the anode side is

pressurized, higher recirculation rates, leading to higher inlet

humidity, can be obtained. On the other hand, higher pressure

on the anode side increases hydrogen permeability, which

may reduce the lifetime of the membrane [28].

The achieved flow rates, shown in Fig. 6, corresponded to

a hydrogen stoichiometric ratio (Eq. (A4) in Appendix) between

1.19 and 1.73 assuming no inert gas accumulation. Since the

Fig. 4 e PEMFC stack efficiency (HHVH2 ), system efficiency

and polarization curve. Operating conditions: Tstack: 55 �C.

Fig. 5 e Cathode blower response during a stack current

transient.

Fig. 6 e Differential pressure over anode as a function of

anode gas flow rate at STP (IUPAC, 1 bar and 273.15 K) in

different operating conditions.
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humidification of the hydrogen in this system is based only on

anode gas recirculation, these stoichiometric ratios do not

provide adequate humidification (>RH 50%) at higher current

levels, even if the recirculation pump is used at full power.

Therefore, the control strategy for the hydrogen recirculation

pump was to use it at maximum power at all times. This

strategyalsocontributedto themeasured lowsystemefficiency.

3.2. Measurement of nitrogen crossover rate in an aged
stack

The PEMFC system test bench was used for measuring

nitrogen crossover in an aged stack. Before these experiments,

the stack had been exposed to various experiments over

a three-year period.

The N2 permeation was measured at different currents

ranging between 25 A and 175 A, with 25 A intervals. Hydrogen

purge was deactivated during the measurements to enable

sufficient measuring times. The temperature of the stack was

now kept at 58 �C, slightly higher than in the measurements

described in Section 3.1. The results for currents 25 A, 100 A

and 175 A, presented in the Fig. 7, show how the increase of

inert gas content is linear over time. At t ¼ 0, the initial

hydrogen concentration varied between 88.75% and 90.25%.

In the measurements, the lowest hydrogen concentrations

in the recirculated gas were between 79% and 86% at the

end of the measurements. A constant flow rate was used on

the cathode side to minimize the variation in differential

pressure between anode and cathode. It has been shown

that differential pressure has a significant influence on the

crossover rate [28].

In these measurements, the time scale was several

minutes, and changes in the hydrogen concentration were

slow. Therefore, placing the hydrogen sensor in the slip-

stream did not introduce significant error in the measure-

ments. The time required to replace the gas volume in the

slipstream loop (0.15 dm3) has been calculated as approxi-

mately 1.1 s, depending on the differential pressure over the

anode side [24]. The replacement time can be decreased either

by minimizing the gas volume of the loop or increasing the

slipstream flow. In the former case, drying the gas becomes

more difficult. In the latter case, the humidity balance of the

fuel cell system is distorted at low stack currents.

The inert gas build-up rates were calculated as a function

of current, using the slopes of the hydrogen mole fractions

from Fig. 7 and assuming that all other gas in the gas mixture

is accumulated nitrogen.

In Fig. 8 the inert build-up rates calculated fromexperimental

data are converted tomolar rates using the volume of the anode

side (Eq. (A10) in Appendix) and plotted as a function of the

current. The inert gas build-up rate is linearly dependent on the

stack current, which can be expected since hydrogen

consumption and, consequently, inert gas feed rate depend

linearly on the current. A similar linear trend was observed in

recent works at the single cell level [19], when the nitrogen

content was at the level of 100 ppm. However, if membrane

permeability were to change significantly in the measurements,

this would distort the linear relationship.

From the results in Fig. 8, the inert build-up at zero current

could be determined from the y-axis trend line interception

(Eq. (A11) in Appendix). Using this rate and total membrane

area (14400 cm2), the average nitrogen flux in the stack can

be calculated as 6.2 � 10�6 mol m�2 s�1, which is about 5

times greater than what could be calculated using the data

from Baik et al. [19]. The higher nitrogen flux values

obtained here could probably be associated with the age of

the stack. Hydrogen crossover has been shown to increase

by more than one order of magnitude during a stack’s

lifetime [28]. Even if nitrogen permeability could also be

assumed to increase, there have not been, to the authors’

knowledge, any published results on the evolution of

nitrogen permeability with aging membrane.

Hydrogen quality was calculated (Eq. (A12) in Appendix)

by using the linear regression equation of Fig. 8. During

the measurement it was determined to be 99.925%.

Hydrogen quality should be frequently checked. Otherwise,

the changes in hydrogen quality between different

measurements can induce an error when determining the

nitrogen permeation rate.

Fig. 7 e The measured hydrogen mole fraction as

a function of time. Operating conditions:

panode [ 200 mbar(g), pcathode [ 130 mbar(g), H2

recirculation pump control [ 100%, Tstack [ 58 �C.
Fig. 8 e The calculated inert gas build-up rate as a function

of current load.
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The advantages of continuously measuring the hydrogen

partial pressure on-line are: i) the concept can be easily

applied to commercial fuel cell systems (e.g. vehicles); ii) the

gas composition in the dead-end anode compartment does

not change due to sampling extraction as in the case of other

gas analysis techniques [16]; iii) the fuel quality evolution over

a period of time can be analyzedmore accurately; and iv) dried

gas enables more accurate measurements of the hydrogen

content. A clear disadvantage with placing the H2 CS in the

slipstream is that the response time becomes sluggish [24].

In addition, during the measurements it was noted that the

hydrogen concentration sensor requires frequent calibration

to maintain sufficient accuracy.

3.3. PEMFC system performance with high inert gas
content

The effect of inert gas accumulation on the performance of

the systemwas studied by diluting hydrogen gas on the anode

side with nitrogen and monitoring the cell voltages while the

stack current was held constant. Relatively high inert gas

contents were used in the measurements. In this way the

mass transfer problems on the anode side in different cells

could be better identified. In these measurements the stack

current was 120 A, and the hydrogen recirculation pump was

used at full power.

The sequence of the measurement is shown in Fig. 9. First,

nitrogen was fed into the incoming hydrogen stream at the rate

of 300 sccm for 200 s. After that, the flow rate was decreased to

100 sccm for 25 s, after which the nitrogen flow was stopped.

The level of dilution was chosen so that one of the cells would

start falling rapidly within a reasonable time, thereby triggering

the purge. Before the first purge was triggered, the hydrogen

concentration was about 22.5%, and after the purge

amaximum value of about 40% could bemeasured.

After the first purge, the nitrogen feed was reactivated and

measurementswere continued so that several purges could be

measured. In these measurements the purge was triggered

when hydrogen concentration was between 20% and 30%. The

cell voltage necessary to trigger the 500 ms-purge was set to

a very low value (500 mV).

Because the volume of the hydrogen gas side is known, the

volume of purged inert gas and hydrogen can be calculated

from the measured change of hydrogen concentration.

However, in this type of measurement the main drawback of

slipstream arrangement (time delay) is demonstrated. There

is a clear delay in the measurement signal of H2 CS, and this

limits the accuracy of the measurement. Therefore, at this

point only a rough estimate of 0.2e0.4 dm3 for the volume of

the purged gas could be given.

Because the stack used was aged, there were already

significant deviations in cell performances. While the less

aged cells of the stack showed an average cell voltage of

690 mV, the four more aged cells (number 8, 9, 14 and 15)

showed an average voltage of about 610 mV at the beginning

of the measurement.

From Fig. 9 it can be seen that after 260 s there is a very

steep decrease in the cell voltage of cell number 64, leading

to the first purge cycle. This cell, which is the closest to the

gas inlets and outlets, was responsible for activating all the

purge cycles. The initial voltage of cell 64 was not far from

the average cell voltage, but it clearly had the most

pronounced response to the hydrogen dilution. However,

the results show that the more aged cells recovered better

after purges (i.e. their voltage increased) as compared to

other cells. All the cells in the stack increased their voltage

after the purge cycles, as can be seen from Fig. 9. The

average recovery was 40 mV, while for the aged cells the

recovery was 85 mV. From these results, it can be

concluded that the lower cell voltage of the more aged cells

is at least partially due to inadequate water management

on the anode side.

Cell 64, which triggered the pulse, however, recovered

200 mV after the purge. This major recovery indicates signif-

icant water accumulation in cell 64, which causes significant

mass transfer problems. The purge removes both water and

inert gas, improving the mass transfer.

Increased water accumulation in the end cells has been

observed experimentally by Manke et al. [29]. There can be

several reasons for additional water accumulation. Firstly, the

operation temperature of the outermost cell may be lower due

to cooling effect of the end plates and current collectors.

Secondly, the surface pressure distribution may be different in

the end cells [30]. Because increased surface pressure causes

GDL intrusion in the channels and decreases the hydraulic

diameter of the channel, the water removal may becomemore

difficult [31]. Finally, changes in the hydrophobic properties of

both gas channels and GDL may affect the water

management. However, it is difficult to clarify why the change

in the cell 64 should be different from other cells.

When a PEMFC is operated in co-flow or counter-flow

mode, inert build-up is not a factor that influences the

performance since the small amounts of N2 that permeate

from the cathode to the anode are immediately removed [15].

However, in PEMFC systems operated in dead-end mode with

purge and gas recirculation, the simultaneous effect of inert

build-up and water accumulation in the anode affect the

performance and stability of each cell of the stack to

a different degree, as shown in Fig. 9.

Fig. 9 e Drive cycle showing the cell voltage behavior, the

inert feed rate, the hydrogen mole fraction and the purge

sequences.
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As previously mentioned, in these measurements the

hydrogen dilution was excessive. In fact, the hydrogen

concentration was much lower than what is estimated to be

optimal for maximum system efficiency [13]. There is still no

consensus concerning what would be the optimal quality

(inert gas content) for the hydrogen, when hydrogen

production costs and fuel cell system efficiency are both

considered. In the modeling work of Ahluwalia and Wang

[13], the complex interrelation between hydrogen quality,

purge rate, recirculation ratio, stack efficiency and system

efficiency is demonstrated. In their simulations, the

optimum purge rates and inert gas accumulation were

determined for different combinations of fuel quality and

recirculation ratio.

However, in real systems the question of optimum purge

strategy becomes even more complex, including at least

recirculation pump efficiency, the definition of acceptable

stack degradation rate, system control and reliability issues as

well as the costs of all components.

4. Conclusions

A PEMFC system test bench suitable for studying the effect of

inert build-up and hydrogen quality on the performance of

PEMFC systems was designed and constructed. The PEMFC

system was integrated and characterized in the test bench,

where its performance was observed to be close to commer-

cial systems. The test bench was instrumented with flow,

pressure and temperature transducers as well as with an on-

line hydrogen concentration sensor. This instrumentation

enables characterization of system components as well as

different stacks at the beginning and end of lifetime.

The applicability of the on-line hydrogen concentration

sensor has been confirmed in a system-level study. The use of

the on-line hydrogen concentration sensor in a slipstreamhas

been proven to be a feasible method in measurements where

inert gas (nitrogen) permeability of the membrane and

hydrogen quality were determined. Accurate use of hydrogen

concentration monitoring requires the measurement of

absolute pressure as well as hydrogen humidity.

On-line hydrogen concentration monitoring during the

hydrogen purge sequence revealed the level of inert gases that

triggered the purge. Using the concentration monitoring, the

amount of purged hydrogen can also be determined. However,

for accurate measurements, optimization of the sensor

placement in the slipstream is needed due to the gas

replacement time in the slipstream loop.
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Appendix.

In this appendix some equations used in the study are

presented.

Efficiencies

The stack efficiency, hstack, can be calculated either as the

ratio of stack electric power, Pstack, to theoretical maximum

power, which is calculated from the reaction enthalpy, Dhr,

or as the stack electric power, Pstack, divided by the theoret-

ical maximum energy content of the fuel consumed,
_nH2 consumed. The latter one is used here, i.e. the stack effi-

ciency calculated from hydrogen consumption since this

accounts for the hydrogen lost during purges and due to

hydrogen crossover,

hstack ¼ Pstack=
�
_nH2 consumed,Dhr;HHV

�
(A1)

The system efficiency, hsystem, on the other is calculated as

the ratio of the system net power, Pnet, i.e. the stack power,

Pstack, subtracted with the power of BoP components, PBoP, to

the system gross power, Pgross, i.e. the stack power,

hsystem ¼ Pnet=Pgross ¼ ðPstack � PBoP=PstackÞ (A2)

Stoichiometries

The reactant stoichiometry, li, is defined as the ratio of reac-

tant fed, _ni;stack in to reactant consumed, _ni;consumed. The

amount of reactants consumed can be calculated using Fara-

day’s law using the stack current, I, and the number of cells,

Ncells. The stoichiometric ratios of the reactants in this study,

oxygen and hydrogen, are calculated as follows

lO2
¼ _nO2 ;stack in= _nO2 ;consumed ¼ _nO2 ;stack in,ð4,FÞ=ðNcells,lÞ (A3)

lH2
¼ _nH2 ;stack in= _nH2 ;consumed ¼ _nH2 ;stack in,ð2,FÞ=ðNcells,lÞ (A4)

Rate of hydrogen recirculation

The rate of hydrogen recirculation can be calculated by

establishing an overall material balance and a water balance

over the stack exhaust and inlet streams, as follows

_nexhaust þ _nH2 ;feed ¼ _nin (A5)

_nexhaust,yH2O;exhaust ¼ _nin,yH2O;in (A6)

Combining Eqs. (A5) and (A6) gives

_nexhaust ¼ _nH2 ;feed,yH2O;in=
�
yH2O;exhaust � yH2O;in

�
(A7)

which equals the recirculation rate.

Rate of inert build-up

Taking the humidity of the recirculated gas to be constant, the

molar rate of inert build-up is

_ninert build�up ¼ �dnH2 ;anode=dt ¼ �nanode,dyH2
=dt (A8)
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Assuming a perfect gas, the measured rate of change in

hydrogen concentration can be converted into molar inert

build-up rate as follows

_ninert build�up ¼ �Panode,Vanode=ðR,TanodeÞ,dyH2
=dt (A9)

where panode and Tanode are the mean pressure and temper-

ature, respectively, and Vanode is the total anode volume

including the recirculation loop and the slipstream loop.

However, a correction has to be introduced to Eq. (A9) that

accounts for the volume taken by vapor since, in the present

arrangement the concentration of dry hydrogen is measured

and the anode compartment contains a substantial amount

of water vapor. This is done by assuming the average water

vapor partial pressure to equal saturated vapor in the

temperature of gas entering the anode of the stack

(pH2Ozps
H2O
ðTanode;inÞ). The corrected equation becomes

_ninert built�up ¼
�
ps
H2O

�
Tanode;in

�
� panode

�
,Vanode=ðR,TanodeÞ,dyH2

=dt (A10)

By using linear regression between the rate of inert build-up

and the stack current, the membrane permeability can be

calculated using the y-axis intercept, as follows

_ninert;membrane ¼ _ninert build�upðI ¼ 0Þ=ðNcells,AcellÞ (A11)

On the other hand, the hydrogen mole fraction of the feed

gas can be solved using the slope, as follows

YH2 ;feed ¼ 1� ð2,FÞ=Ncells,d _ninert build�up=dl (A12)
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Hyötylä P, et al. Development of integrated fuel cell hybrid
power source for electric forklift. Journal of Power Sources. in
press, [Corrected proof].

[26] NutDAC Open source software package website, URL: http://
autsys.tkk.fi/nutdac/, last accessed 10.2.2011.

[27] Corbo P, Migliardini F, Veneri O. Experimental analysis of
a 20 kWe PEM fuel cell system in dynamic conditions
representative of automotive applications. Energy
Conversion and Management 2008;49(10):2688e97.

[28] Inaba M, Kinumoto T, Kiriake M, Umebayashi R, Tasaka A,
Ogumi Z. Gas crossover and membrane degradation in

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 1 0 1 7 9e1 0 1 8 710186

http://lib.tkk.fi/Dipl/
http://URN.fi/URN:NBN:
http://lib.tkk.fi/Dipl/2010/urn100359.pdf
http://autsys.tkk.fi/nutdac/
http://autsys.tkk.fi/nutdac/


polymer electrolyte fuel cells. Electrochimica Acta 2006;
51(26):5746e53.
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h i g h l i g h t s

� An advanced PEMFC system test bench for anode side studies was built.
� Anode purge gas volume and composition were measured accurately and reproducibly.
� Effect of cathode inlet gas humidification on system performance was studied.
�Mass transport resistance in GDL was found to cause significant voltage polarization.
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a b s t r a c t

In PEMFC (proton exchange membrane fuel cell) systems operating in dead-end mode, hydrogen purges
are needed to remove accumulated inert gases and liquid water from the anode side of the fuel cell stack.
Hydrogen purges were studied using different humidity levels, purge times, and purge triggering criteria.
The purged gas volume and composition were accurately measured with fast data acquisition and an
advanced experimental set-up. The experiments were done with constant current density with aim of
keeping the anode gas recirculation rate constant. Fuel utilization per pass varied as the hydrogen
content on the anode side changed. This study demonstrates how the optimized purge strategy changes
with a changing humidity level. It also shows that high fuel efficiency (>99%) is easily reached and that
with optimized purge strategy a very high fuel efficiency (99.9%) can be reached. It was also shown that
concentration polarization due to accumulation of inert gases on the anode side is two times higher than
values obtained by theoretical calculations. This result is significant for purge strategy and system design.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are an attractive
technology, as they provide zero local emissions, high efficiency
and quiet operation. PEMFC technologymay provide solutions both
for the clean transport as well as stationary applications, such as
grid balancing. PEMFC technology has, however, been commer-
cialized only in a limited number of niche applications. Improve-
ments are still required to reduce the cost and to increase the
durability of the systems so that mass market applications can be
reached.

The design and operation of the anode subsystem, as other
PEMFC subsystems, is a sumofmany compromises between fuel cell
system cost, complexity, efficiency, life-time, and response time. On

the other hand, maximization of hydrogen utilization is typically
dominated by stack design and system control optimization. Finding
energy-efficient system designs to minimize both energy losses due
to balance of plant and purged hydrogen is a challenging task.

A common anode subsystem structure in hydrogen fueled
PEMFC systems for material handling application and for automo-
tive applications is dead-end operation and valve-controlled
hydrogen purge, usually combined with recirculation of the anode
gas [1,2]. The hydrogen purge serves two functions. Firstly, it
removes some of the inert gases that accumulate in the anode due to
permeable membrane and consumption of impure hydrogen [3,4].
Secondly, the purge removes excess water that has accumulated in
the anode. Water might accumulate in the anode, even when dry
hydrogen is used, due to back-diffusion from the cathode [5].

While the accumulation of inert gas is a relatively simple
function of hydrogen quality and membrane permeability, the
accumulation of water depends on the stack design and operation
conditions [2]. Water accumulation is a major challenge on the
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cathode side, and there are numerous studies of the topic, most of
which are included in Anderson’s review [6].

System efficiency optimization as a function of purged hydrogen
and fuel quality has been modeled by Ahluwalia and Wang [1]. In
their study, the fuel quality and the membrane thickness deter-
mining the nitrogen flux from the cathode were varied. In this
optimization study, the accumulation of liquid water was neglec-
ted, even if it is known to be a significant cause of inhomogeneity in
fuel cell stacks [7].

Recently, Promislow et al. modeled the optimum bleed rate for
anode gas [8]. While the work of Promislow et al. points out many
important aspects, such as the time scale to reach the steady state
nitrogen level and the importance of the dilution effect of anode
nitrogen, it is based on several assumptions that are difficult to
achieve in practical systems. As the authors point out, uniform
current density is assumed and the effects of water management
are neglected.

The accumulation of nitrogen and water and their effects
have been studied both at the single cell [9e12] and the stack or
system level [13e19]. Both of these approaches serve a certain
purpose. While the studies that use a single cell give more accurate
results for flow field geometry, the studies that use a stack bring
out the problems due to uneven flow distribution between the
cells.

While many of these studies provide valuable information for
the stack design and for system design and operation, data is
lacking of the amount of hydrogen purged when the system is
operated with realistic control parameters. The amount of purged
hydrogen is measured by Adegnon et al. [15], but the purge time is
several seconds, while in practical systems it is a fraction of a
second. It is also important to quantify how much of the water is
actually removed from the anode channels by the purge in different
operating conditions. Only the study by Dehn has measured
this [2].

In this work, development of a novel experimental set-up
enabling measurement of both the purged gas volume and the
hydrogen content of the purged gas in a dead-end operated system
is reported. Purged volume and fuel utilization were experimen-
tally studied using different purge strategies and different humidity
levels of cathode air. Water balance for the system operating in
constant current conditions was measured, including the liquid

water leaving the system through the anode during a purge. Con-
centration polarization due to liquid water and nitrogen accumu-
lation was measured and compared to theoretical polarization due
to simple gas dilution.

2. Experimental

2.1. Fuel cell system test bench

The PEMFC system test bench reported in a previous study [13]
was modified to enable accurate recording of anode side system
behavior during purges and also to enable control of the cathode
humidity level.

A high data sampling rate during the purge was enabled using a
trigger signal from the PEMFC control system just before the con-
trol system triggers the purge. The sampling rate during anode
purge was increased from 2 Hz to 50 Hz not more than 1 s prior to
opening the purge valve and was maintained until 10 s had elapsed
since closing the purge valve. A hydrogen mass flow meter (Alicat
MS-500SLPM) with fast response time (10 ms) was added to the
fuel inlet line. The use of this mass flow meter enabled accurate
measurement of the hydrogen flow rate during the purge. The
hydrogen concentration sensor, placed in the slipstream in the
previous study [13], was replaced with two more stable hydrogen
concentration sensors (Applied Sensor HPS-100), which were
placed at the inlet and outlet of the anode main line.

The humidification level of the cathode gas was controlled by
adding a by-pass line, enabling only a fraction of the inlet air to flow
through the humidifier. The by-passed air flow rate was measured
with mass flow meter (TSI 42350101).

In addition to these changes in the instrumentation, the aged
commercial Nedstack P8 stack used in the previous work was
replaced with a latest generation Nedstack P8 stack. A scheme of
the experimental set-up is shown in Fig. 1.

2.2. Test procedure and test matrix for purge measurements

The measurements were made using a constant current and
constant cathode flow rate and pressure, as the cathode was not
pressurized. The current level corresponded to ahigh efficiencypoint
(Ecell,avg ¼ 660e690 mV) and the air stoichiometric ratio (lair ¼ 2.5)

Nomenclature

GDL gas diffusion layer
LHV lower heating value (kJ/mol)
PEMFC proton exchange membrane fuel cell
NLPM liters per minute of gas at NTP
NTP normal temperature (0 �C) and pressure (1.013 bar)
E voltage (V)
E0 standard voltage, i.e. reversible open circuit voltage at

standard state (V)
F Faraday constant (96,485 C mol�1)
DHH2

molar enthalpy change in hydrogen combustion
(J mol�1)

I current (A)
n amount of substance (mol)
p pressure (bar), 1 bar ¼ 105 Pa
Q volumetric flow rate (NLPM), 1 NLPM ¼ 1.67 $ 10�5

m3 s�1

R universal gas constant (8.314 J K�1 mol�1)
T temperature (�C), 0 �C ¼ 273.15 K
Tdew dew point temperature (�C)

t time (s)
V volume (dm3 @ NTP)
y hydrogen mole fraction (�)

Greek symbols
h efficiency (%)
l stoichiometric ratio (�)
FH2

hydrogen utilization per pass (%)
jH2O fraction of water leaving the system as liquid water

through the anode (%)

Subscripts
a after a purge
an anode
b before a purge
cat cathode
cool coolant
f in the fresh hydrogen feed
in anode/cathode/coolant inlet
out anode/cathode/coolant outlet
p purge/in the purged gas
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was close to optimum from the system efficiency point of view. The
hydrogen recirculation rate was maintained at its maximum to
enable an even humidification on the anode side even under dry
conditions. The anode inlet overpressure (pan,in ¼ 200 mbar) was
chosen based on previous experience and was a compromise be-
tween durability, fuel efficiency, and the ability of the purge gas
to remove liquid water. The operating conditions are shown in
Table 1.

Prior to conducting the measurements, the system was allowed
to stabilize, i.e. it was operated until the hydrogenmole fractions in
the anode line had reached a pseudo-steady state. Once the system
had stabilized 10 consecutive purge cycles were recorded, during
which the liquid water leaving system through purge valve was
collected and measured. The length of one purge cycle varied be-
tween 3 and 22min, dependingmainly on the voltage drop allowed
between purges. Using the humidity measurements and the
measured amount of liquid water leaving the system through the
anode purge valve, the total amount of water leaving the system
could be determined by establishing a water balance. In Fig. 2 one
complete measurement is presented and variations of the param-
eters are shown.

The measurement routine was repeated by varying (1) the cell-
average voltage drop that triggers an anode purge (DEtrigger ¼ 3, 6,
9 mV), (2) the cathode inlet dew point temperature (Tdew,cat,in ¼ 52,
55, 58 �C), and (3) the time the purge valvewas kept open (tp¼ 200,
400 ms).

Thematrix of measurements performed in this work is shown in
Table 2. Measurements performed in high humidity conditions and

Table 1
Measured time average operating conditions and parameters.

Parameter Target Measured time average

Istack 120 A 119.9e120.0 A
Qan,in

a e 107e113 NLPM
pan,in 200 mbarg 186e217 mbarg
pan,out e 146e180 mbarg
Fuel quality e 99.9% H2

b, <20 ppm H2O
Qcat,in 319 NLPM 321e329 NLPM
lO2

2.5 2.52e2.58
pcat,in e 75e84 mbarg
pcat,out e 10e15 mbarg
Tcool,in 60e60.5 �C 60.1e60.5 �C
DTcool e 2.8e4.1 �C

a Total anode gas flow rate including recirculation.
b The fuel quality was determined using the method described in Karimäki

et al. [13].

Fig. 2. Average cell voltage (Ecell,avg), hydrogen mole fractions (y), dew point temper-
atures (Tdew), and pressures (p) during one complete measurement. The cathode inlet
dew point temperature is Tdew,cat,in ¼ 52 �C, the purge time is tp ¼ 400 ms, and the
purge triggering criteria is DEtrigger ¼ 3 mV.

Fig. 1. Scheme of the system test bench. DF: de-ionization filter, F: filter, FM: flowmeter, H: humidity measurement, HC: hydrogen concentration measurement, HE: heat exchanger,
MH: membrane humidifier, P: pump/blower, PR: pressure regulator, SV: solenoid valve, T: temperature measurement.
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long purge intervals were shown to be challenging because of un-
stable performance of the stack due to extensive water accumula-
tion. Reliable data from these measurements was not acquired.
Instead, the results from the three data sets numbered in Table 2 are
addressed.

2.3. Analysis of purged gas volume and composition

Analysis of the purged gas volume and the hydrogen mole
fraction in the purged gas was performed using the measured flow
rate profile of hydrogen entering the anode and the hydrogen
concentration in the anode line before and after the anode purge.

Fig. 3 shows a typical hydrogen flow rate (Q) profile and anode
inlet hydrogen mole fraction (y) change during an anode purge. As
seen from the figure, there is a time lag between closing the purge
valve and the measured maximum flow rate. The observed time lag
is due to the opening and closing times of the valve, which result in
anode gas being purged after giving the command to close the
purge valve. Furthermore, the hydrogen flow rate profile is wider
than the time the valve is kept open. This is explained with the
principles of fluid dynamics in that a flow caused by a pressure
gradient evens out the pressure gradient, thus resulting in a
decreased fluid flow rate.

The volume of fresh hydrogen entering the anode during a
purge is calculated by numerically integrating the hydrogen flow
rate profile over time, as follows:

V ¼
Z

Qfeeddt (1)

This volume equals the volume of anode gas purged (Vp) and can
be converted into moles of gas purged (np) using the ideal gas law,
as follows:

np ¼ p$Vp
R$T

(2)

The purged gas is a mixture of hydrogen, nitrogen, and water
and the mole fraction of hydrogen (yp) can be determined by
establishing a mole balance for the purge process by using Eqs. (1)
and (2), the measured hydrogen mole fractions in the anode line
(yb,in, ya,in, yb,out, ya,out), and the mole fraction of hydrogen in the
feed (yf), as follows:

yp ¼ yf �
nan
np

$ ya � ybð Þ (3)

In Eq. (3), yb and ya are the average hydrogen mole fractions in
the anode line before and after the purge, respectively. They are
calculated using yb,in, yb,out, ya,in, ya,out, and fractional volumes of
anode gas at inlet and outlet concentrations. The fractional volumes
of anode gas at different concentrations were determined by
measuring the anode volume as described by Nikiforow [20]. nan in
Eq. (3), represents the moles of gas in the anode line and is calcu-
lated based on the anode line volume, temperature, and pressure
using the ideal gas law (Eq. (2)). Eq. (3) is valid when it can be
assumed that the temperature and pressure of the purged gas equal
the temperature and pressure of the fresh hydrogen and that all
compounds in the anode gas behave like an ideal gas.

When losing as little hydrogen as possible during an anode
purge, yp should equal yb,out. In practice, however, this is seldom
true because part of the excess fresh hydrogen entering the anode
during a purge and mixing with the recirculated anode gas often
makes it to the purge valve while it is still open. In this case, the
purged gas can be thought of as a mixture of (1) fresh hydrogen and
(2) anode outlet gas, and the fraction of fresh hydrogen (nf) purged
to the purged gas (np) can be expressed as follows:

nf
np
¼ yp � yb;out

yf � yb;out
(4)

Using Eq. (4), the amount of additional hydrogen compared to
yb,out lost during a purged can be determined.

3. Experimental results and discussion

3.1. Effect of humidity level on purged volume and gas composition

During the experiments, the humidity level used was found to
have a significant effect on the purged gas volume and composition.
As discussed in Section 2.2, the measurements with the highest
humidity level were troublesome to perform. Therefore, only
measurements with lowest trigger voltage (3 mV) are used in this
analysis.

In Table 3, the measured time average reactant dew point tem-
peratures in both stack inlet and outlet, as well as the hydrogen
mole fractions in both stack inlet and outlet, are shown. In Table 4,
the calculated volume of anode gas purged, anode gas recirculation
rate at the anode inlet, average hydrogen utilization per pass, and
fraction of water leaving the system as liquid water through the

Table 2
Test matrix and the number of successfully measured consecutive purge cycles. Three data sets are numbered and their ordinals are shown as superscripts.

Y DEtrigger (mV) The number of successfully measured consecutive purge cycles

Tdew,cat,in (�C)/tp (ms) / 52/200 55/200 58/200 52/400 55/400 58/400

3 6 1,2,3 7 1 7 1 9 1,2 9 1,3 9 1

6 7 2,3 0 0 8 2 9 3 0
9 7 2,3 0 0 7 2 9 3 0
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Fig. 3. Hydrogen flow rate (Q) and anode inlet hydrogen mole fraction (yin) during
anode purge. The cathode inlet dew point temperature is Tdew,cat,in ¼ 52 �C, the purge
time is tp ¼ 400 ms, and the purge triggering criteria is DEtrigger ¼ 3 mV.
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anode are shown. All data presented in Tables 3 and 4 are averaged
from the number of successfully measured consecutive purge cycles
shown in Table 2. The anode gas recirculation rate at anode inlet
presented in Table 4 is determined as described by Nikiforow [20].

The hydrogen flow rate profiles averaged from all successfully
measured consecutive purge cycles are shown in Fig. 4. As seen from
these figures, the higher the humidity level, the lower the peak flow
rate and the longer it takes for the flow rate to respond to the
opened purge valve. These observations suggest that flow resistance
increases significantly with increasing the humidity level, i.e. with
increasing liquid water accumulation in the flow channels. The
increased flow resistance, in turn, results in less gas being purged.
This is seen in Fig. 5, where the volume of gas purged as a function
of humidity level is shown.

The mole fraction of hydrogen in the purged gas (yp) as a
function of humidity level and nf/np as a function of humidity level
and purged volume are shown in Figs. 6 and 7, respectively. Fig. 6
suggests that yp approaches the hydrogen mole fraction at the
anode outlet before the purge (yb,out) when increasing the hu-
midity level. This is quite intuitive because when the humidity
level increases, the purged volume decreases (Fig. 5) and, thus, less
fresh hydrogen entering the anode during purge reaches the purge
valve. With the increasing humidity level and, thus, with the

increasing flow resistance, a condition is eventually encountered
where the fresh hydrogen entering the anode during the purge
does not reach the purge valve. In this condition, the purged gas
has the same composition as the anode outlet gas before the purge
(yp ¼ yb,out), the fuel efficiency reaches its maximum, and the
fraction of fresh hydrogen in the purged gas is zero. This condition
is approached, as shown in Fig. 7a. Assuming plug flow and no back
flow from the recirculated gas, the volume of anode gas purged
equals the volume between anode outlet and the purge valve
(Fig. 7b).

When increasing the humidity level and decreasing the
purge time, measurements become increasingly inaccurate
because of the unsteady and unreliable behavior of the stack
under these conditions. This means that while maintaining the
purged volume below the limit when yp ¼ yb,out is desirable
from the fuel efficiency point of view (because the maximum
dilution of the purged gas is achieved), it may result in ineffi-
cient liquid water removal. Thus, minimizing the amount of
hydrogen lost in a purge might not be the optimal solution for
system performance, especially if the system is operated in high
humidity conditions.

The measurements in the current set-up show that the fuel ef-
ficiency (hfuel) does not play a very central role in the total efficiency
(htotal ¼ hfuel $ hstack) but instead the stack efficiency (hstack),
dominated by the stack humidity level, is the controlling factor. The
efficiencies are calculated as follows:

hfuel ¼
nH2 ;consumed

nH2;consumed þ nH2;purged
(5)

hstack ¼
2$F$Estack
�DHH2;LHV

(6)

Table 3
The measured time average reactant dew point temperatures (Tdew) and average hydrogen mole fractions in anode loop before and after a purge (y). The purge triggering
criteria was DEtrigger ¼ 3 mV.

Y Tdew,cat,in (�C) Tdew,cat,in (�C) Tdew,cat,out (�C) Tdew,an,in (�C) Tdew,an,out (�C) yb (�) ya (�)
tp (ms) / 200 400 200 400 200 400 200 400 200 400 200 400

52 52.1 52.0 64.7 64.4 47.6 48.1 60.4 61.4 0.78 0.80 0.85 0.88
55 54.9 54.9 64.9 64.9 49.5 49.7 62.5 62.9 0.73 0.77 0.79 0.85
58 58.0 58.0 65.4 65.5 50.3 51.1 64.0 64.1 0.59 0.73 0.65 0.80

Table 4
The calculated volume of anode gas purged (Vp), anode gas recirculation rate at
anode inlet (Qan,in), average hydrogen utilization per pass (FH2 ;average), and fraction
of water leaving the stack as liquid water on the anode side (jH2O). The purge
triggering voltage drop was DEtrigger ¼ 3 mV.

Y Tdew,cat,in (�C) Vp (dm3 @ NTP) Qan,in (NLPM) FH2 ;average (%) jH2O (%)

tp (ms) / 200 400 200 400 200 400 200 400

52 1.03 1.88 112.5 109.7 55.8 55.9 0.1 0.3
55 0.50 1.32 111.5 110.8 59.4 56.9 3.1 3.6
58 0.26 0.74 108.2 112.4 70.3 58.4 6.5 7.3
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Fig. 4. The hydrogen flow rate profiles averaged from all successfully measured consecutive purge cycles. The cathode inlet dew point temperature was Tdew,cat,in ¼ 52, 55, 58 �C, the
purge time was (a) tp ¼ 200 ms and (b) tp ¼ 400 ms, and the purge triggering criteria was DEtrigger ¼ 3 mV.
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htotal ¼ hfuel$hstack (7)

As seen in Fig. 8, the stack efficiency accounts for approximately
0.8% of the increase in system efficiency when comparing humid
conditions to dry conditions with tp ¼ 400 ms, while the fuel effi-
ciency accounts for approximately 0.3% although the volume of
purged gas changed by a factor of 2.5. The highest system efficiency
is achieved when operating the system at the highest humidity
level, Tdew,cat,in ¼ 58 �C. While it can be concluded that the purged
volume might not have a prominent impact on the system total
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The purge time was tp ¼ 200, 400 ms and the purge triggering criteria was
DEtrigger ¼ 3 mV. The error bars show the standard deviation of the measured values.
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efficiency, it is important in fuel cell system exhaust gas treatment,
as discussed by Dehn et al. [2].

The fraction of liquid water leaving the system through the
anode purge valve to the total amount of water leaving the system
(water entering þ water generation) at high humidity levels is
substantial, as seen in Table 4, reaching a value of 7.3% under the
most humid conditions. This should be taken into account when
estimating the water balance and sizing the cathode humidifier in
similar system configurations.

3.2. Effect of purge triggering criteria on system efficiency

One of the goals of this study was to determine the optimum
trigger criteria from system efficiency point of view. However, as
discussed above, a very high fuel efficiency (>99%) can easily be
reached even when purge time and trigger voltage are not
optimized.

The effect of purge triggering voltage drop on the efficiency and
the purged volume can be studied using data from measurements
with cathode inlet dew point temperature Tdew,cat,in ¼ 52 �C and
Tdew,cat,in ¼ 55 �C. However, with Tdew,cat,in ¼ 55 �C, data could be

recorded only with the longer purge (tp ¼ 400 ms). The measured
data is shown in Tables 5 and 6, which are organized in the same
way as Tables 3 and 4, respectively.

Comparing the average hydrogen flow rate profiles measured
using different purge triggering voltage drops in Fig. 9a and b, it is
seen that the flow rate profiles with DEtrigger ¼ 6 mV and
DEtrigger¼ 9mV are similar under dry conditions (Tdew,cat,in¼ 52 �C).
This is true for measurements with both tp ¼ 200 ms and
tp ¼ 400 ms. In contrast, under more humid conditions
(Tdew,cat,in ¼ 55 �C), increasing the DEtrigger (Fig. 9c) creates a similar
effect on the average flow rate profiles as increasing the humidity
level (Fig. 4). Since the interval between purges increases with
increasing DEtrigger, these observations suggest that the water
accumulation in theflowchannels has had time to reach equilibrium
when operating the system at Tdew,cat,in¼ 52 �C andDEtrigger¼ 6mV.

The suggested equilibrium condition in water accumulation is
also observed when comparing the stack efficiencies, i.e. stack volt-
ages, as a functionofDEtrigger in Fig.10b. The stack efficiency seems to
be constant in the range DEtrigger ¼ 6e9 mV in dry conditions.

However, in more humid conditions, the stack efficiency is not
constant in this range of DEtrigger. In fact, the stack efficiency seems

Table 5
The measured time average reactant dew point temperatures (Tdew) and average hydrogen mole fractions in anode loop before and after a purge (y).

Y DEtrigger (mV) Tdew,cat,in (�C) Tdew,cat,out (�C) Tdew,an,in (�C) Tdew,an,out (�C) yb (�) ya (�)
Tdew,cat,in

(�C)/tp (ms) /
52/200 52/400 55/400 52/200 52/400 55/400 52/200 52/400 55/400 52/200 52/400 55/400 52/200 52/400 55/400 52/200 52/400 55/400

52 52.1 52.0 54.9 64.7 64.4 64.9 47.6 48.1 49.7 60.4 61.4 62.9 0.78 0.80 0.77 0.85 0.88 0.85
55 52.1 52.3 55.0 64.5 65.1 65.9 47.6 48.0 50.2 60.7 60.9 63.7 0.66 0.64 0.62 0.78 0.80 0.76
58 52.0 52.1 54.9 64.8 64.5 65.4 46.1 46.2 49.5 59.5 59.7 63.1 0.56 0.58 0.51 0.70 0.78 0.65

Table 6
The calculated volume of anode gas purged (Vp), anode gas recirculation rate at anode inlet (Qan,in), average hydrogen utilization per pass (FH2 ;average), and fraction of water
leaving the stack as liquid water on the anode side (jH2O).

Y DEtrigger (mV) Vp (dm3 @ NTP) Qan,in (NLPM) FH2 ;average (%) jH2O (%)

Tdew,cat,in (�C)/tp (ms) / 52/200 52/400 55/400 52/200 52/400 55/400 52/200 52/400 55/400 52/200 52/400 55/400

3 1.03 1.88 1.32 112.5 109.7 110.8 55.8 55.9 56.9 0.1 0.3 3.6
6 0.81 1.33 0.89 109.9 111.2 109.1 62.5 61.4 64.7 0.4 0.5 2.5
9 0.75 1.49 0.58 107.8 107.1 108.0 69.0 65.9 72.9 0.0 0.0 2.9
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Fig. 9. The hydrogen flow rate profiles averaged from all successfully measured consecutive purge cycles. The cathode inlet dew point temperature and the purge time was (a)
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to increase in the range DEtrigger ¼ 6e9 mV. This might be an
erroneous result, caused by the stack voltage being very sensitive to
the operating conditions, especially to the humidity level inside the
stack and to the water accumulation in the flow channels, which
were found to reach equilibrium very slowly.

In all measurements, the stack efficiency is found to reach its
maximum at DEtrigger ¼ 3 mV (Fig. 10b), which is expected because
the average voltage drop is the smallest drop used in these ex-
periments. Similarly, in all measurements, the highest fuel effi-
ciency was reached at DEtrigger ¼ 9 mV (Fig. 10a), which is due the

longest purge interval and the smaller volume purged. The highest
total efficiency, however, is reached at DEtrigger ¼ 3 mV (Fig. 10c),
implying that the stack efficiency through the water balance is the
single most important factor in total efficiency, as concluded
above.

3.3. Concentration polarization due to N2 build-up

An important issue in optimizing the design and operation of a
PEMFC system is to understand howmuch voltage loss N2 build-up
is causing on the anode side. In an ideal situation, the dilution is
homogeneous throughout the stack. In practice, however, therewill
be hydrogen concentration gradients between the inlet and outlet
as well as between the channel and rib area. In addition, there will
be differences between the channels and cells, as flow resistance
will be different due to tolerance errors and water accumulation
during operation.

Since the hydrogen mole fraction at both the anode inlet and
outlet are measured, the theoretical voltage drop due to hydrogen
dilution can be calculated using the average hydrogenmole fraction
in the Nernst equation. The Nernst equation for a fuel cell using
hydrogen as fuel is:

E ¼ E0 � RT
2F

$ln
pH2O

pH2
$p1=2O2

0
@

1
A (8)

The voltage drop caused by concentration polarization,
assuming constant oxygen and water partial pressures, is:

DENernst ¼ E2 � E1 ¼
RT
2F

$ln
pH2;2

pH2;1

� �
(9)

As seen in Fig. 11, the voltage drop calculated using the Nernst
equation is roughly half of the measured voltage drop and seems to
be independent of the humidity level, which indicates that the
water accumulation is not highly uneven.

This result suggests that the mass transport resistance for the
hydrogen in the gas diffusion layer (GDL) cannot be ignored.
Therefore, it can be concluded that mathematical models [21,22], in
which the voltage drop is due to simple N2 build-up and mass
transfer resistance is not taken into account, give erroneous esti-
mates of the concentration polarization.

4. Conclusions

In thiswork, amethodologyof reproduciblymeasuring thepurged
gasvolumeandcompositionwasverifiedandthehydrogenpurgewas
studied as a function of humidity, purge time and purge triggering
criteria. The results show that theoperating conditions (humidity) are
a significant factor for defining the optimum purge strategy. Conse-
quently, in themodels for thepurgeoptimization,wateraccumulation
should be taken into account if the stack is operated under such
conditions that water accumulation in the flow channels is possible.

It was found that the highest system efficiency is achieved when
operating the systemunderhumidconditions andwithquite frequent
purges, corresponding to low voltage drop allowed between purges.

It could be observed that operating the system in humid con-
ditions, and hence close to conditions where flooding occurs,
makes the determination of stack efficiency challenging due to
unstable stack performance and long stabilizing times. However,
this was also the point of highest system efficiency.

The fuel efficiency, and hence the purge time, in turn, does not
affect the system efficiency very much, since the impact of water
balance on system efficiency dominates over fuel efficiency. Instead,
it is concluded that the purge time should be justified to efficiently
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remove the liquid water built-up in the flow channels. Moreover,
when operating the system in humid conditions, the amount of
water leaving the systemas liquid through theanodewas found tobe
significant, thus affecting the humidification of the cathode inlet air.

Furthermore, the theoretical concentration polarization, calcu-
lated using the average hydrogen concentration in the flow chan-
nels, was found to be roughly half of the measured polarization,
indicating a significant mass transport resistance in GDL. However,
the mass transport resistance was independent of the humidity
level for the stack studied in this work.

The results presented in this paper using the developed meth-
odology are specific to the stack and the system used in this study.
In addition, only one current density level and air stoichiometry
were studied.
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a b s t r a c t

Ensuring uniform membrane hydration in a PEMFC (Proton Exchange Membrane Fuel Cell)

is important for its performance and durability. In this study, a bubble humidifier for hu-

midifying hydrogen in a 50 kW PEMFC pilot plant was designed, built, and modeled. Initial

tests, carried out by humidifying air, show that a dew point temperature of higher than

59 �C is attained when operating the PEMFC plant at nominal power at 65 �C. The model

simulation results show good agreement with experimental data and the model is used for

studying humidifier performance at other conditions. Steady state simulation results

suggest that by increasing the heating water flow rate, the humidifier outlet dew point

temperature can be increased by several degrees because of improved heat transfer.

Finally, dynamic simulation results suggest that the humidity of the hydrogen can be

controlled by manipulating the heat supply to the humidifier.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Hydrogen-fueled stationary PEMFC (Proton Exchange Mem-

brane Fuel Cell) power plants are being considered for micro-

CHP (Combined Heat and Power), grid-balancing, and tele-

communications backup power applications. Properties of

PEMFCs that support choosing them over other alternatives

are, among other things, their rapid start-up and high

efficiency.

In order to achieve high performance and good durability,

the membrane in PEMFC must be hydrated, which partially is

realized by water transport inside the fuel cell. Water trans-

port alone, however, results in an uneven water distribution.

Therefore, to guarantee uniform membrane hydration, the

reactant gases can be humidified prior to feeding them into

the fuel cell. Using water and heat produced by the fuel cell in

humidifying the reactant gases, the fuel cell system can be

made self-contained in this respect.

To increase hydrogen utilization in PEMFC, the unused

hydrogen that is fed in excess to avoid fuel starvation can

be recirculated. The recirculated anode gas also contains

water and, thus, serves the purpose of humidifying the

hydrogen. However, especially at high current loads, the

recirculation of anode gas alone results in inadequate anode

humidification, and additional humidification is necessary.

Common methods to realize humidification in PEMFC sys-

tems include using bubble humidifiers [1], spray towers [2],

membrane humidifiers, enthalpy wheels [3], and spray

nozzles [4].
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In spray nozzle humidifiers, the water is atomized and

mixed with gas to form an aerosol. The water droplets in the

aerosol must then be evaporated so as not to cause flooding in

the fuel cell. This is done either by heating the water prior to

entering the nozzle or heating the aerosol. Because water has

a rather high latent heat, heating the water prior to atomizing

requires temperatures well above the desired dew point

temperature. On the other hand, heating the aerosol is less

efficient than heating liquid and also causes a pressure drop.

Therefore, this technique cannot be considered suitable for

stationary PEMFC applications where the humidifier is sup-

plied with fuel cell excess heat. Nonetheless, transportation

applications can benefit from the relatively small size and

ease of control.

Membrane humidifier and enthalpy wheel are equivalent

in that both even out the temperature and concentration

differences between two gases without mixing them. In a

PEMFC, the source of humidity can either be the exhaust

hydrogen or the exhaust air. When hydrogen gas is being

recirculated, only exhaust air can be considered as the hu-

midity source. This, however, leads to a safety risk because in

both membrane humidifiers and enthalpy wheels, leakages

can occur. The membrane humidifier can also be operated in

liquid-to-gas mode with the consequence, however, that im-

purities in the water will eventually block the pores in the

membrane [4]. When the membrane humidifier is also rela-

tively expensive, it is only used in applications where

simplicity and size are critical factors.

Both in bubble humidifiers and in spray towers, the gas and

liquid water are brought into contact and the gas is allowed to

saturate with water vapor. These two humidifier types, in

addition to the liquid-to-gas membrane humidifier, are

therefore ideal for use in PEMFC applications where fuel cell

excess heat is used for humidifying gases. These three hu-

midifiers differ in acquisition cost, the membrane humidifier

being the most expensive due to the high cost of the mem-

brane. Another difference is in operating costs, the bubble

humidifier being the most expensive due to the hydrostatic

pressure exerted on the gas. The third difference is operation

during an emergency shutdown. When the power is shut-off,

both the spray tower and the membrane humidifier lose their

humidifying capacity dramatically. However, the outlet hu-

midity of a bubble humidifier decreases more slowly because

of the thermal mass of the water bed. Hence, correctly

dimensioning the bubble humidifier water content prevents

mechanical stresses inside the MEA even when power is lost,

thus protecting the fuel cell against aging [2].

Both a low gas pressure drop and an adequate humidifi-

cation during emergency shutdown can be achieved by using

a hybrid of a bubble humidifier and a spray tower. The hybrid

humidifier works as a spray tower during normal operating

and as a bubble humidifier when power is lost. Because of the

low gas pressure drop, the hybrid humidifier can also be used

for humidifying air.

The present work is about designing, building, and

modelingahumidifiersuitable forhumidifyinghydrogengas in

a 50 kW PEMFC power plant. With the aforementioned factors

in mind, a bubble humidifier is regarded as the most suitable

humidifier type for this purpose at this stage. The experience

gained and the model developed in this work can be used in

designing gas humidification for multi-MW PEMFC systems.

Experimental

Bubble humidifier design

The bubble humidifier built and tested in this work is designed

for a PEMFC pilot plant with nominal power of 50 kW, shown

in Fig. 1. The fuel cell module comprises seven Nedstack P9.6

XXL stacks each having 75 cells and amaximumpower output

of 9.6 kWe. More details about the pilot plant are found else-

where [5].

The bubble humidifier is heated using PEMFC system

excess heat from the system coolant water. This setup not

only is energy efficient, but also ensures that the dew point

temperature of the gas never exceeds the operating temper-

ature of the fuel cells. The fraction of coolant water flowing

Fig. 1 e Schematic diagram of the 50 kW PEMFC pilot plant. PF: particle filter, GC: gas compressor, C: condenser, MF:

membrane humidifier, LP: liquid pump, DF: de-ionizing filter, PR: pressure reducer, BH: bubble humidifier, PV: purge valve,

BV: by-pass valve, HE: heat exchanger, UPS: uninterruptible power supply.
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through the humidifier is controlled by a manual by-pass

valve. By replacing the manual valve with an electronic one,

it is possible to control the humidifier temperature and, hence,

the outlet humidity on-line.

The de-ionized water supplied to the bubble humidifier is

condensed from the cathode outlet air and passed through a

de-ionizing filter. The water level in the bubble humidifier is

automatically controlled and is maintained between two

limits registered by capacitive level transmitters (Omron, E2K-

L). The lower level transmitter triggers water feed from an

intermediate storage and the higher level transmitter stop the

feed. Additionally, a level switch (Cynergy3, RSF44H100RF) is

hard-wired to the water feed pump, ensuring that the bubble

humidifier cannot be overfilled.

The bubble humidifier (Fig. 2) is built in-house using DN 400

pipe with a pipe cap as the bottom and a removable flange

cover. The total height of the bubble column (1.525 m) is

chosen based on available space in the fuel cell pilot plant and

to guarantee sufficient residence time for bubbles to reach

saturation. All gas and heating water ducts and most of the

instrumentation are placed in the removable cover.

Heat is supplied to the bubble humidifier through a heat

exchanger made of a 6 m long DN 15 finned pipe turned into a

coil of six turns, resulting in a total height of 0.34 m. The heat

exchanger is placed at the bottom of the bubble column,

allowing wide water level range (approximately 0.4 me1.0 m

from the sparger). The fins of the heat exchanger pipe are

12 mm in height and placed 222 pieces per meter. The

resulting heat exchange area is approximately 3.9 m2.

The gas sparger is attached to the gas inlet line and located

below the heat exchanger. Two spargers were manufactured,

each made of a steel plate with laser-cut holes welded onto a

pipe cap. The diameter of the holes (1 mm/2mm) and number

of holes (486 pcs/65 pcs, respectively) are dimensioned to

result in a gas pressure drop high enough to push the water

through a small hole drilled at the bottomof the spargers. This

ensures that water does not block any of the sparger holes.

All metal parts used in the bubble humidifier are made of

corrosion-resistant steel (EN 1.4404), and all welds in contact

with the water-gasmixture are passivated by pickling. Finally,

the entire bubble humidifier is insulated using foamed plastic

in order to minimize heat losses.

Bubble humidifier test setup

The initial testing of the bubble humidifier was carried out by

humidifying air with the setup shown in Fig. 2. Parameters

affecting the gas outlet dew point temperature are (1) heating

water flow rate, (2) heating water temperature, (3) gas flow

rate, and (4) water level. The effects of the first three param-

eters on air outlet humidity were studied keeping the water

level constant at 0.86 m above the sparger. Both of the

spargers were tested.

Air outlet temperature and dew point temperature were

measured (Vaisala HMM-211) in the gas phase inside the

bubble column. Additionally, the temperature of the water

was measured (thermocouples) at three levels, namely below

the heat exchanger, above the heat exchanger, and at the

water surface.

The heating water was heated and recirculated in a closed

loop through the bubble humidifier by a programmable elec-

tric heater (Huber CC-202C, 2 kW). The effect of heating water

flow rate was studied at 13.5 lpm and 8 lpm, the former being

the maximum flow rate obtained with this setup. The flow

rate was measured using a rotameter (Parker).

Two additional heaters (VWR 1130-1S, 2.2 kW and Lauda

Ecoline E-100, 1.6 kW), each in their own closed loops, were

used in order to increase the maximum heating power. The

effect of heating water inlet temperature on outlet humidity

was studied with inlet temperatures being 55 �C, 60 �C, and
65 �C. Both the inlet and outlet heating water temperatures

were measured (thermocouples).

The effect of gas flow rate on humidifier outlet humidity

was studied by supplying air (Ogura TX12) at three flow rates

(Bosch, HFM-5), namely 300 slpm, 600 slpm, and 900 slpm.

These flow rates correspond approximately to hydrogen

consumption rate in the pilot plant at low power (75 A),

Fig. 2 e Bubble humidifier test setup. TT: temperature

transmitter, FT: flow rate transmitter, FI: flow rate

indicator, PT: gauge pressure transmitter, PD: differential

pressure transmitter, HT: humidity transmitter, LI: level

indicator, and GC: gas compressor.
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nominal power (150 A), and full power (230 A), respectively.

The gas inlet and outlet pressures (Sensortechnics

CTE8001GY4 and Omega PX2300-5DI) and inlet temperature

(thermocouple) were also measured.

Bubble humidifier model

Two phenomena are considered in this bubble humidifier

model. One is the mass transfer of water vapor into gas bub-

bles, and the other is the heat transfer from heating water to

the water through which gas is bubbled. Fig. 3 shows the

principle of the model.

The mass transfer is assumed to be purely due to diffusion

and the bubble surface is assumed to be saturated with water

vapor at all times. Using the ideal gas law, the water concen-

tration at the bubble surface (cs) is:

cs ¼ pvapðTlÞ=ðR$TlÞ; (1)

where the water vapor pressure (pvap) is a function of bubble

column content temperature (Tl) and R is the universal gas

constant. The time dependent volume-average water con-

centration inside the bubble (c) is calculated using an

approach by Alopaeus [6]:

c=cs ¼ 1� exp �1:5$Fo$Shavef g; (2)

where the time average Sherwood number (Shave) and the

Fourier number (Fo) are defined as follows:

Shave ¼ 2=ðp$FoÞ1=2 þ �117:346$Fo0:5 þ 39:596$Fo

þ 1:5$p2$337:258$Fo1:5
�
=
�
1þ 62:166$Fo0:5

þ 31:169$Foþ 337:258$Fo1:5
�
;

(3)

Fo ¼ DH2O$tr
�
r2b: (4)

DH2O is the diffusion coefficient of water in the gas, tr is the

bubble retention time in water, and rb is radius of a bubble.

All the bubbles being produced at the sparger are assumed

to be of the same size and to be constant in size the entire time

they are in the water bed. That is, bubble break-up and coa-

lescence is assumed not to occur. The diameter of the bubbles

(db) produced at the sparger is calculated using a correlation

suggested by Bhavaraju et al. [7], which without bubble break-

up and coalescence is:

db ¼ 2$rb ¼
�
6$dor=g

.n
rl;or � rg;or

o�1=3
_Vg;or < _Vg;or;T (5a)

db ¼ 3:23$Re�0:1or $Fr0:21or
_Vg;or � _Vg;or;T (5b)

Fig. 3 e Humidifier model principle. _Q: heat transfer rate from heating water, Tl: temperature of bubble column content, Th:

temperature of heating water, ho: heat transfer coefficient outside the heat exchanger, hi: heat transfer coefficient inside the

heat exchanger, kw: thermal conductivity of heat exchanger wall, _nh: molar heating water flow rate, _ng: molar gas flow rate,
_nl: evaporation rate of water in bubble column, ub: bubble rise velocity, rb: bubble radius, c: water concentration inside

bubble, cs: water concentration at the bubble surface, and t: time.
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where the modified orifice Reynolds number (Reor) is defined

as follows [7]:

Reor ¼ 4$rl;or$ _Vg;or

�
p
�
ml;or

�
dor; (6)

the Froude number at the orifice (Fror) is defined as follows:

Fror ¼ _V
2

g;or=d
2
or=g; (7)

the transition volumetric gas flow rate at the orifice ( _Vg;or;T) is

defined as follows:

_Vg;or;T ¼ 0:38$g1=2$
�
6$sl;or$dor=g=

�
rl;or � rg;or

��5=6
; Reb[1 (8)

the Reynolds number for a bubble (Reb) is defined as follows:

Reb ¼ ub$db$rl=ml; (9)

and dor is the diameter of sparger orifice, g is the gravitational

acceleration, rl is the liquiddensity, rg is the gas density, _Vg is the

volumetricgasflowrate,ml is the liquiddynamicviscosity, sl is the

surface tensionofwater incontactwithgasbeingbubbled,andub
is the bubble rise velocity. The subscript or refers to conditions at

theorifice.Thebubblesize iscalculatedusinghumidifier inletgas

pressure and average bubble column temperature. In conditions

used in current experiments, the predicted bubble size varies in

the range db ¼ 7.4$10�3 me14.6$10�3 m resulting in bubble Rey-

nolds numbersmuch larger than unity (Reb » 1).

The bubble retention time in Eq. (4) is calculated by dividing the

water level (Dyl) with the bubble rise velocity:

tr ¼ Dyl

�
ub; (10)

where the bubble rise velocity is calculated using a correlation

suggested by Grace et al. [8]:

ub ¼ ml=ðrl$dbÞ$M�0:149$ðJ� 0:857Þ: Reb > 0:1;M < 10�3;Eo < 40

(11)

In this equation, the dimensionless groups J and H, Eötvös

number (Eo), and Morton number (M) are defined as follows:

J ¼ 0:94$H0:757 2 < H � 59:3 (12a)

J ¼ 3:42$H0:441 H > 59:3 (12b)

H ¼ 4=3$Eo$M�0:149ð0:00009 Pa s=mlÞ0:14 (13)

Eo ¼ g$
�
rl � rg

�
$d2

b=sl (14)

M ¼ g$m4
l $
�
rl � rg

�
=r2l $s

3
l : (15)

Using the volume-average water concentration inside the

bubbles leaving the water bed (Eq. (2)), the water evaporation

rate ( _nl) can be calculated as follows:

n_ l ¼ V_g$c: (16)

In the bubble humidifier, two control volumes are consid-

ered: (1) the bubble column with content (i.e., the bubble col-

umn, the water bed, and heat exchanger) and (2) the content

of the heat exchanger. Assuming that the bubble humidifier

does not have heat losses to surrounding and that the water

evaporated in the bubble humidifier is replaced bywater at the

same temperature, the energy balance for the bubble column

control volume is:

�
Vl$rl=Ml$Cp;lþmbc$Cbc

�
$dTl=dt¼ _Q� _ng$

Z
Cp;gdTg� _nl$DvapHlðTlÞ;

(17)

and the energy balance for the heat exchanger content control

volume is:

0 ¼ _Q þ _nh$

Z
Cp;hdTh; (18)

whereVl is the volume of water in the bubble column,Ml is the

molar weight of water, Cp,l is the heat capacity of the water in

bubble column, mbc is the mass of bubble column, Cbc is the

specific heat of bubble column, _Q is the rate of heat leaving the

heating water, _ng is the gas molar flow rate, Tg is the gas

temperature, DvapHl is the latent heat of water, _nh is the

heatingwatermolar flow rate, Cp,h is the isobaric heat capacity

of heatingwater, and Th is the heatingwater temperature. The

integrations of the isobaric heat capacity in Eqs. (17) and (18)

are carried out between the inlet and the outlet temperatures.

The heat transfer occurs from heating water flowing inside

the pipes to the pipe inner wall and through the pipe wall.

From here on, heat transfer occurs through two parallel paths:

(1) frompipe outer wall to surroundingwater and (2) from pipe

outer wall, through the fins to the surrounding water. The

heat transfer rate at any point along the heat exchanger is

therefore

_Q ¼ ðTh � TlÞ=
�
1=fhi$Aig þ ri$lnfro=rig=fAi$kwg

þ 1=
n
ho$
�
Ao þ hf$Af

�o�
;

(19)

where hi is the heat transfer coefficient inside the heat

exchanger, ho is the heat transfer coefficient outside the heat

exchanger, ri is the heat exchanger pipe inner radius, ro is the

heat exchanger pipe outer radius, kw is the thermal conduc-

tivity of the heat exchanger wall, Ai is heat exchanger inside

area in contact with heating water, Ao is the heat exchanger

outside area excluding fins, Af is the heat exchanger fin area,

and hf is the fin efficiency.

The heat transfer coefficient inside the heat exchanger in

laminar flow is calculated using a correlation suggested by

Sieder and Tate [9]:

hi ¼ kh=ri$0:93$ðRei$Pr$2$ri=LÞ1=3$
�
mh

�
mh;w

�0:14
; Ret � 2100 (20)

and in turbulent flow using a correlation suggested by Gnie-

linski [10]:

hi ¼ kh=ri$f=16$ðRei � 1000Þ$Pr=
�
1þ 12:7$ðf=8Þ1=2$�Pr2=3 � 1

��
$
h
1þ ð2$ri=LÞ2=3

i
$ðPr=PrwÞ0:11$2300 < Rei < 106;0:6 < Pr

< 105;0:05 < Pr=Prw < 20

(21)

In Eqs. (20) and (21), the Reynolds number for flow inside

heat exchanger pipe (Rei) and the Prandtl number (Pr) are

defined as follows:

Rei ¼ 2$ri$uh$rh=mh; (22)

Pr ¼ mh$Cp;h=kh: (23)
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kh is the thermal conductivity of the heating water, L is the

heat exchanger pipe length, mh is the dynamic viscosity of bulk

heating water, mh,w is the dynamic viscosity of heating water

close to the pipe wall, f is the Darcy friction factor, Prw is the

Prandtl number close to the wall, uh is themean heating water

velocity, and rh is the heating water density. In the transient

region (2100 < Re < 2300) where neither Eq. (20) nor Eq. (21) is

valid, the heat transfer coefficient inside the heat exchanger is

assumed to be a linear function of the Reynolds number.

The heat transfer coefficient outside the heat exchanger is

calculated using a correlation by Deckwer [11]:

St ¼ 0:1$
�
Reb$Fr$Pr

2
��0:25

; ug < 0:1 m=s (24)

where the Stanton number (St) and the Froude number (Fr) are

defined as follows:

St ¼ ho

��
rl$Cp;l$ug

�
(25)

Fr ¼ u2
g

.
ðg$dbÞ; (26)

and ug is the superficial gas velocity. Pr is defined as in Eq. (23)

except that the properties are now those of the liquid in the

bubble column. According to measurements carried out by

Saxena et al. [12], the heat transfer coefficient is at maximum

at ug � 0.25 m/s. The maximum heat transfer coefficient

(ho,max) is given by Ref. [13]:

ho;max ¼ 0:12$
�
g2$rl=ml

�1=6
$
��

rl � rg

�.
rl

�1=3
$
�
kl$rl$Cp;l

�1=2
;

Ar$Pr > 106

(27)

where the Archimedes number (Ar) is defined as follows:

Ar ¼ d3
b$
�
rl � rg

�
$g$rl

.
m2
l ; (28)

and kl is the thermal conductivity of water in the bubble

column. The heat transfer coefficient is assumed to be a

linear function of superficial gas velocity in the range from

0.1 m/s to 0.25 m/s and at most ho,max at any superficial gas

velocity.

The convective heat transfer coefficient near the fins is

assumed to equal that heat exchanger pipes (ho). However,

because the fin temperature decreases when moving away

from the heat exchanger wall, the heat transfer declines. This

is accounted for by using the fin efficiency (hf), which for the

current fin geometry is [14]:

hf ¼ 2$ro=m

��
ro þ Dyf

�2
� r2o

�
$
�
I1
�
m
�
ro þ Dyf

��
$K1ðm$roÞ

� K1

�
m
�
ro þ Dyf

��
$I1ðm$roÞ

�	�
K1

�
m
�
ro þ Dyf

��
$I0ðm$roÞ

þ I1
�
m
�
ro þ Dyf

��
$K0ðm$roÞ

�
;

(29)

where the fin parameter (m) is defined as follows:

m ¼ 2$Dyf=
�
kw$Dzf

�1=2
; (30)

and Dyf is the fin height (base to tip), In(x) is themodified Bessel

function of first kind, Kn(x) is the modified Bessel function of

second kind, and Dzf is the fin thickness.

When calculating the average heat transfer rate in the

bubble humidifier, the temperature difference in Eq. (19) has

to be replaced by the logarithmic mean temperature differ-

ence (DTlm) [15], which assuming a uniform bubble column

temperature (Tl,in ¼ Tl,out), becomes

DTlm ¼
�
Th;in � Th;out

�
=ln
�


Th;in � Tl

��

Th;out � Tl

��
: (31)

The pressure drop of heating water (Dph) is calculated as

follows:

Dph ¼ rh$f$L=4
�
ri$u

2
h: (32)

The physical properties of the gas, the water in the bubble

column, and the heating water depend on temperatures that

are not initially known. Therefore, themodel is solved by trial-

and-error. First, Tl is guessed and the heat transfer rate is

calculated form Eq. (17). Then Th,out is solved using Eqs. (19)

and (31). Finally, a check is made whether Eq. (18) is satisfied

e if not, a new guess of Tl is made.

The parameters for themodel are presented in Table 1. The

properties of water and air are considered to be functions of

temperature [16].

Results and discussion

Experimental and simulation results

The results of initial tests are plotted in Figs. 4 and 5, and the

measured time average value ðx;Þ and the standard deviation

(s) are listed in Appendix A. The rather high standard devia-

tion of the air flow rate is due to the pulsating flow generated

by the roots type air compressor. The standard deviations of

the temperature measurements are, however, very low.

The bubble humidifier gas phase temperature (not shown)

is systematically 1.1e2.3 �C lower than the bubble humidifier

water temperature at the surface. Also, the gas phase is sys-

tematically saturated with water vapor. This is believed to be

due to heat losses affecting the gas phase temperature mea-

surement. Therefore, in this study, the gas phase temperature

measurements are disregarded. Instead, the surface water

temperature is assumed to better represent the true dew point

of gas leaving the water bed.

Table 1 e The parameters for the model.

Parameter Value T (�C) Ref

Dyl 0.86 m

kw 15, 16 W/m Ka 20, 100 [17]

ri 9.15$10�3 m
ro 10.65$10�3 m
Dyf 12$10�3 m
Dzf 0.5$10�3 m
Ai 0.421 m2

Ao 0.445 m2

Af 3.439 m2

mbc 100 kg

Cbc 500 J/kg K 0e100 [17]

a Assumed to be a linear function of temperature in the range

20 �Ce100 �C.
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The results show that the humidifier outlet dew point

temperature increases when heating water temperature and

flow rate are increased, and also increaseswith decreasing gas

flow rate (Fig. 4). These trends are explainedwith (1) the higher

temperature difference due to the higher operating tempera-

ture, (2) the increased heat transfer rate due to the increased

heating water flow rate, and (3) the added heat consumption

due to the increased gas flow rate. The choice of sparger was

not found to have any notable effect on dew point tempera-

ture (Fig. 5).

Increasing the operating temperature from 55 �C to

60 �Ce65 �C at nominal PEMFC power levels and using a

heating water flow rate of 8 lpm, the dew point temperature

increases from approximately 50.5 �Ce54 �C to 57 �C, respec-
tively. These correspond to relative humidities of 80%, 75%,

and 69%, respectively. The decrease in relative humidity is

because of the added heat consumption, which is a conse-

quence of the higher dew point temperature.

If instead using a heating water flow rate of 13.5 lpm and

increasing the operating temperature from 55 �C to

60 �Ce65 �C at nominal PEMFC power levels, the dew point

temperature increases from approximately 52 �Ce56 �C to

59 �C, respectively. These correspond to relative humidities of

86%, 83%, and 76%, respectively. So, there is a notable increase

in humidity with increasing the heating water flow rate. With

the anode gas recirculation, somewhat higher anode inlet

humidities are reached.

At high gas flow rate, the heating water inlet temperature

could not be maintained at 65 �C because of inadequate

heating power. These measurements are indicated with as-

terisks in Figs. 4 and 5.

The simulated humidifier outlet temperatures with the

corresponding measured ones are listed in Appendix B.

Additionally, the simulated bubble humidifier temperatures

are plotted in Figs. 4 and 5. As seen, the simulation results

agree well with measured data. The highest deviation in

bubble column temperature is 0.9 �C and on average the de-

viation is 0.2 �C, while for the outlet heating water tempera-

ture the highest deviation is 1.0 �C and the average deviation is

0.3 �C.
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Fig. 4 e Time average bubble column temperature (Tl) as a function of air flow rate ð _VgÞ. Sparger orifice size (dor): a) 1 mm and

b) 2 mm *Measurement points in which the set-point temperature could not be maintained.
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Fig. 5 e Time average bubble column temperature (Tl) as a function of air flow rate ð _VgÞ. Heating water flow rate ð _VhÞ: a)
13.5 lpm and b) 8 lpm. *Measurement points in which the set-point temperature could not be maintained.
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The gas pressure drop in spargers (Dpor) as a function gas

flow rate is plotted in Fig. 6. The pressure drop was deter-

mined by measuring the total pressure drop of gas in the

bubble humidifier and subtracting the hydrostatic pressure

drop. As seen, at nominal gas flow rate (599 slpm), the gas

pressure drop is by far high enough to push the water out of

the 0.072 m high spargers (<0.7 kPa pressure drop is

needed). This relatively high pressure drop guarantees that

the spargers function as intended. On the other hand, the

high pressure drop causes unnecessary high parasitic

losses.

Mass transfer limitation

As themass transfer rate is finite, the bubbles being formed at

the bottom of the humidifier need some time to reach satu-

ration. The mass transfer rate together with bubble rise ve-

locity determines the water level required for the gas to reach

a certain degree of saturation.

The time and water level needed for water vapor to reach

99.9% of equilibrium concentration in spherical hydrogen

bubbles due to pure diffusion at Tl ¼ 60�C are calculated using

Eqs. (2), (4) and (10). The results are shown in Fig. 7 as a

function of hydrogen bubble diameter. As can be seen, the

water level required to (nearly) saturate the gas bubbles is

approximately Dyl z 0.02e0.08 m in the current study

(db ¼ 7.4$10�3 me14.6$10�3 m). In practice, the water level

needs to be somewhat higher to fit the heat exchanger in

water and to guarantee that occasional larger bubbles also get

saturated. Also, the more water the bubble humidifier con-

tains, the better the humidification during an emergency

shutdown.

In the current study, the size of the heat exchanger limits

the minimum water level to Dyl ¼ 0.4 m. Therefore, it is safe

to assume that mass transfer does not limit the humidifier

outlet humidity. Efforts to increase the dew point tempera-

ture should instead be focused on enhancing the heat

transfer rate.
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Fig. 6 e Time average gas pressure drop across sparger (Dpor) as a function of gas flow rate ð _VgÞ. a) Spager with 486 holes á

dor [ 1 mm, b) spager with 65 holes á dor [ 2 mm. The error bars show the standard deviation of the measured values.
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Fig. 7 e a) Retention time (tr) needed for water vapor to reach 99.9% of equilibrium concentration ([cs) in spherical hydrogen

bubbles due to pure diffusion at Tl [ 60 �C as a function of hydrogen bubble diameter (db). b) Water level (Dyl) needed to reach

99.9% of equilibrium concentration ([cs) in spherical hydrogen bubbles due to pure diffusion at Tl [ 60 �C as a function of

hydrogen bubble diameter (db).
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Heat transfer limitation

Because the mass transfer does not limit the humidifier outlet

humidity, as concluded above, the humidifier outlet humidity

is limited by the heat transfer rate. The parameters affecting

the heat transfer rate (besides physical properties of the gas,

the heating water, and the heat exchanger) are (1) the heating

water flow rate ( _Vh), (2) the heating water temperature, (3) the

gas flow rate, and (4) the heat exchanger area.

The heating water temperature and gas flow rate are set by

the operating point of the fuel cell system. However, the

heating water flow rate and heat exchange area can be set in

the humidifier design phase. To investigate the effect of these

design parameters on humidifier steady state performance,

the model is simulated with parameters shown in Table 2.

The simulations results for the two gas flow rates are

shown in Fig. 8. The approach dew point temperature is

defined as the difference between the attained dew point

temperature and the theoretical maximum dew point tem-

perature.With a heatingwater flow rate of 13.5 lpm and a heat

exchange area of 3.9m2 (as in the present study), the predicted

approach dew point temperature is 5.6 �C at nominal power

and 7.8 �Cat full power. These points aremarked in the figures.

Increasing the heating water flow rate to 27 lpm decreases

the approach dew point temperature at nominal power to

4.3 �C and at full power to 6.0 �C. However, the heating water

pressure drop also increases from3.2 kPaat 13.5 lpmto11.9kPa

at 27 lpm. If instead theheat transfer area (i.e., the length of the

finned pipe) is increased from 3.9 m2 to 7.8 m2, the approach

dew point temperature decreases at nominal power to 4.1 �C
and at full power to 5.7 �C but the heating water pressure drop

increases to 6.4 kPa. Using a 7.8 m2 heat exchanger and a

heating water flow rate of 27 lpm, the resulting approach dew

point temperature is 2.8 �C at nominal power and 4.1 �C at full

power but the heating water pressure drop is 23.9 kPa.

Based on these simulations, the approach dew point tem-

perature can be decreased notably by increasing the heat ex-

change area and heating water flow rate. These factors,

however, also affect the heating water pressure drop. The

heating water flow rate limitation caused by the pressure drop

can be overcome by reducing the flow resistance in the heat

exchanger or by using a heating water pump.

Humidity control

Depending on the fuel cell water balance, limiting the

hydrogen humidity may be desired. Fig. 9, being projections of

Fig. 8, shows the steady state dew point temperatures (Tdew) as

a function of heating water flow rate. Based on this, the dew

point temperature can be varied on a wide range by control-

ling the heating water flow rate. At low heating water flow

rates, however, the dew point temperature becomes very

sensitive to the flow rate.

In order to find out the dynamic behavior of the bubble

column temperature, the model is simulated with parameters

shown in Table 3. In the simulation, the humidifier is assumed

to be initially in steady state with a heating water flow rate of

13.5 lpm. After 10 s, the heating water flow rate is turned off

while still humidifying hydrogen at a rate corresponding to

PEMFC system nominal power. After 1 min without heating,

the bubble column temperature has decreased 0.8 �C. At this
point two different control strategies are employed to restore

the initial bubble column temperature.

Table 2 e Parameters for the model in
steady state.

Parameter Value

Gas H2

Th,in 65 �C
Dyl 0.4 m

Ao þ Af 0e10 m2

_Vh 0e100 lpma

_Vg 599/919 slpmb

a A coolant water flow rate of approximately 140

lpm is needed to maintain the temperature differ-

ence across the PEMFCs at 5 �C at nominal power.
b Nominal power/full power (150/230 A).
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Fig. 8 e Steady state bubble humidifier outlet dew point temperature (Tdew) as a function of heating water flow rate ð _VhÞ and
heat exchange area (Ao D Af). Gas flow rate ð _VgÞ corresponds to nominal power (left) and full power (right). The dew point

temperature attained with 3.9 m2 heat exchanger and 13.5 lpm heating water flow rate is marked in the figures.
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In the first control strategy (Fig. 10a), the initial heating

water flow rate is restored. This results in a temperature in-

crease achieving the steady state (with a precision of one

decimal) after approximately 15.5 min. The closer the tem-

perature to the steady state temperature, the slower the

approach. Therefore, this strategy results in a relatively slow

approach towards the steady state.

In the second control strategy (Fig. 10b), a heating water

flow rate of 27 lpm is applied until the steady state

temperature is reached after 81 s. The faster temperature re-

covery is partly due to a higher heat transfer coefficient

(hi ¼ 12.7 kW/m2 K vs. hi ¼ 6.6 kW/m2 K at t ¼ 70 s) and partly

due to a higher temperature difference between bubble col-

umn content and heating water (DTlm ¼ 5.4 �C vs. DTlm ¼ 4.5 �C
at t ¼ 70 s). These same factors enable the higher steady state

temperature.

As seen in theses simulations, the rate of temperature

change is at maximum in the order 1 �C/min. Therefore, even

though the steady state dew point temperature is sensitive to

heating water flow rate at low flow rates (Fig. 9), the dew point

temperature is easily maintained close to the set-point value

even with a simple on/off-control of the heating water flow.

Summary

In this work, a hydrogen gas bubble humidifier for a 50 kW

PEMFC pilot plant was designed, built, and validated experi-

mentally. The humidifier utilizes water and heat produced in

a PEMFC plant for humidifying hydrogen gas.
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Fig. 9 e Steady state bubble humidifier outlet dew point temperature (Tdew) as a function of heating water flow rate ð _VhÞwith

two different heat exchange areas (Ao D Af): 3.9 m2 and 7.8 m2. Gas flow rate ð _VgÞ corresponds to nominal power (left) and

full power (right).

Table 3 e Parameters for the dynamic
model.

Parameter Value

Gas H2

Th,in 65 �C
Dyl 0.4 m

Ao þ Af 3.9 m2

_Vh 0/13.5/27 lpm
_Vg 599 slpm
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Fig. 10 e Effect of heating water flow rate ð _VhÞ on dew point temperature (Tdew) dynamics of the bubble humidifier containing

approximately 50 dm3 water. Heating water flow rate is varied as follows: a) 13.5/0/13.5 lpm and b) 13.5/0/27/13.5 lpm.
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Experimental validationof thehumidifierwascarriedoutby

humidifying air and by varying the heatingwater flow rate, the

heating water temperature, and the gas flow rate. Using a

heating water flow rate of 13.5 lpm and a heating water tem-

peratureof 65 �C, adewpoint temperatureof 59 �Cwasattained

atgasflowcorrespondingtonominalpowerof thePEMFCplant.

At the same conditions but with a gas flow rate corresponding

to full power, a dew point temperature of 56 �C was attained.

Experimental results suggest that the dew point temperatures

can be increased by increasing the heating water flow rate.

A model of the bubble humidifier taking into account heat

and mass transfer was implemented. The simulation results

show good agreement with experimental results.

Simulating the model in steady state suggests that the

mass transfer does not limit the performance of the bubble

humidifier in the present setup. Additionally, simulation re-

sults suggest that increasing the heating water flow rate from

13.5 lpm, which was the maximum flow rate in the present

study, to 27 lpm, an approach dew point temperature can be

decreased from 5.6 �C to 4.2 �C at nominal power and from

7.8 �C to 6.0 �C at full power.

Additionally, steady state simulations show that the hu-

midifier outlet dew point temperature is very sensitive to

heating water flow rate, especially at low flow rates. However,

dynamic simulations show that the changes in humidifier

temperature are relatively slow, in the order of 1 �C/min at

maximum. Therefore, accurate, although relatively slow,

control of the humidifier outlet humidity is possible by simple

means.
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Appendix A. Experimental results

Table A.1 e Humidifier initial test results. x is the time averaged measured value and s is the standard deviation of the
measured value during 5 min of steady state operation.

# dor (mm) _Vh (lpm) _Vg (slpm) Th,in (�C) Th,out (�C) Tl,top (�C) Tl,middle (�C) Tl,bottom (�C)

x s x s x s x s x s x s

1 1 13.5 245.2 46.0 64.99 0.05 62.78 0.03 61.94 0.02 61.75 0.02 61.37 0.04

2 1 13.5 580.7 104.4 65.15 0.06 60.55 0.06 59.07 0.06 58.78 0.05 58.69 0.06

3 1 13.5 900.9 247.3 62.84a 0.05 58.21 0.03 56.47 0.02 56.15 0.03 55.85 0.06

4 1 13.5 257.5 47.2 60.69 0.02 58.77 0.04 57.97 0.02 57.62 0.02 57.39 0.02

5 1 13.5 710.2 234.9 60.48 0.44 56.59 0.05 55.29 0.13 54.93 0.14 54.86 0.14

6 1 13.5 882.9 241.3 60.18 0.03 55.98 0.05 54.37 0.03 54.09 0.04 53.77 0.03

7 1 13.5 257.8 50.5 55.49 0.03 53.96 0.02 53.24 0.02 52.92 0.02 52.77 0.03

8 1 13.5 592.6 112.3 55.67 0.02 52.71 0.02 51.65 0.03 51.32 0.02 51.21 0.07

9 1 13.5 875.1 243.2 55.47 0.01 52.10 0.01 50.80 0.04 50.51 0.05 50.31 0.07

10 1 8.0 242.2 42.5 65.07 0.03 61.98 0.02 61.35 0.02 61.10 0.02 60.85 0.02

11 1 8.0 509.6 93.9 65.17 0.02 59.44 0.06 58.23 0.05 57.98 0.05 57.59 0.06

12 1 8.0 720.7 189.0 64.31a 0.04 57.28 0.03 55.89 0.02 55.58 0.03 55.38 0.09

13 1 8.0 223.7 45.2 60.38 0.04 57.58 0.03 56.96 0.02 56.64 0.02 56.39 0.03

14 1 8.0 544.7 101.7 60.53 0.05 55.35 0.03 54.12 0.01 53.83 0.02 53.52 0.04

15 1 8.0 896.6 259.1 60.57 0.02 54.40 0.02 52.96 0.02 52.73 0.03 52.41 0.04

16 1 8.0 244.0 46.7 55.44 0.06 53.24 0.03 52.62 0.02 52.34 0.02 52.08 0.02

17 1 8.0 574.5 109.1 55.48 0.08 51.49 0.02 50.50 0.01 50.21 0.02 49.88 0.03

18 1 8.0 800.3 232.2 55.44 0.04 50.59 0.03 49.42 0.02 49.14 0.02 48.89 0.02

19 2 13.5 245.6 47.9 64.75 0.03 62.44 0.04 62.02 0.04 61.74 0.02 61.81 0.03

20 2 13.5 550.0 108.9 64.52 0.05 60.44 0.04 59.38 0.01 59.06 0.03 59.07 0.02

21 2 13.5 833.0 246.2 62.87a 0.09 58.12 0.06 56.95 0.02 56.59 0.02 56.61 0.04

22 2 13.5 247.7 48.9 60.14 0.03 58.22 0.01 57.87 0.03 57.51 0.01 57.56 0.02

23 2 13.5 531.4 97.2 60.34 0.05 56.79 0.06 55.97 0.06 55.60 0.03 55.65 0.05

24 2 13.5 807.8 251.0 59.92 0.05 55.53 0.03 54.50 0.02 54.16 0.03 54.15 0.02

25 2 13.5 247.9 44.9 55.25 0.03 53.85 0.02 53.62 0.02 53.30 0.03 53.35 0.02

26 2 13.5 529.3 96.5 55.39 0.03 52.47 0.03 51.80 0.02 51.41 0.02 51.49 0.03

27 2 13.5 827.2 248.4 55.38 0.14 51.78 0.11 50.89 0.03 50.53 0.03 50.57 0.02

28 2 8.0 243.6 48.2 64.72 0.02 61.33 0.02 60.98 0.01 60.72 0.01 60.78 0.01

29 2 8.0 493.3 90.8 64.93 0.02 58.85 0.01 57.98 0.02 57.75 0.01 57.77 0.02

30 2 8.0 755.5 221.6 64.24a 0.02 56.93 0.01 55.97 0.01 55.66 0.02 55.66 0.02

31 2 8.0 245.5 43.7 60.22 0.02 57.28 0.02 56.92 0.01 56.62 0.01 56.64 0.02

32 2 8.0 501.0 90.8 60.23 0.03 55.21 0.02 54.54 0.01 54.24 0.01 54.27 0.02

33 2 8.0 756.8 226.5 60.36 0.05 53.96 0.02 53.15 0.01 52.79 0.01 52.79 0.03

34 2 8.0 245.3 46.0 55.21 0.04 52.70 0.01 52.51 0.03 52.16 0.02 52.20 0.03

35 2 8.0 544.2 104.0 55.36 0.02 51.28 0.03 50.85 0.02 50.45 0.01 50.53 0.02

36 2 8.0 854.4 247.5 55.53 0.04 50.09 0.02 49.41 0.02 49.06 0.02 49.06 0.01

a In experiments with high heat consumption rate, the heaters used were unable to maintain the heating water temperature at set-point.
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Appendix B. Experimental and simulation
results compared

Nomenclature

Abbreviations

CHP combined heat and power

lpm liters (liquid) per minute

PEMFC proton exchange membrane fuel cell

RH relative humidity

slpm liters (gas) per minute at standard conditions,

T ¼ 25 �C, p ¼ 101,325 Pa

Subscripts

b bubble

bc bubble column

h heating water

i inside

in inlet

l liquid in bubble column

o outside

or orifice

out outlet

f fin

w heat exchanger wall

Latin letters

Ai heat exchanger inside area, m2

Ao heat exchanger outside area excluding fins, m2

Af fin area, m2

Ar Archimedes number, e, Eq. (28)

Cbc specific heat capacity of bubble column, J/kg �C
Cp,g heat capacity of ideal gas, J/mol �C

Table B.1 e Humidifier initial tests: comparison between experimental and simulated results.

# Tl (�C) Th,out (�C) Tapp,dew (�C) RHb (%)

Measureda Simulated Measured Simulated Measured Simulated Measured Simulated

1 61.69 61.86 62.78 62.82 3.31 3.14 86.1 86.8

2 58.85 59.35 60.55 61.16 6.31 5.80 75.0 76.8

3 56.16 56.09 58.21 58.22 6.69 6.75 73.3 73.1

4 57.66 58.11 58.77 58.92 3.03 2.59 86.8 88.7

5 55.03 55.06 56.59 56.78 5.46 5.42 77.4 77.5

6 54.08 54.18 55.98 56.09 6.11 6.01 75.0 75.3

7 52.98 53.48 53.96 54.13 2.52 2.01 88.6 90.8

8 51.39 51.76 52.71 53.03 4.28 3.90 81.3 82.8

9 50.54 50.62 52.10 52.20 4.93 4.85 78.7 79.0

10 61.10 60.80 61.98 61.66 3.97 4.28 83.5 82.4

11 57.93 57.98 59.44 59.46 7.24 7.19 71.8 72.0

12 55.62 56.52 57.28 58.14 8.69 7.79 66.9 69.8

13 56.66 57.28 57.58 57.94 3.72 3.11 84.0 86.5

14 53.82 54.62 55.35 55.88 6.71 5.91 72.9 75.7

15 52.70 52.68 54.40 54.38 7.87 7.89 68.9 68.8

16 52.35 52.78 53.24 53.37 3.09 2.65 86.1 88.0

17 50.20 50.43 51.49 51.55 5.28 5.05 77.3 78.2

18 49.15 49.50 50.59 50.82 6.29 5.94 73.6 74.9

19 61.86 61.66 62.44 62.61 2.89 3.09 87.8 87.0

20 59.17 59.11 60.44 60.80 5.35 5.41 78.3 78.1

21 56.72 56.67 58.12 58.62 6.15 6.19 75.2 75.1

22 57.65 57.72 58.22 58.48 2.50 2.43 89.0 89.3

23 55.74 55.93 56.79 57.33 4.60 4.41 80.6 81.3

24 54.27 54.52 55.53 56.24 5.64 5.39 76.6 77.5

25 53.42 53.32 53.85 53.95 1.83 1.93 91.6 91.1

26 51.57 51.86 52.47 53.01 3.82 3.53 83.1 84.3

27 50.66 50.89 51.78 52.35 4.71 4.49 79.5 80.4

28 60.83 60.54 61.33 61.39 3.90 4.19 83.8 82.7

29 57.83 58.22 58.85 59.60 7.09 6.71 72.3 73.6

30 55.76 56.27 56.93 57.93 8.48 7.97 67.6 69.2

31 56.73 56.82 57.28 57.54 3.49 3.40 85.0 85.3

32 54.35 54.64 55.21 55.83 5.88 5.59 75.8 76.9

33 52.91 53.47 53.96 54.95 7.45 6.89 70.3 72.2

34 52.29 52.55 52.70 53.14 2.92 2.66 86.8 88.0

35 50.61 50.47 51.28 51.55 4.75 4.89 79.4 78.8

36 49.18 49.31 50.09 50.70 6.35 6.22 73.4 73.8

a Average of all three bubble column temperature sensors.
b Humidifier outlet humidity relative to PEMFC operating temperature.
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Cp,h heat capacity of heating water, J/mol �C
Cp,l heat capacity of liquid, J/mol �C
c water concentration inside bubble, mol/m3

cs water concentration at the bubble surface, mol/m3

c volume-average concentration of water inside

bubble, mol/m3

DH2O diffusion coefficient of water in the gas, m2/s

db bubble diameter, m

dor Sparger orifice diameter, m

Eo Eötvös number, e, Eq. (14)

f Darcy friction factor, e

Fo Fourier number, e, Eq. (4)

Fr Froude number, e, Eq. (26)

Fror Froude number at an orifice, e Eq. (7)

g gravitational acceleration, 9.80665 m/s2

H dimensionless group,e, Eq. (13)

DvapHl latent heat of water in bubble column, J/mol

Dyf fin height, m

hi heat transfer coefficient inside the heat exchanger,

W/m2 �C
ho heat transfer coefficient outside the heat exchanger,

W/m2 �C
ho,max maximum heat transfer coefficient outside the heat

exchanger, W/m2 �C
In(x) modified Bessel function of first kind

J dimensionless group, e, Eq. (12)

Kn(x) modified Bessel function of second kind

kh thermal conductivity of the heating water, W/m �C
kl thermal conductivity of water in bubble column, W/

m �C
kw thermal conductivity of heat exchanger wall, W/

m �C
L length, m

M Morton number, e, Eq. (15)

Ml molar weight of water, kg/mol

m fin parameter, (W/m K)�1/2, Eq. (30)
mbc mass of bubble column, kg
_ng molar gas flow rate, mol/s
_nh molar heating water flow rate, mol/s
_nl evaporation rate of water in bubble column, mol/s

Pr Prandtl number, e, Eq. (23)

Prw Prandtl number close to pipe wall, e, Eq. (23)

pvap water vapor pressure, Pa

Dph pressure drop of heating water, Pa

Dpor pressure drop across sparger, Pa
_Q heat transfer rate from heating water, W

R universal gas constant, 8.3145 J/mol K

Reb Reynolds number for bubble, e, Eq. (9)

Rei Reynolds number for flow in pipe, e, Eq. (22)

Reor modified orifice Reynolds number, e, Eq. (6)

rb bubble radius, m

ri heat exchanger pipe inner radius, m

ro heat exchanger pipe outer radius, m

Shave time average Sherwood number, e, Eq. (3)

St Stanton number, e, Eq. (25)

sl surface tension of water in contact with the gas

being bubbled, N/m

Tapp,dew approach dew point temperature, �C
Tdew dew point temperature, �C
Tg temperature of gas, �C

Th temperature of heating water, �C
Tl temperature of bubble column content, �C, K
DTlm logarithmic mean temperature difference, �C
t Time, s

tr bubble retention time in water bed, s

ub bubble rise velocity, m/s

ug superficial gas velocity, m/s

uh mean heating water velocity, m/s
_Vg volumetric gas flow rate, m3/s, slpm
_Vg;or;T transition volumetric gas flow rate at an orifice, m3/s
_Vh volumetric heating water flow rate, lpm

Vl volume of water in bubble column, m3

x measured time average value

Dyl water level, m

Dzf fin thickness, m

Greek letters

mh dynamic viscosity of bulk heating water, Pa s

mh,w dynamic viscosity of heating water close to wall, Pa s

ml dynamic viscosity of liquid, Pa s

rg density of gas, kg/m3

rh density of heating water, kg/m3

rl density of liquid, kg/m3

s standard deviation

hf fin efficiency, e
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a b s t r a c t

Ejectors are durable and inexpensive equipment for realizing hydrogen recirculation in

proton exchange membrane fuel cell (PEMFC) systems. In the present work, a hydrogen

recirculation ejector targeted for high turndown ratio operation in a 5 kWe PEMFC system

was designed, manufactured with 3D-printing, and characterized experimentally with

both air and humid hydrogen.

The ejector was modeled at the experimental conditions with computational fluid dy-

namics (CFD) assuming 2D axisymmetric flow and with three turbulence models. A sys-

tematic comparison of experimental and simulation results was conducted with humid

hydrogen at conditions covering the entire operating map up to 6 bar gauge primary

pressure. The simulation results deviate on average 60%e70% from the experimental re-

sults, the deviation being less pronounced at conditions relevant in PEMFC applications.

The SST k-u turbulence model was identified to agree best overall with the experi-

mental data while the RNG and Realizable k-ε turbulence models were observed to accu-

rately predict the position of maximum ejector efficiency. Hence, the SST k-u model is

more useful for predicting ejector performance while one of the two k-ε models should be

adopted when optimizing ejector design.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Hydrogen recirculation is regularly applied in automotive

proton exchange membrane fuel cell (PEMFC) systems.

Hydrogen recirculation humidifies the otherwise dry fuel feed,

thus improving PEMFC performance and durability. Hydrogen

recirculation also distributes accumulated inert gases, mostly

nitrogen, more evenly, thus increasing the fuel cell efficiency.

Recent results demonstrate that when nitrogen accumulates

at the end of a cell, it can cause reverse current decay condi-

tions, thereby damaging the cathode catalyst layer [1].

While hydrogen recirculation has obvious benefits, it also

introduces challenges. Recirculation with a mechanical

compressor increase cost and reliability issues [2,3], for

example. The tradeoffs in hydrogen recirculation are sum-

marized as follows: with a higher recirculation rate, more

uniform hydrogen and water concentrations inside the fuel

cell are achieved, leading to better fuel cell performance and

durability [4], but with the cost of higher power consumption.
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In contrast to mechanical compressors, ejectors lack

moving parts and are therefore more durable and less

expensive to manufacture. However, ejectors are known for

their limited operating range [5], which complicates their

dimensioning. In applications with a low operating tempera-

ture and only small transients in the power load, recirculation

is generally not applied because the present-day membrane

electrode assemblies tolerate operation without humidifica-

tion. However, also in these applications, even the relatively

low recirculation rate achievable with an ejector at low cost

could be beneficial for system durability and efficiency.

An ejector is a compressor employing the Venturi effect [6].

It operates by accelerating a high-pressure primary gas to high

velocity in a nozzle. Downstream of the nozzle, the high-

velocity primary gas creates a low pressure region, which

entrains the secondary gas. The two gases mix and exit the

ejector. In PEMFC applications, the primary gas equals the

consumed fuel and the secondary gas equals the recirculated

gas, as illustrated in Fig. 1a.

Ejector dimensioning is a complex task. Due to its rigid

construction, achieving an adequate recirculation rate is

challenging over the entire PEMFC operating range. The

recirculation rate is particularly poor at low hydrogen con-

sumption rates because of the low primary pressure [7]. To

overcome this problem, three solutions have been suggested:

two or more different-sized ejectors in parallel [7], a variable

geometry ejector [3], and a hybrid system comprising an

ejector and a mechanical compressor in parallel [4]. In sta-

tionary applications, a single ejector optimized for wide

operating range offers potentially the best solution regarding

the system complexity, durability, and efficiency.

The ejector design process (Fig. 1b) comprises four steps:

modeling, ejector testing with air, ejector testing with

hydrogen, and system level testing. A wide variety of ejector

geometries and operating conditions can be investigated by

mathematical modeling with relatively little effort. However,

modeling always involves assumptions and simplifications.

Therefore, the modeling approach must be validated against

experimental data. The ejector design and manufacturing

quality can be verified with air. This is because the ejector

operation is primarily characterized by the sonic limit of the

working gas. Ejector testingwith hydrogen is also required but

can be limited to the most interesting range of conditions.

Ultimately, the ejector operation in a PEMFC system should be

validated.

Several studies have been conducted on optimizing ejector

design for PEMFC systems. Kim et al. [8] adopted an analytical

modeling approach in determining nozzle throat and mixing

section diameters and experimentally verified the ejector

operation. They noted that an optimally designed ejector

achieves an acceptable performance on a wide PEMFC oper-

ating range. Dadvar and Afsari [9] also adopted an analytical

ejector model and studied the effect of stack design parame-

ters and ejector design parameters on the overall system

performance. They proposed two dimensionless parameters

that can be employed in system optimization. Hwang et al.

[10] characterized an ejector with dry air and modeled it with

computational fluid dynamics (CFD). They obtained a rela-

tively close match between experimental and simulation re-

sults. Brunner et al. [3], Hosseinzadeh et al. [7], andMaghsoodi

et al. [11] put effort into optimizing the ejector design for

PEMFC applications with CFD. They identified several geom-

etry parameters that affect the ejector performance and help

dimension an ejector. Brunner et al. compared their simula-

tion results to experimental data obtained with the ejector

operated in an actual PEMFC system. The authors assumed a

100% relative humidity at the ejector secondary inlet. Magh-

soodi et al. validated their modeling approach against exper-

imental data obtained with refrigerant R142b as the working

fluid. Hosseinzadeh et al. compared the results obtained with

their modeling approach against those obtained with an

analytical model.

The modeling stage in ejector design procedure should be

conducted employing CFD due to the complex flow in ejectors.

The CFD prediction accuracy has been reported to primarily

depend on two factors: 1) the application of the 2D flow

assumption and 2) the adopted turbulence model. 2D

axisymmetric flow is commonly assumed [3,7,11] because it

greatly reduces the computational effort compared to a 3D

representation. However, a notably better agreement between

simulations and experimental data has been reported with

simulations conducted in 3D geometry [12,13]. This is true

especially at conditions without double choking, which are of

interest, for example, in PEMFC applications where ejectors

operate at a wide range. Turbulence models commonly

adopted in ejector modeling include Shear Stress Transport

(SST) k-u [3,7,13e15] and Re-Normalization Group (RNG) k-ε

[11,14]. Although several studies [13e15] have reported better

prediction accuracy of the SST k-umodel relative to others, no

turbulence model has an established position in ejector

modeling.

Experimental validation of modeling results is critical for a

reliable ejector design procedure. Despite the recognized

shortcomings of the 2D axisymmetric assumption in CFD

modeling, no previous study has presented a systematic

experimental validation of modeling results at conditions

relevant to PEMFC applications and with humid hydrogen. In

this work, the results of CFD modeling conducted with the 2D

axisymmetric flow assumption and with three turbulence

models are experimentally validated with humid hydrogen

Fig. 1 e a) Simplified PEMFC system anode gas recirculation scheme. b) Ejector design process chart.
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and at a wide range of conditions. The design, manufacturing,

and experimental characterization of the ejector employed in

this study are described in detail. Based on the experimental

validation, recommendations are provided concerning the

choice of turbulence model in designing ejectors for PEMFC

systems.

Experimental

Ejector design and manufacturing

The nozzle throat is the most important dimension in an

ejector. Together with the primary pressure, it determines the

primary gas flow rate and, hence, the achievable PEMFC cur-

rent level. The nozzle throat can be sized based on the

maximum fuel consumption rate ( _np;in) and the maximum

primary pressure (pp,in). The nozzle sizing equation for critical

flow condition and an ideal gas is [6]:

_np;in �Mw;p ¼ C� p

�
Dnt

2

�2

� pp;in½bara	 � 105

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g� Mw;p

R� �Tp;in þ 273:15
�� � 2

gþ 1

�gþ1
g�1

vuut (1)

where the fuel consumption rate depends on the stack current

(I) and number of cells in stack (Ncell):

_np;in ¼ Ncell � I
2� F

(2)

A 5 kW PEMFC (Ncell � I ¼ 50 � 160 A) consumes approxi-

mately 0.041 mol/s. A suitable nozzle throat diameter for 6

barg maximum primary pressure is therefore 0.5 mm ac-

cording to Eq. (1). Table 1 lists the parameters used in Eq. (1).

The discharge coefficient C is reported to vary primarily with

Reynolds number in the range 0.95e0.99 [6]. With C ¼ 0.97, the

flow rates computed with Eq. (1) deviate less than 0.3% at 6

barg primary pressure compared to the CFD simulations

conducted in this study.

Rest of the ejector dimensions were chosen based on pre-

vious studies [3,7,11]. The most important of these are the

mixing section diameter (Dm) and length (Lm), the nozzle po-

sition relative to themixing section (Lne), aswell as the diffuser

length (Ld) and divergence angle (ad).

In choosing these dimensions, special attention was given

to ejector performance on wide range of primary gas flow

rates as the target was to achieve wide operating range with a

single ejector. The mixing section diameter was set to 2 mm

(¼4 � Dnt) because relatively small values enhance perfor-

mance at low primary gas consumption rates [7]. The mixing

section length was set to 16 mm (¼8 � Dm), which is above the

optimum (6 � Dm [11]), to ensure fully developed flow before

the diffuser. The nozzle position relative to mixing section

was set to 1.8mm (¼0.9�Dm) to avoid a too small gap between

primary nozzle andwall that could restrict the secondary flow

and decrease ejector performance. The diffuser length

45.7 mm (¼22.9 � Dm) was determined by choosing a 10 mm

outlet diameter and 5� diffuser divergence angle which is

more than optimum (~2.5� [11]) but works better on a wider

range [7]. All ejector dimensions are presented in Fig. 2.

The ejector was 3D printed at AM FinlandOy from stainless

steel powder (EN 1.4404) by directmetal laser sintering (DMLS)

method in three parts due to limited printing volume. The

three parts, comprising the primary inlet, the ejector body,

and the outlet (see Fig. 3), were interconnected with flanges.

The flanges with suitable grooves in the main body were

sealed with O-rings (16.3 mm � 2.4 mm, FPM). The DMLS

printing accuracy is between 0.02 and 0.06 mm but due to lack

of support against gravity, this accuracy was not met in some

regions, especially in the suction chamber.

After 3D printing, the ejector was finalized at The Finnish

School of Watchmaking. The walls highlighted in Fig. 2 were

polished. The nozzle flange face was also polished to meet the

intended nozzle position: Lne was measured to be

1.80 þ 0.05e0.05 mm. The suction chamber was not polished

as it would have required excessive tooling effort. The ejector

nozzle diameter was drilled from the printed value of 0.4 mm

to the final 0.50 þ 0.03e0.00 mm value. Dm was matched to

2.0 þ 0.02e0.00 mm with a custom made file. The tolerances

are estimates provided by the watchmaking school and are

based on measured tolerances.

Finally, stainless steel pipes with 4mm, 10mm, and 10mm

inner diameters were brazed to the primary inlet, secondary

inlet and ejector outlet, respectively. 6 and 12 mm Swagelok

fittings were connected to the pipes, the ejector was assem-

bled and pressure tested at 10 barg.

Experimental setup and measurements

The experimental setup (Fig. 4) comprise five main compo-

nents: 1) a high pressure (~15 bara) gas supply, 2) two manual

pressure reducers for adjusting the primary and secondary

inlet pressures, 3) a membrane humidifier for humidifying the

secondary gas, 4) an ejector, and 5) a manual back-pressure

regulator for adjusting the ejector outlet pressure. In addi-

tion, temperatures, pressures, flow rates, and humidities were

recorded at locations indicated in Fig. 4. In the experiments

with hydrogen as the working gas, the secondary gas flow rate

was determined as the difference between total gas flow rate

and primary gas flow rate. The experimental setup main

components are listed in Table 2.

The experiments were conducted with two ejectors: the

custom-made ejector and a commercial ejector. The com-

mercial ZH05S-X267 ejector was purchased from SMC. Both

Table 1 e Parameters used in Eq. (1) for determining
nozzle throat diameter.

Variable Value Explanation

_np;in 0.041 mol/s Maximum hydrogen

consumption

pp,in 7.01325

bara ¼ 6 barg

Maximum primary

inlet pressure

F 96,485 C/mol Faraday constant

R 8.3145 J/(K � mol) Universal gas constant

Tp,in 20 �C Primary inlet temperature

Mw 2.016 � 10�3

kg/mol

Molar weight

g 1.4 Isentropic expansion factor

C 0.97 Nozzle discharge coefficient
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ejectors have a 0.5 mm nozzle diameter but the SMC ejector is

sold mainly for vacuum generation applications with air as

the motive gas. Compared to mechanical compressors, the

SMC ejector is an inexpensive (~100 V), mass produced device

and, thus, an interesting option for hydrogen recirculation in

PEMFC applications.

The measurements were conducted by fixing the ejector

primary inlet pressure, the outlet pressure, and the secondary

inlet dew point temperature and then reducing the secondary

inlet pressure stepwise until minimum secondary inlet pres-

sure was achieved. At minimum secondary inlet pressure, the

ejector entrains no secondary fluid. The measurements were

conducted at conditions listed in Table 3.

The secondary inlet dew point temperature was controlled

by regulating the heating water throttling valve and by

adjusting the heating circuit pump speed and water bath

temperature. The secondary inlet dew point temperature

(Tdew,s,in) was calculated as follows:

Tdew;s;in ¼ 1435:264

4:6543� log10

�
pvap
s;in � RHs

�� 208:302 (3)

where the vapor pressure (pvap) is calculated from Ref. [16].

pvap ¼ 104:6543� 1435:264
Tþ208:302 (4)

A measurement was considered successful when all four

quantities controlled remained close to target values for at

least 60 consecutive data points recorded with 0.5 s intervals.

Table 3 lists the observed maximum standard deviation (smax)

of the four quantities. The experimental results for the

custom-ejector are tabulated in Appendix B.

Ejector performance measures

In the literature, entrainment ratio is a commonly employed

ejector performance measure. In PEMFC applications, fuel

utilization per pass is an established measure of anode gas

recirculation rate. From the ejector optimization perspective,

the ejector efficiency is a central performancemeasure. In this

work, all these three measures are employed in analyzing

ejector performance.

The entrainment ratio (U) is defined as the ratio of the

secondary stream mass flow rate ( _ms) to the primary stream

mass flow rate ( _mp):

U ¼ _ms= _mp (5)

Fig. 2 e Custom-made ejector geometry with dimensions in mm. Area shaded in gray indicates the 2D axisymmetric

computational domain.

Fig. 3 e The ready 3D printed and polished ejector body

with nozzle and outlet flanges.
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The primary stream mass flow rate is calculated from the

measured dry primary gas volumetric flow rate ( _Vp;n) at

normal conditions (Tn¼ 0 �C, pn¼ 1.01325 bara) assuming ideal

gas behavior:

_mp ¼ _np �Mw;p ¼
�
pn � 105 þ 101325

�� _Vp;dry gas;n

R� ðTn þ 273:15Þ �Mw;p (6)

The secondary stream mass flow rate is computed in a

similar fashion with the exception of the considering the ef-

fect of humidity:

_ms ¼
�
pn � 105 þ 101325

�� _Vs;dry gas;n

R� ðTn þ 273:15Þ

�
 
Mw;s;dry gas þMw;H2O �

yH2O;s;in

1� yH2O;s;in

! (7)

The water mole fraction at the secondary inlet (yH2O;s;in) is

calculated from the measured temperature (through water

vapor pressure), relative humidity, and absolute pressure as

follows:

yH2O;s;in ¼
pvap
s;in � RHs;in

ps;in
(8)

where the water vapor pressure is calculated with Eq. (4).

In PEMFC applications, the fuel utilization per pass (uf) is a

commonmeasure of anode gas recirculation rate. It is defined

as the percentage of fuel (here hydrogen) consumed per one

pass through the fuel cell stack and, hence, equals the

Fig. 4 e Experimental setup. TT: temperature transmitter, FT: flow rate transmitter, PT: gauge pressure transmitter, HT:

humidity transmitter.

Table 2 e Experimental setup main components.

Component Location Manufacturer/model

Pressure reducer Primary

inlet

Swagelok KPR1FJL412A

Pressure reducer Secondary

inlet

RHPS LRSN4-02-1-

VTV/S-02275

Back-pressure regulator Outlet Kenmac

KBP1A1A5DA4

Humidifier Secondary

inlet

Permapure

FC100-80-6MSS

Flow rate transmitter,

hydrogen

Primary

inlet

Bronkhorst

EL-FLOW F-111AC

Flow rate transmitter,

hydrogen

Total inlet

flow

Bronkhorst

EL-FLOW F-112AC

Flow rate transmitter, air Both

inlets

Sensortechnics

WTA L050DUP

Pressure transmitter Primary

inlet

Sensortechnics

CTE 9010 G

Pressure transmitter Secondary

inlet

Sensortechnics

CTE 9N01 G

Pressure transmitter Outlet Sensortechnics

CTE 9001 G

Temperature transmitter Primary

inlet

K-type

thermocouple

Temperature and humidity

transmitter

Secondary

inlet

Vaisala

HMT337

Temperature and humidity

transmitter

Outlet Vaisala

HMT337

Table 3 e Controlled quantities in experiments: range and maximum standard deviation.

Quantity Ejector Target value smax

Working gas: hydrogen Working gas: air

pp,in [barg] Custom-made 0.50, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0 0.50, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0

(pp,in> pout)

0.010

SMC ZH05S-X267 e 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 0.016

pout [barg] Custom-made 0.25 0.00, 0.25, 0.50 0.004

SMC ZH05S-X267 e 0.50 0.003

ps,in [barg] Custom-made pout e (0.000, 0.025, 0.050, 0.100, 0.150, …) poute(0.000, 0.025, 0.050, 0.100, 0.150, …) 0.005

SMC ZH05S-X267 e poute(0.000, 0.100, 0.200, …) 0.009

Tdew,s,in [�C] Custom-made 60 Dry, 60, 75 0.22

SMC ZH05S-X267 e Dry, 60, 75 0.12
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reciprocal of hydrogen stoichiometry per one pass (l). As the

primary gas flow rate equals the fuel consumption rate at

constant pressure operation (neglecting any impurities in the

primary gas), the fuel utilization per pass can be calculated

directly from dry inlet gas flow rates. Alternatively, it can be

calculated from the entrainment ratio.

uf ¼ 100%

1þ _Vs;dry gas;n
_Vp;dry gas;n

¼ 100%

1þ U

1þ
Mw;H2O
Mw;H2

�
yH2O;s;in

1�yH2O;s;in

¼ 100%
l

(9)

At low current levels, the fuel consumption rate, and

hence, the gas linear velocity inside the stack gas channels are

low. The low gas velocity allows liquid water accumulation in

the gas channels. Therefore, lower fuel utilization per pass is

generally required at low currents than at high currents for

stable PEMFC operation.

Efficiency is a performance measure related to ideal per-

formance, which depends on the chosen definition. Out of the

many different ejector efficiencies presented by McGovern

et al. [17], the exergetic efficiency is adopted in this work. The

exergetic efficiency (h) is defined as the ratio of secondary

stream exergy increase to the primary stream exergy

decrease. Neglecting any changes in kinetic and potential

energy, the exergetic efficiency is [17,18]:

h ¼
�
es;out � es;in

�� _ns�
ep;in � ep;out

�� _np
¼
�
hs;out � hs;in � T0 �


ss;out � ss;in

��� _ns�
hp;in � hp;out � T0 �


sp;in � sp;out

��� _np

(10)

where ej [J/mol] is themolar flow exergy of stream j, hj [J/mol] is

the molar enthalpy of stream j, sj [J/(K � mol)] is the molar

entropy of stream j, _nj is themolar flow rate of stream j, and T0

is the dead state temperature following from the exergy

analysis.

In case the ejector inlet streams have the same composi-

tion, Eq. (10) can be applied as it stands because the molar

outlet quantities (enthalpy and entropy) are equal for the two

streams at the outlet conditions. The situation becomes more

complex when the ejector inlet streams differ in composition,

as in the current case, because the contribution of each inlet

stream on the molar outlet quantities must be considered.

By definition, the ejector outlet molar enthalpy and en-

tropy are mole fraction weighted sums of the partial molar

quantities:

hout ¼
X�

yi;out � hi;out

�
(11)

sout ¼
X�

yi;out � si;out
�

(12)

where yi,out is the outlet stream mole fraction of compound i,

hi;out is the outlet streampartialmolar enthalpy of compound i,

and si;out is the outlet stream partial molar entropy of com-

pound i. For ideal gases, the partial molar enthalpy equals the

molar enthalpy but the partial molar entropy is

si;out ¼ si;out � R� ln
�
yi;out

�
(13)

Applying the material balance, the ejector outlet mole

fraction can be written as the sum of the contributions from

each inlet stream:

yi;out ¼ yi;p � _np þ yi;s � _ns

_nout
¼ yi;p �

_np

_nout
þ yi;s �

_ns

_nout
(14)

Applying Eq. (14) in Eq. (11) and Eq. (12), yield:

hout ¼
X�

yi;p �
_np

_nout
� hi;out

�
þ
X�

yi;s �
_ns

_nout
� hi;out

�
¼ hp;out þ hs;out (15)

sout ¼
X�

yi;p �
_np

_nout
� si;out

�
þ
X�

yi;s �
_ns

_nout
� si;out

�
¼ sp;out þ ss;out (16)

where hp,out, hs,out, sp,out, and ss,out are the contributions of the

inlet streams to the outlet stream molar quantities, which

enable correct determination of exergetic efficiency in Eq. (10).

Modeling

The simulations were conducted with CFD employing ANSYS

Fluent v16.0 software which is based on the finite volume

method. 2D axisymmetric, compressible, and steady flowwas

assumed. Furthermore, the fluid was assumed to obey the

ideal gas equation of state. Both gravity and phase transitions

were neglected.

The ejector axisymmetric computational domain (the area

shaded in gray in Fig. 2) was discretized with a structured

meshes refined at walls and created with ANSYS ICEM CFD

16.0 software. Several meshes with cell count ranging from

45 k to 753 k were tested at conditions corresponding to the

experimental data. Four meshes with approximately 45 k,

159 k, 237 k, and 424 k cells were tested more thoroughly at

every experimental point. Themeshwith approximately 159 k

cells was observed to be dense enough for mesh independent

results and was therefore employed in subsequent

simulations.

Because of compressibility, the flow was governed by

Favre-averaged NaviereStokes equations. The momentum

balance equation is:

v
�
rvivj

�
vxj

¼ �vp
vxi
þ v

vxj

�
m

�
vvi

vxj
þ vvj

vxi
� 2
3
dij
vvi

vxi

��
þ v

vxj

�
� rv0iv

0
j

�
(17)

where �rv0iv0j are the Reynolds stresses. These were modeled

applying the Boussinesq approximation of the eddy viscosity:

�rv0iv0j ¼ mt

�
vvi

vxj
þ vvj

vxi

�
� 2
3
dij

�
rkþ mt

vvk

vxk

�
(18)

where k is the turbulence kinetic energy and mt is the eddy

viscosity, both solved from a turbulence transport equation.

The three turbulence models tested in this work were:

� Shear Stress Transport (SST) k-u with low-Reynolds num-

ber correction and viscous heating enabled

� Re-Normalization Group (RNG) k-ε with enhanced wall

treatment and viscous heating enabled

� Realizable k-ε with enhanced wall treatment and viscous

heating enabled
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These models were chosen because the SST k-umodel has

proved its accuracy on a wide operation range in several

studies [13e15] and the k-ε models have been found to

perform well at some conditions [13,14]. The enhanced wall

treatment is adopted with the k-εmodels as recommended by

the Fluent Theory Guide [19] for meshes refined at walls.

The momentum balance equations and pressure based

continuity equation were solved in a coupled manner and the

remaining equations (energy conservation, species conserva-

tion, and turbulence transport) were solved in a segregated

manner. A 2nd order pressure interpolation scheme was

employed and all the equations were spatially discretized

with 2nd order upwind schemes.

The temperatures, pressures, and secondary inlet fluid

composition measured experimentally were employed as

boundary conditions for the inlets. An experimentally deter-

mined mass flow rate based pressure correction was applied

for the pressure readings to account for the pressure drop

between pressure probes and the ejector. This correction

turned out to be meaningful only at the primary inlet but in

most cases negligible also there. The ejector walls were

assumed smooth and adiabatic and the no-slip condition was

adopted. The physical properties (heat capacity, diffusion

coefficients, viscosity, and thermal conductivity) were

computed with correlations presented in Appendix A.

Flow normal to ejector inlets with 5% turbulence intensity

(IT) was assumed. This turbulence intensity value corresponds

to a Reynolds number of approximately 11,000 according to

the following equation [20]:

It ¼ 0:16� �ReDh

��1
8 (19)

Reynolds number based on hydraulic diameter and calcu-

lated from experimental data (assuming inlet conditions)

varied in the range of 400e3000 at primary inlet, 0 to 1600 at

secondary inlet, 200 to 6900 at ejector outlet, 3.5 � 106 to

45 � 106 at the nozzle throat, and 0.9 � 106 to 35 � 106 at the

mixing section.

The simulations results were checked to satisfy the energy

balance with a tolerance of ±10�2 W and the mass balance

with a tolerance of ±10�8 kg/s. The simulations were first

repeated for each experimental point with hydrogen as the

working gas and with each of the three turbulence models.

After this, ejector performance sensitivity relative to the

manufacturing tolerances (Dnt, Lne, Dm and smoothness of the

unpolished wall at secondary inlet), the assumed boundary

conditions (turbulent intensities and secondary inlet flow di-

rection), and the measured boundary conditions (pp,in, ps,in,

pout, yH2 ;s;in) was tested with a subset of data points highlighted

in Table B.1.

Results and discussion

Custom-made ejector performance at discrete points covering

the entire ejector operating map (range of primary and sec-

ondary pressures) for a given ejector outlet pressure are

tabulated in Appendix B. The ejector performance in a PEMFC

system with a specified stack flow resistance is not easily

perceived from these data.

To investigate the ejector performance in PEMFC systems,

linear interpolation is employed to match the pressure in-

crease achieved by the ejector (DpE):

DpE ¼ pout � ps;in (20)

with the PEMFC stack pressure drop (DpFC):

DpFC ¼ b� _mout (21)

where b is a coefficient and _mout is the ejector outlet mass flow

rate. Matching these two pressure differences essentially de-

termines the ejector operating curve, DpFC ¼ f(pp,in), which is the

path an ejector takes on its operating map. The ejector oper-

ating curve depends on ejector performance (and hence its

geometry) and on the system flow resistance.

In this work, ejector performance is studied in three PEMFC

systems by varying the coefficient b (see Table 4). The values

are chosen to result in maximum pressure drop of 51.7 mbar

(0.75 psi), 103.4 mbar (1.5 psi), and 206.9 mbar (3 psi) when the

custom-made ejector is operated with the secondary gas

saturated at 60 �C and with a 0.25 barg outlet pressure.

Ejector characterization with air

The custom-made ejector and the commercial ejector oper-

ating curves are plotted on entrainment ratio and efficiency

maps for air in Fig. 5. The figure illustrates the effect of system

flow resistance on the achieved entrainment ratio and on the

ejector efficiency along the operating range. The higher the

system flow resistance, the lower is the entrainment ratio.

The maximum system flow resistance is limited by the

maximum suction curve (labeled in Fig. 5c). Above this curve, at

least part of the primary gas exits the ejector through the

secondary inlet and the flow is reversed.

Themaximum efficiency as a function of primary pressure

is called the maximum efficiency curve and is labeled in Fig. 5b

and d. In this work, the maximum efficiency curves are ob-

tained by interpolating efficiency data (see Fig. 10) with max

4th order polynomials and taking their maximum value. The

maximum efficiency (along the primary pressure range) oc-

curs approximately at suction pressures half of the maximum

with both of the ejectors.

For an optimal ejector performance in a PEMFC system, the

operating curve should match the maximum efficiency curve.

The custom-made ejector achieves high efficiency in low-

flow-resistance systems at low primary pressures and in

high-flow-resistance systems at high primary pressures

(Fig. 5b). The commercial ejector, on the other hand, achieves

high efficiency in systems with considerably higher flow re-

sistances than those considered here (Fig. 5d, notice the

different ‘Stack pressure drop’-scale). This is expected

considering the intended application of the ejectors.

The ejector performance in an actual PEMFC system is

more conveniently illustrated by plotting the achieved

entrainment ratios along each operating curve. Fig. 6 shows

that high recirculation rate is achieved on a wide range in the

low-flow-resistance system. In particular, the maximum

entrainment ratio is obtained at primary pressure as low as

0.75e1.0 barg. The high recirculation rate at low primary

pressures is beneficial for PEMFC operation at low currents
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due to enhanced inert gas mixing and liquid water removal

from flow field channels. Decreasing the primary pressure

eventually results in a rapid decrease in entrainment ratio

(ejector performance collapses).

The maximum entrainment ratio in moderate- and high-

flow-resistance systems is achieved at higher primary pres-

sures due to the lower efficiency at low primary pressures.

High efficiency throughout the primary pressure range is

apparently not achievable. This is not a problem in low-flow-

resistance systems because satisfactory recirculation rate is

achieved at high pressures despite the lower efficiency. In

systemswith higher flow resistance, covering the entire range

with a single ejector becomes increasingly challenging.

The entrainment ratio achieved with the commercial

ejector is considerably lower at all conditions compared to

that achieved with the custom-made ejector, as shown in

Fig. 6 (notice the different ‘Entrainment ratio’-scales). None-

theless, the low entrainment ratio achieved with the com-

mercial ejector may be high enough in some applications.

Ejector performance with humid hydrogen

The operating curves for the custom-made ejector operated

with hydrogen are plotted on efficiency and fuel utilization

per pass maps in Fig. 7. As when operated with air, the

maximumefficiency curve is located approximately at suction

pressures half of the maximum. A high efficiency point is

achieved along all three operating curves but none achieves

high efficiency throughout the operating range, like with air.

The achieved recirculation rate in terms of fuel utilization per

pass strongly depends on system flow resistance.

Fig. 8a displays the fuel utilization per pass (uf [%]) along

each operating curve as a function of fuel cell stack current.

The fuel cell stack current (I [A]) is calculated from the ejector

primary gas flow rate assuming a 50 cell stack. Fig. 8b and c

show the entrainment ratio and the stack pressure drop along

the operating curves, respectively, and Fig. 8d shows the stack

polarization curve. Simulation results are also displayed. The

stack voltage (U [V]) is computed as follows:

I<30 A : U ¼ 0:00024� I2 � 0:0155� Iþ 1 (22)

I � 30 A : U ¼ 0:75� 0:60
30� 160

� ðI� 30Þ þ 0:75 (23)

According to this polarization curve, at 6 barg primary

pressure, the ejector delivers hydrogen at a rate enough for

4.7 kW of electric power.

Satisfactory recirculation rate (U � 2.1, uf � 57.5%) is ach-

ieved in low- and moderate-flow-resistance systems down to

low current levels, as illustrated in Fig. 8a and b. Particularly in

the low-flow-resistance system, a minimum fuel utilization

Table 4 e The pressure drop coefficient in Eq. (21).

Coefficient Value
with air

Value
with hydrogen

Maximum pressure
drop, DpFC,max

Dry hydrogen flow
rate at DpFC,max

Explanation

b1 61:8 bar
kg=s 194:3 bar

kg=s 51.7 mbar (0.75 psi) _nH2 ;out ¼ 0:0755mol
s Low-flow-resistance

b2 134:4 bar
kg=s 427:5 bar

kg=s 103.4 mbar (1.5 psi) _nH2 ;out ¼ 0:0701mol
s Moderate-flow-resistance

b3 323:9 bar
kg=s 1005:0 bar

kg=s 206.9 mbar (3 psi) _nH2 ;out ¼ 0:0619mol
s High-flow-resistance

Fig. 5 e Custom-made ejector operating curves plotted on a) entrainment ratio map and b) efficiency map, and commercial

ejector operating curves plotted on c) entrainment ratio map and d) efficiency map. Working gas: air, Tdew,s,in: 60 �C, pout: 0.5

barg.
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per pass (uf ¼ 39%) is achieved at current level as low as 40 A.

Thus, provided a reasonably low stack flow resistance, a single

ejector achieves satisfactory recirculation rateonawide range.

In high-flow-resistance systems, the ejector achieves

satisfactory recirculation rate (U � 1.7, uf � 65.0%) at high

primary pressures (3e6 barg), i.e. where high efficiency is

achieved. The maximum entrainment ratio (U ¼ 1.9) and the

minimum fuel utilization per pass (uf ¼ 60.1%) are achieved

between 70 and 80 A current level. At lower current levels, the

recirculation rate diminishes due to low efficiency.

The simulation results obtained with the SST k-u turbu-

lence model and the experimental data are in acceptable

agreement, as illustrated in Fig. 8. The model correctly pre-

dicts the general trends in the achieved recirculation rate but

the entrainment ratio is generally over-estimated. In addition,

the model predicts the position of maximum entrainment

ratio at higher current levels than observed in experiments,

particularly for low- andmoderate-flow-resistance systems. A

more thorough comparison of simulation results and experi-

mental data will follow in the next section.

Fig. 6 e Entrainment ratio along the operating curves as function of primary pressure. Working gas: air, pout: 0.5 barg, a)

custom-made ejector, dry secondary inlet, b) commercial ejector, dry secondary inlet, c) custom-made ejector, Tdew,s,in: 60 �C,
d) commercial ejector, Tdew,s,in: 60 �C, e) custom-made ejector, Tdew,s,in: 75 �C, f) commercial ejector, Tdew,s,in: 75 �C.

Fig. 7 e Custom-made ejector operating curves plotted on a) efficiency (h) map and b) fuel utilization per pass (uf) map.

Working gas: hydrogen, Tdew,s,in: 60 �C, pout: 0.25 barg.
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Model validation

The simulated and experimental ejector performance com-

parison is made based on the entrainment ratio (U) applying

mean absolute deviations (ADs):

AD ¼ 1
n
�
X
i¼1…n

��Umeas;i � Usim;i

�� (24)

and mean relative deviations (RDs):

RD ¼ 1
n
�
X
i¼1…n

����1� Usim;i

Umeas;i

���� (25)

Based on the experimental data measured with hydrogen

as working gas (Table B.1), Table 5 compares the ADs and RDs

for the three turbulence models considered.

The simulations conducted with k-ε models have lower

overall RD while the simulations conducted with SST k-u

model have lower overall AD, as shown in Table 5. This is

because the two k-ε models, which provide almost identical

results, predict ejector performance better at conditions with

low entrainment ratios (Umeas < 1) while the SST k-u model

predicts ejector performance better at conditions with high

entrainment ratios (Umeas > 1). Therefore, in systems with low

flow resistance and high recirculation rate, the SST k-umodel

provides better predictions except for the lowest current

levels, as illustrated in Fig. 9. In high-flow-resistance systems

and at low recirculation rate, all the turbulence models pro-

vide similar predictions on ejector performance. Hence, the

SST k-u turbulence model is preferred over the k-ε models

when accurate predictions are prioritized.

Concerning ejector performance optimization, the position

of simulated maximum performance is more important than

the simulated absolute performance. Fig. 10 displays the

measured and simulated ejector efficiencies as function of

secondary pressure increase for three primary pressures. As

observed, the k-ε models predict the position of maximum

efficiency very accurately while the SST k-u model predicts

maximum efficiency at a higher secondary pressure increase.

This suggests that ejectors can accurately be optimized with

CFD simulation conducted in 2D geometrywith either of the k-

ε turbulence models even though the predicted absolute per-

formance might be inaccurate.

All the turbulence models over-estimate the entrainment

ratio at all tested conditions except the SST k-u model at

conditions with low primary pressure and high entrainment

ratio (see Fig. 9). This is caused by an over-estimation of the

secondary gas flow rate. The primary gas flow rate deviates

from þ1.7% to þ5.7%, and thus, actually decreases the

entrainment ratio over-estimation.

In a previous work [13], the 2D flow assumption was

observed to result in a relatively high secondary flow over-

estimation (~46%e48% on average) for a rectangular ejector

operated with air, but only at conditions without double

choking (i.e. at critical operationalmode). In the present study,

double choking was not predicted at any conditions with the

SST k-u model, suggesting that the 2D assumption might be

responsible for the deviations also in this study. With both of

the k-ε models, double choking was predicted only at condi-

tions with high primary pressure (5 and 6 barg) and high

entrainment ratio, i.e. at conditions where the SST k-u model

provided more accurate predictions. Fig. 11 displays the Mach

contour predictions of the three turbulence models at the

highest applied secondary flow rate. The white color indicates

the areas where supersonic flow occurs.

Other possible explanations for the deviations between

experimental and simulated ejector performance include

ejector manufacturing tolerances and inaccurate boundary

conditions. Therefore, the ejector performance sensitivity

with respect to these parameters was studied by conducting

simulations with the SST k-u turbulence model on a subset of

the experimental points.

Table 6 lists the parameters included in the sensitivity test,

their variation, and the resulting performance deviation (AD

and RD) compared to the experimentally observed values. The

AD and the RD for the reference case (calculated for a subset of

Fig. 8 e Experimental data (markers) and simulation

results (SST k-u, solid lines) along the operating curves as

function of 50 cell stack current. a) Fuel utilization per pass,

b) entrainment ratio, c) stack pressure drop, d) primary gas

pressure and stack polarization curve. Working gas:

hydrogen, pout: 0.25 barg, Tdew,s,in: 60 �C.
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data points highlighted in Table B.1.) is shownuppermost. The

variations in ejector dimensions are the manufacturing tol-

erances presented in Section 2.1. The ejector performance

sensitivity to the unpolished secondary inlet wall roughness

(see Fig. 2) was tested by applying a visually approximated

wall roughness height (Ks,s,in). The change in secondary inlet

flow direction was varied from �30� to þ10� relative to ejector

center axis. Because the ejector secondary gas inlet boundary

normal has a 30� angle with ejector axis, a�30� change results

in horizontal flow and a þ10� change results in a flowwith 40�

angle relative to the ejector axis. The primary and secondary

inlet flow turbulence intensities are calculated for each data

point separately with Eq. (19). The values employed for

measured boundary conditions are computed from the

transmitter uncertainties provided by the manufacturers.

The tolerance of nozzle throat diameter (Dnt) has the most

notable effect on ejector performance, as shown in Table 6.

However, comparing simulated and experimental primary gas

mass flow rates (simulation results deviate from þ1.7% to

þ5.7%, as mentioned above) demonstrates that the actual Dnt

is very close to the intended value of 0.5mm. The other ejector

geometry parameters (Lne and Dm) have only a very minor ef-

fect on ejector performancewithin their tolerances, indicating

a reasonable manufacturing accuracy. Also the unpolished

secondary inlet wall roughness has only a small effect on

ejector performance.

Considering the assumed boundary conditions, both the

secondary inlet flow direction and the turbulence intensities

affect ejector performance mainly at conditions with high

entrainment ratio. The results suggest that the effect of the

secondary inlet flow direction can be significant but the ef-

fects of turbulence intensities are minor.

Considering the measured boundary conditions, the

ejector performance is most sensitive to the secondary inlet

pressure, the outlet pressure, and the secondary inlet

composition within the transmitter accuracy reported by the

manufacturers. Ejector performance sensitivity to the primary

pressure is minor. The secondary inlet pressure and outlet

pressure appear to be the most critical measurements when

comparing the observed experimental standard deviations

(smeas, listed in Table 6), and the simulated ejector perfor-

mance sensitivity. However, neither of these parameters

alone can explain the observed deviation between simulated

and measured ejector performance.

Conclusions

In this work, a custom-made ejector was studied experimen-

tally and modeled with CFD. Experimental results indicate

that the ejector achieves satisfactory performance on a wide

operating range. In particular, high recirculation rate at low

primary pressure was achieved in systems with low flow

resistance. This suggests that hydrogen recirculation can be

realized with a single ejector in PEMFC systems with low

enough flow resistance. Satisfactory recirculation was also

achieved in a system with high flow resistance but only at

high primary pressures, i.e. at conditions with high ejector

efficiency.

Table 5eADs and RDs calculated separately for data pointswith low (Umeas< 1) and high (Umeas> 1) entrainment ratio, and
for all data points. Working gas: H2, Tdew,s,in: 60 �C, pout: 0.25 barg.

Model AD RD

Umeas< 1 Umeas> 1 All Umeas< 1 Umeas> 1 All

SST k-u 0.78 0.72 0.73 227.2% 31.5% 68.2%

RNG k-ε 0.47 1.08 0.97 144.6% 41.5% 60.9%

Realizable k-ε 0.48 1.17 1.04 146.2% 44.5% 63.6%

Fig. 9 e Comparison of fuel utilization predictions obtained

with the different turbulence models along the low-flow-

resistance (black) and high-flow-resistance (gray)

operating curves. Working gas: hydrogen, Tdew,s,in: 60 �C,
pout: 0.25 barg.

Fig. 10 e Measured and simulated ejector efficiency as

function of secondary pressure increase for primary

pressures 2 barg (light gray), 4 barg (dark gray), and 6 barg

(black). Working gas: hydrogen, Tdew,s,in: 60 �C, pout: 0.25
barg.
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The simulation results agreed reasonably well with

experimental data (average deviation 60%e70% overall),

especially at conditions relevant in PEMFC applications. The

best agreement was generally obtained with the SST k-u

turbulence model. However, the tested k-ε models were

observed to predict the position of maximum efficiency

along the primary pressure range more accurately. This

knowledge is useful in designing ejectors for specified PEMFC

systems.

The secondary inlet boundary conditions and ejector outlet

pressure were recognized as the modeling parameters with

most notable influence on ejector performance, particularly at

low primary pressures. However, none of the tested parame-

ters alone explain the observed deviation between experi-

ments and simulations.

The markedly lower recirculation rate achieved with the

commercial ejector highlights the significance of customized

ejector design.

Fig. 11 e Mach number contours predicted by CFD modeling with a) SST k-u, b) RNG k-ε, and c) Realizable k-ε turbulence

models. Working gas: hydrogen, Tdew,s,in: 60 �C, pp,in: 6 barg, ps,in: 0.25 barg, pout: 0.25 barg.

Table 6 e ADs and RDs of simulation conducted with varied ejector dimensions and boundary conditions.

Case Parameter varied Change AD RD

Reference None e 0.72 96.4%

Ejector geometry Dnt þ0.03 mm 0.72 146.4%

Lne þ0.05 mm 0.73 96.6%

�0.05 mm 0.71 96.3%

Dm þ0.01 mm 0.72 91.2%

þ0.02 mm 0.72 85.9%

Ks,s,in (see Fig. 2) 0.5 mm 0.73 97.0%

Boundary conditions

based on assumptions

Secondary inlet flow direction

relative to boundary

þ10� 0.71 96.3%

�10� 0.73 96.7%

�30� 0.77 98.0%

It,p,in 0.9% … 2.0% 0.75 97.0%

It,s,in 1.9% … 5.4%

Measured boundary conditions pp,in (smeas ¼ 1.8 … 4.1 mbar) þ20 mbar 0.73 99.2%

�20 mbar 0.71 93.6%

ps,in (smeas ¼ 0.5 … 1.9 mbar) þ4 mbar 0.77 106.8%

�4 mbar 0.66 86.0%

pout (smeas ¼ 0.4 … 1.5 mbar) þ2 mbar 0.69 91.2%

�2 mbar 0.75 101.7%

yH2 ;s;in (smeas ¼ 0.001 … 0.002) þ0.008 … þ0.011 0.65 92.8%

�0.012 … �0.008 0.78 100.0%
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Nomenclature

Latin

b pressure drop coefficient, bar/(kg/s)

C discharge coefficient, e

Cp ideal gas heat capacity, J/(K � mol)

D diameter, m

Dab binary diffusion coefficient, m2/s

e molar flow exergy, J/mol

F Faraday constant, 96,485 C/mol

h molar enthalpy, J/mol

h partial molar enthalpy, J/mol

I current, A

IT turbulence intensity, %

Ks wall roughness height, mm

k turbulence kinetic energy, m2/s2

L length, m

Mw molar weight, kg/mol
_m mass flow rate, kg/s

Ncells number of cells in PEMFC stack
_n molar flow rate, mol/s

P power, W

p pressure, bar ¼ 105 Pa, 0 barg (gauge) ¼ 1.01325 bara

(absolute)

pvap vapor pressure, bar ¼ 105 Pa

Dp PRESSURE difference, bar ¼ 105 Pa

R universal gas constant, 8.3145 J/(K � mol)

Re Reynolds number, e

RH relative humidity, %

s molar entropy, J/(K �mol)

s partial molar entropy, J/(K �mol)

T temperature, �C, 0 �C ¼ 273.15 K

U stack voltage, V

uf fuel utilization per pass, %
_V volumetric flow rate, m3/s

v velocity, m/s

x coordinate

y mole fraction, e

Greek

a angle, �

g isentropic expansion factor, e

ε turbulent dissipation rate, m2/s3

h efficiency, %

k thermal conductivity, W/m/K

l stoichiometry, e

m dynamic viscosity, Pa � s

mt turbulent viscosity, Pa � s

r density, kg/m3

s standard deviation

U entrainment ratio, e

u specific turbulent dissipation rate, 1/s

Subscripts

0 stagnant state/dead state

d ejector diffuser

dew dew point

E ejector

FC fuel cell

in ejector inlet

m ejector mixing section

max maximum

meas measured value

n normal conditions (T ¼ 0 �C, p ¼ 1.01325 bara)

ne ejector nozzle exit

nt ejector nozzle throat

out ejector outlet

p ejector primary stream

s ejector secondary stream

sim simulated value

Abbreviations

AD mean absolute deviation

RD mean relative deviation

CFD computational fluid dynamics

DMLS direct metal laser sintering

PEMFC proton exchange membrane fuel cell

RNG Re-Normalization Group

SST Shear Stress Transport

Appendix A

The physical properties applied in CFD simulations (heat ca-

pacity, diffusion coefficients, viscosity, and thermal conduc-

tivity) were computed with correlations found in literature.

The gas mixture heat capacity (Cp [J/(K �mol)]) was calculated

with a mole-weighted mixing law and the following equation

for each compound

Cp;i ¼ a1 þ a2 �
�

a3

½Tþ 273:15	 � sinhða3=½Tþ 273:15	Þ
�2
þ a4

�
�

a5

½Tþ 273:15	 � coshða5=½Tþ 273:15	Þ
�2

(A.1)

where T is the temperature [�C] and the parameters a1 e a5 are

fitted against values found in literature [21e23] in tempera-

tures ranging from 60 K to 300 K and from 300 K to 1000 K.

The binary diffusion coefficients (Dab [m2/s]) were calcu-

lated with the method by Fuller et al. [24].

Dij ¼ 0:0101325ffiffiffiffiffiffiffiffiffiffiffi
1000

p � ½Tþ 273:15	1:75

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
�
Mw;i þ 1

�
Mw;j

q
ðp� 105 þ 101325Þ �

�
V1=3

i þ V1=3
j

�2 (A.2)

where Mw,i is the mole weight [kg/mol] of component i, p is

pressure [barg], and Vi is the so called diffusion volume of

component i: VH2
¼ 7.07, VN2 ¼ 17.9, VH2O ¼ 12.7.

The dynamic viscosity of the gas mixture (m [Pa � s]) was

calculated with the method proposed by Wilke [25]:
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m ¼
X
i¼1…n

 
mi

1
yi
�Pj¼1…n

h
yj � 4ij

i
!

(A.3)

where mi is pure component i viscosity [Pa � s] calculated with

equation from DIPPR Project [26], yi is the component i mole

fraction, and 4ij is calculated as follows:

4ij ¼

�
1þ

�
mi

.
mj

�1
2 � �Mw;j

�
Mw;i

�1
4

�2
4ffiffi
2

p � �1þMw;i

�
Mw;j

�1
2

(A.4)

The thermal conductivity for the gas mixture (k [W/m/K])

was calculated with the method proposed by Lindsay and

Bromley [27]:

k ¼
X
i¼1…n

 
ki

1
yi
�Pj¼1…n

h
yj �Aij

i
!

(A.5)

where ki is pure component i thermal conductivity [W/m/K]

calculated with equation from DIPPR Project [26] and Aij is

calculated as follows:

Aij ¼ 1
4
�
8<
:1þ

"
mi

mj

�
�
Mw;j

Mw;i

�3
4

� ð1þ Si=½Tþ 273:15	Þ�
1þ Sj

�½Tþ 273:15	�
#1

2

9=
;

2

�
�
1þ Sij

�½Tþ 273:15	�
ð1þ Si=½Tþ 273:15	Þ (A.6)

where Sij ¼ (Si � Sj)
1/2 except when one of the components is

water (or some other strongly polar compound). In that case

Sij ¼ 0.733 � (Si � Sj)
1/2.

Appendix B

Table B.1 e Time averaged experimental results of
hydrogen-operated custom-made ejector. Experiments
considered in the sensitivity tests are bolded and
highlighted with gray background.

pp,in
Barg

ps,in
Barg

pout
Barg

Tdew,s,in
�C

_mp

10�6 kg/s

_ms

10�6 kg/s
Tdew,s,in ¼ 60 �C, pout ¼ 0.25 barg

0.50 0.249 0.251 59.7 12.1 70.5

0.50 0.225 0.250 60.0 12.6 10.6

0.50 0.221 0.250 e 0.0 e

0.75 0.250 0.250 59.9 17.3 101.6

0.75 0.225 0.251 60.0 17.6 59.6

0.75 0.200 0.250 59.9 18.0 5.7

0.75 0.197 0.250 e 17.8 e

1.00 0.250 0.250 60.0 21.5 119.9

1.00 0.225 0.251 60.0 21.5 85.6

1.00 0.200 0.250 60.1 21.6 44.7

1.00 0.173 0.250 e 21.9 e

1.50 0.249 0.249 59.9 28.3 152.7

1.50 0.225 0.251 60.0 28.2 118.5

1.50 0.200 0.250 60.1 28.2 92.6

1.50 0.149 0.250 60.0 28.5 13.2

1.50 0.135 0.251 e 28.4 e

2.00 0.249 0.249 60.0 34.2 156.6

2.00 0.225 0.249 60.0 34.2 128.5

2.00 0.201 0.250 59.9 34.2 117.4

2.00 0.150 0.250 60.1 34.2 62.7

2.00 0.096 0.250 e 34.3 e

3.00 0.249 0.250 60.0 46.0 181.8

2.99 0.224 0.251 60.0 46.0 157.2

3.00 0.200 0.250 60.1 46.0 141.5

2.99 0.150 0.250 60.0 45.9 117.6

3.00 0.099 0.251 60.0 46.0 71.6

3.00 0.050 0.251 60.1 46.1 18.5

3.00 0.023 0.250 e 46.1 e

4.00 0.249 0.249 59.9 58.0 197.3

4.00 0.224 0.250 60.0 58.0 181.6

4.00 0.199 0.251 60.0 58.0 166.1

4.00 0.150 0.250 59.9 57.9 134.6

4.00 0.100 0.250 60.0 57.9 117.2

4.00 0.050 0.250 60.1 58.0 79.6

4.00 0.000 0.250 60.0 58.0 35.8

4.00 ¡0.047 0.251 e 57.8 e

5.00 0.250 0.251 60.0 69.4 208.7

5.00 0.225 0.250 60.1 69.9 197.8

5.01 0.200 0.249 60.0 69.4 184.4

5.00 0.149 0.250 60.0 69.2 155.4

5.00 0.099 0.250 60.0 69.2 144.1

5.00 0.049 0.250 59.9 69.3 114.7

5.00 0.000 0.251 59.9 69.2 82.0

5.00 �0.049 0.250 60.1 69.2 45.7

5.00 �0.101 0.249 60.0 69.8 8.3

5.00 ¡0.112 0.250 e 69.7 e

6.00 0.250 0.250 60.0 81.2 218.7

6.00 0.225 0.250 60.0 81.2 210.0

6.00 0.200 0.250 60.0 81.2 198.9

6.00 0.149 0.250 60.0 81.2 174.2

6.01 0.100 0.250 60.0 81.2 148.6

6.00 0.050 0.250 60.1 81.2 139.1

6.00 0.000 0.249 60.0 81.2 113.2

6.00 �0.050 0.250 60.2 81.2 83.2

6.00 �0.100 0.250 60.1 81.3 48.5

5.99 �0.151 0.250 60.0 81.7 12.3

6.00 ¡0.174 0.250 e 81.8 e

Table B.2 e Time averaged experimental results of air-
operated custom-made ejector.

pp.in
Barg

ps.in
Barg

pout
Barg

Tdew.s.in
�C

_mp

10�6 kg/s
_ms

10�6 kg/s

Dry, pout ¼ 0.00 barg

0.25 0.000 0.001 e 43.0 171.0

0.25 �0.025 0.001 e 44.2 13.5

0.25 �0.028 0.001 e 45.1 e

0.51 0.000 0.001 e 61.1 235.2

0.50 �0.026 0.001 e 62.1 138.7

0.50 �0.050 0.001 e 62.1 e

0.75 0.000 0.001 e 75.3 274.3

0.75 �0.026 0.001 e 75.4 187.1

0.75 �0.050 0.001 e 76.0 103.2

0.75 �0.071 0.001 e 76.1 e

1.00 �0.001 0.001 e 88.0 304.9

1.00 �0.024 0.001 e 88.1 234.9

1.00 �0.049 0.001 e 88.1 165.4

1.00 �0.091 0.001 e 88.2 e

(continued on next page)
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Table B.2 e (continued )

pp.in
Barg

ps.in
Barg

pout
Barg

Tdew.s.in
�C

_mp

10�6 kg/s
_ms

10�6 kg/s

1.50 0.000 0.001 e 109.3 352.9

1.50 �0.025 0.001 e 109.4 293.4

1.50 �0.050 0.001 e 109.4 223.5

1.50 �0.100 0.001 e 109.5 98.6

1.50 �0.130 0.001 e 109.6 e

2.01 0.001 0.001 e 130.8 389.0

2.00 �0.025 0.001 e 130.9 337.9

2.01 �0.050 0.001 e 130.9 272.1

2.00 �0.100 0.001 e 130.8 176.3

2.00 �0.149 0.001 e 130.7 40.2

2.00 �0.167 0.001 e 130.6 e

3.00 0.001 0.002 e 174.2 432.0

3.00 �0.025 0.001 e 173.7 393.1

3.00 �0.049 0.001 e 173.9 348.0

3.00 �0.101 0.001 e 174.3 271.3

3.00 �0.150 0.001 e 174.0 184.9

3.00 �0.200 0.001 e 174.4 90.0

3.00 �0.235 0.001 e 174.4 e

4.00 0.000 0.002 e 222.9 459.0

4.00 �0.025 0.002 e 223.2 424.1

4.00 �0.050 0.002 e 222.4 388.8

4.00 �0.099 0.001 e 222.8 321.7

4.00 �0.151 0.001 e 223.2 254.6

4.00 �0.200 0.001 e 222.7 178.1

4.00 �0.250 0.001 e 222.5 108.5

4.00 �0.299 0.001 e 223.1 e

5.00 0.000 0.003 e 270.0 473.3

5.00 �0.026 0.002 e 269.9 443.7

5.00 �0.051 0.002 e 271.1 412.8

5.00 �0.100 0.002 e 269.9 350.1

5.00 �0.150 0.001 e 269.7 296.5

5.00 �0.201 0.001 e 270.0 236.3

5.00 �0.249 0.001 e 270.7 177.1

5.00 �0.299 0.001 e 269.6 113.6

5.00 �0.350 0.001 e 270.5 18.0

5.00 �0.361 0.001 e 270.8 e

6.00 0.000 0.003 e 321.9 480.1

6.00 �0.025 0.003 e 321.8 457.1

6.00 �0.050 0.003 e 320.5 431.8

6.00 �0.100 0.002 e 321.3 374.3

6.00 �0.150 0.002 e 321.9 325.2

6.00 �0.201 0.002 e 321.5 272.4

6.00 �0.250 0.001 e 321.2 222.3

6.00 �0.298 0.001 e 320.8 175.6

6.00 �0.350 0.001 e 322.5 111.2

6.00 �0.400 0.001 e 322.9 23.0

6.00 �0.418 0.001 e 321.6 e

Dry, pout ¼ 0.25 barg

0.50 0.250 0.251 e 48.3 212.9

0.49 0.220 0.250 e 50.3 e

0.75 0.250 0.250 e 68.7 283.8

0.75 0.225 0.250 e 69.6 177.6

0.75 0.200 0.249 e 70.2 31.7

0.75 0.195 0.250 e 70.2 e

1.01 0.250 0.250 e 84.6 330.8

1.01 0.224 0.250 e 84.9 235.6

1.01 0.199 0.249 e 84.9 147.5

1.00 0.173 0.250 e 85.2 e

1.50 0.250 0.250 e 108.8 391.7

1.50 0.225 0.250 e 108.9 322.5

1.50 0.200 0.250 e 108.8 242.1

1.50 0.149 0.250 e 109.1 58.9

1.50 0.135 0.250 e 109.0 e

Table B.2 e (continued )

pp.in
Barg

ps.in
Barg

pout
Barg

Tdew.s.in
�C

_mp

10�6 kg/s
_ms

10�6 kg/s

2.00 0.249 0.250 e 130.3 434.9

2.00 0.225 0.250 e 130.1 373.4

2.00 0.200 0.250 e 130.2 306.6

2.01 0.150 0.250 e 130.6 183.8

2.01 0.100 0.250 e 130.6 12.7

2.00 0.094 0.250 e 130.5 e

3.00 0.249 0.250 e 174.1 496.1

3.00 0.225 0.249 e 173.5 452.9

2.99 0.201 0.250 e 173.9 401.7

3.00 0.150 0.250 e 173.6 300.9

3.00 0.100 0.250 e 173.7 199.9

3.00 0.050 0.250 e 173.8 80.6

3.00 0.022 0.251 e 173.8 e

4.00 0.250 0.250 e 222.3 542.2

4.00 0.224 0.250 e 222.9 505.4

4.00 0.199 0.250 e 222.0 460.6

4.00 0.150 0.249 e 222.7 381.0

4.00 0.099 0.250 e 222.4 309.3

4.00 0.050 0.250 e 222.6 213.3

3.99 0.000 0.250 e 222.1 116.0

4.00 �0.046 0.251 e 222.6 e

5.00 0.249 0.251 e 269.9 567.5

5.00 0.224 0.251 e 270.6 538.0

5.00 0.200 0.250 e 269.7 504.4

5.00 0.151 0.250 e 269.7 428.3

5.00 0.101 0.250 e 270.1 361.9

5.00 0.051 0.250 e 270.4 294.5

5.00 �0.001 0.250 e 269.5 209.5

5.00 �0.050 0.249 e 270.5 136.8

5.00 �0.100 0.250 e 270.0 20.9

5.00 �0.111 0.250 e 270.3 e

6.00 0.249 0.250 e 320.7 583.8

6.01 0.224 0.250 e 322.1 558.6

6.01 0.199 0.251 e 322.2 532.2

6.00 0.149 0.250 e 321.4 461.1

6.00 0.100 0.250 e 320.8 397.4

6.00 0.049 0.250 e 321.3 343.8

5.99 0.000 0.250 e 321.8 278.1

5.99 �0.050 0.250 e 321.2 209.9

6.00 �0.100 0.250 e 321.9 142.2

6.00 �0.151 0.250 e 322.4 39.3

6.00 �0.174 0.250 e 322.2 e

Dry, pout ¼ 0.50 barg

0.75 0.500 0.501 e 53.2 257.4

0.75 0.475 0.500 e 54.2 101.3

0.75 0.465 0.500 e 55.2 e

1.00 0.500 0.500 e 75.4 333.6

1.00 0.475 0.500 e 76.1 210.0

1.00 0.450 0.500 e 77.1 68.5

1.00 0.440 0.500 e 77.2 e

1.50 0.501 0.500 e 105.8 415.3

1.50 0.475 0.500 e 106.1 334.6

1.50 0.450 0.500 e 106.4 244.7

1.50 0.397 0.500 e 107.4 e

2.00 0.499 0.500 e 129.9 473.9

2.00 0.475 0.500 e 130.0 405.5

2.00 0.450 0.501 e 130.1 330.8

2.00 0.400 0.500 e 130.0 180.2

2.00 0.358 0.500 e 130.3 e

3.00 0.498 0.500 e 173.8 550.0

3.00 0.475 0.499 e 174.4 501.1

3.00 0.449 0.500 e 173.4 442.2

3.00 0.399 0.500 e 173.3 320.6
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Table B.2 e (continued )

pp.in
Barg

ps.in
Barg

pout
Barg

Tdew.s.in
�C

_mp

10�6 kg/s
_ms

10�6 kg/s

3.00 0.350 0.500 e 173.8 210.3

3.00 0.300 0.500 e 174.1 44.5

3.00 0.282 0.501 e 174.5 e

4.00 0.498 0.499 e 221.7 604.4

4.00 0.473 0.499 e 222.7 565.2

4.00 0.449 0.500 e 222.2 522.4

4.00 0.400 0.500 e 221.9 417.0

4.00 0.350 0.500 e 222.4 334.1

4.00 0.300 0.499 e 222.6 227.1

4.01 0.250 0.500 e 222.8 116.4

4.01 0.208 0.500 e 223.4 e

5.00 0.498 0.500 e 268.0 645.2

5.00 0.475 0.500 e 268.5 609.0

5.00 0.449 0.499 e 267.8 570.9

5.00 0.399 0.501 e 267.4 484.7

5.00 0.349 0.500 e 267.6 411.5

5.00 0.300 0.500 e 267.3 339.7

5.01 0.249 0.500 e 268.7 238.2

5.00 0.200 0.500 e 267.4 143.2

5.01 0.150 0.500 e 268.0 20.0

5.00 0.142 0.499 e 268.2 e

6.00 0.499 0.500 e 318.8 671.4

6.00 0.474 0.500 e 318.1 640.9

6.00 0.449 0.500 e 317.6 609.4

6.00 0.400 0.500 e 320.0 538.9

6.01 0.350 0.500 e 320.9 461.4

6.00 0.299 0.499 e 317.9 397.3

6.00 0.250 0.500 e 319.5 325.2

6.00 0.200 0.500 e 318.0 238.1

6.00 0.150 0.500 e 317.2 161.9

6.00 0.100 0.500 e 319.3 45.5

6.00 0.077 0.500 e 318.6 e

Tdew.s.in ¼ 60 �C, pout ¼ 0.00 barg

0.25 �0.001 0.001 60.1 42.2 145.8

0.25 �0.025 0.001 59.9 43.2 10.0

0.25 �0.028 0.001 e 45.1 e

0.50 0.000 0.001 60.0 60.1 200.6

0.50 �0.026 0.001 60.1 60.5 114.6

0.50 �0.050 0.001 e 62.1 e

0.75 0.000 0.001 60.0 74.4 236.1

0.75 �0.025 0.001 60.2 75.1 160.5

0.75 �0.050 0.001 59.8 75.1 72.5

0.75 �0.071 0.001 e 76.1 e

1.00 0.001 0.001 60.0 87.5 265.5

1.00 �0.026 0.001 59.8 88.0 191.3

1.00 �0.050 0.001 59.9 88.1 131.2

1.00 �0.091 0.001 e 88.2 e

1.50 �0.001 0.001 60.1 111.4 297.1

1.50 �0.025 0.001 60.2 111.5 248.3

1.50 �0.050 0.001 60.3 111.6 189.8

1.50 �0.100 0.001 60.1 111.6 69.3

1.50 �0.130 0.001 e 109.6 e

2.00 0.000 0.002 59.8 133.8 331.1

2.00 �0.024 0.001 59.9 133.8 287.5

2.00 �0.049 0.001 59.9 133.8 236.7

2.00 �0.100 0.001 60.1 134.0 143.5

2.00 �0.150 0.001 59.8 134.0 27.2

2.00 �0.167 0.001 e 130.6 e

3.00 �0.001 0.002 59.8 177.9 363.4

3.00 �0.025 0.002 59.9 177.5 331.7

3.00 �0.048 0.002 60.1 178.2 289.8

3.00 �0.101 0.001 60.0 178.4 211.5

3.00 �0.150 0.001 60.1 178.2 139.9

3.00 �0.201 0.001 60.1 178.6 57.2

(continued on next page)

Table B.2 e (continued )

pp.in
Barg

ps.in
Barg

pout
Barg

Tdew.s.in
�C

_mp

10�6 kg/s
_ms

10�6 kg/s

3.00 �0.235 0.001 e 174.4 e

4.00 0.000 0.003 60.0 224.3 389.2

4.00 �0.025 0.003 59.8 224.3 361.1

4.00 �0.050 0.002 59.9 224.2 330.7

4.01 �0.099 0.002 60.0 225.1 272.3

4.00 �0.150 0.001 60.0 224.8 209.4

4.00 �0.200 0.001 60.0 224.4 143.4

4.00 �0.251 0.001 60.0 225.1 70.2

4.00 �0.299 0.001 e 223.1 e

5.00 0.000 0.004 60.0 269.4 405.0

5.00 �0.024 0.003 60.0 269.4 384.9

5.00 �0.049 0.003 60.0 269.4 359.0

5.00 �0.101 0.002 60.2 269.1 304.7

5.00 �0.150 0.002 59.9 269.4 253.0

5.00 �0.199 0.001 60.0 269.7 191.9

5.00 �0.251 0.001 60.2 269.6 139.3

5.00 �0.300 0.001 59.9 270.1 73.0

4.99 �0.349 0.001 59.9 270.5 9.6

5.00 �0.361 0.001 e 270.8 e

6.00 0.000 0.004 59.7 316.6 411.8

6.00 �0.026 0.004 59.9 316.7 394.1

6.00 �0.050 0.004 60.0 317.1 371.8

6.00 �0.100 0.003 60.0 318.1 326.8

6.00 �0.150 0.003 59.9 316.5 280.3

6.00 �0.200 0.002 60.1 319.0 221.9

6.00 �0.250 0.002 60.1 318.8 171.6

6.00 �0.299 0.001 60.0 317.2 127.5

6.00 �0.349 0.001 60.0 319.0 70.1

6.00 �0.400 0.001 60.2 319.2 11.5

6.00 �0.418 0.001 e 321.6 e

Tdew.s.in ¼ 60 �C, pout ¼ 0.25 barg

0.50 0.249 0.250 60.1 47.4 178.6

0.49 0.220 0.250 e 50.3 e

0.75 0.250 0.250 60.0 67.3 249.0

0.75 0.225 0.250 60.1 68.3 146.3

0.75 0.200 0.250 60.0 70.2 14.2

0.75 0.195 0.250 e 70.2 e

1.00 0.250 0.251 59.7 83.0 287.2

1.00 0.224 0.250 59.9 83.8 191.4

1.00 0.200 0.250 60.2 84.2 104.5

1.00 0.173 0.250 e 85.2 e

1.50 0.250 0.250 60.1 108.9 337.1

1.50 0.225 0.250 60.2 109.0 263.8

1.50 0.199 0.250 60.1 109.2 199.7

1.50 0.150 0.250 59.9 109.7 48.3

1.50 0.135 0.250 e 109.0 e

2.00 0.250 0.251 59.9 131.4 379.3

2.00 0.225 0.250 59.9 131.7 324.8

2.00 0.200 0.251 59.8 131.7 260.2

2.00 0.150 0.250 60.2 132.0 145.1

2.00 0.100 0.250 60.2 132.5 8.8

2.00 0.094 0.250 e 130.5 e

3.00 0.250 0.251 60.0 175.8 427.2

3.00 0.223 0.251 60.1 175.4 386.3

3.00 0.200 0.250 60.1 175.5 345.6

3.00 0.150 0.250 60.2 175.6 248.4

3.00 0.100 0.250 60.0 175.5 159.5

3.00 0.050 0.250 60.0 175.7 50.0

3.00 0.022 0.251 e 173.8 e

4.00 0.250 0.250 60.0 223.4 483.7

4.00 0.225 0.250 60.0 222.7 445.4

4.00 0.200 0.250 60.1 223.2 397.8

4.00 0.151 0.250 60.0 222.3 309.8

(continued on next page)
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Table B.2 e (continued )

pp.in
Barg

ps.in
Barg

pout
Barg

Tdew.s.in
�C

_mp

10�6 kg/s
_ms

10�6 kg/s

4.00 0.100 0.250 60.0 223.3 235.0

3.99 0.051 0.250 60.1 223.2 161.3

4.00 0.000 0.249 60.1 223.6 79.4

4.00 �0.046 0.251 e 222.6 e

5.00 0.249 0.251 59.8 268.8 479.9

5.00 0.225 0.250 59.8 267.7 452.0

5.00 0.200 0.250 59.8 268.3 420.1

5.00 0.148 0.251 60.0 268.6 362.3

5.00 0.099 0.250 59.8 268.8 300.0

5.00 0.051 0.250 59.8 268.2 237.7

5.00 0.000 0.251 60.1 269.0 165.2

5.00 �0.050 0.249 59.9 269.3 94.0

5.00 �0.100 0.249 59.9 270.7 16.3

5.00 �0.111 0.250 e 270.3 e

6.00 0.251 0.250 59.8 316.9 508.9

6.00 0.224 0.250 60.0 315.8 481.0

6.00 0.201 0.251 60.1 317.3 452.4

6.00 0.150 0.250 60.3 316.7 398.4

6.00 0.100 0.499 60.0 319.5 35.8

6.00 0.099 0.250 60.0 316.7 347.3

6.00 0.051 0.250 60.2 317.3 284.7

6.00 0.000 0.250 60.0 317.3 220.9

6.00 �0.051 0.251 60.1 317.6 164.9

6.00 �0.099 0.251 60.1 316.3 100.8

6.00 �0.150 0.250 60.1 319.8 28.1

6.00 �0.174 0.250 e 322.2 e

Tdew.s.in ¼ 60 �C, pout ¼ 0.50 barg

0.75 0.500 0.501 60.0 52.2 215.0

0.75 0.475 0.500 60.2 53.3 66.9

0.75 0.465 0.500 e 55.2 e

1.00 0.501 0.500 60.1 74.2 294.7

1.00 0.474 0.500 60.2 75.3 173.1

1.00 0.450 0.500 60.1 76.2 50.2

1.00 0.440 0.500 e 77.2 e

1.50 0.499 0.500 59.9 106.0 372.6

1.50 0.475 0.500 60.0 106.5 282.6

1.50 0.450 0.501 60.0 106.9 211.4

1.50 0.397 0.500 e 107.4 e

2.00 0.499 0.500 59.9 131.3 410.4

2.00 0.475 0.501 59.8 131.2 345.5

2.00 0.450 0.500 60.1 131.3 280.4

2.00 0.400 0.500 60.2 131.3 137.1

2.00 0.358 0.500 e 130.3 e

3.01 0.499 0.500 59.9 176.0 483.9

3.00 0.476 0.500 60.2 175.8 438.9

3.00 0.449 0.500 60.1 175.4 387.2

3.00 0.400 0.500 60.0 175.9 281.4

3.00 0.350 0.500 59.9 176.1 165.3

3.00 0.300 0.500 59.9 177.0 33.9

3.00 0.282 0.501 e 174.5 e

4.00 0.499 0.500 60.0 222.6 532.7

4.00 0.475 0.500 60.1 221.9 487.0

4.00 0.449 0.500 60.0 223.1 448.3

3.99 0.400 0.500 59.8 222.4 365.8

4.00 0.350 0.501 60.1 223.1 272.9

4.00 0.300 0.500 60.0 223.1 182.4

4.00 0.250 0.500 60.0 223.5 73.4

4.01 0.208 0.500 e 223.4 e

5.00 0.499 0.500 60.1 268.1 568.7

5.00 0.474 0.500 60.1 268.9 533.1

5.00 0.448 0.500 60.1 268.1 491.3

5.00 0.400 0.501 60.0 267.7 413.6

5.00 0.350 0.500 60.0 268.3 338.1

Table B.2 e (continued )

pp.in
Barg

ps.in
Barg

pout
Barg

Tdew.s.in
�C

_mp

10�6 kg/s
_ms

10�6 kg/s

5.00 0.300 0.500 60.1 268.2 260.2

5.00 0.250 0.500 59.9 267.9 184.1

5.00 0.202 0.500 60.0 268.2 109.4

5.00 0.151 0.500 59.9 270.3 16.1

5.00 0.142 0.499 e 268.2 e

6.00 0.499 0.500 60.0 316.1 593.3

6.00 0.474 0.501 59.9 316.2 564.9

5.99 0.450 0.501 59.7 315.6 526.8

6.00 0.400 0.501 60.1 316.6 460.9

6.00 0.350 0.501 59.9 316.6 400.0

6.00 0.300 0.501 60.0 316.7 335.4

6.00 0.249 0.500 60.0 316.7 260.6

6.00 0.200 0.500 59.9 317.2 194.0

6.00 0.149 0.501 59.8 317.1 116.8

6.00 0.077 0.500 e 318.6 e

Tdew.s.in ¼ 75 �C, pout ¼ 0.00 barg

0.25 0.001 0.001 74.9 39.4 134.9

0.25 �0.025 0.001 75.0 41.8 0.6

0.25 �0.028 0.001 e 45.1 e

0.50 0.001 0.001 75.0 58.2 186.5

0.50 �0.026 0.001 74.9 59.2 102.8

0.50 �0.050 0.001 e 62.1 e

0.75 0.000 0.001 75.0 73.4 217.9

0.75 �0.025 0.001 75.0 74.2 148.1

0.75 �0.050 0.001 75.0 74.2 67.8

0.75 �0.071 0.001 e 76.1 e

1.00 0.000 0.001 74.9 86.6 235.8

0.99 �0.025 0.001 75.1 86.7 179.8

1.00 �0.050 0.001 75.0 87.0 119.4

1.00 �0.091 0.001 e 88.2 e

1.50 0.000 0.001 75.2 110.4 269.5

1.50 �0.026 0.001 75.0 110.5 221.3

1.50 �0.050 0.001 75.0 110.5 177.5

1.51 �0.100 0.001 75.0 111.2 62.8

1.50 �0.130 0.001 e 109.6 e

2.00 �0.001 0.001 75.0 133.1 300.6

2.00 �0.025 0.001 74.9 132.6 261.3

2.00 �0.050 0.001 75.0 132.8 211.5

2.00 �0.101 0.001 74.9 132.8 130.8

2.00 �0.150 0.001 74.8 133.8 22.0

2.00 �0.167 0.001 e 130.6 e

3.00 0.001 0.002 74.9 176.2 335.3

3.00 �0.025 0.002 75.1 176.6 303.9

3.00 �0.049 0.001 75.2 176.3 262.7

3.00 �0.100 0.001 75.0 176.5 193.4

3.00 �0.150 0.001 75.1 176.4 129.8

3.00 �0.201 0.001 75.0 176.5 53.8

3.00 �0.235 0.001 e 174.4 e

4.00 0.000 0.002 75.1 219.7 350.3

4.00 �0.024 0.002 74.8 220.9 323.9

4.00 �0.050 0.002 74.9 220.9 300.6

4.00 �0.100 0.002 75.0 221.0 242.0

4.00 �0.149 0.001 75.0 223.2 195.3

4.00 �0.199 0.001 75.0 223.2 132.5

4.00 �0.250 0.001 75.0 223.9 68.1

4.00 �0.299 0.001 e 223.1 e

5.00 �0.001 0.003 75.0 266.1 367.4

5.00 �0.025 0.002 75.0 265.5 345.0

5.00 �0.049 0.002 75.1 265.9 321.2

5.00 �0.100 0.002 75.0 266.5 277.0

5.00 �0.150 0.002 75.0 265.8 222.2

5.00 �0.200 0.001 74.8 265.8 169.8

5.00 �0.250 0.001 74.9 265.7 124.7
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Table B.2 e (continued )

pp.in
Barg

ps.in
Barg

pout
Barg

Tdew.s.in
�C

_mp

10�6 kg/s
_ms

10�6 kg/s

5.00 �0.299 0.001 75.0 265.8 67.3

5.00 �0.349 0.001 75.1 269.1 8.2

5.00 �0.361 0.001 e 270.8 e

6.00 �0.001 0.003 75.0 313.5 374.7

6.00 �0.025 0.003 74.9 313.5 356.3

6.00 �0.049 0.003 74.8 313.8 339.6

6.00 �0.099 0.002 74.9 313.4 300.5

6.00 �0.149 0.002 74.9 314.8 251.1

6.00 �0.199 0.002 74.9 312.6 199.3

6.00 �0.249 0.002 75.1 313.3 153.8

6.00 �0.299 0.001 75.0 314.9 113.5

6.00 �0.349 0.001 75.0 313.9 61.9

6.00 �0.400 0.001 75.0 317.1 9.0

6.00 �0.418 0.001 e 321.6 e

Tdew.s.in ¼ 75 �C, pout ¼ 0.25 barg

0.50 0.249 0.250 74.9 42.3 166.9

0.49 0.220 0.250 e 50.3 e

0.75 0.250 0.251 75.1 64.1 244.7

0.75 0.224 0.250 75.1 65.1 127.5

0.76 0.200 0.250 75.0 68.2 5.3

0.75 0.195 0.250 e 70.2 e

1.00 0.250 0.250 75.1 80.2 292.2

1.00 0.225 0.250 75.1 81.0 185.7

1.00 0.200 0.250 75.0 81.3 104.8

1.00 0.173 0.250 e 85.2 e

1.50 0.249 0.249 74.9 105.0 317.2

1.50 0.224 0.250 75.2 105.0 244.8

1.50 0.200 0.250 75.1 105.2 189.2

1.50 0.150 0.250 75.1 105.7 31.0

1.50 0.135 0.250 e 109.0 e

2.00 0.251 0.251 74.9 126.4 348.7

2.00 0.225 0.251 74.9 126.7 298.8

2.00 0.200 0.249 75.1 126.7 249.7

2.00 0.150 0.250 75.1 127.1 139.4

2.00 0.094 0.250 e 130.5 e

3.00 0.251 0.250 75.0 168.4 407.6

3.00 0.224 0.249 74.9 168.9 368.6

3.00 0.202 0.250 75.2 168.5 326.4

3.00 0.151 0.251 74.9 168.6 237.6

3.01 0.099 0.250 74.9 168.9 151.5

3.01 0.050 0.250 75.1 169.4 42.6

3.00 0.022 0.251 e 173.8 e

4.00 0.250 0.250 74.9 216.1 439.8

4.00 0.225 0.250 75.0 215.9 403.1

4.00 0.201 0.250 74.8 216.8 364.2

4.00 0.150 0.250 75.0 216.1 291.2

4.00 0.101 0.251 74.8 216.4 216.4

4.00 0.050 0.251 74.9 216.4 148.2

4.00 0.000 0.250 75.2 216.6 74.8

4.00 �0.046 0.251 e 222.6 e

4.99 0.249 0.249 75.2 261.8 457.9

5.00 0.225 0.250 75.2 262.0 434.6

5.00 0.200 0.250 75.1 262.3 399.7

5.00 0.151 0.250 74.9 262.9 341.4

5.00 0.099 0.250 75.0 262.9 280.3

5.00 0.049 0.251 75.1 261.5 214.8

5.00 0.001 0.249 75.0 262.6 159.5

5.01 �0.049 0.249 75.1 263.5 88.4

5.00 �0.100 0.250 74.9 266.4 10.3

5.00 �0.111 0.250 e 270.3 e

6.00 0.249 0.250 75.0 313.4 482.3

6.00 0.225 0.249 75.0 313.0 461.7

6.00 0.199 0.249 74.8 313.0 447.1

(continued on next page)

Table B.2 e (continued )

pp.in
Barg

ps.in
Barg

pout
Barg

Tdew.s.in
�C

_mp

10�6 kg/s
_ms

10�6 kg/s

6.00 0.150 0.250 75.1 310.8 377.6

5.99 0.100 0.251 75.1 310.7 324.1

6.00 0.051 0.251 75.0 311.2 273.5

6.00 0.000 0.251 75.1 311.6 205.3

6.00 �0.052 0.251 75.0 312.1 153.3

6.01 �0.098 0.250 75.0 312.6 97.5

6.00 �0.150 0.250 74.9 314.3 21.7

6.00 �0.174 0.250 e 322.2 e

Tdew.s.in ¼ 75 �C, pout ¼ 0.50 barg

0.75 0.500 0.500 74.9 51.4 231.1

0.75 0.474 0.500 75.1 54.3 63.5

0.75 0.465 0.500 e 55.2 e

1.00 0.500 0.500 74.9 74.4 311.6

1.00 0.474 0.500 75.0 75.5 170.0

1.01 0.450 0.500 75.1 77.1 40.7

1.00 0.440 0.500 e 77.2 e

1.49 0.501 0.501 75.1 104.4 376.2

1.50 0.475 0.499 75.1 105.1 281.1

1.50 0.450 0.500 75.0 105.2 208.3

1.50 0.397 0.500 e 107.4 e

1.99 0.501 0.500 74.8 127.9 404.1

2.00 0.474 0.501 75.1 128.3 324.6

2.00 0.449 0.500 75.0 128.7 264.4

2.00 0.400 0.499 74.9 128.9 141.8

2.00 0.358 0.500 e 130.3 e

3.00 0.500 0.501 74.8 170.6 457.6

3.00 0.475 0.501 74.9 170.8 418.4

3.00 0.449 0.501 75.0 171.0 373.4

3.00 0.400 0.500 75.0 171.2 273.3

3.00 0.349 0.501 75.0 170.9 161.6

3.00 0.299 0.500 75.0 171.5 27.8

3.00 0.282 0.501 e 174.5 e

4.00 0.500 0.501 75.1 218.6 507.5

4.00 0.476 0.500 75.0 219.2 480.0

4.00 0.450 0.500 75.2 218.7 437.4

4.00 0.400 0.501 74.9 218.7 350.8

4.00 0.350 0.500 74.9 218.6 262.6

4.00 0.300 0.499 75.0 218.6 177.3

4.00 0.250 0.501 74.8 218.5 67.4

4.01 0.208 0.500 e 223.4 e

5.00 0.498 0.500 74.9 265.2 535.9

5.00 0.476 0.499 75.1 265.1 502.9

5.00 0.450 0.499 75.1 265.0 469.1

5.00 0.399 0.500 75.0 264.9 393.7

5.00 0.350 0.500 75.0 265.1 318.3

5.00 0.300 0.499 75.1 265.9 246.9

5.00 0.250 0.499 75.1 266.2 178.2

5.00 0.201 0.499 75.0 265.3 101.6

5.00 0.150 0.501 74.9 267.8 10.3

5.00 0.142 0.499 e 268.2 e

6.00 0.498 0.501 75.0 313.9 556.2

6.00 0.475 0.500 75.1 314.2 527.0

6.00 0.449 0.501 75.1 314.2 495.9

6.00 0.399 0.500 75.1 314.6 438.8

6.00 0.350 0.501 74.9 314.5 379.5

6.00 0.301 0.500 74.9 314.4 318.2

6.00 0.251 0.500 74.9 314.5 249.5

6.00 0.201 0.501 75.1 314.6 186.0

6.00 0.149 0.499 75.0 314.6 113.0

6.00 0.101 0.501 75.1 317.6 28.5

6.00 0.077 0.500 e 318.6 e
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a b s t r a c t

An ejector primary gas flow control solution based on three solenoid valves is designed,

implemented and tested in a 5 kW proton exchange membrane fuel cell (PEMFC) system

with ejector-based anode gas recirculation. The robust and cost effective combination of

the tested flow control method and a single ejector is shown to achieve adequate anode gas

recirculation rate on a wide PEMFC load range.

In addition, the effect of anode gas inert content on ejector performance in the 5 kW

PEMFC system is studied at varying load and anode pressure levels. Results show that

increasing the inert content increases recirculated anode gas mass flow rate but decreases

both the molar flow rate and the anode inlet humidity.

Finally, the PEMFC power ramp-rate limitations are studied using two fuel supply

strategies: 1) advancing fuel supply and venting out extra fuel and 2) not advancing fuel

supply but instead using a large anode volume. Results indicate that the power of the

present PEMFC system can be ramped from 1 kW to 4.2 kW within few hundred millisec-

onds using either of these strategies.

© 2017 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In proton exchange membrane fuel cell (PEMFC) systems,

anode gas recirculation is typically applied for humidification

of the otherwise dry anode inlet gas. Another important

benefit of anode gas recirculation is the increased linear gas

velocity inside the stack, which prevents liquidwater build-up

and blockage of catalyst sites [1,2]. Flooding of anode channels

can cause local fuel starvation leading to reverse current

decay conditions, which are detrimental for the cathode

catalyst carbon support [3,4].

When anode gas recirculation is applied, impurities and

inert gases accumulate in the anode gas recirculation loop,

especially with high fuel utilization [5e7]. The limiting im-

purity is typically nitrogen, and the rate of accumulation is

dependent on fuel cell membrane nitrogen permeability, ni-

trogen concentration in the hydrogen fuel, and anode gas

purge rate [5]. The nitrogen content in the anode recirculation

can reach tens of per cents [5,8]. This high nitrogen content

should be taken into account in design and operation of anode

gas recirculation systems.

Anode gas recirculation is achieved either with a me-

chanical pump or with an ejector. Recently ejectors have

received an increasing attention because their durability, cost,
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and energy efficiency are superior compared to mechanical

pumps. A major challenge with ejectors is, however, their

sizing to achieve sufficient performance over the entire PEMFC

power range [9].

Another challenge with ejectors is the primary gas inflow

(or equivalently the primary gas pressure) control which is

required to match the fuel supply and the fuel consumption

rates. Despite the several PEMFC- and ejector-related studies

conducted in the recent years [9e23], studies addressing the

practical implementation of an ejector-primary-gas-control-

system (EPC) are scarce. Nonetheless, a range of possible

EPCs exists. One option is to employ a mass flow or pressure

controller. They are available for several flow rate ranges and

provide accurate control over wide range. However, the price

of amass flow or pressure controller compared to an ejector is

high.

One EPC not requiring active control is to use a dome

loaded pressure regulator with an external pressure sensing

port. The essential difference to a common dome loaded

pressure regulator is that the primary inlet pressure of the

ejector is controlled via its outlet pressure. This type of

regulators have been used by Vasquez et al. [10] and Lyndon

[15] without any reported problems. Unfortunately, a

distributor for this type of regulators was not found in the

current work.

The alternative to the passive control approach is an active

EPC. Brunner et al. [17] developed a variable flow ejector where

a mobile needle varies the primary nozzle flow area. Besides

being able to vary the primary flow rate, this approach also

maintains high primary gas velocity in the nozzle at low pri-

mary gas flow rates, which results in better ejector perfor-

mance. Brunner et al. successfully demonstrated this control

approach in an operational bus. However, the need formoving

parts at elevated pressures and the requirement of high nee-

dle precision raise questions about the durability, safety, and

price of the system.

A verified and a less expensive EPC is to employ a propor-

tional valve. Kim et al. [13] and Hwang et al. [21] employed a

proportional valve for controlling the primary gas flow rate of

the ejector in their test setup. Hwang [18] employed a pro-

portional valve and a solenoid valve in parallel. They covered

the moderate and high primary gas flow rates with the pro-

portional valve. At low primary gas flow rates, the ejector

performance dropped and the solenoid valve was employed in

pulsating mode. This approach was demonstrated to work

well although, judging from the results, with relatively large

anode volume.

In stationary applications, there is typically no need to

cover the complete fuel cell power range in a continuous

manner when sizing the fuel cell stack properly or if hybrid-

izing the system with a battery or a supercapacitor. Instead,

being able to operate at specific discrete load levels is often

sufficient. A few properly sized solenoid valves can function

as a discrete EPC at very low cost and with minimum moving

parts.

One important application for PEMFCs is backup power. A

characteristic requirement in these applications is a fast

response to the increased power demand. The discrete EPC

lacks any intermediate states between two set points and

provides, therefore, flow control with ultimate speed and

accuracy. In large back-up applications, the level of battery

hybridization should be kept minimal for reducing costs. A

PEMFC system with sufficient fast power ramp-up capability

can reduce or even eliminate the need of battery

hybridization.

The concept of discrete EPC is studied in this work. Design

and sizing considerations of the flow control approach are

addressed. The EPC is tested with a custom-made ejector [24]

mounted into a 5 kWPEMFC system,with the design aimed for

commercial operation in back-up applications. Both the

ejector performance and the system performance are verified.

In addition, the effect of anode gas inert content on ejector

performance is studied by operating the system with long

anode purge intervals. Finally, the dynamic limitations of the

discrete EPC- and ejector-based fuel supply system are

investigated under rapid PEMFC power ramp-ups both with

and without an advance in fuel supply.

Experimental

Fuel cell system

Fig. 1 shows the schematic of the PEMFC system used in this

study. A 50-cell S2 stack by PowerCell Sweden AB with a

maximum power output of ca 5 kW is employed. Similar un-

pressurized systems were built in our previous studies [25,8]

with the major difference that a mechanical anode gas recir-

culation pump was used instead of the ejector employed in

the present system. The current PEMFC system design and the

components selected are intended for commercial produc-

tion, excluding the cathode blower, to be replaced with DC

version. In addition, in commercial system, themajority of the

sensors can be omitted. Table 1 lists the main components of

the present system.

Fuel supply
The ejector (E) is custom-made and its design and character-

ization is described in a previous paper [24], while the EPC is

described in Section Ejector primary gas flow control

Hydrogen is supplied to the EPC through a pressure reducer

(PR, reduces pressure to ca 9 barg), an excess flow valve (EV),

and an inline filter (FL). The hydrogen flow rate is measured

(FT, Bronkhorst HI-TEC F-112AC) upstream of the EPC.

Downstream of the ejector and upstream of the stack, there is

a pipe-branch leading to a burst disc (BD), a pressure relief

valve (RV), and the extra volume. The purpose of the extra

volume is to slow down possible changes in the anode pres-

sure and it can be fluidly connected or disconnected with a

manual valve (MV). The stack outlet gas passes a custom-

made water separator (S, to remove liquid water) before

entering the ejector secondary inlet. The purge valve (SV),

connected to the water separator, is opened intermittently in

order to remove liquid water and inert gases accumulated in

the anode compartment. The measurement of pressure,

temperature, humidity, and hydrogen concentration enables

the determination of anode gas recirculation rate and inert

gas content. The continuous measurement of pressure is also

needed for safety reasons. Fig. 2 shows photos of the EPC, the

ejector, and the complete PEMFC system.
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Air supply
On the cathode side, air is supplied to the fuel cell stack with a

blower (B) and humidified with a membrane humidifier (MH).

The temperatures, humidities, and pressures are measured

both at the cathode inlet and outlet. The flow rate of dry air is

measured (FT) upstream of the blower.

Cooling system
The cooling system consists of a controllable recirculation

pump (P), a high temperature de-ionization filter (DI), and a

liquid-to-liquid heat exchanger (HEX). The flow rate of tap

water on the cold side of the heat exchanger is controlled with

Fig. 1 e PEMFC system scheme. B: air blower, BD: burst disc, CT: H2 concentration transmitter, DI: de-ionization filter, E:

ejector, EPC: ejector primary gas control system, ET: expansion tank, EV: excess flow valve, FL: particle filter, FT: flow

transmitter, HEX: heat exchanger, HT: humidity transmitter, MH: membrane humidifier,MV: manual valve, P: coolant pump,

PR: pressure reducer, PT: gauge pressure transmitter, PV: proportional valve, R: flow restriction, RV: relief valve, S: water

separator, SV: solenoid valve, TT: temperature transmitter.

Table 1 e PEMFC system main components.

Component Manufacturer Model

PEMFC stack PowerCell Sweden

AB

S2/50 cells

Ejector Custom-made

Air blower Ametek DFS Windjammer 230 VAC

Air humidifier Perma Pure LLC FC300-1600-10HP

Coolant pump EMP, Inc. WP29

Coolant de-ionizing

filter

SpectraPure, Inc DI-MBHT-RT3-10L-25

Coolant heat

exchanger

SWEP International

AB

B5Hx20/1P-SC-S

Fig. 2 e The PEMFC system assembled onto a rack. a) The EPC, b) the ejector, and c) the complete PEMFC system (the EPC, the

ejector, and the air blower are located behind other components).
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a proportional valve (PV) placed downstream of a pressure

reducer (PR). The stack inlet and outlet temperatures aswell as

the stack outlet coolant flow rate are measured.

Control system
In systems employing ejectors, a proper control system is

crucial because a failure in the control routine can at worst

result in a pressure increase rate of several bars per second

and, ultimately, in severe system damage and danger for

other materials and personnel. In the current system, control

and data acquisition is accomplished with National In-

struments CompactRIO hardware which is programmed with

Labview software.

The minimum data sampling interval with this system is

1 ms (max 1000 Hz) according to the manufacturer. However,

due to CPU limitations and considerably slower response

times of most transmitters and actuators, the minimum data

sampling interval applied in this study is 50 ms (20 Hz). With

optimized software, faster data sampling is possible.

The control software routines run at different speeds

depending on their priority. For example, the fastest routine,

the safety routine, run at 10 ms (100 Hz) loop interval. For

reference, the response time (10e90%) of pressure trans-

mitters, which are the most important transmitters moni-

tored in the safety routine, is 5 ms according to the

manufacturer (First Sensor AG).

TheEPCstudied in the currentwork requires fast andalmost

simultaneouscontrol of four solenoidvalvese three fuel supply

control valves and one anode purge valve. Initially the valves

were controlled with electromechanical relays. However, this

approachwasobserved to causeovercurrent fault in the control

hardware when frequently switching the valves. Replacing the

electromechanical relays with solid-state relays solved this

problem and made the valve control more reliable.

Ejector primary gas flow control

Principle
The principle of EPC studied in this work is as follows. The fuel

supply line, delivering fuel to the fuel cell system at constant

pressure, is split into a number of branches (in this case three,

see Fig. 3). Each branch has a 2/2 solenoid valve (Asco 262-

series) for controlling the flow through that branch in on/off

manner. Downstream from each of the control valves, there is

a static flow restriction (Lee Ihm RIGF5553-series restrictor)

that is sized to pass a specified fuel flow rate. In the present

case, each of the flow restrictions consist of two parallel

restrictors to enable an accurate fuel flow rate with the fixed

restrictor sizes available. In larger PEMFC systems, properly

sized control valves can restrict the fuel flow rate and, thus, no

additional restrictors are necessarily needed. Downstream of

the restrictions, the three branches are combined and con-

nected to the ejector primary inlet.

The number of possible PEMFC stack current load levels

(Nload levels) achievable with the discrete EPC depends on the

number of branches (Nbranches) into which the fuel supply is

split as follows:

Nload levels ¼ 2∧Nbranches � 1 (1)

Thus, adding more branches rapidly increases the number

of achievable load levels, however, at the expense of added

cost. The three branches in the present setup result in 7 load

levels, which is regarded to be enough for most stationary

applications. The price for the 3-branch setup presented here

is approximately 900 V of which 3 � 90 V ¼ 270 V is for the

valves and less than 33 V is for the six restrictors used, with

the rest amounting from pipe fittings.With careful design, the

price could be considerably lowered.

Flow restrictor sizing
The flow rate through a restrictor ( _V) can be calculated with

thewidely used valve and restrictor sizing equations, which in

their general form can be written as follows [26,27]:

Subcritical flow
�
pr;in <1:9$pr;out

�
:

_V ¼ C$2$
n�

pr;in � pr;out

�
$pr;out

.
Tr;in

o
∧ð1=2Þ

(2)

Critical flow
�
pr;in � 1:9$pr;out

�
: _V ¼ C$pr;in

.
Tr;in∧ð1=2Þ (3)

where the constant C accounts for the restrictor characteristics

(orifice size, flow resistance, Kv-value), the gas properties, as

well as the conversion factors to desired units of flow rate. pr,in
is the restrictor (absolute) inlet pressure, pr,out is the restrictor

(absolute) outlet pressure (i.e. the ejector primary pressure),

and Tr,in is the restrictor inlet (absolute) temperature.

Fig. 3 e Principle of the discrete EPC.
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To achieve discrete load current levels spread evenly over

the current range, one should size the flow restrictions as

follows:

1) choose a high enough fuel supply pressure, i.e. restrictor

inlet pressure pr,in (will be clarified below)

2) choose a stack current increment (DIstack) between two load

levels (the maximum achievable stack current is

Istack,max ¼ Nload levels $ DIstack)

3) size the smallest restrictor to pass a flow rate corre-

sponding to DIstack (given the pr,in)

4) size each of the remaining restrictors to pass a flow rate

twice that of the previous restrictor

This approach spreads the load current levels evenly over

the range only if the flow through the restrictors remains

critical at every operating point. This condition is met when

pr,in � 1.9 $ pr,out at the maximum load current level. For

example, to operate the present system at 200 A stack current,

the ejector should be supplied with approximately 8 barg (z9

bara) primary pressure. Hence, the required restrictor inlet

pressure for critical flow would be approximately 16 barg

(z1.9$9 bara).

If the flow in the restrictions becomes subcritical, the

achieved current increment decreases. In the present study,

we use a restrictor inlet pressure of pr,in z 9 barg and restric-

tion sizing that results in current increments of DIstack¼ 27e29

A in the low end of the stack current range. Table 2 lists the

load current levels achieved with this approach during a

system test. Starting from the load level 5, when the restrictor

outlet (i.e. ejector inlet) pressure exceeds 4.2 barg (¼9 barg

divide by 1.9), the flow in the restrictor becomes subcritical

and the current increment starts to decrease. The last current

increment is only 14 A, i.e. roughly half of initial current

increment.

The adopted stack current on each load level depends on

the restrictor inlet pressure and the anode pressure control

approach. Therefore, the load current levels vary between

measurements and those listed in Table 2 do not hold for all

measurements presented in this paper. The variation in cur-

rent level is, however, in practice limited to a few amps.

Anode pressure management
In order to maintain constant anode pressure during opera-

tion, the fuel consumption rate must match with the fuel

supply rate. In ejector-based systems, the fuel supply rate

depends mainly on ejector primary pressure and is almost

independent of anode pressure level. Therefore, active control

of ejector primary pressure is needed.

In the present system, where anode volume is roughly

1.5 dm3, for example a 10 A mismatch in fuel supply and

consumption rates leads to approximately 40 mbar/s pressure

change rate. Thus, actions on mismatched fuel supply rate

must be taken typically within seconds. With increasing

mismatch between fuel consumption rate and supply rate

(e.g. during load changes), the rate of pressure change can be

notably higher and actions must be taken within a fraction of

a second. Away to limit the pressure change rate is to increase

the anode volume. This approach was employed during the

initial system testing (see Fig. 1).

Exact match between the fuel consumption and the supply

rates is difficult to achieve at all times despite the almost fixed

flow rate achieved with the EPC presented in the this study.

Reasons for this include load changes, intermittent anode

purges, and small variation in fuel feed pressure (e.g. due to

varying temperature). When there is a mismatch between the

fuel consumption and the supply rate, there are three alter-

native control measures for maintaining a constant anode

pressure in the current system: 1) vent out excessive fuel by

periodic or intermittent purges, 2) vary fuel consumption rate,

or 3) a hybrid of the first two. The first two approaches have

been used in this work.

The first control measure obviously requires that fuel is

supplied in excess. In that case, a pressure triggered purge or

continuous (and controlled) bleed can be applied. This

approach maintains a constant current load but consumes

some excess fuel, thus lowering the fuel efficiency. However,

the impact of this approach on fuel efficiency can be small, as

inert gas removal by purges is needed in any case.

The second approach to prevent excessive pressure change

relies on varying the fuel consumption rate. This means in

practice that the stack current is varied to maintain approxi-

mately constant anode inlet pressure. This approach results

in good fuel efficiency and is especially suited for hybridized

fuel cell systems. However, constantly changing the load

current might be problematic or even impossible in some

applications.

During a load change, both the fuel supply and consump-

tion rate vary rapidly, especially if the load change is large.

Therefore, there is a risk of fuel starvation and over- or under-

pressurizing the anode. A safe control measure is to let the

flow rates develop by venting the excess hydrogen through

the purge valve prior to the load increase. During a load

decrease, one would proceed in the reverse order. If venting

extra hydrogen during the load change is not an option, the

timing of control valve and load control becomes critical.

Large load changes both with and without an associated

anode purge are tested in this work.

Table 2 e Measured 50-cell stack load current levels
achieved with the current fuel supply system operated at
8.5 to 8.7 barg restrictor inlet pressure and 0.05 to 0.1 barg
anode pressure.

Load
level
[#]

Control
valve
open

pr,in
[barg]

pr,out
(¼pp,in)
[barg]

Istack
[A]

DIstack
[A]

0 e 8.7 e 0 e

1 1 8.6 0.5a 29a 29

2 2 8.6 1.6 56 28

3 1, 2 8.5 2.8 83 27

4 3 8.5 4.0 111 27

5 1, 3 8.5b 5.0 133 22

6 2, 3 8.5b 5.7 149 16

7 1, 2, 3 8.5b 6.3 162 14

a Flow in ejector primary nozzle is subcritical, i.e. the primary flow

rate (and achievable stack current) depends on both ejector pri-

mary and outlet pressure.
b Flow in restrictors is subcritical, i.e. the current step increment

size is decreasing.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 6 7 6 0e1 6 7 7 216764



Measurements

The following measurements are conducted with the system:

1) polarization curve measurement to characterize the

system,

2) inert build-up measurements to study the effect of anode

gas inert content on ejector performance, and

3) load ramp-up measurements to investigate the dynamic

limitations mainly in fuel supply but also in air supply.

The inert build-up measurements are conducted both

varying the stack load current and varying the anode inlet

pressure. The load ramp-up measurements are repeated both

with and without the extra anode volume. Table 3 lists the

parameters used in the measurements. In all measurements,

the coolant pump is operated at constant power that resulted

in a roughly 20 L per minute (lpm) flow rate and the coolant

temperature at stack inlet is maintained at 70 �C. The heaters,

applied for preventing condensation in the anode and cathode

piping, are set to 75 �C temperatures.

The polarization curve measurements are conducted ac-

cording to parameters and the load level list shown in Table 3.

First, operation is initiated at load level 4 where the system is

allowed to stabilize for more than 30 min. After this, the load

level is ramped stepwise up to load level 7, down to load level

0, and again back to load level 4. Each step is maintained for

15 min (15 anode purge and air pulse cycles) and the results

are calculated as time-averaged values from the last three

purge cycles (¼3 min). An exception is the load level 0 that is

maintained less than 5 min and time-averaged results are

calculated from a time period of 50 s. Ramping the polariza-

tion curve both upwards and downwards allows comparison

between these two.

The inert build-up measurements are conducted to inves-

tigate how the inert gas (mainly nitrogen) concentration in the

recirculated anode gas affects the ejector performance. To

allow inert gas accumulation, the system is operated at a

constant load and at constant anode pressure with long

(5e7 min) purge cycles or until the weakest cell voltage devi-

atedmore than a threshold value from the average cell voltage

(whichever comes first). Air pulses are performed periodically

in a similar fashion as in the polarization curve measure-

ments. In the beginning of each purge cycle, an excessively

long anode purge (10 s) is performed to remove all the inert

gases. The experiments are conducted both at constant load

(level 4) and varying anode inlet pressure (20, 60, and

150 mbarg) and with constant anode inlet pressure (60 mbarg)

and varying the load level (1, 4, and 7).

The transient tests are conducted to investigate the limi-

tations of rapidly increasing stack load. In backup power

applications, the PEMFC system ramp rate limitations needs

to be compensated by energy storage and, in a vehicle

application, by limiting the current by traction motor

controller.

The transient tests are conducted by first operating the

system at load level 1. When a power increase request is

registered, one of the procedures listed in Table 4 is applied.

First, the air blower control is changed and the blower is given

2 s to ramp up. The control of fuel supply depends on the

procedure employed. Two different approaches are tested.

In the first approach, the system is operated without the

extra anode volume. In this case, the fuel supply reacts on a

power request as follows:

1) wait for some time (0 s, 1 s, or 1.5 s),

2) open the purge valve and apply the correct combination of

control valves,

3) wait for some time (Dtfuel,adv: 2 s, 1 s, or 0.5 s), and

4) close purge valve and apply the new current load.

The last step is synchronized with the 2 s ramp up time

given for the air blower so that the load increase (which takes

few milliseconds) always occurs 2 s after the power increase

request. The drawback of this approach is extra fuel con-

sumption as well as depressurizing anode side, which may

lead to high differential pressure between the anode and

cathode.

In the other fuel supply control strategy, extra anode vol-

ume is employed but the anode purge valve is kept closed

during the load change procedure. In this case, the correct

combination of control valves is applied simultaneously with

increasing the load. The load change still occurs 2 s after the

initial request because of the time needed to ramp up the air

Table 3 e Parameters employed during experiments.

Parameter Polarization curve Inert build-up Load ramp-up

Anode pressure control strategy Periodic purges Manual load

control

Automatic load

control

Automatic load

control

Automatic load

control

Anode pressure [mbarg] 0e170 20 (±7)
60 (±5)
150 (±13)

60 (±1.1) 60 60

Anode purge length [s] 0.5 10 10 0.5 0.5

Anode purge interval [min] 1 5e7 (max.) 5e7 (max.) 1 1

Air stoichiometry [e] 2 2 2 2.5 2.5

Air pulse length [s] 2 2 2 e e

Air pulse interval [min] 1 1 1 e e

Extra anode volume employed Yes Yes Yes No Yes

Data acquisition interval [s] 1 1 1 0.05 0.05

Load levels [#] 4, 5, 6, 7, 6, 5, 4, 3,

2, 1, 0, 1, 2, 3, 4

4 1, 4, 7 1/7 1/7
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blower. The drawback of this approach is a large anode vol-

ume, whichmay lead to additional degradation during a start-

up as the degradation is dependent on the gas exchange time

[28].

Results and discussion

System characterization

Fig. 4 shows the results as mean values of the upward and the

downward polarization curves and the variation between

these as error bars. Only the variation of dew point tempera-

tures is notable. The dew point temperatures (Tdew [�C]) are
calculated as in Ref. [24]. Table 5 lists the variation in time-

averaged operating conditions during polarization curve

measurements.

The measured stack polarization curve is almost identical

with the reference from stack manufacturer (see Fig. 4a)

despite the relatively dry operating conditions (see Fig. 4c).

The dry operating conditions are assumed to result from

inadequate isolation of the air tubes between the stack and

the air humidifier.

The efficiencies shown in Fig. 4b are calculated as follows:

hstack ¼ Ecell;avg

�
E0
LHV (4)

hfuel ¼ _nh;consumed

�
_nh;supplied ¼ Ncells$Istack

��
2$F$ _nh;supplied

�
(5)

hsystem ¼ Psystem;net

�
Pstack ¼ ðPstack � PBoPÞ=Pstack (6)

htotal ¼ hstack$hfuel$hsystem ¼ Psystem;net

��
LHVh$ _nh;supplied

�
(7)

The stack efficiency is calculated relative to the lower

heating value of hydrogen (LHVh ¼ 241.8 kJ/mol [29]) at stan-

dard conditions (25 �C, 1.01325 bar):

E0
LHV ¼ LHVh=ð2$FÞ ¼ 1:253 V (8)

The fuel efficiency is the ratio of the fuel consumption rate

(i.e. stack current) to the fuel supply rate. The fuel efficiency is

quite low at the lowest load levels because of non-optimized

purge cycle but reaches normal level (~99%) at load level 4

(131 A) and above. The system efficiency is the ratio of the

system (net) power output to the stack (gross) power. The

balance of plant (BoP) power consumption is measured with

hall sensors. The total efficiency is the product of stack effi-

ciency, fuel efficiency, and system efficiency.

The measured system total efficiency for stack current

levels from 25 A to 160 A varies between 37.3% and 43.8%. For a

small back-up system, this total efficiency is acceptable, tak-

ing into account the possibility to improve efficiency at low

load by decreasing the purge rate.

The maximum total efficiency of 43.8% is achieved at load

level 3 (82 A). Fig. 5 shows the energy distribution of the fuel

supplied to the system at this load level. The BoP consumes

9.7% of the fuel energy and 2.1% of fuel is lost in anode purges.

The air blower consumes the majority of BoP power, account-

ing for 5.1% of the fuel energy content at this operating point.

With optimized air blower control, anode purge cycle, and

coolant pump control (which is held constant), and without

line heaters (which are needed mainly for humidity measure-

ments), the total system efficiency could be notably improved.

Ejector performance

Steady state performance
The anode gas recirculation rate is calculated from the ejector

water balance. The flow rate of the practically dry primary gas

and the humidities of both the ejector secondary inlet and the

ejector outlet are measured. The ejector secondary gas molar

flow rate (ns,in) can then be computed from the ejector primary

gas molar flow rate (np,in) and the water mole fractions at

ejector secondary inlet (xw,s,in) and ejector outlet (i.e. stack

anode inlet, xw,an,in), as follows:

_ns;in ¼ _np;in$xw;an;in

��
xw;s;in � xw;an;in

�
(9)

When also the ejector secondary inlet hydrogen mole

fraction (xh,s,in) is measured, the recirculation rate in terms of

anode inlet hydrogen stoichiometry (lh), fuel utilization per

pass (uf,pp), and entrainment ratio (U) can be computed as

follows:

Table 4 e Load increase procedure with and without advance in fuel supply.

Time elapsed from
load request [s]

Advance in fuel supply (Dtfuel,adv) [s]

2 1 0.5 0

0 1 Change blower ctrl

2 Open purge valve

3 Apply new control valve

combination

1 Change blower ctrl 1 Change blower ctrl 1 Change blower ctrl

1 e 2 Open purge valve

3 Apply new control

valve combination

e e

1.5 e e 2 Open purge valve

3 Apply new control

valve combination

e

2 4 Close purge valve

5 Apply load change

4 Close purge valve

5 Apply load change

4 Close purge valve

5 Apply load change

2 Apply new control

valve combination

3 Apply load change
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lh ¼
�
_np;in þ _ns;in$xh;s;in

��
_nh;consumed (10)

uf ;pp ¼ 100=lh (11)

U ¼ _ms;in

�
_mp;in

¼ �xh;s;in$Mh þ
�
1� xh;s;in � xw;s;in

�
$Mn þ xw;s;in$Mw

��
Mh$ _ns;in

�
_np;in

(12)

where Mh, Mn, and Mw are the molar weights of hydrogen,

nitrogen, and water, respectively. In calculating the ejector

entrainment ratio with the above equation, the anode gas is

assumed to only contain hydrogen, water, and nitrogen.

Fig. 6 shows the ejector performance recorded during the

polarization curve measurement. The time-averaged fuel

utilization per pass (uf,pp) varies from 40% (±7%) at 25 A stack

current to 64% at 160 A stack current. Correspondingly, the

time-averaged anode inlet hydrogen stoichiometry (lh) varies

from 2.6 (±0.4) to 1.6 in the same stack current range. The

anode outlet (i.e. ejector secondary inlet) gas inert mole frac-

tion in these measurements was less than 7% on a dry basis.

The achieved recirculation rate is somewhat lower than

expected based on the ejector ex-situ characterization con-

ducted in a previous study [24]. Due to the low stack flow

resistance, for which the ejector is not optimized, the ejector

operates at a relatively poor exergetic efficiency over much of

the range. Nonetheless, the achieved anode gas recirculation

rate is above the stackmanufacturer specifications (uf,pp� 67%

for Istack � 50 A) over wide stack current range.

The error bars in Fig. 6, showing the variation in time-

averaged values between upward and downward measure-

ments, reveal that the variation in fuel utilization per pass and

entrainment ratio increase at low load levels. One explanation

for this observation is the uncertainty in humidity measure-

ments. Another explanation is the slight variation in oper-

ating conditions between downward and upward

measurements.

Effect of inert build-up
The inert gas contained in the fuel and diffusing through the

stack membrane cause the concentration of inert gas to build

up in the anode between purges. On one hand, the added inert

concentration should improve stack performance by

removing liquid water from gas channels more efficiently due

to increased gas viscosity. On the other hand, the added inert

Fig. 4 e Measured time-averaged system performance and

operating conditions as function of stack current (Istack). a)

Stack voltage (Estack) polarization and power (Pstack). b)

Efficiencies: fuel (hfuel), stack (hstack), system (hsystem), and

total (htotal). c) Operating conditions: coolant inlet and

outlet temperatures (Tcool in, Tcool out), dew point

temperatures at stack anode inlet (Tdew,an in), stack anode

outlet (Tdew,an out), ejector secondary inlet (Tdew,ej s in), stack

cathode inlet (Tdew,cat in), and stack cathode outlet (Tdew,cat

out). The error bars show the variation in time-averaged

values between upward and downward polarization curve

measurements. *Only data from downward polarization

curve is available because of humidity transmitter failure.

Table 5 e Range of time-averaged operating conditions
during polarization curve measurement.

Anode Time-averaged value

Stack inlet dew point temperature

(Tdew,an in)

37.8e58.5 �C

Stack outlet dew point temperature

(Tdew,an out)

44.6e65.4 �C

Ejector secondary inlet dew point

temperature (Tdew,ej s in)

45.7e64.8 �C

Stack inlet pressure (pan in) 54e100 mbarg

Stack outlet pressure (pan out) 40e83 mbarg

Ejector secondary inlet pressure (pej s in) 38e77 mbarg

Fuel utilization per pass (uf,pp) 33e64%

Ejector entrainment ratio (U) 2.3e4.5

Cathode Time-averaged value

Stack inlet dew point temperature

(Tdew,cat in)

34.4e54.3 �C

Stack outlet dew point temperature

(Tdew,cat out)

53.3e69.2 �C

Stack inlet pressure (pcat in) 12e124 mbarg

Stack outlet pressure (pcat out) �1 to 10 mbarg

Air stoichiometrya (lair) 1.9e3.0

Coolant Time-averaged value

Stack inlet temperature (Tcool in) 70.0e70.1 �C
Stack outlet temperature (Tcool out) 70.0e74.2 �C
Flow rate ( _Vcool) 20.6e21.0 lpm

a Because of periodic air pulses, the measured time-averaged air

stoichiometry deviates remarkably from target value especially

at low load levels. Themeasured time-averaged air stoichiometry

between air pulses was 1.8e2.1.
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concentration increases anode gas molar weight. Because the

ejector operation is based on primary gasmomentum transfer

over to secondary gas, the added anode gas molar weight

decreases the recirculation rate. The decreased recirculation

rate is equivalent to decreased gas velocity in the stack and

less efficient liquid water removal.

Fig. 7 shows the effect of inert build-up on the fuel utili-

zation per pass, the entrainment ratio, the anode humidities,

and the anode pressure drop when the system is operated

with 60 mbarg anode inlet pressure and at load levels 1, 4, and

7 (Istack is 27 A, 111 A, and 161 A, respectively). The ejector

secondary inlet inert mole fraction on a dry basis (xn,dry,s,in) is

calculated as follows

xn;dry;s;in ¼ xn;s;in

��
xh;s;in þ xn;s;in

� ¼ xn;s;in

��
1� xw;s;in

�
(13)

The fuel utilization per pass increases (i.e. mole-based

recirculation rate decreases) with increasing inert gas con-

centration because hydrogen is replaced by the heavier inert

gas (Fig. 7a). On the other hand, the ejector entrainment ratio

increases (i.e. mass-based recirculation rate increases) for the

same reason (Fig. 7b). The effect of inert gas concentration on

entrainment ratio is most pronounce at the low load level, as

seen from the steepest slope in Fig. 7b. This is in line with the

observation made in a previous study that ejector perfor-

mance is most sensitive to conditions at low primary gas flow

rates [24]. The pressure drop (Dpej) decreases slightly with

increasing inert gas mole fraction (Fig. 7e) and decreasing

molar recirculation rate despite the increasingmass flow rate.

Fig. 7d shows that the anode inlet (i.e. ejector outlet) hu-

midity decreases with increasing inert gas concentration

because of the decreasedmolar recirculation rate. The change

in anode inlet dew point temperature is approximately

DTdew,ej,out ¼ �3 �C at load level 1 and roughly

DTdew,ej,out¼ �2 �C at load levels 4 and 7 for every 0.1 change in

dry recirculated gas inert mole fraction (Dxn,dry,s,in). By

contrast, the ejector secondary inlet humidity (which is close

to stack outlet humidity) changes only roughly

DTdew,ej,s,in¼�1 �C or less for every 0.1 change in inert drymole

fraction (Fig. 7c). Instead, the stack outlet humidity is more

sensitive to the load level and increases notably with

increasing load level, as could be expected. The stack inlet

humidity, on the other hand, increases with load level 1 to 4

but remains roughly constant when increasing load level from

4 to 7 because of the decreased recirculation rate relative to

fuel consumption rate (this is also seen in Fig. 4c).

Fig. 8 shows the effect of inert build-up on the fuel utili-

zation per pass, the entrainment ratio, the anode humidities,

and the anode pressure drop when the system is operated

with 20, 60, and 150 mbarg anode pressure and at load level 4

(Istack is 111 A). The anode pressure level has a notable effect on

ejector performance - the higher the anode pressure level, the

higher the recirculation rate both on mole- and mass-basis.

The pressure drop (Dpej) is essentially independent of anode

pressure level and decreases again slightly with increasing

inert mole fraction.

Opposite to the effect of load level, the anode pressure level

has very little or no effect on stack inlet (i.e. ejector outlet)

humidity (Fig. 8d). Instead, the stack outlet (i.e. ejector sec-

ondary inlet) humidity increases a little with decreasing

anode pressure level. This explains why the stack inlet hu-

midity does not increase with increasing anode pressure even

Fig. 5 e Distribution of fuel energy content (LHVh) at system maximum efficiency point (load level 3, Istack ¼ 82 A).

Fig. 6 e Ejector steady state performance as function of

stack current: fuel utilization per pas (uf,pp), ejector

secondary gas pressure lift (Dpej), entrainment ratio (U),

and ejector primary pressure (pp,in). The error bars show

the variation in time-averaged values between upward

and downward polarization curve measurements. *Only

data from downward curve is available because of

humidity transmitter failure.
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though the recirculation rate increases. The slight increase in

stack outlet humidity can be explained with the pressure

difference between anode and cathode e a lower anode

pressure favors water transportation towards the anode.

System dynamic limitations

Fig. 9a shows the anode inlet pressures during load changes

from load level 1 to 7 both with an advance in fuel supply

(Dtfuel,adv ¼ 0.5 s, 1.0 s, 2.0 s) and without an advance in fuel

supply (Dtfuel,adv ¼ non). In each case with an advance in fuel

supply, the anode inlet pressure first drops to a minimum

value upon opening the purge valve (t ¼ 0.0 s, 1.0 s, and 1.5 s,

respectively). After 200e300 ms, the anode inlet pressure

settles to a level corresponding to the flow resistance from the

stack inlet to purge line outlet (~30 mbarg). A very similar

temporal behavior of pressures is observed at the anode outlet

and the ejector secondary inlet, although the pressure levels

are different. The time between the minimum pressure level

and the settled pressure level gives the time for the flow to

develop fully. This is useful information for determining how

much advance in fuel supply is needed to prevent fuel star-

vation in the stack.

Two seconds after the load increase request (t ¼ 2.0 s), the

purge valve is closed and load current is increased

Fig. 7 e Effect of inert mole fraction on a dry basis in ejector

secondary inlet gas (xn,dry,s in) on a) fuel utilization per pass

(uf,pp), b) ejector entrainment ratio (U), c) ejector secondary

inlet dew point temperature (Tdew,s in), d) ejector outlet dew

point temperature (Tdew,ej,out), and e) ejector secondary gas

pressure lift (Dpej) at load levels 1, 4, and 7 and 60 mbarg

anode inlet pressure. The solid lines on subfigures a) and b)

show 2nd order polynomials fitted onto the data.

Fig. 8 e Effect of inert mole fraction on a dry basis in ejector

secondary inlet gas (xn,dry,s in) on a) fuel utilization per pass

(uf,pp), b) ejector entrainment ratio (U), c) ejector secondary

inlet dew point temperature (Tdew,s in), d) ejector outlet dew

point temperature (Tdew,ej,out), and e) ejector secondary gas

pressure lift (Dpej) at anode inlet pressures 20 mbarg,

60 mbarg, and 150 mbarg and load level 4. The solid lines

on subfigures a) and b) show 2nd order polynomials fitted

onto the data.
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approximately from 27 A to 160 A within milliseconds. At this

point, anode pressures increase abruptly because of closing

the purge valve. In the case of 0.5 s advance in fuel supply, the

anode pressure increases to a higher level than in the cases of

1 s or 2 s advance in fuel supply. This is presumably because of

a small deviation in timings of closing the purge valve and

increasing the load current, which in the other two cases

happen to be almost identical. After the sudden jump, the

anode pressure slowly approaches the set point of 60 mbarg

due to the controlled load current.

In the case of no advance in fuel supply but with the extra

anode volume, the anode pressure makes only a small step

due to the abruptly changing fuel consumption rate and the

slower development of the fuel supply rate. Repeated mea-

surements reveal that the variation in anode pressure (i.e. the

difference between the minimum and maximum anode

pressure) during a load change is roughly constant 6mbar. It is

a matter of timing whether the anode pressure will be higher,

lower, or the same after the load change. Furthermore, intui-

tively, the magnitude of the anode pressure variation should

be inversely related to the anode volume. Therefore, the

approximately 6 mbar pressure variation observed in the

setup with extra volume (12.8 dm3) should translate into

approximately 50 mbar pressure variation in the setup

without extra volume (1.5 dm3). This was, however, not tested

in the present study.

Fig. 9a shows also the cathode inlet dry air flow rate

during load changes from load level 1 to 7. Starting from ~60

slpm (air stoichiometric ratio 2.5 at 27 A load) and acceler-

ating the blower to ~360 slpm (air stoichiometric ratio 2.5 at

160 A load) takes roughly 1.7 s. Thus, in the present setup, the

air blower limits the fuel cell ramp rate. However, allowing

momentarily a lower air stoichiometric ratio, notably

increases the achievable ramp rate. For example, the flow

rate corresponding to stoichiometric ratio of 1 at 160 A (~140

slpm) is achieved in less than 1 s. Running the system

initially at higher air stoichiometric ratio, allows even faster

ramp rates but with the expense of system efficiency at low

power.

In measurements with no or 0.5 s advance in fuel supply,

the cell voltages are slightly lower compared to measure-

ments done with 1 s or 2 s advance in fuel supply, as seen in

Fig. 9b. This could be explained by an insufficient fuel supply

during the load change. However, no conclusion about the

cause of the lower cell voltages can be made because firstly,

there is some variation in the cell voltage between measure-

ments. Secondly, the cell voltages in measurements with no

or 0.5 s advance in fuel supply are already slightly lower at the

time of the power increase request (t ¼ 0.0 s). Finally, there is

some delay in cell voltage measurements (~200 ms) and, thus,

completely up-to-date information could not be obtainedwith

the current setup.

Conclusions

A custom-made ejector and a discrete ejector-primary-gas-

flow-control-system was assembled into a 5 kW PEMFC sys-

tem which could be used especially with back-up power ap-

plications. System tests were conducted involving both

operation at constant load and fast load transients. The

discrete ejector flow control solution was shown to be very

reliable and cost effective.

The main challenge with the discrete ejector flow control

solution is to match the fuel supply rate with the fuel con-

sumption rate to prevent anode under- or over-pressurization.

Two anode pressure control strategies were tested: 1) slightly

excessive fuel supply combined with a periodic anode purge

and 2) automatically controlled load current. Both approaches

worked well.

The custom-made ejector employed in this study achieved

anode gas recirculation rate ranging from 40% fuel utilization

per pass at 25 A stack current to 64% fuel utilization per pass at

160 A stack current. In terms of the anode inlet hydrogen

stoichiometry, the recirculation rate ranged from 2.6 to 1.6 in

the same current range. Considering the non-optimized

ejector geometry, the achieved recirculation rate is

acceptable.

The increased inert gas mole fraction in the anode gas was

shown to result in decreased mole-based recirculation rate

but increased mass-based recirculation rate. The effect of

added inert mole fraction was most pronounced at low stack

current levels. Because of the decreased recirculation rate, the

stack inlet dew point temperature was recorded to decrease

2 �C to 3 �C for every 0.1 change in recirculated gas inert mole

fraction on a dry basis.

The dynamic limitations of the system were studied by

ramping the stack power from 1 kW to 4.2 kWwithin seconds.

During load changes, instantaneous mismatch in the fuel

supply and consumption rates likely occur, hence the timing

of the valve control relative to the load control becomes crit-

ical, especially when anode gas volume is reduced. A verified

and safe approach for this non-pressurized system is to

Fig. 9 e System behavior during a load change from level 1

to 7 with advance in fuel supply (Dtfuel,adv ¼ 0.5 s, 1.0 s,

2.0 s) and without advance in fuel supply (Dtfuel,adv. ¼ non).

a) Anode inlet pressure (pan in) and cathode inlet dry air

flow rate ( _Vdry;air), b) average and minimum cell voltages

(Ecell,avg and Ecell,min) and stack current (Istack).
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initiate the fuel supply in advance relative to the consumption

and vent out the excess fuel. The power ramp-up was also

tested without advancing in fuel supply or opening the purge

valve but with a large anode volume. This approach was also

successful although there is a short-term risk of fuel starva-

tion when anode gas volume is small.
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Symbols and abbreviations

Latin

C Constant

E Stack voltage, [V]

F Faraday constant, [96485 C/mol]

I Current, [A]

Kv Flow factor, [m3/h]

M Molar weight, [kg/mol]

m Mass flow rate, [kg/s]

Ni Number of i

n Molar flow rate, [mol/s]

P Power, [kW]

p Pressure, [(m)bar]

pvap Vapor pressure, [bar]

RH Relative humidity, [%]

T Temperature, [�C]
t Time, [s]

Dtfuel,adv The time between increasing fuel supply rate and

increasing load current, [s]

uf,pp Fuel utilization per pass, [%]

V Volume, [dm3]
_V Volumetric flow rate, [m3/s]

x Mole fraction, [e]

Greek

D Difference

h Efficiency [%]

l Stoichiometry [e]

U Entrainment ratio [e]

Subscripts

an Anode

avg Average

cat Cathode

cool Coolant

dew Dew point

ej Ejector

h Hydrogen, H2

in inlet

max Maximum

meas Measured value

min Minimum

n Nitrogen, N2

out Outlet

p Ejector primary inlet

r Restrictor

ref Reference value

s Ejector secondary inlet

w Water, H2O

Abbreviations

BoP Balance of Plant

EPC Ejector Primary Gas Control system

LHV Lower Heating Value, ¼ 241.8 kJ/mol for hydrogen at

25 �C and 1.01325 bar(a)

lpm Liters Per Minute

PEMFC Proton Exchange Membrane Fuel Cell

slpm Standard Liters Per Minute (T ¼ 293.15 K, p ¼ 1.01325

bara)
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H I G H L I G H T S

• Ejector-based PEMFC system power ramp-rate capabilities were studied.

• Fuel supply manages a 50%–100% power ramp in 0.1 s even in low-volume systems.

• Air supply with 2.5 initial stoichiometry manages a 50%–93% power ramp in 1.0 s.

• Air supply with 7.0 initial stoichiometry manages a 50%–93% power ramp in 0.1 s.

A R T I C L E I N F O

Keywords:
PEMFC system
Power ramp rate
Dynamic behavior
Ejector
Fuel supply
Air supply

A B S T R A C T

The power ramp rate capabilities of a 5 kW proton exchange membrane fuel cell (PEMFC) system are studied
theoretically and experimentally for grid support service applications.

The fuel supply is implemented with a fixed-geometry ejector and a discrete control solution without any
anode-side pressure fluctuation suppression methods. We show that the stack power can be ramped up from
2.0 kW to 4.0 kW with adequate fuel supply and low anode pressure fluctuations within only 0.1 s.

The air supply is implemented with a centrifugal blower. Air supply ramp rates are studied with a power
increase executed within 1 and 0.2 s after the request, the time dictated by grid support service requirements in
Finland and the UK. We show that a power ramp-up from 2.0 kW to 3.7 kW is achieved within 1 s with an initial
air stoichiometry of 2.5 and within 0.2 s with an initial air stoichiometry of 7.0. We also show that the timing of
the power ramp-up affects the achieved ancillary power capacity.

This work demonstrates that hydrogen fueled and ejector-based PEMFC systems can provide a significant
amount of power in less than 1 s and provide valuable ancillary power capacity for grid support services.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are seen as a valid
alternative to diesel generators in backup power and grid balancing
applications both in the kW- and MW-range. The main advantages of a
PEMFC in these applications are start-up reliability, low start-up costs,
ability to respond rapidly to load changes, zero local emissions, and low
noise level.

The need for backup power and grid balancing services increases
with the amount of variable renewable energy (VRE) in the grid. In
particular, the inherent inertia of the system decreases as the penetra-
tion of conventional synchronous generators decreases in power sys-
tems [1]. The decrease in inertia is mainly due to increasing wind and
photovoltaic (PV) solar power generation or electricity imports via high
voltage direct current (HVDC) links.

Decreased inertia deteriorates the stability of the power system in
case of disturbances. Inertia determines the lowest momentary fre-
quency occurring within a few seconds after a major system frequency
disturbance, which typically is caused by the loss of a large power plant
or significant transmission connection.

The decrease of inherent inertia can be offset in a number of ways,
e.g., keeping a sufficient amount of synchronous generation online in
the system and thus curtailing non-synchronous generation or limiting
imports via HVDC connections, adding rotating masses like synchro-
nous condensers into the system, or establishing a market for inertia
and thus promoting implementation of synthetic inertia. Synthetic in-
ertia could be obtained from non-synchronous units (e.g., wind power
plants, solar PV, batteries) by modulating the power output in a manner
similar to how synchronous units provide power as inertial response
[2]. In Europe, transmission system operators (TSOs) could require non-
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synchronous Power Park Modules (PPM) to be capable of providing
synthetic inertia. This requirement could be applied to PPMs with ca-
pacities of a few to tens of megawatts and above depending on the
synchronous system [3,4]. Neither inertia requirements nor inertia as
an ancillary service is yet widely used.

Inertia is related to the rate of change of frequency (RoCoF) im-
mediately after a disturbance. Frequency containment disturbance re-
serves (FCR-D) determine the following steady frequency [2,5]. Fre-
quency indicates the balance between system load and power
generation and, thus, both power generation and loads can be used for
FCR-D.

Historically, load shedding – i.e. fast tripping of loads – has been the
means for rapid handling of severe low frequency disturbances due to
loss of power supply. In Finland, for example, a tendering for load
shedding is employed for system protection because of to the 1600MW
nuclear power production unit that is expected be online in 2019 and
will affect the Nordic power system operation security.

In the UK's Enhanced Frequency Response (EFR) market [6], reserve
capacity must be activated fully within 1 s and be able to sustain sup-
port for a minimum 15min. Batteries have proven to be a very cost
effective way to provide a fast response in the UK EFR tender. The
feasibility and applicability of similar fast frequency response systems
has been investigated by local authorities, e.g. in Australia [7] and in
Texas, U.S [8].

In addition to load shedding and batteries, system protection and
EFR could also be implemented by fast generation control reserves with
similar control characteristics, i.e., an ability to provide power within
1 s. This creates a new opportunity for fuel cells and, in particular, for
PEMFCs, which can achieve a very high power ramp rate.

In Finland, a significant amount of hydrogen is produced as a by-
product in chlorine and sodium chlorate factories [9], and the quality of
that hydrogen is sufficient for use as fuel in PEMFCs [10]. Using this
hydrogen in PEMFC power plants operating at partial load, a significant
rapid load response could be provided. However, the ability of PEMFC
power plants to provide this ancillary service should be proven by
verifying their power ramp rate capability.

A number of factors limit the power ramp rate of hydrogen fueled
PEMFC systems, including air supply, fuel supply, and power electro-
nics. These limitations are dependent on the system design and opera-
tion. Therefore, the power ramp rate capability can be improved by
optimizing the system design and operation.

Air supply is well known to limit the power ramp-up rate in PEMFC
systems. In principle, there are three issues: the dynamic capability of
the blower/compressor, the gas manifold volume, and the time lag of
the control system. Corbo et al. analyzed a 20 kWe PEMFC system using
different air supply strategies. By applying excess air at low loads, a
20%/s power ramp rate was achieved [11]. However, the use of excess
air flow rate reduces system efficiency by adding blower power con-
sumption and increases system cost through the need of a more efficient
humidifier. In another study, Corbo et al. showed that 10%/s power
ramp rate is possible (with minor issues) starting from room tempera-
ture [12]. Danzer et al. studied and modeled the control of cathode air
excess and pressure in a pressurized PEMFC, showing that with an
observer-based multivariable control, a 50%/s power ramp rate is
possible [13]. However, the inertia of the compressor was not con-
sidered because a mass flow controller supplied the air. The study of
Danzer et al. also illustrates that maintaining the cathode pressure close
to set-point might be challenging during transients. In pressurized
systems, not only does the cathode pressure need to be controlled but
also the anode pressure, thus adding complexity. Matraji et al. studied
the control of a compressor by modeling and employing a Hardware-In-
Loop test bench [14]. According to their results, it takes up to 9 s to
increase the air flow rate from 0 to 100%. This long duration may be
due to the high inertia of the twin-screw compressor and the limited
power of a compressor motor. Based on the literature study, at least a
20–30%/s power ramp rate is possible without extra measures at the air

supply side.
The fuel supply also limits the power ramp rate, especially when the

system is pressurized and an ejector is employed for anode gas re-
circulation. In a pressurized system, the anode pressure needs to be
controlled to avoid a too high pressure difference over the membrane,
leading to possible limitations in power ramp rate. When an ejector is
applied, the ejector primary pressure control will further complicate the
management of the anode pressure, especially if discrete flow control is
applied [15]. Anode gas recirculation is applied in PEMFC systems for
fuel humidification and to avoid local fuel starvation [16,17].

A third limitation for the power ramp rate is the thermal manage-
ment, especially when the stack power density is high. The power
densities of present day PEMFC stacks are in the range of 3 kW/dm3

[18]. When the power is increased from the minimum to the maximum
level, the cooling demand may increase up to 5 kW per kilogram of
stack mass. This would lead to a temperature increase rate of 2–4 °C/s.

The transients in reactant supply or temperature can also lead to
severe degradation of the catalyst layer, as reviewed by e.g. Banerjee
[19]. Pei and Chen have reviewed the main factors affecting the lifetime
of PEMFC in vehicle applications, and reactant starvation during fast
transients is one of the issues [20].

To date, PEMFC systems hydrogen fuel ramp rate capabilities have
not been studied, only the air supply capabilities. In addition, in these
air supply studies, the focus has been on the time scale of several sec-
onds, not 0.2–2 s, which are needed in many applications, including
ancillary services for TSOs.

The present work studies the hydrogen fuel supply ramp rate cap-
abilities of a PEMFC system with an ejector with discrete control. The
capabilities of an ejector-based system are studied for the first time
without using any anode pressure fluctuation mitigation methods
during the transient, such as anode purge [15]. In addition to the fuel
supply, the air supply ramp rate capabilities are studied. The work fo-
cuses on determining the maximum power increase achievable with a
PEMFC system operated at partial load, with the power increase exe-
cuted within 0.2 or 1–2 s after the request, as suggested by the re-
quirements for ancillary power applications.

2. Methods

2.1. PEMFC system description

Fig. 1 shows the simplified schematic of the PEMFC system em-
ployed in this work. The fuel was supplied through a fixed-geometry
ejector (E), employed for anode gas recirculation. The ejector primary
pressure was controlled using a setup of three solenoid valves and three
flow restrictors (EPC), enabling fuel supply at seven discrete flow rates.
The fuel supply in the present setup limits the maximum PEMFC power
to approximately 4 kW. The load current was fine-tuned to compensate
for the possible small variation in fuel supply rate and to maintain a
constant anode pressure during steady state operation. Air was supplied
with a blower (B) and humidified with a membrane humidifier (MH). A
coolant pump (P) recirculated de-ionized water through the stack and
through a liquid-liquid heat exchanger (HEX). The PEMFC system was
controlled with National Instruments CompactRIO hardware, which
was programmed with LabVIEW software. A complete description of
the system can be found in previous work [15].

The control software was adopted for the current work, firstly by a
higher data acquisition rate (100 Hz), which was triggered prior to a
power transient and maintained for 10 s. Secondly, the experiments
conducted in this work – the study of system ramp rate capabilities and
the control of anode pressure during power transients – relied on exact
timing of the fuel valve (in EPC), the air blower, and the electronic load
control. Therefore, the control routine was updated to achieve accurate
control, with the timing error of 1ms or below.
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2.2. Anode pressure control during power transients

The discrete ejector control has been shown to be a viable solution
to achieve fast power ramp rates [15]. A challenge with this solution,
however, is to maintain the balance between the hydrogen fuel supply
and consumption rate at all times in order to avoid excessive anode
pressure fluctuation. The imbalance between fuel supply and con-
sumption can be mitigated by either increasing the anode gas volume or
using a long anode purge during the transient.

However, both of these mitigation alternatives have clear draw-
backs. Increasing the anode volume will increase the gas exchange time
during a system start-up, causing additional degradation [21]. For this
reason, a minimum anode volume is preferred. A long anode purge
during operation depressurizes the anode side and causes a pressure
difference between the anode and cathode, causing unnecessary stresses
for the polymer membrane [22]. A long anode purge also causes extra
fuel consumption.

It is, therefore, important to study alternative methods for miti-
gating anode pressure fluctuations that require neither extra anode gas
volume nor extra anode gas purging. Precise control of fuel supply
timing relative to the load ramp-up is recognized as one such method.
Since experimental studies of this approach could damage the system
and endanger personal safety, simulations were conducted for the in-
itial study and to assist in designing the system.

The anode gas volume in the current system was measured to be
1.5 dm3 [15] – a relatively large value compared to the nominal power
and current of system (5 kW, 200 A and 50 cells). Thus, the anode vo-
lume-to-power ratio for the current system is 0.3 dm3/kW. A 10 A
mismatch in fuel supply and consumption rates leads to only approxi-
mately 40mbar/s pressure change rate in this system. In volume-opti-
mized systems, the anode volume-to-power ratio can be as low as
0.06 dm3/kW and the corresponding pressure change rate can be 5
times faster. When the mismatch between fuel consumption rate and
supply increases (e.g., during load changes), the rate of pressure change
can be notably higher and actions must be taken within a fraction of a
second.

2.3. Fuel supply modeling

A model for studying the anode dynamics was implemented in
Mathworks Simulink employing the thermodynamic function library
Thermolib by EUtech Scientific Engineering GmbH. The modeled
system was based on the experimental system presented in section 2.1
and comprised three parts: the ejector, the PEMFC stack, and the re-
circulation loop (Fig. 2).

The ejector was modeled with a lookup table based on experimental
data [23]. The ejector's secondary gas flow rate was calculated in the
‘Ejector’ block based on the primary gas pressure and the pressure

difference between ejector outlet and secondary inlet. The ejector pri-
mary gas pressure was calculated in the ‘Control unit’ block, and it was
dependent on the combination of valves opened. The control signals for
valves were modeled as step functions and they were generated in the
‘Control signals’-block. The change of ejector primary pressure (pp)
between two discrete load levels was modeled with a transfer function
shown in Fig. 3.

The stack model (implemented in the ‘Stack’-block) was based on a
PEMFC model-block provided in Thermolib. Essential functionalities of
the model were 1) fuel consumption, which was proportional to the
load current, and 2) the addition of water due to water transport.
During simulations, the stack operating temperature was set at 70 °C
and the cathode was fed with air at a stoichiometric ratio of 4.

The ‘Recycling’ block split the flow into recirculated stream and
purged stream in case the purge valve was open. In this study, the
anode purge was not employed and the ‘Recycling’-block simply re-
circulated the anode gas to the ejector secondary inlet.

The three model blocks ‘Ejector’, ‘Stack’, and ‘Recycling’ had their
specified volumes that, together with in- and out-flow rates, determined
their pressure levels. The in- and out-flow rates were determined based
on the block pressure levels and flow restrictions between them. The
flow restrictions were tuned to correspond to pressure drops in the real
system.

The stack load current was fine-tuned with a PI-controller in order
to maintain a constant anode pressure. A similar functionality was
employed in the real system with the exception that the PI-control was
disabled during the transient to better observe the anode pressure be-
havior.

2.4. Experimental procedure

The experiments were conducted by operating the PEMFC at con-
stant load current (approximately 55 A) with load fine-tuning enabled
until a steady state was reached. At this point, the load fine-tuning was
disabled, the fast data acquisition was triggered, a ramp-up control
sequence was applied, and the load current was increased to approxi-
mately 160 A. The PEMFC system operating parameters are listed in
Table 1 and the ramp-up control sequences are described below.

Three control sequences were applied for studying fuel supply and
air supply ramp rates. A control sequence in this context comprises the
initiation of fuel supply ramp, air supply ramp, and load ramp at spe-
cified moments in time. In each control sequence, the timing of control
actions were varied. Table 2 summarizes each control sequence and
more detailed descriptions are given below.

The control sequence named as ‘Fuel supply’ was employed for
studying the fuel supply ramp rate. The timing of load ramp-up relative
to the fuel supply ramp-up (tlrf) was varied between −50 ms and
+200 ms. The timing of air blower ramp relative to the fuel supply

Fig. 1. Simplified PEMFC system scheme. PR: pressure reducer, FL: particle filter, EPC: ejector primary pressure control, E: ejector, BV: buffer volume, S: gas-liquid separator, SV: solenoid
valve, B: gas blower, MH: membrane humidifier, P: liquid pump, DI: de-ionizing filter, HEX: liquid-liquid heat exchanger, ET: expansion tank.
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ramp was kept constant at −2.0 s, thereby eliminating the effect of air
supply.

The control sequence labeled ‘Air supply for 1.0 s target’ was

employed for studying the maximum achievable power increase within
about 1 s. In this sequence, the load ramp-up relative to the air blower
ramp-up (tlra) was varied and the initial air stoichiometry was kept at
2.5. The fuel supply ramp was initiated at −100 ms relative to the load
ramp because this timing was shown to provide minimum anode
pressure fluctuation.

The control sequence labeled ‘Air supply for 0.2 s target’ was em-
ployed for studying the maximum achievable power increase within
0.2 s. This case corresponds to a grid balancing application after a
disconnection of a large power unit or import power line. Using this
short delay, the initial air stoichiometry was varied between 4.0 and
7.0. The fuel supply ramp was initiated simultaneously with the air
blower ramp-up. The load was ramped up 100ms later. The rest of the
0.2 s target time, i.e., 100ms, was reserved for the response time of the
data transfer and control system in the application.

Each control sequence was repeated 5 to 7 times with each set of
parameters, with the exception of experiments that resulted in a deep
voltage dip during the transient (experiments with too little time for
blower acceleration or too low initial air stoichiometry). These ex-
periments could be conducted only 1 or 2 times because of the control
system triggering an emergency shutdown.

3. Results and discussion

3.1. System transient behavior

Fig. 4 displays the high repeatability of measured quantities during
seven repetitions of a power transient conducted with the air blower
ramp initiated −2000 ms and the load ramp initiated +100 ms relative
to the fuel supply ramp-up. These results represent well all measure-
ments in this work.

As seen in Fig. 4a, the load current changes so rapidly that current
ramp cannot be captured with the 100 Hz measuring frequency. On the
contrary, the stack voltage (Fig. 4b) does not respond instantly to in-
creased current. This results in power peak during the transient, which
is followed by a power dip (Fig. 4c). The current increase seen ap-
proximately 1 s after the transient is caused by the activation of load
fine-tuning.

Compared to the load current ramp, the fuel supply and the air
supply ramps are slow. The hydrogen fuel pressure at ejector primary
inlet develops in less than 0.5 s (Fig. 4e), while the blower requires
approximately 1.5 s for accelerating to the target flow rate (Fig. 4g).
The air stoichiometry is computed from the air flow rate and the load
current and, thus, changes abruptly with the load current (Fig. 4h).

Fig. 4d shows how the cooling liquid temperature increases after the
load change. The stack used in this system (PowerCell S2) is not as
volume optimized as automotive stacks. Nonetheless, the coolant outlet
temperature increases by 3 °C in 4 s, even though the load change is
only 40% of the maximum stack power. In automotive stacks, the rate
of change in stack power relative to stack thermal mass can be up to ten

Fig. 2. System model block diagram.

Fig. 3. Measured and modeled transition between two ejector primary pressure (pp) le-
vels.

Table 1
System operating parameters.

Operating parameter Target value

Stack current (low power) 55 A (Pstack=∼2 kW)
Stack current (high power) 160 A (Pstack=∼4 kW)a

Anode inlet pressure 0.1 barg
Air stoichiometry 2.5
Coolant inlet temperature 70 °C
Coolant flow rate ∼20 lpm

a The maximum stack current, 200 A [24], could not achieved because of the ejector
control system sizing [15].

Table 2
Control sequence during transients with varying advance in fuel supply, varying advance
in air supply, and varying initial air stoichiometry.

Action Relative time [ms]

Fuel supply Air supply for 1.0 s
target

Air supply for
0.2 s target

Increase air
stoichiometry

not used not used −5000

Initiate air blower
ramp-up

−2000 0 0

Initiate fuel supply
ramp-up

0 +250, +500, +750,
+1000, +1250,
+1500, +2000

0

Initiate load ramp-up −50, 0, +50,
+100, +200

+350, +600, +850,
+1100, +1350,
+1600, +2100

+100
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times larger. This implies a clear risk of stack overheating, unless a
feed-forward control method is applied for regulating the coolant flow
rate and radiator cooling power.

The variation in anode pressure between experiments (Fig. 4f) is
due to disabling the load current fine-tuning at time −2 s relative to the
fuel supply ramp-up. From this point on, the anode pressure is not
controlled and its value depends on the last load current value. Because
of this, the anode pressure relative to the pressure in the beginning of
transient (prelative) is employed from now on for easier comparison of
results. The variation in anode pressure does not affect the fuel supply
rate because the flow at the ejector primary nozzle is critical at both
current levels employed [15].

3.2. Fuel supply ramp rate

The modeled relative anode pressure profiles (prelative) with varying
load ramp timings with respect to the fuel supply ramp-up (tlrf) are
shown in Fig. 5a. As seen, there is always an anode under- or over-
pressurization, or both. This is because the fuel consumption rate
changes almost instantaneously with the load current, while the change
in fuel flow rate is slower. After the load ramp-up, the pressures in all
cases start to approach zero relative pressure because of the load cur-
rent fine-tuning.

Fig. 5b shows the minimum and maximum simulated relative anode
pressure as a function of tlrf. The minimum pressure variation of
24 mbar (−11 to +13 mbar) is achieved with tlrf = +80 ms. With
tlrf = +100 ms, the pressure variation is −5 to +19 mbar. If the anode
gas volume were to decrease to one fifth, the pressure variation would
be five times larger, about 120 mbar. In the current system, a tlrf as low

as −100 ms or as high as +200 ms does not cause severe anode
pressure fluctuation. Thus, these simulation results were used as re-
ference when planning the experimental part.

The effect of tlrf on anode pressure variation measured experimen-
tally is shown in Fig. 6d. The experimental results accord well with
simulated data. Out of the five tested load ramp-up timings, the smallest
anode pressure variation of 21 mbar (0 to +21 mbar) was measured
with tlrf = +100 ms.

Fig. 6a shows that the minimum stack voltage during transients
decreases progressively with decreasing tlrf. All measurements fit this
trend perfectly, apart from the sequence with tlrf = +100 ms, which is
offset from other measurements by a few hundred millivolts. None-
theless, ramping up the load as early as 50 ms before initiating the fuel
supply (tlrf=−50ms) does not result in a notable voltage dip. This is
because the anode volume functions as a fuel buffer. Hence, a smaller
anode volume would presumably result in a more notable voltage dip.
However, a smaller anode volume would also result in a higher anode
pressure fluctuation, as discussed above. By comparing the anode
pressure data and stack voltage data, it can be concluded that the tlrf
should be adjusted mainly based on the allowed anode pressure fluc-
tuation.

Because of the small variation in minimum stack voltage between
measurements, the minimum stack power also has only small variances
(Fig. 6b) – with tlrf = +100 ms the minimum power is 4.0 kW and with
all other tlrf the minimum power is 3.9 kW. Thus, the fuel supply can
achieve a power ramp-up from 2.0 kW to at least 3.9 kW (a 48% power
increase relative to maximum power) in−0.05 to +0.2 s relative to the
fuel supply ramp-up.

Fig. 6d shows that a tlrf of +50 ms or less results in anode under-

Fig. 4. a) Stack current (Istack), b) stack voltage (Estack), c) stack power (Pstack), d) coolant inlet and outlet temperatures (Tcoolant), e) ejector primary inlet pressure (pp), f) anode inlet
pressure (pan,in), g) cathode inlet dry air flow rate (Fair), and h) air stoichiometry (λair) during seven repeated transients with air blower ramp-up performed −2000 ms and load ramp-up
performed +100 ms relative to hydrogen supply ramp-up.
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pressure. Consequently, when the load fine-tuning is activated, the load
current decreases, which results in reduced stack power. This decreases
the ancillary power capacity available for sale to the TSO. Therefore,
the load ramp-up timing should be chosen to create anode over-pres-
sure, in this case tlrf = +100 ms or tlrf = +200 ms.

The reproducibility of these experiments is very high – the highest
and lowest anode pressures measured at the time of load ramp-up in
each control sequence in Fig. 6d show a maximum variation of 8mbar.
This indicates that the variation in the opening time of the valves is very
small: in the order of 10ms. A similar conclusion can be made when
comparing the evolution of ejector primary pressures after the initiation
of fuel supply in Fig. 6c. This low timing variation would be acceptable
even in volume-optimized systems using the maximum load step.

3.3. Air supply ramp rate

3.3.1. Varying air blower ramp-up timing for a 1.0 s response
In the studied application, the ancillary power capacity delivered

after 1 s forms the basis for the payment from the TSO. Fig. 7 shows the
power capacity measured with fixed initial air stoichiometry
(λair,0=2.5) and varying load ramp-up timing relative to the air blower
ramp-up (tlra) – not relative to fuel supply ramp-up as in the previous
section.

Fig. 7b shows that the earlier the load is ramped up, the higher is the
ancillary power capacity. This is contradictory to what could be ex-
pected if the stack power is assumed reactant mass transfer limited
because the earlier the load is ramped up, the lower is the oxygen
concentration at the cathode until a steady state is reached. The ob-
served behavior is believed to be due to water formation at the cathode,
the water humidifying the membrane and decreasing resistive losses.

Consistent with the observation of higher stack power with an
earlier load ramp-up, the highest stack power (3.7 kW) 1 s after the air
blower ramp-up is achieved with a power ramp-up initiated 350ms
after the air blower ramp-up. The power increase corresponds to about
43% of the maximum power. The minimum air stoichiometry during
this power transient is 1.2, as seen in Fig. 7c, and a much earlier current
ramp-up would result in air under-stoichiometry.

An earlier power ramp-up does not always result in higher power at
a given instant. For example, if the target time for the ancillary power is
0.6 s after the trigger, a power ramp-up executed at that very instant or
few milliseconds earlier would result in higher power capacity than a
power ramp-up executed 350ms after the trigger, as seen in Fig. 7b. It is
concluded that an earlier power ramp-up is beneficial only if it can be
performed early enough for the water formation to affect membrane
performance. Based on the results shown in Fig. 7b, the time needed for
water formation to have an effect is approximately 0.5 s.

The PEMFC system operation should be designed based on lowest
performing cell because, at least in typical systems, this will trigger the

Fig. 5. a) Simulated relative anode pressure (prelative) during transients with varying load ramp-up timing relative to fuel supply ramp-up (tlrf = −100 ms…+200 ms). b) The minimum
and maximum anode pressure during transients with varying load ramp-up timing relative to fuel supply ramp-up.

Fig. 6. a) Stack voltage (Estack), b) stack power (Pstack), c) ejector primary inlet pressure
(pp), and d) relative anode pressure (prelative) during transients with varying load ramp-up
timing relative to fuel supply ramp-up (tlrf = −50 ms…+200 ms). The thin lines in
figure d show the measured variation in anode pressure between repeated experiments.
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emergency stop. Upon decreasing the load ramp-up timing relative to
the air blower ramp-up to +350 ms, a clear decrease in lowest cell
voltage compared to average cell voltage can be observed (Fig. 7d). The
cell voltages were measured with a CVM operating at 25 Hz read fre-
quency – hence the roughly 40ms delay in the readings. A very short
voltage dip due to limited air supply does not cause catalyst support
degradation, but if the limitation is on fuel supply, catalyst support
degradation may occur, as shown by Enz et al. [25].

3.3.2. Varying initial air stoichiometry for a 0.2 s response
Running the system with an initial air stoichiometry (λair,0) of 2.5

cannot achieve the 55 A–160 A current ramp in 0.1 s (as 0.1 s was re-
served for data transfer etc.). To achieve such a rapid current ramp, the
system must be operated with a higher initial air stoichiometry. Fig. 8
shows the results with varying the initial air stoichiometry and the load
ramp-up time relative to air blower ramp-up (tlra) fixed at +100 ms.

To achieve a power ramp from 2 kW to 3.7 kW in 0.1 s, an initial air
stoichiometry of 7.0 is needed (Fig. 8b). With an initial air stoichio-
metry of 5.2, a power ramp to 3.5 kW is achieved, which corresponds to

a 38% power increase relative to maximum system power. With an
initial air stoichiometry of 4.0, the voltage drop is remarkable (Fig. 8a)
and a power ramp to only 3.2 kW is achieved because of the low
minimum air stoichiometry 1.4 (Fig. 8c).

A high air stoichiometry leads to decreased system efficiency be-
cause of air blower power consumption. Further, if a membrane hu-
midifier is employed for air humidification, it should be over-dimen-
sioned. These drawbacks must be evaluated against the benefits from
the ancillary services when maximizing the power increase step.

4. Conclusions

The power ramp rate capabilities of a 5 kW PEMFC system using a
fixed-geometry ejector with a discrete control solution was studied. The
experimental results show that the stack power can be ramped up from
2.0 kW to 4.0 kW (maximum stack power with the current setup) within
0.1 s without problems in fuel supply, even when no mitigation method
is applied to dampen the anode pressure fluctuation. Modeling results
indicate that if the anode gas volume was reduced by 80%, the anode
pressure fluctuation during a similar power ramp could be maintained
within 120mbar. In conclusion, the fuel supply based on ejector with a
discrete control does not limit the power ramp rate in the current
PEMFC system or in volume-optimized systems.

In the studied system, the air supply limits the power ramp rate
because of the slow accelerating air blower. A stack power increase
from 2.0 kW to 3.7 kW was achieved in less than 1 s with an initial air
stoichiometry of 2.5. A power ramp-up executed earlier results gen-
erally in a higher ancillary power capacity even though the encountered
low air stoichiometry causes a deep power dip initially. The higher
power after the dip is believed to be a consequence of water generation
and increased membrane humidity.

Fig. 7. a) Stack voltage (Estack), b) stack power (Pstack), c) air stoichiometry (λair), and d)
average and minimum cell voltage (Ecell,avg, Ecell,min) during transients with varying load
ramp-up timing relative to air blower ramp-up (tlra = +350 ms … +2100 ms).

Fig. 8. a) Stack voltage (Estack), b) stack power (Pstack), and c) air stoichiometry (λair)
during transients with varying initial air stoichiometry (λair,0 = 4.0 … 7.0). Time relative
to air blower ramp-up.
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When a power ramp from 2.0 kW to 3.7 kW was needed within 0.1 s,
an initial stoichiometry of at least 7.0 was necessary. This high air
stoichiometry not only consumes much parasitic power, thus lowering
the ancillary power capacity of the system, but also necessitates the use
of very efficient air humidification to prevent PEMFC dehydration.
Therefore, to further increase the power ramp rate capability, addi-
tional improvements to the air supply are needed.
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Glossary

Latin

E Voltage, [V]
F Flow rate, [slpm]
I Current, [A]
P Power, [kW]
p Pressure, [bar]
T Temperature, [°C]
t Time, [s]
tlra Load ramp-up time relative to air blower ramp-up, [s]
tlrf Load ramp-up time relative to fuel supply ramp-up, [s]
Greek

λ Stoichiometry [−]
Subscripts

0 Initial
an Anode
cat Cathode
in inlet
min Minimum
p Ejector primary inlet
Abbreviations

EFR Enhanced Frequency Response
FCR-D Frequency containment disturbance reserves
HVDC High Voltage Direct Current
lpm Liters Per Minute
OL3 Olkiluoto 3 nuclear power plant
PEMFC Proton Exchange Membrane Fuel Cell
PPM Power Park Module
PV Photo Voltaic
RoCoF Rate of Change of Frequency
slpm Standard Liters Per Minute (T=293.15 K, p=1.01325 bara)
TSO Transmission System Operator
VRE Variable Renewable Energy
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