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Abstract

Cathode humidification and evaporative cooling
of Polymer Electrolyte Membrane fuel cells using

direct water injection method

Seong Hoon Hwang
Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Humidification and cooling are critical issues in enhancing the efficiency
and durability of polymer electrolyte membrane fuel cells (PEMFCs).
However, existing humidifiers and cooling systems have the disadvantage that
they must be quite large to achieve adequate PEMFC performance. In this
study, to eliminate the need for a bulky humidifier and to lighten the cooling
load of PEMFCs, a cathode humidification and evaporative cooling system
using an external-mixing air-assist atomizer was developed and its

performance was investigated. The atomization performance of the nozzle



was analyzed experimentally under various operating conditions with minimal
changes in the system design. Experiments with a five-cell PEMFC stack with
an active area of 250 cm? were carried out to analyze the effects of various
parameters (such as the operating temperature, current density, and water
injection flow rate) on the evaporation of injected water for humidification
and cooling performances. The experimental results demonstrate that the
direct water injection method proposed in this study is quite effective in
cathode humidification and stack cooling in PEM fuel cells at high current
densities. The stack performance improved by humidification effect and the

coolant temperature at the stack outlet decreased by evaporative cooling effect.

Keywords: Polymer Electrolyte Membrane Fuel Cell, Cathode
Humidification, Evaporative Cooling, Direct Water Injection,

External-mixing Air-assist Atomizer

Identification Number: 2009-23918
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Chapter 1. Introduction

1.1 Background of the study

Energy is an essential driving force for modern society. In particular,
electricity has become standard source of power for almost every aspect of
life. However, it has become apparent that the current methods of producing
this most valuable commodity, combustion of fossil fuels, are of limited
supply and have become detrimental for the earth’s environment. For these
reasons, much effort is now being placed on eliminating the use of
combustion of non-renewable fuels as a source of power. One of the most
promising alternatives to the fossil fuel in the production of electric power is
the hydrogen fuel cell. Especially, PEM (polymer electrolyte membrane) fuel
cells are regarded suitable for vehicle power applications. The PEM fuel cell
has many advantages over the current internal combustion engine. It can
achieve much higher efficiencies than a combustion cycle. The PEM fuel cell
is also environmentally friendly. Other advantages of this fuel cell system
include simplicity of design, low noise operation and economic independence.

Most of polymer electrolyte membranes of PEM fuel cells must be

humidified to maintain high ion conductivity for electrochemical reaction. In



addition to this, appropriate humidification protects membranes from the
damage caused by the heat generation in PEM fuel cells. For this reason, PEM
fuel cell systems need a large amount of water for humidification. As it is not
desirable for users to replenish de-ionized water, water produced in the fuel
cell stack is usually recycled for humidification. For example, in an
automotive PEM fuel cell system, a large amount of water is exhausted as
vapor from the outlet port of the fuel cell stack. This moist is usually trapped
in water reservoir through heat exchangers like condensers, or directly
supplied to humidifiers like a gas-to-gas membrane humidifiers. However,
existing humidifiers have the disadvantage that they must be quite large to
achieve adequate PEMFC performance and it is a barrier to miniaturize fuel
cell systems.

Water management is directly linked with heat management. When heat
removal from the stack is not sufficient, heat balance of the system will be
broken and this will cause temperature rising of the stack which may cause
overheat damage of the PEM fuel cell stack. Moreover, as the stack
temperature rises, massive amount of water will be vaporized and exhausted
away, which may break water balance of the PEM fuel cell system. Thus, it is
necessary to investigate the novel method for both humidification and heat

removal.



1.2 Literature survey

In a PEMFC, in which a polymer membrane (typically perfluorosulfonic
acid, PFSA; Nafion®) is used as an electrolyte, humidification is required to
achieve good performance because the ion conductivity of the PFSA
membrane is determined by its water content. Therefore, humidification is one
of the important operating conditions directly affecting fuel cell performance.
As shown in Table 1.1, there are various methods of humidification for PEM
fuel cell systems and each kind of methods has advantages and drawbacks.
Humidification methods can be categorized as internal or external type
according to the place of humidifier. Among them, Membrane type is the most
widely used humidifier for automobiles because it has high performance and
self-regulating characteristics together with small consumption of energy (Fig.
1.1(a)). The hot and humid exit air passes small membrane tubes and the cool
and dry inlet air flows outside of the tubes. Water vapor diffuses to membrane
from damp outlet air to dry inlet air by partial pressure difference. By this
process, temperature of inlet air increases and can have the potential to
contain more moist. This type humidifiers use thousands of membrane tubes
which is the same type used as the membrane in the PEM fuel cell. Normally
Nafion® is used for the tubes and this is expensive and the durability is not so
high. Moreover big pressure drop happens when exit air passing the

3



Table 1.1 Humidification methods for PEM fuel cells

Types Irg)f{ enr?1| ac|>r Positive factor Negative factor Reference
Self humidification Internal Simple Difficult to control Buchi ?Qggs;)mlvasn
Porous bipolar plates Internal Simple Expensive StaschewsKi
(1996)
Absorbent wick Internal Simple Difficult to control Shanhai Ge et al.
(2004)
] . Floyd
Metal foam Internal Simple Metal corrosion (2001)
Bubbling External High dew point Need much heat
Steam injection External Easy to control Need much heat
Membrane External Simple Expensive, Low durability Chow et al.
(liquid-to-gas) Energy saving Leakage possibility, Bulky (1998)
Membrane External Simple Expensive, Low durability Paul Scherrer Institue
(gas-to-gas) Energy saving Bulky (1999)
Enthalpy wheel External Compact Preheated reactant gases
. T High durability Complicated apparatus Wood et al.
Direct water injection External Easy to control Need water tank (1998)
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small tubes.

Fig. 1.1(b) shows schematic of bubbling type humidifier which is
commonly used in laboratory test systems. The reactant gases of fuel cells are
humidified by passing through the water whose temperature is controlled.
This is good for experimental work, but not applicable to automobiles because
of large energy consumption.

Humidification using porous bipolar plate is internal humidification type
and it was proposed by Staschewski. In this type, water is supplied to
membrane from cooling water channel through small pores which formed in
the bipolar plate (Fig. 1.1(c)).

Fig. 1.1(d) shows the schematic view of absorbent wick applied fuel cell.
The sponges installed in the fuel cell absorb water from air outlet area and
transport it to inlet area by capillary force. It is very simple, easy to
manufacture and very cheap. Moreover, it does not cost power consumption.
But it also has disadvantages such as the need of high pressure and difficulty
of controlling. If these problems are solved, it can be a good solution as a
humidifier for fuel cell vehicles.

Fig. 1.1(e) shows direct water injection type. It was invented by Wood et
al. and the liquid water is injected directly to interdigitated flow field.

Normally direct water injection to fuel cell leads to the electrode flooding.



However, interdigitated flow field makes reactant gases to blow the water
through the cell and over the entire electrode. In this type the reactant gases
must be pressurized to pass through the gas diffusion layer and high pressure
costs much power consumption.

Other form of humidification is using a self humidifying electrolyte
membrane. Generally membrane permeates only protons; hydrogen ions.
However a small amount of hydrogen and oxygen crosses over the membrane.
This causes voltage drop and fuel waste. The Pt nano-particles in self
humidifying electrolyte membrane suppress crossover by catalytic
recombination of crossover hydrogen and oxygen and the produced water
gives moist to the membrane (Fig. 1.1 (f)). It has advantages of not having
additional equipments, good performance and rapid start up at low
temperature. However manufacturing process is complex and the price is
expensive.

Likewise, heat rejection of PEMFCs has very important effects on their
performance and durability. Although PEMFCs have very high energy
conversion efficiency, they produce an amount of waste heat proportional to
their electrical power output. Furthermore, a higher temperature can
accelerate the degradation of the membrane and catalyst and reduce the stack

performance. Thus, the heat generated should be removed effectively to avoid



overheating of the stack components, especially the membrane, and to
maintain a favorable operating temperature range, which is usually from 60 to
80°C. Although many cooling methods are exist, to obtain sufficient cooling
capacity that can manage a large amount of heat generated by PEMFC in high
power region a very large heat transfer area is required. However, when
stringent space requirements must be met, the radiator size must be limited,
and cooling capacity is thus restricted. In such cases, the stack temperature
may rise above 80°C, so its output power should be limited to prevent
overheating of the stack, especially under harsh heat rejection conditions, such
as operation in summer. Given these challenges, a novel technique for
humidification and cooling of PEMFCs is greatly needed.

Studies of systems for both humidification and evaporative cooling by
water injection have been conducted. However, it is difficult to identify
practical applications or study dealing with both humidification and
evaporative cooling issues at the same time. Furthermore, some of these
systems require changes to the stack design or use of supplementary devices
that consume electrical power or increase the manufacturing cost and system
complexity.

For commercialization of fuel cell vehicles, humidifiers must meet both

high humidification performance and low energy consumption for



humidification. Moreover, it is necessary to have high durability, low cost for
manufacturing and compact size. And proper heat management is also

required.

1.3 Objectives and scopes

In this study, to eliminate the need for a bulky humidifier and to lighten
the cooling load of PEM fuel cells, a cathode humidification and evaporative
cooling system using an atomizer was developed and its performance was
investigated both numerically and experimentally.

In chapter two, numerical simulation of humidification performance
using atomizer is mainly discussed. In order to carry out this simulation, an
atomizer suitable for PEM fuel cell systems was investigated and water
evaporation in the cathode channel was modeled numerically. Finally, from
the result of the atomizer and the humidification model, PEM fuel cell
performance was simulated.

In chapter three, a direct water injection system using an air-assist nozzle
was developed and its feasibility test was conducted. Humidification and
evaporative cooling performance was investigated experimentally with large

area PEM fuel cell stack of 250 cm? especially focusing on the high current

10



region which require large amount of humidification and cooling loads.

In chapter four, the operating characteristics of PEM fuel cells with a
direct water injection system were investigated to provide useful information
and better understanding on this system. Water injection flow rate, water
injection temperature, stack operating temperature, stack operating pressure
and cathode stoichiometric ratio are considered as operating variables. An
operating strategy applying intermittent water injection and the effect of water
injection on start-up process also investigated.

In chapter five, conclusions are given along with the brief summarization

11



Chapter 2. Numerical analysis on the cathode

humidification of direct water injection method

2.1 Introduction

There are various methods of humidification for PEM fuel cell, and each
kind of humidifiers has advantages and drawbacks. Among them, membrane
humidification is commonly used to PEM fuel cell. There are two types of
membrane humidification, liquid-to-gas method and gas-to-gas method. Chow
et al. (1998) have reported a membrane humidification which is type of
liquid-to-gas method. Hydrogen and oxidant gases are humidified by passing
the gas on one side of the membrane and deionized water on the other side
before entering the fuel cell. In such arrangements, deionized water is
transferred across the membranes to the fuel and oxidant gases like air. This
kind of humidifiers is usually based on the planar structure similar to PEM
fuel cell stacks except gas diffusion layer, but apparatus itself is too expensive
and durability of humidifier is low. In 1999, Paul Scherrer Institute proposed
gas-to-gas type membrane humidifier which uses hot and humid exhaust gas
to humidify dry incoming gas through membranes. Generally, this gas-to-gas

membrane humidifiers have numerous tubular bundles made of Nafion®
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membranes which is shown in Fig. 1.1. This kind of humidifiers can simplify
the water management system, because they use the moist contained in
exhaust gas. Moreover, membrane humidifier also can be operated as heat
exchanger. So it is possible to humidify gases at temperatures close to the
operating temperature of the fuel cell. However, it is difficult to control the
humidity and it is not sufficient in high power range of the system. Besides,
due to its massive volume PEM fuel cell systems become larger and this is
negative factor in commercialization. This is why novel method for

humidification of PEM fuel cells which have compact size is required.

2.2 Numerical model of cathode humidification

2.2.1 Selection of atomizer and its model

Injector is fluidic device which can provide a liquid jet by pressurizing a
liquid or gas thorough small nozzles. Atomizer is a kind of injector for the
purpose of transforming the bulk liquid into droplet. The process of
atomization is one in which a liquid jet or sheet is disintegrated by the kinetic
energy of the liquid itself, or by exposure to high-velocity air or gas. As their

name suggests, pressure atomizers rely on the conversion of pressure in

13



kinetic energy to achieve a high relative velocity between the liquid and the
surrounding gas (see Fig. 2.1 (a)). They include plain-orifice and simplex
nozzles, as well as various wide-range designs such as variable-geometry,
duplex, and dual-orifice injectors (see Table 2.1). Air-assist atomizers use the
beneficial effect of flowing air in assisting the disintegration of a liquid jet or
sheet (see Fig. 2.1 (c)). It is operated at low injection pressure with air or
steam. In principle, the airblast atomizer functions in exactly the same manner
as the air assist atomizer (see Table 2.1). The main difference between the two
systems lies in the quantity of air employed and its atomizing velocity. Air
velocity through an airblast atomizer is limited to a maximum value (usually
around 120 m/s), and a large amount of air relative to supplying liquid is
required to achieve good atomization.

This study is based on air-assist type injectors. To facilitate evaporation
of injected water in the cathode channel, it is important to atomize liquid
water into very fine droplets because heat and mass transfer rates increase as
the droplet size decreases and the total surface area increases. Taking into
consideration this principle and the characteristics of a PEMFC system,
particularly the air-providing part, we selected an external-mixing air-assist
nozzle as the atomizer. This atomizer produces the finest droplets possible for

a given liquid flow rate and air supplying pressure. In contrast to single-fluid
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(a) Solid cone simplex nozzle (Courtesy of Delavan, Inc.)
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(b) Plain-jet airblast atomizer (Jasuja)
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(c) Air assist nozzle (Salman et al., 2007)

Figure 2.1 Various injectors for atomization
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Table 2.1 Positive and negative factors of various types of atomizers

Types Description Positive factor Negative factor
Plain orifice Simple, Cheap Narrow spray angle
Pressure atomizer Simplex S_imple, Cheap Needs high supply pressure
Wide spray angle
Duplex Simple, Cheap Spray angle narrow as liquid flow

Wide spray angle

rate is increased

Internal mixing

Good atomization
Prevent clogging
Can atomize high viscosity liquids

Liquid can back up air line
Needs external source of high
pressure air or stream

Air-assist . ;
Good atomization Needs external source of high
External mixing Prevent clogging pressure air or stream
Can atomize high viscosity liquids Does not permit high AFR ratio
Narrow spray angle
Plain jet Easy to control Atomizing performance inferior to
prefilming airblast
Air blast
Good atomization at high air N )
Prefilming pressure Atomization poor at low air

Wide spray angle

velocities
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atomizers that require high pressures to produce fine sprays, air-assist
atomizers can produce fine sprays at relatively low pressures such as 50 kPa
of pressure difference at minimum. This atomizers also have several other
advantages over internal mixing-type atomizers, including ease of control,
fine atomization performance with high uniformity, and low likelihoods of
malfunctioning, and erosion. Furthermore, the liquid may be introduced either
under pressure or without excess pressure using an external-mixing air-assist
atomizer. Accordingly, without a pump, the nozzle is able to atomize and
discharge liquid water using just a high-velocity air stream. Although this type
of nozzle requires a high air-to-liquid ratio (ALR) in terms of the mass flow
rate (ALR =, /m

iq)» PEMFC systems have air-providing devices such as

blower or compressor that can accommodate high air flow rates.

The nozzle specifications were based on the range of air flow rates of a
five-cell PEMFC stack with an active area of 250 cm?. Assuming that the
water required for injection is supplied from the water produced in the
PEMFC, the water production rate of the stack was also considered. The mass
flow rate of the cathode inlet air and the PEMFC water production rate are
determined as follows.

I-N-M,,

My iy = ————2" - 1 (2.1)

air, in * “Yeathode
4F %,
2
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I i N i Mwater (22)

Mher, ot = 2F
When the stoichiometric ratio (SR) and current density are 2.0 and 1.2
Alcm?, respectively, which are typical values for general operating conditions
at high current densities, the mass air flow rate and the water production rate
are 1.075 g/s and 0.140 g/s, respectively. The spray should have a narrow
angle and centralized pattern to avoid as much as possible the droplets
impinging with the inner surface of the tubes, because the nozzle orifice is
positioned in the air providing tubes of cathode inlet. Considering all of the
above factors, we selected an external-mixing air-assist nozzle with a round
spray pattern. Figure 2.2 shows a schematic illustration of the coaxial,
external-mix air-assist nozzle (Spraying Systems Co., Chicago, lllinois, USA,
SUZLA setup) used in this study and its spray pattern. This nozzle requires an
air flow rate of 17 I/min (= 0.341 g/s at 20°C, 1 bar) at 1.5 bar of air supplying
pressure and has a spray angle of 18° with a round pattern. These

characteristics are quite suitable, given the selection criteria stated above.
The spray droplet size is a crucial parameter of the atomization process.

Because of the complex and random nature of the atomization process, the

spray can be regarded as a spectrum of droplet sizes distributed around some
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Fluid cap Air cap Nozzle

(a) schematic

(b) round spray pattern

Figure 2.2 Coaxial external-mix air-assist nozzle

19



defined mean droplet size. At present, the most widely used mean diameter

definition may be the Sauter mean diameter
(SMD=D[3,2]=d,, =>nd?/> nd?, where n, is the number of droplets

per unit volume in size class i and d, is the droplet diameter) for air-assist
atomizer. Equation (2.3) is a semi-empirical droplet size correlation for water
and aqueous solutions of glycerol derived by Walzel. According to Hede et al.,
Walzel’s equation is the best choice for use in estimating the droplet size in

atomized aqueous solutions, including water.

-0.40

AIDair ) d orifice

2
m;;
iiq '£1+ m;:j

is the nozzle orifice diameter, AP. is the

orifice air

d32 = dorifice 035 (1+ 250h) (23)

In this equation, d
pressure drop in the gas through the nozzle (often simplified as the difference

between the nozzle pressure and the ambient pressure into which the nozzle

stream expands), 7;, is the liquid surface tension, and Oh is the Ohnesorge

number that relates the viscous forces to the inertial and surface tension forces,

according to Eq. (2.4).

Oh = Hiig viscous forces
\/7qu PiiqUaroplet Jinertia - surface tension

(2.4)

In this equation, u;, is the dynamic viscosity of liquid and p, is the

20



liquid density. For liquids with low viscosity such as water, the Ohnesorge

number rarely influences the droplet size as much as other parameters do. As

mentioned previously, the ratio between r,, and m;, is referred to as the

ALR.

2.2.2 Humidification model of injected water

Figure 2.3 shows the humidification model and control volume for
analysis. As the flow proceeds downstream, perfect transverse mixing is
assumed at each location. Thus, heat and mass transfer from a drop in the
control volume is assumed to spread immediately and uniformly everywhere
in the control volume. The channel wall is assumed to be adiabatic, but heat
and mass transfer due to evaporation from walls are included in the model.
The duct pressure is assumed to be constant and equal to the ambient pressure
as a result of which momentum transfer between drops and air is neglected.

To carry out humidification simulation, it is necessary to consider related
governing equations. In this study, mass, momentum and energy conservation
equations are considered. Drag coefficient flow around the droplet, mass

concentration properties, heat and mass transfer correlations are also
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Figure 2.3 1-Dimensional model of droplet evaporation
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considered.

Conservation of mass
The conservation of water vapor mass in air can be expressed as Eq. (2.5)
where the increase in mass and mass fraction of water in the air water mixture

(X) occurs due to evaporation of drops, channel surface.

d_X_ndhmAs(xs_X)+hm,wallp'(xwall_X)_id_u_idﬁ (25)
dx U,u Au udx p, dx '

The drop evaporation causes mass loss which is reflected in there

decreasing diameters. The conservation of drop mass can be written as Eq.

(2.6).
B oa (X — X

dD _ hwpa(Xs=X) 2.6)

dx Uy

Conservation of momentum

For air, the conservation of x-momentum represents the balance of air
acceleration with momentum addition from drops, change of mass (due to
evaporation from drops), pressure gradient in duct and wall shear stresses
(Kachhwaha, 1996). In the model of this study, air pressure was assumed
constant throughout the channel. Momentum assumed to be negligible and,

therefore, the air momentum equation is not used in the simulations.
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The deceleration of drops in x-direction can be expressed as Eq. (2.7).

du,  0.75C,pW(U,-u) 3u, dD 27)
dx U,pD D dx '

Here, the right-hand side represents drag force and inertia force

occurring due to drop mass change.

Conservation of energy
Change in air temperature occurs due to mass and heat transfer from

droplets and from the channel walls which can be expressed as Eq. (2.8)

dT, _ [heD’hp, (X, = X)=nhaD? (T, =Ty )|
dx Cp.apallU,

P
+|:hfg,wall hm,wallpa (Xwall -X )_ hwall (Ta _Twall ):' {m} (28)

s Fd_u 1 dpa} hy dX

CpalUdx ZK

Energy balance of drops represents the rate of change of drop

temperature, and the mass and heat transfer occurring with air.

dr, _ 6[N(T. ~Ts)~hghupa (X, = X)]  3n, dD
dx Dp|UXCde prdD dx

(2.9)

Drag coefficient
Here each drop is assumed to behave like a rigid sphere for which drag

coefficient-Reynolds number relations are available (Lin et al., 1988).
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Co =24/Req for Rey <2
Cp =18.197/Re***° for 2 <Rey <500 (2.10)
Cp =0.44 for 500 < Rey < 2x10°

Here, Rey is the drop diameter Reynolds number based on velocity of drops

relative to the air which is expressed as Eq. (2.11) and (2.12).

Re, = 22D (2.11)
M
W =U, —u (2.12)

Mass concentration properties
The mass concentration of water vapor at the drop surface is given by Eq.
(2.13).

P (2.13)
ﬂ'p_(l_ﬂ’) Pvs

where, A is the ratio of the air to vapor molecular weight, p, the partial

S

pressure of water vapor and p the total atmospheric pressure. For air water
vapor mixture, A is equal to 1.608. In general, p,, can be approximated by
the saturation pressure corresponding to the droplet temperature.

The mass fraction of water vapor in air can be expressed as Eqg. (2.14).

X=-2 (2.14)
l+w
where, o is humidity ratio, which is related to the saturation pressure p,.

Heat and mass transfer correlations
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The heat and mass transfer coefficients for droplets have been

determined from the correlations developed by Ranz and Marshall (1952).

_h,D

Sh="1==20+06Re,"* S°* (2.15)
Nu = th =2.0+0.6Re " Pro® (2.16)

a

where, Sc is the Schmidt number and Pr is the Prandtl number.

Sc=-t2 (2.17)
Pad
Pr =cp% (2.18)

where, u, and k, are dynamic viscosity and thermal conductivity of air at
temperature T,, and have been determined from the property data given by
US National Institute of Standards’ REFPROP database (NIST, USA).

The mass diffusivity of water vapor in air ¢, has been estimated from

the relation developed by Bird et al. (1960).

2.334
5 =2.495x10"° (T—j (2.19)
292.88

Boundary conditions
The simulation model of humidification and initial condition for

simulation are shown in Fig. 2.4 and Table 2.2. The cathode channel
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height
alr . /X'
droplets  alf
Figure 2.4 Simulation model of humidification
Table 2.2 Simulation condition of humidification
Parameters Value Notes
Cathode stoichiometry 2
Current density 1.0 A/lcm?
Cell active area 100 cm?
Initial water droplet velocity 3m/s
Relative humidity of inlet air 5% dry condition
Channel length, width, height 500, 3, 3 (mm) Duct shape
Inlet temperature of air 60°C
Inlet temperature of droplets 50, 5(53,’80’ 65
Channel wall temperature (cell) 65°C
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dimensions were 500 mm x 3 mm x 3 mm. The air velocity was calculated
with mass flow rate supplied by air blower and area of cross section of
chamber. In fuel cell’s operating condition, ambient air is supplied to fuel cell.

So the humidity of supplied air was fitted to ambient dry air condition.

2.2.3 PEM fuel cell model

A PEM fuel cell model is constructed based on following assumptions.
« A single cell with active area of 100 cm?

* Uniform temperature of gas diffusion layer (GDL) and membran

« Nafion® 112 is used for membrane

» Electro-osmotic drag and back-diffusion are compensated each other

Open circuit voltage (OCV)
If the water product is in vapor phase, OCV is calculated as follows. Eq.

(2.20) is a basic reaction for the hydrogen fuel cells.

1
H, +§Oz —H,0 (2.20)
In a fuel cell, Gibbs free energy of formation is represented by Eq. (2.21).
Ag; = (gf )HZO _(gf )H2 __(Gf )oz (2.21)
Gibbs free energy can be expressed as in Eq. (2.22), and Egs. (2.23) and (2.24)
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for each reactant can be substituted in Eq. (2.22).

AG; (T)=Ah; (T)-TAS(T) (2.22)
ﬁf (T) = 5298.15 + J;;B.lSEpdT
(2.23)
= - o1
S(T) = Soems + LM; CpdT (2.24)

Egs. (2.25), (2.26) and (2.27) are pressure-constant specific heats for each

reactant with temperature in Kelvin, which can be substituted into Egs. (2.22),

(2.23) and (2.24).

Ch 0 =143.05 —58.040T °% +8.2751T °° —0.036989T (2.25)
Co.n, =56.505—22222.6T °7 +116500T * —560700T *° (2.26)
Cr.o, =37.432+2010.2x10°T"® —178570T ** -+ 2368800T (2.27)

Summarizing above equations, the reversible OCV for a hydrogen fuel cell is

given by Eq. (2.28)
—Ag;
2F

oCV = (2.28)

Theoretical values of OCV obtained from the calculation based on the
above equations show that the OCV curve decreases evenly as the reacting

temperature rises.

\oltage Losses
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\oltage losses are classified into ohmic loss, activation loss and
concentration loss. Following equations are used in calculation of voltage
losses in this study. Related parameters are explained in Table 1. Ohmic losses
in a MEA can be expressed like Eg. (2.29) which sums voltage losses in anode,

cathode and proton exchange membrane.

I le

nR(T)=iZ§=i(|i+l+—j (2.29)

Oa Om O¢

lon conductivity of Nafion® used as proton exchange membrane in this study

is a function of water content and temperature as shown in Eqg. (2.30)

o, =100exp 1268[i—1 (0.005139.4 - 0.00326) (2.30)
303 T
Where 1=0.043+17.18a—39.85a* +36.0a* for 0<a<1
A=14+14(a-1) for 1<a<3

Activation loss and concentration loss are expressed as in the following

equations.
RT i+i
T)=—-oI k 2.31
ﬂA( ) 2aF n( io j (2:31)
RT i
T)=——In|1-—— 2.32

Polarization curves

Applying above OCV and voltage losses, operating voltage of a unit cell
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can be expressed as in the following equation

V =0CV - R — (77A,anode + 77 cathode ) - (77C,anode + 7]c cathode ) (233)

Although OCV decrease as the cell temperature rises, total voltage losses are
reduced enough to raise overall operating voltage as shown in Fig. 4.

For the same level of power, operation at high voltage results in low current
density of the fuel cell, which leads to a low fuel consumption of the fuel cell.
Low fuel consumption means a good efficiency of the fuel cell system. Table
2 shows a fuel consumption rate according to the operating temperature of the
fuel cell. Even though the stack efficiency is good at high operating
temperature, stack operation at high temperature is greatly restricted by
durability and ion conductivity of membranes. As the ion conductivity of
membranes depends on the water activity, high temperature operation is
possible when adequate humidification methods are applied. Moreover, as the

heat and water balance of the system are largely influenced by the operating

temperature, the stack operating temperature is usually maintained at about 60°C

~80°C for Nafion® membranes. Recently, by the advent of some high

temperature membranes like NFB (newly found fluorine- based) ion-exchange

polymer composites or PBI class membranes, it is expected that stack

operation at high temperature over 100°C could be realized. When the fuel
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cell is operated at high temperature over 100°C, heat releasing problems

would be easily solved without large and complicated heat release devices.

Moreover, humidification can be simplified.

2.3 Simulation results

2.3.1 Atomizer performance

Figure 2.6 shows calculation result of the air assist nozzle by eq. (2.3).
Figure 2.6 (a) shows droplet size with change of air to liquid ratio (ALR) for
various pressure differences and figure 2.6 (b) shows droplet size with change
of nozzle diameter for various ALRs. As shown in this figure, very fine
droplets are produced from the nozzle under all the considering conditions.
And droplet size decreases with increase of pressure difference, ALR and
lower nozzle diameter. Atomization performance is important factor for
droplet evaporation and water evaporation directly affect the PEM fuel cell
performance. Hence, it is important to maintain proper pressure difference and
air to liquid ratio. In addition, the nozzle should be selected properly

considering capable air and water flow rates.
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Figure 2.6 Calculation result of atomizer performance
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2.3.2 Humidification performance

Numerical simulation of injector humidification was carried out
according to the condition shown in Table 2.2.

Fig. 2.7 shows the result of simulation with air assist nozzle. The length
of channel is 50 cm and active area is 100 cm? MEA (membrane electrolyte
assembly). After passing through the cathode channel, droplet diameter with
50 um attains dew point of 41.1°C, droplet diameter with 25 um attains
48.0°C and droplet diameter with 10 um attains 56.0°C. Because the lower
droplet size is, the more evaporation of water occurs, hence, the dew point
temperature of air increases. These results are not sufficient to operate PEM
fuel cell systems. But it is comparable to the conventional humidifier, such as
membrane humidifier, at high current range.

Effect of injected water temperature on the performance of
humidification is shown in Fig. 2.8. Relative humidity of air which stands for
the humidification performance increases as the water temperature goes up.
Temperature of water is critical parameter for the performance, so it is
important to minimize the heat loss and maintain the temperature of water
which is supplied from water reservoir.

In Fig. 2.9, change of droplet size and mass fraction with increasing
distance are showed at nozzle diameter of 0.4 mm. Droplet size decreases by
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evaporation of water at the droplet surface and vapor mass fraction increased
due to water evaporation After passing through the cathode channel, droplet
size becomes about 21.5 pum. It can cause water flooding when the droplet
collides into the channel wall or GDL surface. To prevent water flooding

problem, it is necessary to control the water injection flow rate or timing.

2.4 Summary

In chapter two, numerical simulation of humidification performance using
atomizer is mainly discussed. In order to carry out this simulation, an atomizer
suitable for PEM fuel cell systems was investigated and water evaporation in
the cathode channel was modeled numerically. Finally, from the result of the
atomizer and the humidification model, PEM fuel cell performance was

simulated.
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Chapter 3. Fundamentals of direct water injection

system and feasibility test

3.1 Introduction

In this chapter, a direct water injection system using an air-assist nozzle
was developed. The development of direct water injection system is divided
into two parts. The first is application of the atomizer to air-providing part of
PEM fuel cell. And the second is to develop an evaluation method for
humidification and evaporative cooling performance. Feasibility test of the
direct water injection system was conducted with large area PEM fuel cell
stack of 250 cm?. Before stack experiments, water atomization performance of
the selected air-assist nozzle was carried out by using a laser diffraction sensor.
Then, the tests of the water injection system on the humidification and
evaporative cooling performance were carried out at high current density

region with dry air assuming in harsh operating conditions.
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3.2 Development of direct water injection system

3.2.1 Application of the atomizer to air-providing part

Figure 3.1 shows a schematic diagram of the assembly of the air-assist
atomizer and air-providing tubes with an external diameter of 25.4 mm (1
inch), which tubes are connected to the cathode inlet. In positioning the
atomizer in the air-providing system, the first concern is ensuring that the
central axis of the nozzle and the air-providing tubes coincide, as shown in
Fig. 3.1. The reason for this is that when droplets impinge forcefully with the
inner surfaces of the air-providing tubes, the droplets will combine at the
surface, forming liquid water, so they cannot be introduced into the stack in
the form of fine droplets. The assembly is a combination of air-providing
tubes from the bubbler humidifier and the atomizer, with a compressed air
flow line and separate liquid water flow line. The rate of air flow into the
nozzle (the secondary air flow line in Fig. 3.1) is fixed to maintain the same
pressure difference of 50 kPa. To provide the proper amount of air for the SR
of the PEMFC stack, the remaining air flow is supplied through the primary
air flow line. Consequently, the total air flow supplied to the cathode inlet is

the sum of the primary and second air flows. The other important role of the
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primary air flow line is to control the humidification conditions. The air tank
provides very dry air at a dew point temperature below -20°C. Providing this
air without any humidification is inconsistent with the actual operating
conditions of the PEMFC. So, the bubbler humidifier provides the air flow
with water vapor to control the relative humidity (RH) of the cathode inlet,
considering the low humidity of the ambient air. Finally, the liquid water is
introduced into the nozzle in a precise manner by the liquid mass flow

controller (MFC).

3.2.2 Performance evaluation method

To evaluate the performance of the direct water injection system using
air assist nozzle, particularly the evaporative cooling performance, analyzing
method is investigated. The key point of a quantification of evaporative
cooling performance is to detect a dew point change at the cathode outlet.
Figure 3.2 shows measured and theoretical values which can be obtained from
the stack experiments. The underlined values are obtained from calculation
with combination of theoretical equations and measured values. For example,
heat generated from the PEM fuel cell stack is calculated by theoretical

equation that measured voltage and current are used for this.
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In this figure, to quantify evaporative cooling performance the best
important thing is measuring dew point temperature of the cathode outlet.
From the dew point temperature of the cathode outlet we can know partial
vapor pressure then mass of water vapor per unit mass of dry air (g/kg) is
calculated. Comparing dew point temperature of the cathode outlet with
injection/non-injection condition, evaporation flow rate of injected water can
be obtained. The enthalpy change of evaporated water time evaporation flow
rate means evaporative cooling rate (i.e. heat rejection rate by evaporative
cooling).

Another consideration is also required to investigate the evaporative
cooling performance. This is a composition change of the cathode air.
Generally, normal atmospheric air is supplied to cathode inlet and oxygen is
consumed inside the fuel cell due to chemical reaction. Because oxygen is
consumed along the cathode channel, air composition at the cathode outlet
changes. When calculate a humidity ratio, mass of water vapor per unit mass
of dry air, molecular weight ratio between gas and water vapor should be
calculated first. Figure 3.3 shows change of air composition at the cathode

inlet/outlet when stoichiometry ratio is 2
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3.3 Feasibility test

3.3.1 Water atomization performance

Before experiments were conducted using the stack described in the
previous section, the atomization performance and characteristics of the air-
assist nozzle used in this study were investigated. Figure 3.4 shows the
measurement device and the principle of droplet size distribution. In this study,
the measurement results obtained using a laser diffraction method (Sympatec,
Clausthal-Zellerfeld, Germany, HELOS). Laser diffraction method is
analyzing particle size distributions by measuring the angular variation in
intensity of light scattered as a laser beam passes through a dispersed
particulate sample.

Figure 3.5 show two case of droplet size distribution. Fig. 3.5(a) is a
general result of the measurements that have uniform distribution. From eq.
(2.3) and, the droplet size and the uniformity decrease when the pressure
difference and the air to liquid ratio (ALR) are low. In this case, despite of low
pressure difference of 50 kPa, droplets from the nozzle have uniform
distribution. However, in Fig. 3.5(b), the droplet size distribution have another

peak in large size region compared to Fig. 3.5(a). It means that the droplets
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(a) Picture of measuring device: HELOS H2854
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Figure 3.4 Measuring device and the principle of droplet size distribution
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from the nozzle was less uniform than Fig. 3.5(a). This condition has high
pressure difference of 200 kPa but also has very low ALR value of 0.49. From
the result of Fig. 3.5, when the ALR value is too low, the uniformity of the
spray dropped in spite of high pressure difference. In the Fig. 3.6, the
measured value of Fig. 3.5(b) is not included because of its low uniformity.

Figure 3.6 shows the change in the droplet size in SMD with change in
ALR for various pressure differences. Figure 3.6(a) shows the result of a
calculation based on Eq. (2.3) and (b) shows measurement results. All of the
property values used in the calculations were taken from the US National
Institute of Standards’ REFPROP database (NIST, USA).

In the measurements, the ALR ranges were confined to values less than 3
because of the limitations of the measurement device. Thus, the given
conditions for the two cases were not exactly the same. Nonetheless, the
measured data is useful for comparison with the values obtained from the
calculation results. The calculated and measured values are somewhat
different, the former being smaller in most cases. However, the two sets of
data exhibit the same trends with respect to the effects of the ALR and the
pressure difference on the droplet size; the larger the ALR and the pressure
difference are, the smaller the droplets produced by the nozzle. Moreover, the

results show that very fine droplets, less than 25 pm in diameter, were
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produced under all of the injection conditions considered.

In the measurement results, the effect of pressure difference on the
droplet size when it is over 0.5 kPa is not that large compared to calculation
results. And where the ALR is over 2, the droplet size varies only a little in
calculation. Although there are not enough cases, speaking in terms of the
effect of ALR, it is supposed that the tendency in measurement may be similar
to the results of calculation. In the stack experiments, the pressure difference
and the ALR were set to 50 kPa and over 2.5, respectively. For these
conditions, the variation of droplet size must be very small, so the effect of
droplet size on the humidification and evaporative cooling is not considered in

this study.
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3.3.2 Experimental

Experimental setup and measurement

Figure 3.7 shows a schematic diagram of the experimental setup. The
experiments were conducted with a five-cell fuel cell stack with an active area
of 250 cm?. Using air and hydrogen MFCs, the cathode/anode SR numbers are
adjusted. The relative humidities of the cathode/anode inlets are controlled
through the bubbler humidifier. The temperatures at the cathode/anode inlets
are controlled by the line heater that wraps around the tube lines. Although
water can be supplied to the nozzle by siphoning without any water-providing
device, the liquid MFC is used to control both the water flow rate and the
atomization performance of the nozzle. The electronic load (Kikusui
Electronics Corp., Yokohama, Japan, PLZ1004W and PLZ2004WB, accuracy
in constant-current mode: +1.2% of setting, +1.1% of full scale) draws current
and consumes electrical energy from the fuel cell stack in constant-current
mode. Experimental data, including single-cell voltages, were collected using
a data acquisition unit (National Instruments, Austin, Texas, USA, cDAQ-
9172 and various modules). The dew point temperature was measured using
chilled-mirror-type hygrometers (Azbil corp., Tokyo, Japan, FDP-SP). During
operation of the system, there is a relatively large amount of liquid water in
the stream at the cathode outlet because of water injection. Therefore, to
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Table 3.1 Measurement accuracy of sensors

Sensors Model Manufacturer Measurement accuracy
Thermocouple T-type - +0.3°C
Resistance temperature detector Pt 100 Q - +0.1°C
Dew point hygrometer FDB-SP Azbil +0.5°C
Mass flow controller (air) F-202AV, F-201C Bronkhorst High-Tech  + 0.5% of reading + 0.1% of full scale
Mass flow controller (H2) F-201C Bronkhorst High-Tech  + 0.5% of reading + 0.1% of full scale
Mass flow controller (water) M13 V14l Bronkhorst High-Tech  + 0.2% of reading + 0.2 g/h zero stability
Mass flow meter (coolant) ULTRAmass MKIlI Oval + 0.2% of reading
Pressure transmitter (nozzle) S-10 WIKA + 0.25% of full scale
Pressure transmitter (others) PSH Sensys + 0.15% of full scale
Differential pressure transmitter 3051CD Rosemount + 44 Pa
Voltage sensor (single cell voltage) NI19215 National Instruments + 0.02% of reading
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remove fluctuations and enhance the accuracy of the measurement of the dew
point temperature, a water separator (SMC corp., Noblesville, Indiana, USA,
AMG150C) was installed just before the dew point hygrometer. This cyclone
water separator removes 99% of the liquid water in the incoming flow except
the vapor phase. Deionized water coolant is supplied from a thermostatic bath
by a pump. The accuracy of the sensors, their manufacturers, and model

names are given in Table 3.1.

Experimental conditions

The experimental conditions are summarized in Table 3.2. To investigate
the effects of temperature on the evaporation of injected water, two stack
operating temperatures were considered: 60 and 70°C. The operating
temperature of the stack is controlled by coolant circulation, and the coolant
flow rate was fixed at 5 I/min. This is the maximum flow rate of the
circulation pump that enables minimization of the temperature difference
between the coolant inlet and outlet. Hydrogen (H2) is supplied at the
operating temperature of the stack and 100% RH, with an SR of 1.5. Air is
supplied at the same temperature with an SR of 2.0, and its RH is fixed at
20%, considering the low humidity of the ambient air without additional

humidification.
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Table 3.2 Operating conditions in the experiments

Operating parameters Values
Operating temperature (°C) 65
Operating pressure (bar) 1
Coolant flow rate (I/min) 5

Relative humidity (%)

Reaction gas stoichiometric ratio

Pressure difference of the nozzle (kPa)
Water injection flow rate (mL/min)
Temperature of injected water (°C)
Operating current density (A/cm?)

Cathode (air): 20
Anode (H2): 100
Cathode (air): 2.0
Anode (H2): 1.5
50

1,3,5

40

0.8,1.0,1.2
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The nozzle orifice diameter is 0.4194 mm. The pressure difference
between the air inlet and the injection orifice was fixed at 50 kPa. Although
the atomization performance of the nozzle is better when the pressure
difference is higher, larger pressure differences require more power
consumption. The water injection flow rates from the nozzle were set to 1, 3,
and 5 ml/min, based on the maximum water production rate of the stack,
because the system was designed assuming that the water required for
injection would be provided from the water produced in the PEMFC stack, as
mentioned previously. The theoretical maximum water production rate,
including both the liquid and vapor phases, was taken to be 0.140 g/s (= 8.40
ml/min at 20°C) at a current density of 1.2 A/cm?. Considering the occurrence
of condensation with decreasing temperature at the cathode outlet and its
storage during non-injection situations at low current densities, a maximum
usable water flow rate of 5 ml/min was thought to be reasonable. The
temperature of the injected water was set to 40°C, assuming that the water in
the storage tank at the cathode outlet would be at this temperature. All of the
experiments were conducted at high current densities (0.8, 1.0, or 1.2 A/cm?)

within the range corresponding to high heat rejection and humidification loads.
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Experimental procedure

In the stack performance test using direct water injection method, it
should be noted that the water at the cathode flow channel should be removed
before every experiment to insure that the effects of water injection are
measured accurately. This water removal was progressed until the humidity at
the cathode outlet reached a steady state using a large amount of low-humidity
air with zero current (i.e. without electrical load). And the current was then
increased to be within the target high current density region. When the current
reached the desired value, it was maintained until the stack performance
reached a steady state. Water injection was then begun. While liquid water
was being injected into the cathode inlet of the stack, changes in the stack
performance and the dew point temperature of the cathode outlet were

monitored.

3.3.3 The effects of direct water injection method

Fundamental considerations
Figure 3.8 shows changes in the average cell voltage and dew point
temperature of the cathode outlet for an operating temperature of 65°C, a

current density of 1.0 A/cm?, and a water injection flow rate of 5 ml/min. As
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Fig. 3.8 shows, the fuel cell stack is in a steady state before the water injection
begins. Immediately after the water injection begins, the stack voltage and the
dew point temperature of the cathode outlet increase, indicating that the
injected water evaporates through the cathode flow channel. The rise in the
dew point temperature of the cathode outlet is a clear proof of the evaporation
of the injected water. The increase in the average cell voltage reflects the
humidification effect of water injection, but it cannot be concluded that this
effect is due only to the water vapor. It is in fact the result of membrane
hydration by both the water vapor and the liquid water. On the other hand,
because the dew point temperature is a parameter that represents the amount
of water vapor in the gas stream, the increase in the dew point temperature of
the cathode outlet can be attributed to the evaporation of the injected water
only. Therefore, the evaporation rate of the injected water can be determined
from the difference in the humidity ratio at the cathode outlet before and after
the water injection begins, as shown in the following equation.

m m

Aw (3.1)

evap — ' fair, out *

In Eq. (3.1), M, o isthe mass flow rate that exiting air at the cathode outlet
and it can be expressed in following equation.

m

Lir, out = Mhir in — mO2

(3.2)
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In Eq. (3.1), Aw is a change of the humidity ratio at the cathode outlet and the
humidity ratio at the cathode outlet is defined as the mass of water vapor per

unit mass of dry air (gw/kgsa). It can be calculated from the following

equations.
m, MP P A-P
——w _Tww _ AW w (3.3)
m, MaPa Pa (P_Pw)
A= m .1000 (3.4
M (air)

In Eq. (3.3), P, is equal to the P, corresponding to the dew point
temperature at the cathode outlet, which can be calculated from the "Wagner,
Pru" formula. In applying the value of M(air) to Eq. (3.4), it should be
noted that the molecular weight of the exhaust gas at the cathode outlet is
different from atmospheric air. Because of oxygen consumption in the fuel
cell stack, the exhaust air composition changes. For an SR of 2.0, considering
oxygen consumption on the cathode side, and M (exhaustair) of 28.60
g/mol, the molecular weight ratio in Eq. (3.4) becomes 0.630.

Figure 3.9 shows changes in the coolant temperature of the stack
inlet/outlet and the heat rejection rate by the coolant. Deionized water is used
as a coolant in this study and the heat rejection rate can be calculated from Eq.
(3.5).

Qcoolant = rﬁcoolant : Cp, coolant A-l-coolant (35)
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In this experiment, before water injection begins, the stack efficiency is very
low because of insufficient cathode humidification by the supplied air, which
has an RH of 20%. Accordingly, as Eq. (3.6) shows, there is considerable heat
generation by the fuel cell.
Qo = @.253-V,,)-N -1 (3.6)
In Eq. (3.6), 1.253 is the voltage equivalent of the lower heating value
(HHV), also called the thermal cell voltage. In this situation, when water
injection begins, the heat generation rate decreases because of the efficiency
enhancement caused by the humidification effect. In addition, because of the
evaporative cooling achieved by the water injection, the stack temperature
decreases. This is reflected in the decrease in the coolant outlet temperature,
which also implies that the heat rejection load of the coolant radiator

decreases.

Humidification effect

The humidification level affects the fuel cell performance directly, so the
humidification effect can be assessed by comparing the average cell voltages
with and without water injection. Figure 3.10 shows the fuel cell performance
at operating temperatures of 60 and 70°C for various water injection flow

rates and high current densities. The lower 4 lines of this figure are average
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cell voltage curves and the upper 4 lines are electric power curves. The
electric stack power is as following equation.
Fa =Vear -N -1 (3.7)

The effects of residual water

Referring again to Fig. 3.8, after the water injection is stopped, the stack
output voltage gradually decreases and reaches a value that is higher than that
before the water injection began. This indicates that after the water injection
stops, residual liquid water at the cathode flow channel is used for
humidification. The dew point temperature of the cathode outlet drops sharply
after the water injection stops and reaches a value lower than that of the initial
state. This is due to stop of water injection and also attributed to the effect of
the residual liquid water. In general, at the cathode flow channel, the air near
the outlet side is almost saturated due to evaporation of water produced by the
reaction between H; and O,. In this situation, liquid water located in various
places at the cathode channel facilitates condensation of the surrounding
vapor due to the cohesive nature of water. For this reason, after injection stops,
the amount of water vapor in the cathode exhaust gas decreases temporarily.
After a while, however, the dew point temperature increases over time

because of evaporation of the residual water by the cathode air flow. When all
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of the residual water evaporates, the dew point temperature will return to its
initial value of before injection.

Figure 3.11 shows changes in the average cell voltage and the dew point
temperature of the cathode outlet at an operating temperature of 60°C, a
current density of 1.2 A/cm?, and a water injection flow rate of 5 ml/min. This
is an example of a case in which water removal from the stack was not
performed before the water injection. As Fig. 3.11 shows, the average cell
voltage and the dew point temperature of the cathode outlet rise in a manner
similar to that shown in Fig. 3.8. However, in this case, the improvement in
the stack performance is very small. Because the initial value of the average
cell voltage shown in Fig. 3.10 (approximately 0.496 V) is considerably
higher than the value for non-injection conditions and a main air stream with
an RH of 20% (approximately 0.478 V, as shown in Fig. 3.10). This is
attributed to the humidification effect of residual water that was not removed
from the fuel cell stack. Furthermore, the maximum cell voltage
(approximately 0.523 V) is lower than after water removal (approximately
0.540 V, as shown in Fig. 3.10). And the increased voltage continues to
decrease that does not maintain a steady state. This situation is similar to a
flooding phenomenon which is a typical problem of PEM fuel cells]. It is

believed that because the number of reaction sites decreases due to a local
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blockage by liquid water at the cathode channel or gas diffusion layer (GDL).
The sudden rise in the dew point temperature at 450 s can also be interpreted
as an influence of the flooding. It is result of an instantaneous discharge of
water vapor which kept inside the cathode channel due to a local blockage by
flooding.

Finally, as Fig. 3.10 show, the stack performance increase with increased
current density. Because an increase in the current density corresponds to an
increase in the air flow rate for a fixed SR, evaporation of the injected water is
facilitated by increasing the heat and mass transfer rates. Although the water
production rate increases with increasing current density, which has a negative
effect on the evaporation of injected water, it is thought that the effect of an

air flow rate increase is greater.
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3.4 Summary

In this chapter, to eliminate the need for a bulky humidifier and to lighten
the cooling load of PEM fuel cells, a simultaneous cathode humidification and
evaporative cooling system using an external-mixing air-assist atomizer was
developed, and its performance was investigated experimentally.

Measurement of the atomization performance indicated that the air-assist
nozzle produced very fine droplets, 20 to 25 um in diameter, at a pressure
difference of 50 kPa and the given air-to-liquid ratios. And due to its small
variation of droplet diameter, the effect of droplet size on the humidification
and evaporative cooling is not considered in this study.

The results of the stack performance experiments show that the direct
water injection method proposed in this paper is quite effective in cathode
humidification. This system takes only a small volume and able to humidify
in an active manner unlike to other passive humidifiers such as membrane
humidifier. The stack performance improved with an increased water flow
rate because of the increased humidification effect. At a given water flow rate,
the improvement in the stack performance that can be attributed to the

humidification effect was greater when the operating temperature was lower.
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Chapter 4. Operating characteristics of PEMFCs

with a direct water injection system

4.1 Introduction

In this chapter, the operating characteristics considering various relating
variables were investigated to provide useful information and better
understanding on PEM fuel cells with direct water injection system. Water
injection flow rate, water injection temperature, stack operating temperature,
stack operating pressure and cathode stoichiometric ratio are considered in
this chapter as operating variables. Methodology which uses measurement of
current, voltage and dew point temperature is the same as the previous chapter.
In addition, the experiments were performed at broader current range

including low current regions.

4.2 Humidification performance

4.2.1 Experimental apparatus and test procedure
Figure 4.1 shows the schematic diagram of the experimental setup.
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Table 4.1 Operating conditions in the experiments

Operating parameters Values
Operating temperature (°C) 60, 70
Operating pressure (bar) 1.0,15,18
Coolant flow rate (I/min) 3
Relative humidity (%) Cathode (air): 20
Anode (H2): 100
Reaction gas stoichiometric ratio Cathode (air): 1.5, 2.0, 3.0

Anode (H2): 1.5
Pressure difference of the nozzle (kPa) 50

Water injection flow rate (mL/min) 1,35

Temperature of injected water (°C) 25, 40, 60
Gas flow rate (I/min)

Purge process 50/2
(cathode/anode)
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Which is the same as the Figure 3.7 except for back pressure regulator at the
cathode/anode outlet. These two devices were installed at the last of the outlet
tubes to control stack operating pressures.

The experimental conditions are summarized in Table 4.1. In this chapter,
water injection flow rate, water injection temperature, stack operating
temperature, stack operating pressure and cathode stoichiometric ratio are
considered as operating variables. Contrary to previous chapter, all the current
ranges are concerned including low current region in this chapter. There are
merit and demerit for water evaporation in both low and high current region.
In low current region humidity inside the fuel cell is low, which is an
advantage for water evaporation. On the other hand, in low current condition,
amount of supplying air is small and temperature inside the fuel cell is low
which are disadvantage for water evaporation. In high current region, the
effects of humidity, temperature and air flow rate are the opposite in the low
current region.

The experiment consisted of three processes. The first step is purge. The
purge process was carried out over 2 hours with dry air which is
corresponding to 20% relative humidity at operating temeperature. Then
activation process to set the balanced GDL condition was conducted more

than 3 cycles with dry air of 20% RH (100% RH H, for anode) until get the
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uniform performance curve. Finally, the humidification performance with
water injection was measured. In both activation and performance
measurement processes, current density was changed every 0.1 A/cm?. As
shown in Fig. 4.2, in activation process the every current was maintained 2
minutes and in performance measurement process current duration time was
changed depending on the situations. The situations mean water content in
GDL and membrane. Figure 4.3 shows performance change with different
water content in GDL and membrane. Normal purge means purge process
with general atmospheric dry air of 20% RH. Dry purge is performed to
dehydrate the GDL and membrane with totally dry air which dew point
temperature is under -10°C. After dry purge the stack performance is very low
because the membrane is nearly dehydrated condition. This condition is
similar to non-activated new stack. Hence, it takes very long activation time
more than 12 hours to obtain the maximum performance. The stack
performance after normal purge is low than the maximum performance but
the difference is not significant comparing to dry purge condition. And its
activation time to maximum performance is also short. This figure means
stack performance is different with water content or distribution in GDL and
membrane, although the reactant gases have the same relative humidity. This

phenomenon has greater effect on fuel cells with a large active area. Because
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the fuel cells with large active area have long and complex channel and water
distribution of low uniformity. For this reason, during performance
measurement with water injection, purge process is performed to balance
water content inside the cathode. And through a lot of load current cycles the

performance was measured.

4.2.2 Water injection flow rate

Figure 4.4 shows performance curve with different water injection flow
rates when the operating temperature is 60°C, operating pressure of 1 bar and
injection water temperature is 40°C. As shown in this figure the stack
performance increases with the rise of water injection flow rate. It is due to
the more humidification effect with the higher water injection flow rate. In
case of 5 ml/min injection, the stack performance at current density under
0.8 A/lcm? is higher than that of 50% RH condition. However, when the
current density is over 0.9 A/cm? the stack performance is lower than 50%
RH case. The reason for this result is insufficient humidification. Figure 4.5
shows required water vapor to obtain the various target relative humidity of
the cathode inlet air with SR 2. As shown in figure 4.5, at high current region

more water vapor is required to get the same relative humidity. From this
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result, we can know that it is necessary to apply different water injection
flow rate with different current density. Comparing to 50% RH air, other
cases also had lower performance and this effect was appeared at high
current region. The slope change of the performance curve is reflecting this

result.

4.2.3 Injection water temperature

Figure 4.5 shows performance curve with different injection water
temperatures when the operating temperature of 60°C, operating pressure of 1
bar and water injection flow rate of 5 ml/min. Overall, there is no significant
difference in the stack performance with change of injection water
temperature. Comparing to the cathode air of 50% RH, the performance under
0.8 A/lcm? is higher and that over 0.9 A/cm? is lower. However, there is a
small performance change in high current density region. As shown in
simulation result of the chapter 2, this is due to more evaporation with higher

temperature of injection water.
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4.2.4 Stack operating temperature

Figure 4.6 shows performance curve with different operating temperature
when the operating pressure of 1 bar, water injection flow rate of 5 ml/min
and injection water temperature of 40°C. Of the two cases shown in Fig. 4.6,
60°C case reflects better fuel cell performance in high current region and
60°C case has higher performance in low current region. In general, PEM fuel
cells perform better at higher temperatures for a given RH. However, in this
study, the major variable was not the RH of the stream but rather the water
flow rate. At a higher temperature, a larger amount of water vapor is required
to achieve a given RH condition than the amount required at a lower
temperature. For example, at an air temperature of 70°C, to achieve 100% RH
277.3 gw/kgsa Of water vapor is required, whereas at an air temperature of
60°C, to achieve 100% RH 152.8 guw/kgesa Of water vapor is reequired.
Multiplying the air flow rate at 1.2 A/cm? (= 64.524 g/min) by those two
values, 17.89 gw/min for 70°C and 9.86 gw/min for 60°C are obtained
respectively. The difference is so large that it cannot be overcome by a water
injection flow rate of 5 ml/min. Accordingly, for a given water flow rate, the
humidification effect is larger when the operating temperature is maintained

lower.
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Figure 4.6 Stack performance at operating temperature of 60 and 70°C when
the operating pressure is 1 bar, water injection flow rate is 5
ml/min and injection water temperature is 40°C
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4.2.5 Stack operating pressure

Figure 4.7 shows stack performance with different operating pressure
when the operating temperature of 60°C, water injection flow rate of 5 ml/min
and injection water temperature of 40°C. The trend of this result that stack
performance increases with the rise of operating pressure consistent with
previous studies. When operating pressure increase the concentration loss
decreases. Furthermore, in the pressurized system, stack performance
improves because of increase in relative humidity due to the raised partial
vapor pressure. It can be recognized from the slope change at the high current

density region of this figure.

4.2.6 Cathode stoichiometric ratio

Figure 4.8 shows stack performance with different cathode
stoichiometric ratio when the operating temperature of 60°C, operating
pressure of 1 bar, water injection flow rate of 5 ml/min and injection water
temperature of 40°C. The effect of cathode stoichiometric ratio is not different
as already known findings. The stack performance improves with higher

cathode SR due to increase of oxygen concentration.
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Figure 4.7 Stack performance with different operating pressure when the
operating temperature is 60°C, water injection flow rate is 5
ml/min and injection water temperature is 40°C
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temperature is 40°C
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4.3 Evaporative cooling performance

4.3.1 Experimental apparatus and test procedure

Experimental setup is the same with Figure 4.1. In the stack performance
test using direct water injection method, it should be noted that the water at
the cathode flow channel should be removed before every experiment to
insure that the effects of water injection are measured accurately. Unlike to
stack performance measurement, the water inside the cathode inhibit
evaporation of injected water. Hence, purge was progressed until the humidity
at the cathode outlet reached a steady state using a large amount of low-
humidity air with open circuit voltage (OCV, i.e. without electrical load). And
the current was then increased to be within the target high current density
region in short time. When the current reached the desired value, it was
maintained until the stack performance and dew point temperature of the
cathode outlet reached a steady state. Water injection was then begun. While
liquid water was being injected into the cathode inlet of the stack, changes in
the dew point temperature of the cathode outlet were monitored. And in this
part the evaporative cooling performance was investigated at high current

region because this region generate much heat and required additional cooling
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capacity.

In measurement of the evaporative cooling performance, dew point
temperature of the cathode outlet is key value and it takes long time to reach a
steady state due to its slow response. Hence, it took a long time more than 30

minutes to obtain the exact value.

4.3.2 Water injection flow rate and stack operating temperature

Figure 4.9 shows the evaporative heat rejection rate at operating
temperatures of 60 and 70°C for various water injection flow rates and high

current densities. The evaporative heat rejection rate is calculated using Egs.

(4.1) and (4.2).
Qevap = n"levap -Ah (4.1)
Ah= hvapor, out hwater, in (42)

In Eq. (4.2), hwate,' i Is the enthalpy of the liquid water at the water injection

temperature, and hvapor,ou[ is the enthalpy of the water vapor at the

temperature of the cathode outlet. By measuring the temperature of injected
water and the cathode outlet air the enthalpy values can be obtained from the

US National Institute of Standards’ REFPROP database (NIST, USA). In Fig.
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4.9, the evaporative heat rejection rate increases with an increase in the water
flow rate. This is mainly due to the effect that the larger amount of water
injection lead to the increase of the evaporation rate. Figure 4.10 shows the
evaporation efficiency at operating temperatures of 60 and 70°C for various
water injection flow rates and high current densities. The evaporation
efficiency is defined as the mass ratio of the evaporated water to the injected
water, expressed as a percentage. Of the two cases shown in Fig. 4.9, case (b)
reflects a greater evaporation efficiency than case (a). This means that at a
higher operating temperature, a larger amount of water evaporates and the
enthalpy difference increases. The effect of temperature on the evaporation
efficiency can also be observed in Fig. 4.10. In terms of the evaporative heat
rejection rate, the system cannot provide all of the cooling capacity by using
coolant (deionized water in this study). At the operating temperature of 70°,
the current density of 1.2 A/cm? and the water injection flow rate of 5 ml/min,
the evaporative heat rejection rate was about 68 W in Fig. 4.9. Which was
only 7.6% of the heat rejection rate by the coolant at 1000s of Fig. 3.9, about
890 W. However, it does provide additional cooling capacity so reduces heat
rejection load in existing coolant radiator. Besides it offers advantages that do

not require any design changes to the stack or existing cooling system.
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4.3.3 Injection water temperature

Figure 4.11 shows dew point temperature at the cathode outlet with
different injection water temperatures when the operating temperature of 60°C,
operating pressure of 1 bar and water injection flow rate of 5 ml/min. Overall,
the dew point temperature at the cathode outlet increases with the rise of the
injection water temperature. The dew point temperature at the cathode outlet
means water vapor per unit mass of dry air in the same operating pressure.
And because the cathode SR is fixed, water vapor released at the cathode
outlet is proportional to dew point temperature when the current density is the
same. Accordingly it means evaporative heat rejection rate increases with the
rise of the injection water temperature. This trend reflects the simulation result
of the chapter 2. This is due to facilitated heat and mass transfer at water

droplet surface in higher temperature.
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Figure 4.11 Dew point temperature at the cathode outlet with different
injection water temperatures when the operating temperature is
60°C, operating pressure is 1 bar and water injection flow rate
is 5 ml/min
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4.3.4 Stack operating pressure

Figure 4.12 shows dew point temperature at the cathode outlet with
different stack operating pressure when the operating temperature of 60°C,
water injection flow rate of 5 ml/min and injection water temperature of 40°C.
Unlike to the effect of injection water temperature, dew point temperature is
directly connected to vapor release at the cathode outlet in these case. Because
the operating pressure is different each other. Humidity ratio, mass of water
vapor per unit mass of dry air (gw/kgaa), is affected by the pressure (not only
the partial vapor pressure but also the total gas pressure). And when the total
gas pressure increases the humidity ratio decreases by Eq. (3.3). Furthermore,
as shown in Figure 4.13, the dew point temperature at the cathode outlet
decreases with the increase of operating pressure. Because in pressurized
condition the partial vapor pressure increases proportional to the total gas
pressure which means the same vapor pressure is obtained with smaller
amount of water vapor. As a result, when the operating pressure increases the
evaporation of injected water is reduced and evaporative cooling capacity is

also do.
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Figure 4.12 Dew point temperature at the cathode outlet with different stack
operating pressure when the operating temperature is 60°C,

water injection flow rate is 5 ml/min and injection water
temperature is 40°C
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4.3.5 Cathode stoichiometric ratio

Figure 4.13 shows dew point temperature at the cathode outlet with
different cathode stoichiometric ratio when the operating temperature is 60°C,
operating pressure is 1 bar and injection water temperature is 40°C. In the
case of SR change, the vapor flow rate at the cathode outlet is not simply
inferred by dew point temperature. Because the water vapor flow rate is
determined by the product of humidity ratio and dry air flow rate which is
affected by SR number. Hence, the vapor release at the cathode outlet is
calculated and shown in the Figure 4.14. From this figure it can be found that
the vapor release at the cathode outlet increase with higher SR humber but the
curves are converging with rise of current density. This is because the water
injection flow rate is constant which means that the maximum amount of
water evaporation has limit value. Calculation of the relative evaporative heat
rejection rate from the vapor release at the cathode outlet is shown in Figure
4.15. As shown in this figure, the maximum value was recorded when the

difference between the SR numbers the greater.
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Figure 4.13 Dew point temperature at the cathode outlet with different
cathode stoichiometric ratio when the operating temperature is
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4.4 Development of an operating strategy for PEMFCs

with a direct water injection system and verification

4.4.1 The effects of intermittent water injection

From the previous chapter, the necessity for proper adjustment of water
injection were raised. The objective in this chapter is to develop a strategy to
control water injection while preventing flooding and water shortages.
Evaporative cooling performance will also be considered as well as
humidification performance. To achieve this goal intermittent water injection
will be applied as a strategy. And the effect of direct water injection method
for start-up characteristic was also investigated experimentally.

Figure 4.16 shows schematic diagram of water injection strategy. As
shown in this figure water is not injected continuously. Instead, inject water
with interval and the injection flow rate is adjusted considering target relative
humidity and operating temperature.

mvre=MV AT A M
M\ P-4P P-4P )"

(4.3)

In Eq. (4.3) mv,req is water injection mass flow rate to achieve target

relative humidity assuming all the injected water evaporate to vapor phase. In
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Figure 4.16 Schematic diagram of water injection strategy

100

~

=

&

=

é duration interval
8 —> —>
©

S

=

°

[

C

2

)

] ]

—

=

S

]

2

Time [s]



this equation, to determine water injection flow rate relative humidity of inlet
air (dry air), target relative humidity, operating temperatures and current
density are considered. And the injection duration/interval are set by stack
operating conditions. Through this time change strategy the stack performance
can be obtained stably without flooding.

Figure 4.17 shows required water vapor flow rate, calculation of Eg.
(2.3). In this figure, when the operating temperature and the target relative
humidity is high, the required water vapor flow rate increases. This value can
be more than water production rate of fuel cell stack at the high current
density region so continuous injection may cause lack of water to inject.

Figure 4.18 shows stack performance with different target relative
humidity at the cathode inlet when continuous injection is applied. The
experiments with the concept of target relative humidity were conducted
through the new PEMFC stack with active area of 300 cm? So its
performances may differ from the results with the existing stack with active
area of 250 cm?. In this figure, the best performance is when the target relative
humidity is 100%. The performance of the 125% target relative humidity is
even lower to that of the 75% target relative humidity. This difference
increases with the rise of the current density. It is because of the worsening of

water disproportion in the fuel cell due to flooding phenomena.
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Figure 4.17 Required water vapor flow rate
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Figure 4.18 Stack performance with different target relative humidity at the

cathode inlet (continuous injection)
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Figure 4.19 shows stack performance with different injection strategies at
the 50% target relative humidity at the cathode inlet. In this figure, the best
performance is when the continuous injection is applied. From this result,
intermittent injection is not effective when the water injection flow rate is too
low. Furthermore, even in high current density region which produce a lot of
water humidification is required.

Figure 4.20 shows stack performance with different injection strategies at
the 100% target relative humidity at the cathode inlet. In this figure, the best
performance is when the intermittent water injection strategy of injection 5s,
interval 5s is applied. When the water injection timing is 3s, the performance
is low because the humidification is insufficient. On the other hand, when the
water injection timing is 7s, the flooding phenomenon occurred in the high
current density region. From this figure, intermittent water injection strategy
which relieve flooding in the cathode channel by injection and interval timing
control was verified to be effective.

Figure 4.21 shows comparison of stack performance with/without water
injection and injection strategies. The performance with the relative humidity
of 50, 100% by gas humidification of bubbler humidifier are presented as
standards. The performance with the relative humidity of 100% is the best

performance we may attain. The performance with the relative humidity of
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50% is the performance as known the limiting performance in the automotive
PEMFC systems at the high current density region. In figure 4.21, the best
performance with intermittent water injection strategies is when the target
relative humidity is 100% and injection/internal timing is 5s. This
performance is comparable to that of the relative humidity is 70%.

Figure 4.22 shows the result which is applied such injection strategy at
high current density of 1.0 A/cm? As shown in this figure, the stack
performance and dew point temperature of the cathode outlet increase
immediately and the values are maintained stably at injection condition.

Figure 4.23 shows the dew point temperature of the cathode outlet with
continuous and intermittent injection when the operating temperature is 60°C,
operating pressure is 5 ml/min and injection water temperature is 40°C. As
shown in this figure the dew point temperature of the cathode outlet is higher
when the intermittent injection strategy is applied. Considering injection
duration and interval time of intermittent water injection strategy, the injection
flow rate is the same as 5 ml/min. In this case, the higher dew point
temperature means more evaporation of injected water and larger evaporation
efficiency. The reason is that the intermittent water injection strategy provide

additional time for evaporation to the water inside the cathode.
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4.4.2 Start-up with a direct water injection system

Start-up with the direct water injection system is also investigated
experimentally. Figure 4.24 shows the effect of water injection on the stack
performance after start-up at a constant voltage. At temperature of 25°C and
constant voltage of 0.4 V, the current sharply increases after start-up and
dropped soon. Because the stack temperature is low which is insufficient for
water evaporation the load does not increase. This result represents that it is
hard to evaporate for injected water at a too low temperature. Therefore, to get
the benefits of humidification by water injection the fuel cell stack should be
warmed up to certain temperature first. At temperature of 45°C and constant
voltage of 0.6 V, the current sharply increases after start-up and the current is
maintained. The current of start-up with water injection is higher than that
with not humidified dry air. Besides, in the case with 3ml/min, the current

increases gradually which means the stack performance is improving slowly.
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4.5 Summary

In this chapter, the operating characteristics of PEM fuel cells with a
direct water injection system were investigated to provide useful information
and better understanding on this system. Water injection flow rate, water
injection temperature, stack operating temperature, stack operating pressure
and cathode stoichiometric ratio are considered as operating variables. The
humidification performance was enhanced when water injection flow rate,
water injection temperature, stack operating pressure is higher and stack
operating temperature is lower. But, water flow rate should be properly
adjusted in order to prevent flooding at high current region. The evaporative
cooling performance was enhanced when water injection flow rate, water
injection temperature, stack operating temperature, stoichiometric ratio is

higher and stack operating pressure is lower.
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Chapter 5. Concluding remarks

In this study, to eliminate the need for a bulky humidifier and to lighten
the cooling load of PEM fuel cells, a simultaneous cathode humidification and
evaporative cooling system using an external-mixing air-assist atomizer was
developed, and its performance was investigated both numerically and
experimentally.

(1) Measurement of the atomization performance indicated that the air-
assist nozzle produced very fine droplets, 20 to 25 pum in diameter, at a
pressure difference of 50 kPa and the given air-to-liquid ratios. And due to its
small variation of droplet diameter, the effect of droplet size on the
humidification and evaporative cooling is not considered in this study.

(2) The results of the stack performance experiments show that the direct
water injection method proposed in this paper is quite effective in cathode
humidification. This system takes only a small volume and able to humidify
in an active manner unlike to other passive humidifiers such as membrane
humidifier. The stack performance improved with an increased water flow
rate because of the increased humidification effect. At a given water flow rate,
the improvement in the stack performance that can be attributed to the
humidification effect was greater when the operating temperature was lower.

(3) The water injection method also have advantage in the cooling of
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PEM fuel cells at high current densities. Although this method is not
sufficient to substitute existing cooling system, it provides additional cooling
capacity so reduces heat rejection load in existing coolant radiator. The
evaporation rate was larger at a higher operating temperature and higher water
injection flow rate. The evaporation efficiency was larger at higher mass ratio
between cathode inlet air and injected water.

(4) The best stack performance was achieved when the operating
temperature was 60°C and the water injection flow rate was 5 ml/min. The
stack performance under this condition was superior to that when the relative
humidity of the air at the cathode inlet was 60%. The maximum evaporative
heat rejection rate was achieved when the operating temperature was 70°C,
the water injection flow rate was 5 ml/min, and the current density was 1.2
Alcm?,

(5) More stable operation and larger evaporation efficiency was achieved
by applying intermittent water injection strategy. The danger of flooding
decreased and the evaporative cooling performance improved with the
intermittent water injection. Moreover, in start-up process water injection
method had advantage that it can humidify inside the cathode actively.

In brief, the humidification effect was equal or superior to that when the

cathode inlet air was 50% RH. And it have advantages in terms of system
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volume and active control. The evaporative cooling effect was insufficient to
manage all the heat generation from the stack, but it provided considerable
additional cooling capacity. Therefore, the direct water injection method can
be a useful technology for PEM fuel cell systems. In automotive PEMFC
systems in particular, in which space is limited, this method can offer

considerable advantages.
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