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bstract

In this paper, a new modeling technique for fuel ejectors with high entrainment ratio, low pressure increment and over heated working gases in
n anodic recirculation solid oxide fuel cell (SOFC) system is presented. By utilizing the thermodynamic, fluid dynamic principles and chemical
onstraints inside ejectors and employing a two-dimensional function to compute fluid velocity, the developed model involves no more than nine
lgebraic equations and this is very simple compared to all existing models. The detailed procedures for fuel ejector design and simulation are

rovided and its effectiveness is verified through simulation and compared with testing results. It shows that the proposed model is more accurate
han presently available models, and therefore can be better used for ejector design and performance simulations. The ejector performances for
oth situations of stand-alone and integrated into the SOFC system are also studied.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) provides an effective means to
onvert chemical energy directly to electrical energy with high
fficiency, flexible fuel utilization and very low pollutions [1–4],
nd this has drawn intensive research interests in recent years.
typical SOFC system includes a fuel cell stack and peripheral

omponents such as fuel processor, heat exchanger, mixer and
eformer. In the reformer, it is critical to have enough steam
o prevent carbon deposition and provide sufficient heat for
ndothermic reforming reactions [5,6]. Since anodic exhausts
re rich in steam and high in temperature, they can be recycled
or fuel reforming by fans, blowers or ejectors. With no moving
arts and less maintenance by using high pressure fuel gas as the
rimary fluid to suck the anodic exhausts, anodic recirculation
sing ejectors increases the SOFC system reliability compared

ith other schemes [7,8]. Since the cost of energy for fuel com-
ression accounts for as high as 7% of the total cost of electricity
9], an extreme care should be taken in ejector design and opera-
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ion for optimal system performance. Therefore, an accurate fuel
jector model for ejector design and the evaluation of on-design
nd off-design performances is essential.

The behaviors of an ejector related to entrainment capac-
ty, steam to carbon ratio (STCR) and outlet temperature are
trongly influenced by the geometries and operational condi-
ions of the ejector. The performances of ejectors have been
tudied for decades and several modeling methods are avail-
ble for ejectors design and performance evaluations [10–12].
owever, most of the existing models are developed based
n one-dimensional (1D) techniques for cooling and refriger-
tion applications. These modeling methods will cause large
rrors to model fuel ejectors in SOFC systems due to the differ-
nces in geometries, working fluids properties and operating
onditions. Compared with traditional ejectors, fuel ejectors
n an SOFC system are different mainly in the following
spects:
The diameter ratio of mixing chamber to nozzle throat is much
bigger [11], due to the requirement of larger entrainment ratio.
The primary and secondary flows are overheated gases instead
of saturated vapors.

mailto:ewjcai@ntu.edu.sg
dx.doi.org/10.1016/j.jpowsour.2007.08.036
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Nomenclature

A area (m2)
Cp specific heat of gas at constant pressure

(J kg−1 K−1)
D diameter (m)
FC fuel cell
k specific heat ratio of gas
m mass flow rate (kg s−1)
M Mach number
Mo molecular weight (kg mol−1)
n molar flow rate (mol s−1)
nv exponent in Eq. (12)
P pressure (Pa)
r, R radius (m)
Rg gas constant (J kg−1 K−1)
Ru universal gas constant (J mol−1 K−1)
T temperature (K)
v, V velocity (m s−1)

Greek symbols
ΨP isentropic coefficient of primary flow
ρ density (kg m−3)
ω entrainment ratio, mS/mP
ξexp coefficient accounting for friction loss during the

mixing process

Subscripts
P primary flow (i.e. high pressure fuel)
S secondary flow (i.e. low pressure anodic recycle

gas)
t nozzle throat
0 ejector inlet
1 primary flow at nozzle throat
2 nozzle exit
3 mixing chamber inlet
4 diffuser exit

Superscripts
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1. High pressure fuel (primary flow) passes through an ejector,
where the low pressure anodic exhaust (secondary flow) is
entrained and mixes with the primary flow. The resulting
i chemical component

The secondary flow temperature is very high around 900 ◦C.
The pressure increment of the secondary flow is much smaller.

To the best of the authors’ knowledge, there are very few
jector models available for anodic recirculation SOFC systems.
arsano et al. developed an SOFC ejector model using 1D mod-

ling technique for the evaluation of on-design and off-design
erformances [13]. Later, Ferrari et al. [14] improved the tech-
ique by dividing the ejector into serials of calculation cells
here the governing equations are numerically solved. How-
ver, this model was also based on the 1D method. These 1D
odels assume that the velocity, pressure and temperature are

niformly distributed in the radial direction of the ejector. Based
n this assumption 1D models can predict the performances of
urces 173 (2007) 437–449

jectors in traditional applications such as refrigeration within
15% [11]. However, since the flow area of the secondary flow

n an anodic recirculation ejector is much greater than that of
raditional application ejectors, the conventional 1D modeling
echniques will cause larger errors when applied in modeling
OFC ejectors.

In this paper, a simple yet accurate fuel ejector model for
eometries design and performance evaluation is developed. The
overning equations are derived through: (1) determining the
rimary mass flow rate by isentropic flow relations; (2) approx-
mating the velocity distribution of secondary flow by a 2D
unction; (3) deriving a simple formula for secondary mass flow
ate which is capable of dealing with the viscosity flow near the
jector inner wall and (4) establishing the energy conservation
quation for the primary and secondary flows. The procedures
or calculating ejector outputs are straightforward with no more
han nine algebraic equations to be solved for both ejector design
nd performance simulation. To validate the effectiveness of
he modeling technique for design, and performance evalua-
ions at both on-design and off-design conditions, experimental
umerical test and simulation studies have been carried out. Fur-
hermore, the effects of pressure and temperature of primary flow
nd secondary flow, and chemical composition to the ejector per-
ormance on flow rate of anodic recycle gas, STCR, pressure,
emperature and chemical composition at ejector outlet have also
een studied. Finally, the performance of the fuel ejector in the
OFC system is investigated by varying the fuel inlet pressure,
uel cell pressure and fuel utilization. This model is expected
o have wide applications in geometry design and performance
valuation of ejectors in anodic recirculation SOFC systems.

. Anodic recirculation SOFC system with fuel ejector

A simplified sketch of a tubular SOFC is shown in Fig. 1 . It
ainly consists of three components: an ejector, a reformer and
fuel cell stack.

The working principle of the tubular SOFC can be briefly
escried as follows:
Fig. 1. Simplified sketch of a SOFC module.
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series of oblique shocks in the suction chamber and accelerates
the entrained secondary flow to choking condition at Section 3.
The secondary flow mixes with the primary flow after shocking
in the mixing chamber. The mixed flow will shock at the end of
Y. Zhu et al. / Journal of Pow

mixing stream will shock in the diffuser to a higher pressure
and then enter into the connected reformer. According to ref.
[13], the function of the ejector is to re-circulate the anodic
gas to
• raise the secondary flow pressure to meet the FC pressure

at the required level;
• supply sufficient heat required for the reforming reactions

in the reformer;
• provide sufficient secondary flow rate to maintain a proper

STCR to avoid carbon deposition in the reformer and FC
stacks.

. Inside the reformer, highly endothermic reactions take place:

Reforming : CH4 + H2O ↔ CO + 3H2 (1a)

Shifting : CO + H2O ↔ CO2 + H2 (1b)

In the anodic recirculation SOFC system, the steam used
for converting methane (or natural gas) into hydrogen in the
reformer is supplied by the ejector. The required energy for
reactions is provided by the sensible heat of the entrained
high temperature secondary flow.

. The reformed fuel is fed to the anode side of FC stack, while
air is supplied to the cathode side. In the cathode, oxygen
ions passing through the electrolyte layer react with hydrogen
diffusing through the anode to form steam, and the electrons
are released. These electrons pass through the external circuit
and reach the cathode electrolyte layer, and thus the current
flows though the closed circuit. The reactions inside the FC
stack can be summarized as follows:

eforming : CH4 + H2O ↔ CO + 3H2 (2a)

hifting : CO + H2O ↔ CO2 + H2 (2b)

lectrochemical : H2+1/2 O2 → H2O (2c)

In the anodic recirculation SOFC system, STCR, defined as

TCR = nH2O

nCO + nCH4

(3)

s a very important parameter to evaluate carbon deposition in
he reformer and FC stack. In terms of ejectors, the STCR can
e evaluated by the entrainment ratio ω, defined as [10]

= mS

mP
(4)

he entrainment ratio mainly depends on the ejector’s geome-
ries and the operation conditions such as the primary flow
ressure, secondary flow pressure and the back pressure
reformer pressure). For a given ejector, the behavior of entrain-
ent ratio is strongly influenced by the back pressure. As shown

n Fig. 2 [11,15], there are three different operational modes for
ifferent back pressure: the critical mode, the sub-critical mode
nd the back flow mode. The maximum entrainment ratio is
eached in the critical mode and is independent of the back pres-

ure. As the back pressure increases from its critical value, the
ntrainment ratio drops rapidly, and then becomes zero or nega-
ive which implies that the ejector works at the back flow mode.
rom Fig. 2, it can also be seen that the entrainment ratio rises

F
b

Fig. 2. Operational modes of ejector.

s the primary flow pressure decreases. Since an ejector should
ormally work at the critical mode, ejector performance only at
he critical mode operation will be discussed in this work.

. Governing equations

A schematic view of the flow characteristic and pressure
istribution along the flow direction in a typical critical mode
orking ejector are shown in Fig. 3 . The value of pressure is

ndicated by the degree of color i.e. deeper color represents larger
ressure. The primary flow shocks at the converging–diverging
ozzle throat (Section 1) and discharges from the nozzle exit
upersonically, while its pressure is substantially dropped. The
rimary flow then expands after the nozzle exit introduces a
ig. 3. Schematic diagram showing the flow characteristic and pressure distri-
ution in ejector.
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model, both velocities of the primary flow and secondary flow
are treated as constant in the radial direction. It is clear that this
modeling method will cause large errors in modeling of fuel
ejectors.
40 Y. Zhu et al. / Journal of Pow

he mixing chamber and in the diffuser to convert kinetic energy
nto pressure to reach a higher value than that of the secondary
ow inlet one [16,17].

Without loss of generality, the following assumptions are
ade in developing an ejector model for SOFC operation:

. The velocity of the secondary flow inside the ejector is non-
uniformly distributed in the radial direction and there exists
velocity boundary layer near the inner walls of the ejector.

. The primary flow velocity is uniform in the radial direction,
as there is no boundary layer and that the flow area of the
primary flow is much smaller than that of the secondary flow.

. The primary flow is fully heated to the temperature of the
secondary flow and the lost heat energy of secondary flow is
negligible (i.e. TS,3 = TS,0; TP,3 = TS,0), since the amount of
the secondary flow is generally about five times that of the
primary flow and the temperature of the secondary flow is
much higher than that of the primary flow.

. Both the primary and the secondary flows are ideal gas inside
adiabatic ejector walls.

. Pressure and temperature of both the primary and the sec-
ondary flows are uniformly distributed inside ejector.

. The isentropic relations hold in calculating friction losses.

.1. Primary flow

Using the relations between velocity and Mach number at
ach section

P,i = MP,1
√
kRgTP,i, i = 1, 2, 3 (5)

nd the fundamental equation for ideal gas

p = kRg

k − 1
, (6)

he governing equations for the primary flow in the
onverging–diverging nozzle and the suction chamber are given
s follows:

Relations between Section 0 and Section 1
Using the isentropic flow laws and energy balance, and

taking the flow friction loss into consideration by multiplying
an isentropic coefficient ΨP, we obtain the formula for the
primary mass flow rate

mP,1 =√ψPkRg

(
2

k + 1

)(k+1)/(2(k−1))

ρP,0At
√
TP,0 (7)

where the average gas constant and density of the fuel are
defined as

Rg = Ru
∑
in
i
S,0∑

in
i
S,0Moi

(8a)
and

ρP,0 = PP,0

RgTP,0
= PP,0

TP,0

∑
in
i
P,0Moi

Ru
∑
in
i
P,0

(8b)
urces 173 (2007) 437–449

for a mixture inlet fuel, respectively. The detailed derivation
is given in Appendix A.
Relations between Section 1 and Section 3

Assuming that the primary flow fully expands after the noz-
zle exit into the suction chamber, and using the isentropic flow
and energy balance laws for the primary flow from Section 1
to Section 3, we can obtain:

MP,3 =
√

2(PP,0/PS,0)(k−1)/k − 2

k − 1
(9)

and

VP,3 = MP,3
√
kRgTS,0 (10)

Diameter of primary flow at Section 3

To determine the flow area of the primary flow in Section 3,
he mass and energy balance for the primary flow from Section

to Section 3 is required. The actual expansion diameter of
rimary flow at Section 3, DP,3, is expressed by

P,3 = Dt

ζexp

√
1

MP,3

(
2 + (k − 1)M2

P,3

k + 1

)(k+1)/(4(k−1))

(11)

here ξexp is a coefficient accounting for the frictional loss due
o the mixing of two flows. The details of deriving Eqs. (9) and
11) are presented in Appendix B.

.2. Secondary flow

According to geometry features of a fuel ejector, flow area
f the secondary flow is much greater than that of the primary
ow. Due to the turbulence and viscosity of fluid, the velocities

nside the ejector are non-uniformly distributed and there exists
velocity boundary layer in the secondary flow near the inner
alls of the ejector as shown in Fig. 4 . In the traditional 1D
Fig. 4. Velocity distribution at the Section 3.
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modate the shock pattern.
10. The diffuser is always conical in shape with an included

angle range of 5–12◦ and 8–10◦ is most common. Its length,
Y. Zhu et al. / Journal of Pow

We now find out a simple yet accurate function to approxi-
ate the actual velocities inside the ejector. Considering that the

unction should satisfy (1) boundary conditions: r = 0; vr = VP,3
nd r = R3; vr = 0; (2) velocity characteristics of turbulent flow
nside a pipe, we propose the following governing equation for
he velocities of primary flow and secondary flow in Section 3

r =
⎧⎨
⎩
VP,3 0 ≤ r ≤ RP,3

VP,3

(
R3 − r

R3

)1/nv

RP,3 < r ≤ R3
(12)

here nv is an exponent to be determined as follows.
At critical mode, it can be reasonably assumed that only

he layer between the primary flow and secondary flow is in
he choking condition (M = 1) and the layer is very thin [12].
herefore, from assumption 3, the velocity and the radius of the
ixing layer are vr =√kRgTS,0 and r = RP,3 = DP,3/2, respec-

ively. Substituting these values and Eq. (10) into Eq. (12), we
btain

v = ln(1 − RP,3/R3)

−lnMP,3
(13)

The graph of vr versus r is given as the dashed curve in Fig. 4.
learly, it is quite close to the actual velocity distribution.

Based on this 2D expressional velocity of the secondary flow,
e define the mean mass flow rate of secondary flow at Section
as

S,3 =
∫ R3

RP,3

ρ̄vr dA (14)

here ρ̄ stands for the average density of secondary flow. Sub-
tituting Eq. (12) into Eq. (14) leads to the following integral
quation:

S,3 = 2πVP,3ρ̄

∫ R3

RP,3

(
1 − r

R3

)1/nv
r dr (15)

y evaluating the integral of Eq. (15), the mass flow rate of the
econdary flow can finally be expressed as

S,3 = 2πVP,3ρ̄

[
nvR3

2

nv + 1

(
1 − RP,3

R3

)(nv+1)/nv

− nvR
2
3

2nv + 1

(
1 − RP,3

R3

)(2nv+1)/nv
]

(16)

here the average density of the secondary flow is given as

¯ = PS,0

RgTS,0
= PS,0

TS,0

∑
in
i
S,0Moi

Ru
∑
in
i
S,0

(17)

.3. Energy balance

For an ideal gas, the energy balance of the primary and sec-

ndary flow in the ejector can be described by

i

miP,0C
i
pTP,0 +

∑
i

miS,0C
i
pTS,0 =

∑
i

mi4C
i
pT4 + Eloss

(18) F
urces 173 (2007) 437–449 441

here the energy loss, Eloss, of primary flow and secondary flow
n the ejector can be approximated as:

loss = 1
2 (1 − ξexp)mP,0V

2
P,3 (19)

emark. With this modeling method, the velocity of the major
ortion of the gas inside the fuel ejector, secondary flow, is accu-
ately modeled by a 2D function. Because of this improvement,
he modeling of complicated mixing process in the mixing cham-
er and diffusing in the diffuser is avoided in the present model.
ote that the characteristics of the mixing process in the ejector
ave not been well understood yet. Therefore, the present model
ill result in less uncertainties or errors in the modeling of fuel

jectors in the SOFC system. Of course, this will simplify com-
utation significantly. For example, for fuel ejector geometries
esign the model only consists of seven algebraic equations:
qs. (3), (7), (9)–(11), (13) and (16).

. Design and simulation procedures

.1. Design procedure

The whole ejector design procedure is given as follows:

1. Specify the operating conditions, including:
• fuel inlet mass flow rate mP;
• pressure and temperature of fuel inlet PP,0 and TP,0;
• pressure and temperature of anodic recycle gas PS,0; TS,0;
• chemical composition of fuel and anodic recycle gas;
• STCR.

2. Determine the mass flow rate of anodic recycle gas mS from
Eq. (3).

3. Determine the nozzle throat area At from Eq. (7).
4. Compute the velocity of primary flow at mixing chamber

inlet VP,3 from Eq. (10)
5. Compute the diameter of active flow area of primary flow

at mixing chamber inlet DP,3 from Eq. (11).
6. Determine the radius of mixing chamber R3 from Eqs. (13)

and (16).
The remaining steps are to follow the standard procedures

in the design manuals [11,18], which are listed below for
the completeness of the paper.

7. The angle employed in the divergent nozzle,α1, ranges from
4◦ to 7.5◦, with 5◦ to 6◦ most common.

8. The distance of nozzle exit to mixing chamber inlet, Ls, is
around 1.5D3 for best performance. The angle of suction
chamber, α2, ranges from 3.5◦ to 5◦.

9. The mixing chamber is typically 3D3 to 5D3 long to accom-
Ld, is usually 4D3 to 12D3 in practice.

A detail flowchart of the design procedure is shown in
ig. 5.
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diameter, different design references gives different design
parameters;

2. different values of D4, Ls, Lm and Ld will not seriously affect
on the ejector performance.

Table 1
Design point values of ejector

Parameter Value

Fuel inlet
Composition (molar, %) CH4 (100)
Flow rate (kg s−1) 0.0094
Pressure (bar) 10.06
Temperature (K) 673

Anodic recirculation gas
Composition (molar, %) H2 (4.895)

CO (3.785)
H2O (61.74)
CO2 (29.58)
Fig. 5. Calculation flowchart for fuel ejector geometries design.

.2. Performance simulation procedure

For a given ejector geometry, its performance depends on
he pressure PP,0 and PS,0, temperature TP,0 and TS,0, chemical
omposition of inlet fuel and anodic recycle gas, respectively.
ince the main functions of the ejector in SOFC system are

o meet the STCR at appropriate level and provide sufficient
eat energy for the reforming reaction, the outputs at ejector
xit are the entrainment ratio, STCR, temperature and chemical
ompositions. The procedure for performance simulation of the
uel ejector is very simple without iterative computation, which
s given in the flowchart shown in Fig. 6.

. Model comparisons and validation

The proposed models for ejector design and performance
imulation will be validated from three aspects: design model
alidation, performance validation at on-design condition and
erformance validation at off-design conditions.

.1. Design model validation

Table 1 shows typical values for an SOFC system [13]. Pure
ethane is used as fuel; the chemical compositions of the anodic

xhaust are CH4, H2O, CO2, CO and H2. Two coefficients, ΨP

nd ξexp, used in the design are both taken as 0.98.

Starting with these data, the main parameters are obtained
y following the proposed ejector design procedures as listed in
able 2 , in which the design data obtained by Marsano et al.

S

Fig. 6. Calculation flowchart for fuel ejector simulation.

13] are also listed for comparison. It is shown from the table
hat the two critical ejector parameters: nozzle throat diameter
nd mixing chamber diameter agree fairly well. Even though the
alues of other parameters D4, Ls, Lm and Ld are different, they
re not critical since

. given the same nozzle throat diameter and mixing chamber
Pressure (bar) 3.8
Temperature (K) 1280

team to carbon ratio 2.4
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Table 2
Ejector design results

Parameter Present model Marsano et al. [13]

By calculation
Nozzle, Dt (mm) 3.31 3.31
Mixing chamber, D3 (mm) 19.98 20.04

By reference book
D4 (mm) 53.5 100.8
Ls (mm) 40.0 –
Lm (mm) 100.0 219.0
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Ld (mm) 239.8 459.5

.2. Performance validation at on-design condition

For comparison purpose, ejector geometries and inputs for
oth the proposed and the Marsano et al.’s model are taken from
arsano et al.’s ejector [13]. The main results obtained for the

jector on-design operation conditions are listed in Table 3. It is
bserved that the primary mass flow rate, secondary mass flow
ate, entrainment ratio and STCR for both models agree very
ell, where the maximum difference is only 1.94%.
In the above two cases, the main advantage of the proposed

odel over Marsano’s is the reduction of computational cost.
s stated in Section 3, only modeling the flow inside the suction

hamber of ejector is required by the present model, while mod-
ling of the other two chambers such as mixing chamber and
iffuser is not needed. In contrast to the present model, tradi-
ional 1D models need to apply the mass, energy and momentum
onservation equations into each chamber to calculate the ejector
erformance.

.3. Performance validation at off-design condition

Since the SOFC system load is usually adjusted through the
uel inlet flow rate, performance validation at off-design condi-
ion can be established by varying the fuel inlet pressure. The
eneral performance of a refrigeration ejector obtained by exper-
ment [15] and computational fluid dynamics (CFD) simulations
16] is shown in Fig. 7 , where the primary mass flow rate mP
ises linearly with the primary flow pressure in all the three oper-

ting modes. In contrast, the behavior of secondary flow is more
omplex.

At low primary flow pressure, no secondary flow is entrained
into the ejector.

e
s
t
o
s
r

able 3
jector simulation results

arameter Present model

rimary mass flow rate, mP (kg s−1) 0.0094
econdary mass flow rate, mS (kg s−1) 0.0689
ntrainment ratio, ω 7.34
TCR 2.44
Fig. 7. Ejector performance at different primary pressures.

As the primary flow pressure increases to the sub-critical
region, the secondary flow is entrained proportionally and
very sensible to the primary flow pressure. A maximum of
secondary flow rate occurs when working conditions reaches
the critical mode.
In the critical mode, the secondary flow rate decreases and
then remains quite constantly in the high primary flow pres-
sure regions.

Since an ejector should normally work at the critical mode,
jector performance only at the critical mode operation will be
iscussed in the squeal.

Due to lack of experimental data, the validation will only
e carried out through comparing the results of the proposed
odel with the experimental data obtained with Freon as the
orking fluid, where the mass flow rate and entrainment ratio
ersus the primary flow pressure are shown in Fig. 7. Although
he working fluid of the experimental data is not methane, it can
till be treated as ideal gas such that the basic assumptions for the
odel are still valid. Therefore, the trends of the mass flow rate

nd entrainment ratio versus the primary flow pressure obtained
rom the fuel ejector are the same as that in Fig. 7.

Keeping the fuel inlet (primary flow) temperature and anodic
xhaust (secondary flow) conditions constant, the detail relation-
hips between the two mass flow rates, entrainment ratio ω and

he fuel inlet pressure are shown in Fig. 8 . The mass flow rate
f the primary flow increases linearly with the fuel inlet pres-
ure in accordance with Eq. (7), while the secondary mass flow
ate and also the slope of the curve decrease gradually. In the

Marsano et al. [13] 
= (Present’s − Marsano’s)/Marsano’s

0.0094 0
0.0677 0.0177
7.20 0.0194
2.40 0.0167
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ig. 8. Entrainment ratio and mass flow rate at different fuel inlet pressures.

igh primary flow pressure region, the secondary mass flow rate
s almost constant. These clearly agree with the critical mode
xperimental data shown in Fig. 7 well.

However, in Fig. 6 of ref. [13], both the secondary mass
ow rate and entrainment ratio increase with increasing the pri-
ary flow pressure. Compared this to the experimental results,

t is shown that the calculation error in Marsano’s ejector model
nlarges as the primary flow pressure increases. Inaccuracy of
he 1D model is much larger when applying it in off-design
jector performance evaluation than in on-design performance
valuation, mainly because the velocity distribution varies a lot
n the off-design conditions. The 1D model suffers from the
ssumption of the uniform velocity distribution which makes it
enerate large error in the fuel ejector performance evaluation
t off-design conditions.

To explain in depth the phenomenon taking place inside the
jector, the relations of flow diameter DP,3 and velocity VP,3 of

he primary flow at the cross Section 3 against the primary flow
ressure are mapped in Fig. 9 . It shows that both the primary flow
rea and velocity increase as primary flow pressure increases.
onsequently, the primary mass flow rate increases (Fig. 8). By

ig. 9. Primary fluid velocity and flow diameter at Section 3 in different fuel
nlet pressures.

6

p

F
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oting that the diameter of mixing chamber is fixed, the flow
rea for the secondary flow is decreased while DP,3 increases.
ince the velocity of secondary flow is almost constant at critical
orking conditions, the secondary mass flow rate will decrease
hen primary flow pressure increases (Fig. 8).

. Performance influence of other parameters

The ejector’s performance is also affected by temperature of
rimary flow and secondary flow, pressure of secondary flow and
hemical composition. In this section, we will study the effects
f these parameters on the ejector performance on flow rate of
nodic recycle gas, STCR, pressure, temperature and chemical
omposition at ejector outlet.

.1. Influence of temperature

Fig. 10 shows that the behavior of two mass flow rates
nd entrainment ratio at different fuel inlet temperature. It is
bserved that the primary mass flow rate decreases for increased
rimary temperature, while the primary temperature does not
nfluence on the secondary mass flow rate. This is in line with
SDU [19] that the temperature of super heated primary flow
oes not affect the secondary mass flow rate.

The relations between mass flow rates and secondary flow
emperature are shown in Fig. 11 . It is seen that the sec-
ndary mass flow rate decreases as its temperature increases.
his can be explained as follows: (1) higher temperature
eans lower density for a fixed pressure gas, resulting in

ess entrained secondary mass flow; (2) gas dynamic viscosity
ncreases when temperature increases and pressure is constant.
ccording to fluid dynamics principles, it is known that mass
ow rate is reciprocal to the dynamic viscosity in turbulent
ow.
.2. Influence of secondary flow pressure

The relations between mass flow rate and secondary flow
ressure are shown in Fig. 12 , where the secondary flow

ig. 10. Entrainment ratio and mass flow rate at different fuel inlet temperatures.
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decreases slightly and near constant at high M , in line with
ig. 11. Entrainment ratio and mass flow rate at different secondary tempera-
ures.

ressure has a strong influence on the secondary mass flow
ate, as its density increases along with pressure when tem-
erature is constant. Note that the fuel ejector is always
orking at its critical range (Fig. 7), i.e. the ejector exit pres-

ure is always 1.015PS,0 when varying the secondary flow
ressure.

Fig. 13 shows the influence of both primary flow pressure
nd secondary flow pressure on the ejector performance. The
TCR decreases as the primary flow pressure increases, but

ncreases with the increasing secondary flow pressure. For a
esigned value of the STCR between 1.8 and 2.4, it can easily
rop below the limit if primary flow pressure is high, with an
vident risk of carbon deposition.

Fig. 14 shows the influence of primary and secondary flow
ressure on the ejector outlet temperature. The exit temperature
ecreases when primary flow pressure increases and secondary
ow pressure decreases, as the temperature of primary flow is
ow while the secondary flow is high.

ig. 12. Entrainment ratio and mass flow rate at different secondary pressures.

t

F
p

Fig. 13. STCR vs. fuel inlet pressure at different secondary pressures.

.3. Influence of secondary flow chemical composition

The chemical composition of secondary flow depends on the
uel cell operating conditions. To analyze the effects of sec-
ndary flow composition on ejector performances and STCR,
e define the molar rate of H2O and CO2 at anodic recycle gas,
HC, as:

HC = nH2O

nCO2

(20)

hile the other two chemical compositions, H2 and CO, are con-
tants of 4.895 and 3.785%, respectively. From Fig. 15 , it can be
een that the entrainment ratio ω decreases with increased MHC,
ince the average density decreases as MHC increases because the
olecular weight of H2O is lower than CO2. The ratio STCR

ncreases with the increasing MHC but the slope of the curve

HC

he trends of entrainment ratio and secondary flow composition.

ig. 14. Ejector exit temperature vs. fuel inlet pressure at different secondary
ressures.
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7.2. Ejector performance: integrated versus stand-alone
ig. 15. ω and STCR in different chemical composition of secondary flow.

. Effects on SOFC system performance

To study the influence of the fuel ejector on the anodic recir-
ulation SOFC system, typical SOFC system design values are
isted in Table 4 . Starting with these data, the main task is to
redict the performance of the SOFC system (entrainment ratio,
TCR, temperature at each components, cell voltage and cell
ower) on varying fuel inlet pressure, cell pressure and fuel
tilization.

.1. SOFC model

The SOFC model developed by [20] is adopted in this paper.
he model allows the evaluation of the design and off-design
ehavior of the SOFC system under the influences of the cell
peration pressure and temperature, the fuel and air utilizations,
he current density, voltage, etc. During the calculations, the

ain assumptions are listed as follows:
. Temperature within all the components of SOFC system is
uniformly distributed.

. Cathode flow is composed of 21% O2 and 79% N2. Fuel is
pure CH4.

able 4
esign point values of SOFC

arameter Value

OFC parameters
Cathode thickness (cm) 0.035
Electrolyte thickness (cm) 0.017
Anode thickness (cm) 0.030
Overall cell area (m2) 95

peration conditions
Fuel utilization 0.85
FC pressure (bar) 3.80
FC pressure loss (kPa) 5.7
Air inlet pressure (bar) 3.84
Air inlet temperature (K) 1000
Air flow rate (kg s−1) 0.47

s

urces 173 (2007) 437–449

. The reforming and shifting reactions are at equilibrium in the
reformer and FC stack.

. Temperature of the gases at the outlet of the reformer and
FC stack are equal to the reformer and FC stack temperature,
respectively.

. The pressure loss in FC stack is equal to 1.5% of the FC
operation pressure.

. The concentration loss is fixed at 1.5 × 10−7�.

n the simulation, we define the fuel utilization coefficient Uf as

f = nconsumed
H2

nin
H2

+ nin
CO + 4nin

CH4

(21)

here nconsumed
H2

is the reaction rate of H2 in the FC stack and
in
H2

, nin
CO and nin

CH4
are the molar flow rate of H2, CO and CH4

nto the FC stack, respectively.
The simulation studies on the anodic recirculation SOFC sys-

em are carried out at different operation conditions by varying
ome key parameters, while keeping the cathode air pressure
nd temperature constant. The system consists of three model
locks: the fuel ejector, the reformer and the fuel cell stack. The
arameters in the blocks are coupled and iterative computation
s required:

The inputs of fuel ejector are fuel inlet pressure and temper-
ature, anodic recycle gas pressure, temperature and chemical
composition; the outputs are ω, STCR, pressure, temperature
and chemical composition at ejector exit.
The temperature and chemical composition of the FC inlet
gas are determined by reactions taking place in the reformer.
In the FC stack, the values to be calculated are anode
exhaust temperature, pressure, chemical composition, cath-
ode exhaust temperature, chemical composition, FC voltage,
current density, power, etc.
The ratios ω and STCR by varying the fuel inlet pressure are
hown in Fig. 16 . They exhibit different behaviors but have sim-

Fig. 16. ω and STCR at different primary pressures.



Y. Zhu et al. / Journal of Power Sources 173 (2007) 437–449 447

i
T
c
d
b
s
i
t
c
H
d

7

i
t
p

7

o

F

o
i
d
C
a
s
w

t

i
(
c
F
F
T
a

7.5. STCR
Fig. 17. SOFC system temperature at different primary pressures.

lar trends with those obtained from Figs. 8 and 13, respectively.
he differences are caused by that the temperature and chemi-
al composition of the anodic recycle gas are always fixed at the
esign points in the stand-alone ejector, while they are affected
y the FC stack when the ejector is used as a component in SOFC
ystem. Compared with the ratio ω in Figs. 16 and 8, the max-
mum deviation is only 0.72% at PP,0 = 8.06 bar, which implies
hat the temperature and chemical composition of anodic recy-
le gas do not seriously affect the ejector entrainment ratio ω.
owever they have significant effect on STCR; the maximum
eviation between integrated and stand-alone ejectors is 18.8%.

.3. Components temperature

The gas temperature at each component for different fuel
nlet pressure is shown in Fig. 17 . In all cases, the tempera-
ure decreases with increasing fuel inlet pressure, because of the
rimary flow is a low temperature fluid.
.4. FC performance

The voltage, power and current density of fuel cell stack are
btained by varying fuel inlet pressure as shown in Fig. 18 . It is

ig. 18. SOFC voltage, current density and power at different primary pressures.

s

Fig. 19. STCR vs. primary pressure at different secondary pressures.

bserved that the current density decreases with increasing fuel
nlet pressure, which can be analyzed through the ejector off-
esign performance characteristic. On one hand, the flow rate of
H4 into FC, nin

CH4
, increases as the fuel inlet pressure increases

s indicated in Fig. 8; On the other hand, the secondary flow rate
ignificant decreases as fuel inlet pressure increases from Fig. 8,
hich decreases the flow rate of nin

H2
and nin

CO. It is found that

he reduction rate in nin
H2

+ nin
CO is higher than the increment rate

n 4nin
CH4

so that nconsumed
H2

will finally decrease according to Eq.
21). This will cause the current density decreases as it is directly
orrelated with nconsumed

H2
. From Fig. 18, it is also seen that the

C voltage rises with the fuel inlet pressure as decreasing the
C stack temperature leads to a lower cell open circuit potential.
he FC power increases with increasing the fuel inlet pressure
nd is almost constant at high fuel pressure.
The STCR with the variation of the FC operation pressure is
hown in Fig. 19 . It is quite different from that obtained in the

Fig. 20. STCR vs. primary pressure at different fuel utilizations.
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tand-alone ejector (Fig. 13), especially in the ranges of low fuel
nlet pressure and high FC pressure. This confirms that, for a FC
ressure lower than 3.4 bar, the STCR can easily drop below the
imited value and thus suffers from carbon deposition.

The results obtained by varying the fuel utilization factor at
ifferent fuel inlet pressures are shown in Fig. 20. This indicates
hat the STCR is strongly influenced by Uf. Note that Uf also
as a direct effect on conversion rate of H2 in FC stack, which
ffects the FC performances such as temperature, pressure and
hemical composition at the anodic recycle gas. It shows that,
or Uf lower than 0.7 the STCR can easily drop below the limited
alue.

. Conclusions

In this paper, a new model for fuel ejector with large entrain-
ent ratio, overheated working gas and low pressure increment

n the anodic recirculation SOFC system is developed. The new
odel has no more than nine algebraic equations and can be

pplied in both ejector design and performance simulation. In
ontrast to the traditional 1D models, the new model has the
ollowing advantages:

. The new model uses a 2D function to approximate the real
velocity distribution inside the ejector. This makes it much
more accurate than the traditional 1D model in describing
the flow field inside the ejector (Fig. 4).

. The modeling of flows in the mixing chamber and diffuser
is not required by this model. In addition, throughout the
modeling procedure, the energy conservation equation is not
required for calculating the secondary mass flow rate. Both
factors make present model simple and easy to apply.

. It can be used for not only the on-design case but also off-
design performance evaluations for ejectors in the anodic
recirculation SOFC system, while the traditional 1D model is
incapable for the off-design ejector performance prediction.

Furthermore, the ejector in the cases of on-design, off-design
nd integrated into an SOFC system performances have also
een investigated. The main conclusions from the simulation
esults are summarized below:

. Mass flow rate of the fuel increases with increased the fuel
inlet pressure.

. The behavior of STCR is similar to the secondary flow rate,
which decreases as the fuel inlet pressure increases.

. The temperature and chemical composition of anodic recycle
gas do not seriously affect the ejector entrainment ratioω, but
have a significant impact on the ratio STCR.

. The current density of SOFC stack decreases but its power
output increases with increasing the fuel inlet pressure at
constant fuel utilization.

. The STCR can easily drop below the limited value causing

the carbon deposition in high fuel inlet pressure regions.

The proposed model is expected to have wide applications in
eometries design and performance evaluation of the ejectors in

S

urces 173 (2007) 437–449

OFC systems. Utilizing the model, our immediate future work
ill focus on validating the model effectiveness on performance

valuation at off-design operation conditions by experimental
tudies and investigating the influence of the cathode side and
he fuel conditions on the performance of the fuel ejector and
OFC systems.

ppendix A. Primary flow relations between Section 0
nd Section 1

Using the isentropic flow laws, the temperature and densities
nd pressures of primary flow at the Section 0 and Section 1,
P,0, TP,1, ρP,0, ρP,1, PP,0, PP,1, are related by

TP,1

TP,0
=
(
ρP,1

ρP,0

)k−1

(A1)

nd

TP,1

TP,0
=
(
PP,1

PP,0

)(k−1)/k

(A2)

espectively.
Since the velocity at Section 0 is negligible compared with

he velocity at Section 1, energy conservation equation of fuel
rom Section 0 to Section 1, and the mass flow rate at Section 1
re

pTP,0 = CpTP,1 + V 2
P,1

2
(A3)

nd

P,1 = ρP,1AtVP,1 (A4)

espectively.
Considering the Mach number is 1 at Section 1, invoking Eqs.

5), (6) and (A3), we obtain

TP,0

TP,1
= k + 1

2
(A5)

ubstituting Eq. (A5) into Eq. (5), results

P,1 =
(

2kRgTP,0

k + 1

)1/2

(A6)

ombining Eqs. (A1) and (A4)–(A6), and taking account the
ow friction loss of an isentropic coefficient, ΨP, we finally
btain Eq. (7) for the primary flow mass flow rate.

ppendix B. Primary flow relations between Section 1
nd Section 3

Since the primary flow expands fully in the suction chamber,
mbient pressure of the expansion flow can be represented by
he pressure of surrounding secondary flow PS,0. Using the isen-
ropic flow and energy balance laws for the primary flow from

ection 1 to Section 3, we have:

TP,3

TP,1
=
(
PS,0

PP,1

)(k−1)/k

(B1)
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pTP,1 + V 2
P,1

2
= CpTP,3 + V 2

P,3

2
(B2)

here TP,3 and VP,3 are the temperature and velocity of primary
ow at Section 3, respectively.

Multiplying Eq. (B1) by (A2), and adding Eq. (B2) to (A3),
e obtain

TP,3

TP,0
=
(
PS,0

PP,0

)(k−1)/k

(B3)

pTP,0 = CpTP,3 + V 2
P,3

2
(B4)

ubstituting Eqs. (5) and (6) into Eqs. (B3) and (B4) for Section
, and using assumption 3, we obtain Eqs. (9) and (10).

To determine the flow area of the primary flow in the Section
, the mass balances for the primary flow from Section 1 to
ection 3 is required which can be expressed:

P,1AtVP,1 = ρP,3AP,3VP,3 (B5)

sing the isentropic flow laws, we obtain

ρP,3

ρP,1
=
(
TP,3

TP,1

)1/(k−1)

(B6)

ubstituting Eqs. (5) and (6) into Eq. (B2) for Sections 1 and 3,
esults

VP,3

VP,1
= MP,3

√
kRgTP,3√

kRgTP,1
(B7)

TP,1 = 2 + (k − 1)M2
P,3 (B8)
TP,3 2 + (k − 1)

hen substituted Eqs. (B6)–(B8) into Eq. (B5), the actual expan-
ion diameter of primary flow at Section 3, DP,3, corrected by a
oefficient is obtained and expressed in Eq. (11).

[
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