Available online at www.sciencedirect.com o

scrence @oimeers POWER
SOURCES

www .elsevier.com /locate /jpowsour

Journal of Power Sources 129 (2004) 216-228

Ejector performance influence on a solid oxide fuel
cell anodic recirculation system

F. Marsano, L. Magistri, A.F. Massarto

Thermochemical Power Group (TPG)?, Dipartimento di Macchine, Sistemi Energetici e Trasporti, Universita di Genova,
Via Montatallegro 1, Genova 16145, Italy

Received 18 June 2003; accepted 15 November 2003

Abstract

This work deals with the design and off-design performance evaluation of an anodic recirculation system based on ejector technolog)
for solid oxide fuel cell hybrid applications.

The analysis presented here has been divided into three parts: (i) ejector design taking into account all the thermodynamic, fluid dynami
and chemical constraints, such as steam to carbon ratio (two ejector geometries have been considered: constant area mixing sectic
constant pressure mixing section); (ii) stand-alone ejector design and off-design performance analysis; (iii) influence on the whole hybrid
system—SOFC, reformer, anode recirculation-design and off-design performance of the ejector primary flow conditions (hybrid system
part-load conditions).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tion of the ejector and the traditional ones, specifically due to
the chemical composition and temperature of the gases and

Ejectors have been studied for many years, especially forthe constraints to be considered. In the present application
applications in the alimentary industry, chemical industry, the primary fluid is fuel (methane or natural gas) preheated
oil plants, and airplane jet propulsigfhi—4]. In the ejector to 400-500C, while the secondary one is the cell exhaust
(Fig. 1) a primary fluid at high pressure expands in a noz- anodic flow, mainly composed of carbon dioxide and steam
zle and enters a duct, at high velocity, where it mixes with at a temperature around 1000 [6].
another gas (secondary or entrained fluid) coming in from  The main goals of the ejector in the SOFC anodic recir-
a second ling1,5]. The two flows come into contact in the culation system are to:
so-called mixing duct, where the driving fluid transfers part
of its momentum to the secondary low-velocity flow. The
mixing phase is considered complete when uniformity is
reached from the point of view of the speed and temperature
profiles (and in this case also the chemical composition pro- °
file). At this point the high-speed flow enters the diffuser to
convert kinetic energy into pressure to reach a higher value®
than that of the secondary inlet one. In this sense the ejector
operates as a compressor, but with no moving parts.

In this work the application of ejector technology to solid
oxide fuel cell anodic recirculation, as shownFhig. 2, is
analysed. There are many differences between this applica-

e Maintain fuel cell pressure at the required level, taking
into account the pressure losses inside the fuel cell anodic
zone and reformer.

Recirculate sufficient secondary mass flow to obtain the
proper operation of the reformer.

Recirculate sufficient secondary flow to have an apt steam
to carbon ratio to avoid carbon deposition in the cell and
in the reformer. In fact to avoid carbon deposition the ratio
between the primary flow (fuel) and the secondary one
may be very high, usually higher than in ejector systems
for traditional applications.

- 2. SOFC anodic recirculation with gectors
* Corresponding author. Tek39-010-3532444;

fax: +39-010-3532566. L , :
E-mail address: massardo@unige.it (A.F. Massardo). As already stated, the main objective of the ejector recir-

L http://www.tpg.unige.it culation system is to recirculate part of the anodic exhaust
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Nomenclature

c velocity
Cp specific heat at constant pressure
Cy specific heat at constant volume

Cp pa—p3 _ (1 _ (&)72 __ losses
p3c3/2 T 23 p3c3/2
CP constant pressure

2
P Piz3—P3 __ (524
Coi Sz = (1 (%) )

CSs constant section
Ec kinetic energy
F ritg /1y
h enthalpy
i current
m,m  mass flow rate
M Mach number
N mole number
p pressure
R gas constant
S entropy
T temperature
utilized fuel __ H2in—Hagy
Ut fotalinletfuel — mHzin
Greek letters
B pressure ratio
14 cp/cy
n efficiency
0 density
2 area
Subscripts
cr critical conditions
diff diffuser
m average value
t total
th nozzle throat
1 mixing section inlet—primary fluid
1in primary fluid inlet
2 mixing section inlet—secondary fluid
2in secondary fluid inlet
3 diffuser inlet
4 diffuser outlet

flow through the injection of fuel (primary flow), mainly to:

Obtain sufficient sensible heat necessary for the reforming

reaction[7].

Maintain the cell pressure as required by the hybrid system
operation.

Meet the so-called steam to carbon ratio, defined as fol-
lows:

sTcr= —H20)

n(CO) + n(CHg)

In fact, in a fuel cell system, it is very important to have
enough water vapour to allow the reforming process to
take place:

CHg + H20 <> CO+ 3H; 2
CO+H0« CO;+Hz (3)
and to avoid the phenomena of glnd CO cracking:
CHy < C+ 2H; (4)
2CO<«+ 2C+ Oy (5)

and the consequent carbon atom deposition that poisons
the anodic substrate of the fuel cfl]. Since the anodic
exhausts are rich in steam (about 40-45% in mass) and
poor in carbon monoxide the recirculation of part of these
gases produces enough water vapour in the anodic inlet
flow to prevent carbon deposition. On the other hand, the
high temperature of the anodic exhausts (in the range of
950-1000C) can provide the heat necessary for the en-
dothermic reforming reactions without employing expen-
sive catalysts.

Another solution for anodic recirculation is the use of
traditional blowers, as has already been done for molten
carbonate fuel cell (MCFC) applicatiofi8,9]. This case is
less risky, taking into account that the recirculation is carried
out at a temperature just over 68D while, as already stated,
the temperature is quite close to 10@ for SOFCs. On
the other hand, the ejector operates without moving parts,
so it has to face considerably lower stress, can be realised
using more conventional materials, and it does not need
lubrication, avoiding problems of anode poisoniig].

Taking these points into account, the use of ejectors for
SOFC anode recirculation increases the reliability of the
whole hybrid system when compared to the blower solution.

3. Design of the gector

To determine the ejector design, the design-point opera-
tive conditions of the fuel cell must be known (cell opera-
tive pressure, pressure losses, exhaust chemical composition
and temperature). As an examplable 1shows the typi-
cal values obtained for a SOFC hybrid system analysed by
the authord11]. Starting with these data the main task of
the design-point calculation is the evaluation of the ejec-
tor geometry and the primary flow (fuel) pressure necessary
to satisfy the hybrid system specifications (mass flow ratio,
steam to carbon ratio, reformer operating temperature).

The ejector design model is based on energy, continuity
and momentum equations:

energy : riy(hy + 3¢2) +ra(ha + 3cd)
= tiiz(hs + 3c3) (6)

continuity :  m1 + mp = p3c3823 (7)
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Fig. 1. Supersonic nozzle ejector scheme.
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Fig. 2. Anodic circuit of a tubular SOFC.
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3 operating pressure. A design value of steam to carbon ratio
momentum @ p3§23 — p1£21 — p2£22 — /1_217 ds2 equal to 2.4 and a lower limit equal to 1.8 were considered
o . . reasonable to avoid carbon depositi®}. The fuel inlet
= riycy + ripcy — macs 8

temperature was assumed to be equal to°@Q673K),

To define the geometry of the ejector the fluid dynamic phe-
nomena are considered adiabatic, taking into account theTable 1

|rreverS|b|I|t|es.W|th apt coefficients for expansion, MiXing  peqion soint values
and compression zon¢B0]. The solution is based on an it-

erative method: the outlet static pressyns (s evaluated for ~ FC power (kW) 250
defined geometry and compared with the required value FC anodic temperature (K) 1280
a 9 Yy p a *Fuel inlet temperature (K) 673

The difference between these two values is used to adjustCh al - %) of anodic exh
primary flow pressure and ejector geometry until conver- CNemical composition (mass, %) of anodic exhausts

. Ha 0.39

gence is reached. co, 51.46

Two different geometries have been investigated, the first co 4.19
one represents a constant mixing section ejector, the second Hz20 43.96
one a constant mixing pressure ejector, in order to comparere| composition (mass, %)
them and analyse their main advantaffe. In this phase, CH, 100
taking into account the data dfable 1 some parameters Fuel flow rate (kg/s) 0.0094
were fixed according to fuel cell and hybrid system require- FC pressure (kPa) 380

FC pressure losses (kPa) 5.7

ments: in particular a pressure loss equal to 1.5% of the cell
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depending on the fuel preheater operation. The secondaryTable 2
flow inlet diameter $ection 3 was imposed to obtain a  Geometry of the ejectors: (i) constant section; (i) constant pressure

proper Mach number at design conditigfhid] (compromise Constant ~ Constant A = (CS— Cp)/CS
between the need for high velocity to enhance the mixing section pressure

process, and that of reducing average flow velocity to limit Nozzle,dy (mm) 3.41 3.31 0.029

the losses in the diffuser). The mixing duct length was as- Nozzle,di (mm) 3.54 3.47 0.020

sumed to be 10 times the diameter in order to guaranteegz Emm; gi'g gé'i 8068
sufficient space and time for complete mixing, particularly da (mm) 100.8 100.8 0

from the point of view of the velocity profilgL3]. In fact, it Lmix (mm) 219 219 0

is very important to have a profile as uniform as possible at Lax (mm) 450.9 459.5 —0.019

the diffuser inlet to avoid great differences in the dynamic Angle () 10 10 0

pressure between the boundaries and axis zone, a circum#n (kPa) 946 1006 —0.063

stance which could lead to the separation of the boundary
layer with backflows into the diffuser, a highly dissipative
phenomenon. The outlet section of the diffuser is obtained hand, in the constant pressure solution this phenomenon
fixing the exit flow velocity at quite a low value, taking into  leads to a methane density increase, so the mixing duct is
account the proper connection between the reformer andcharacterised by a first, slightly convergent portiéig( 3).
the fuel cell itself. The efficiency of the diffuser (defined as
the ratio between the actual static pressure increment and
the theoretical one) mainly depends on such factors as thed. Ejector off-design performance
diffuser shape, the ratio between inlet and outlet areas and
the flow speed12]. A conical shape was chosen, even ifa  Since the thermochemical and pressure conditions in the
trumpet profile would have been preferable from the perfor- cell cannot generally be considered fixed, the hybrid system
mance point of view (the risk of boundary layer separation load adjustment is usually carried out by adjusting the fuel
is considerably reduced) but this would have led to compli- flow rate (primary flow rate and, consequently, primary flow
cations in the construction of the components, also taking pressure) there is an evident need to predict the ejector per-
into account the small size of the ejector for SOFC hybrid formance at fuel cell part-load conditions too, to be able to
applications. always guarantee the correct behaviour of the anodic side of
These assumptions allow the calculation of the ratio be- the fuel cell (particularly the fuel flow rate, STCR, pressure
tween the secondary and primary flows (fractiBj),and the and temperature).
obtained value is higher than for traditional ejector applica- In this way a new code was developed to analyse the
tions[1-3,13] It corresponds to a very high fuel inlet pres- ejector off-design performance (fixed ejector geometry,
sure value to entrain the required secondary fluid flow rate, primary flow (fuel) pressure considered a variable input
and impose the choice of a choked converging—diverging parameter). The results are the pressure, velocity, chemical
nozzle to reach supersonic speed. Obviously, the ejector out-composition and temperature distribution inside the ejec-
let temperature and enthalpy, which depend on the ratio be-tor and the conditions at the ejector outlet (agreeing with
tween the primary and secondary flows, have been checkedeformer inlet conditions). At the beginning the off-design
to guarantee adequate conversion efficiency in the reformeranalysis was carried out considering the stand-alone ejector
(seeFig. 2. (i.e. separated from the fuel cell), and in this case the sec-
The main results obtained for the ejector design-point ondary flow conditions were assumed to be based on SOFC
operation are reported ifable 2 These results are fairly  anodic exhaust behaviour.
similar for the two configurations; this is a consequence of As an exampleFig. 4 shows the non-dimensional rela-
the low compression ratio and of the relatively low flow tionship between the recirculated fractiérand the pressure
speed. The constant area mixing solution produces a lightincrease in the ejectors, keeping the primary and secondary
fluid compression because of the oblique compression shockflow pressures constant. As in a centrifugal compressor, the
waves generated by the interaction between the supersonigressure ratio decreases as the mass flow increases; the con-
primary flow and the subsonic secondary one. On the otherstant section ejector shows a more constant trend. Obviously

—
ﬁ/[:ongtunt Constant area
m%\pr@ggure mixing section

— >

Fig. 3. Constant pressure mixing duct.
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Fig. 4. Non-dimensional characteristic curves for the ejectars=t 0.0094 kg/s, pcell = 380 kPa).

Apis always very small because the main task of the ejector stant and the pressure value was analysed in different ejec-
is to maintain the pressure level throughout the flow recir- tor sections. The exit pressung) presents a maximum for
culation in the cell. The figure shows that for Brslightly a flow rate next to the design-point, while the diffuser inlet
greater than the design-point valugyg), the ejector gives  total pressure, increases in accord with the fuel pressure.
a pressure approximately equal to the secondary flow inlet The dotted line represents the flow velocity that increases
pressure Ap = 0): this can be considered as a limit for the because the total mass flow rate also risesas /3823,
correct operation of the ejector and recirculation system. where 23 is fixed andps is almost constant. I$ection 3
Other calculations were carried out by modifying the pri- when the mass flow rate increases the static pressure de-
mary flow pressure (and therefore fuel flow rate). In the first creases because the flow velocity increases as is evident in;
calculation, whose results for the constant section ejector

s . — 201 — v3/(1—v3)
are presented iRig. 5, theF ratio was assumed to be con- P3= Prs(1+ M3"(5(y3 = D))" ° )
1.04 | — 0.45
s |
1.02 1 =—pt3 } / 0.4
|
1 0.35
_ 098 : 0.3
3 | ©
o | =
= 0.96 ! 0.25
0.94 0.2

Available Ecat diffuser
inlet

0.9 T T T T T T 0.1
0.6 0.7 0.8 0.9 1 11 1.2 1.3 1.4

|
. } Recovered Ecinthe .
/ ; | diffuser
Design |
) S
0.92 : 0.15
|
|
!

ma/Mygp

Fig. 5. Total and static pressures and flow speed in different ejector secigns:{ = 7.2, pcel = 380 kPa).
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Fig. 6. Recirculated fraction and secondary mass flow rate: comparison of constant section and constant pressure ejectors.

The kinetic termpg(c§/2), that is all the available energy ingful parameters such as tkefraction and secondary flow
that could be converted to static pressure, can be visualisedrate is shown irFig. 6. This increases with the fuel flow rate
as the difference between the total and static pressures irbut the slope of the curve decreases slightly, because of the
the section, while the difference between the static pressuregecirculated fraction trend, similarly to th@ obtained for
in Sections 3 and 4epresents the actual converted kinetic the F constant, due to the relationship between the two pa-
energy fraction, and the remaining portion is dissipated be- rametersFig. 4). The difference between the two models is
cause of irreversibilities in the diffuser. due to the flow speed variation, which is greater in the con-
In the following case, the secondary flow pressure and stant pressure component, involving a steeper curve slope.
ejector exit static pressure were imposed while the recircu-  Fig. 7shows the surface made up of ejector steady operat-
lated fraction was calculated by varying the primary flow ing points at different pressures. If the secondary inlet pres-
pressure (i.e. fuel flow rate). The calculation was carried out sure changes, the operating point moves to another curve
for different inlet pressure values, obtaining a surface for and reaches another operating condition; unusual for high
ejector steady operating points. The behaviour of two mean-flow rates, thd- ratio decreases by reducipg,, : this is due

Design
point

L Il I " P=pan*1.015 T

N A " 0.95 Plpdp
- -_—— . —— /'-fh 0.8

1.1 1.2 13" 14~ 0es

m1/midp ’

—

0.4 -k “ v ok e
0.6 0.7 0.8 0.9 Q7 %

Fig. 7. Recirculated fraction varying fuel flow rate at different operating pressures.
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Fig. 8. STCR vs. fuel flow rate at different cell operating pressures.
to the increase in flow speed (in fact,pf and thereforep, Other calculations were carried out varying primary and

diminish, ¢ = m/p$2 increases) which leads to higher dis- secondary flow temperatures: obviously the outlet tempera-

sipation. This trend is the opposite of that for a lower flow ture follows theT; andT» variations Fig. 9) and, in partic-

rate where the influence of the velocity is less important and ular, the fuel temperature has a strong influence on its own

ejector behaviour is mainly influenced by primary flow en- flow rate and on entrainment capability. In fact, keeping pri-

ergy reduction, which leads to a drop in ejector performance. mary flow pressure constant, the density variation leads to
It is possible to note how always shows quite high val-  a strong variation in the fuel flow rate and consequently in

ues: this leads to a reformer inlet temperature that is alwaysthe total available momentuniig. 10.

sufficiently high (over 1120 K) and the STCR parameter also

remains above the limits except that ot /m1,,, which is

lower than 0.7 at high pressur€ig. 8). In particular, the 5. Integration of the gector recirculation system

trend of this parameter is quite similar to tRene. In fact, in the SOFC hybrid model

as the secondary fluid chemical composition is also fixed in

this case, the STCR value only depends directly onRhe The final goal of this work is the integration of the ejec-

parameter. tor recirculation model and the solid oxide fuel cell model
12 Design
Point \
1.1 - -
1
F/Fgp
0.9 //
0.8
m;=0.0094 [kg/S] T4/T4dp
0.7 T,=673[K]
P2in=380 [kPa]
0.6 ; ; ; : ; ;
0.75 0.8 0.85 0.9 0.95 1 1.05 1.1

T2in/T2indp

Fig. 9. Outlet temperature arfél ratio varying secondary flow temperature.
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Fig. 10. Fuel flow rate ané ratio varying primary flow temperature.

developed previously by the authdid ], to improve hybrid mainly depends on the secondary flow rate. It is interest-
system performance analysis. In fact, for simplicity in the ing to note how, on the right side of these figures, when the
cited model, the recirculated fractiénwas considered con-  cell pressure is decreased, theatio and STCR decrease
stant and always equal to the design-point condition. This too. This behaviour is due to the fluid density increase that
simplified assumption led to having the STCR and reformer considerably affects flow velocity, and so diffuser losses.
inlet thermochemical features dependent only on the sec- The results shown demonstrate that the constant pressure
ondary fluid chemical composition and temperafira). mixing ejector, being more influenced by flow speed vari-

In the new integrated model many parameters, such asation, presents a higher maximum move leftwards, and a
mixture temperature, chemical composition, pressure andsteeper curve slope.
steam to carbon ratio, are calculated by ejector block and Another very interesting aspect of the analysis is that the
used in the fuel cell calculation as showrFig. 11 The ex- ejector behaviour strongly influences the reformer perfor-
ternal loop returns the values of the temperature and chem-mance too. To analyse this effect the variation in the effi-
ical composition of the anodic exhausts (ejector secondaryciency of the reforming process, defined as:
flow), which are obviously not constant under the different NCH,. — NCH

. . . . _ 4in 4 out

operating conditions examined, to the ejector. Therefore the Nref = e (10)
calculation is fully iterative. CHain

Calculations for the SOFC anode recirculation system has been considered. This efficiency essentially depends
were carried out at different operating points, varying some on the temperature and molecular composition of the in-
significant parameters in order to simulate the different hy- coming reformer fluid; in particular thegs increases with
brid system operating conditions. The ejector outlet pressuretemperature and with #0 percentage. Recirculated flow is
was always assumed to be 1.5% greater than the secondaryich in H,O, so reformer efficiency follows the secondary
flow one, while the recirculated fraction was calculated each flow rate trend but presents maximum values moved slightly
time. rightwards Fig. 14), as the temperature increases at higher

First of all the fuel flow control situation was considered, primary flow rate. Moreover, it is evident that thgss is
keeping the cathode air pressure and temperature, fuel comfavoured by lower fuel cell pressures, because in this reac-
position and temperature, and utilisation fadtr (impos- tion the number of moles increases and high pressures hin-
ing current density value) constant while the air flow rate der the phenomendi6].
was proportional to the fuel one. The steam to carbon ratio, The results obtained by varying the fuel utilisation
calculated at different fuel cell pressures, while varying the factor—Us varies from 0.65 to 0.88 (0.85 is the design-point
fuel flow rate, showed a quite similar behavioligs. 12 value)—at constant fuel cell pressure are reportdéignl15
and 13 to that obtained for the stand-alone ejector. This The average temperature (and therefore the anodic exhaust
is due to the fact that working with imposed cell current temperature) rises with thg; and theAT in the reformer
density, the anode exhaust chemical composition and tem-also increases. This effect is related to the variation in the
perature are subjected to very small variations, which do H,O percentage at the reformer inlet (dotted lin€ig. 15,
not seriously affect the STCR; therefore this parameter alsodue to the different progresses of the electrochemical
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Fig. 11. Simplified data flow scheme of the integrated SOFC-ejector model.

reactions in the cell, and leads to the supposition that theredrop below the limit value, with an evident risk of carbon
is a different velocity for the reforming process too. In deposition.

fact, Fig. 16 shows a large difference, d = 0.88 and The new anode recirculation system model has been com-
0.65. Also in this case the entrainment capability of the pared with the previous onf1], where the ejector was
ejector is strongly influenced by the chemical composition modelled in a simplified way. The input data utilised in the
and temperature variation, as shown by the other line in simulation are summarised ifable 3 In this comparison
Fig. 16 The simultaneous reduction of entrainment capabil- only constant section ejector results have been considered
ity and H,O percentage at low utilisation factors, together for reasons of simplicity. In this way the influence of the
with the increase in the CO concentration due to the re- ejector design and off-design performance on the whole hy-
duced progress of the electrochemical reactions, lead tobrid system may be obtained and discussed.

problems related to the STCR parameter. In f&at). 17 The most important comparison obviously concerns the
confirms that, for aJ; lower than 0.7, the STCR can easily anodic flow rate is shown ifrig. 18 Using the simplified
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Fig. 12. STCR parameter—constant section mixing duct ejector.

Table 3

Comparison of old and new models

SOFC with present SOFC with simplified

ejector model ejector model

Fuel CH, Fuel CH,

Tuel (K) 673 Tiuel (K) 673

Tair (K) 878 Tair (K) 878

Peell (kPa) 380 Peell (kPa) 380
Apgijector (kPa) 5.7 Apejector Not calculated
mp/my Variable mp/my 7.2 (fixed)
Us 0.85 Us 0.85

new model the anodic total flow is subjected to a variation,
since the recirculated fraction depends on the ejector perfor-
mance. The STCR is also quite different, strictly depending
on the recirculated fraction, but in the analysed conditions
it always remains within the safety limits. It is interesting to
note how, in the previous model, the STCR was not exactly
constant, even i was fixed, since the exhaust chemical
composition was not fixed during the fuel cell regulation.
The differences in the operation of the reformer are quite
evident: in fact with the simplified approach its operation
depends only on the inlet flow (ejector exhaust) temperature
(chemical composition was almost constant). With the new

model, where the ejector was considered to always be able tocomplete approach the curve depends on both the tempera-
provide theF ratio value defined for the design-point, the to- ture and recirculated fraction composition valuEgy( 19,
tal anodic flow rate varies linearly with the fuel flow rate (see whose trend affects the operation of this component, as al-

dotted line inFig. 18. On the contrary, using the complete

25

ready discussed.

b3 m
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Fig. 13. STCR parameter—constant pressure mixing duct ejector.
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6. Conclusions needs an adequate variation in the pressure on the anodic
side too. This variation strongly depends on the ejector pri-
The design and off-design performance of an ejector an- mary flow pressure and the ejector off-design behaviour.
odic recirculation system for SOFC hybrid applications has Therefore the off-design and control system of the anodic
been presented and analysed. recirculation system must be carefully designed and veri-
Two different ejector geometries have been investigated: fied, also taking into account the constraints on the pressure
(i) constant pressure mixing section; (ii) constant area mix- difference between anode and cathode.
ing section. A complete design-point analysis has been The results presented here represent only a first step to-
presented for both on the basis of data coming from a wards the complete off-design and transient analysis of the
previously investigated SOFC hybrid system. whole SOFC hybrid system.
The ejector has been designed to satisfy the following
requirements: (a) supply the sensible heat necessary to
reformer reaction through anodic flow recirculation; (b) Acknowledgements
maintain the cell pressure at the required value for proper

hybrid system operation; (c) verify the steam to carbon ra-  This work has been partially sponsored by MIUR of Italy,
tio through the proper recirculation of water present in the through Contract FISR-2000, number 10/02/2003-837, na-

anodic exhaust. tional coordinator A. Massardo.

In the second part of the paper the off-design performance
of the ejector in two different configurations—stand-alone
or integrated with the SOFC system—has been carefully Reférences
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