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Abstract. With the development of human society, the demand for energy is increasing, and
energy, an essential global necessity, is decreasing significantly and is in danger of being depleted.
Fuel cell is the fourth power generation facility after hydroelectric, thermal and nuclear power. Fuel
cell flow channel is an important part of fuel cell, which has the functions of transferring reaction
gas, discharging products and excess unreacted gas, and balancing fuel cell temperature. This thesis
focuses on the model design and optimization of a 10-layer flat-plate proton ceramic fuel cell
(PCFC) reactor. First, we design a 10-layer flat-plate PCFC reactor model structure, then we
simulate the reactor using Fluent, analyze the multi-field coupling operating characteristics inside
the target reactor, optimize the reactor based on the results, and finally, we analyze and discuss the
optimization results.

Annomayus. C pa3BUTHEM YEIOBEYECKOro OO0IIEeCTBa MOTPEOHOCTh B JHEPTUM pacCTeT, a
3armachl 3HEPIUM, SIBISIOLIEHCS  BaXKHEHIIed MHUPOBOM  HEOOXOOUMOCTHIO, 3HAUUTEIBHO
COKpAILAIOTCSl U HAaXOIATCSl MOA yrpo30d HMcTOleHHs. TOIUIMBHBIA 3J€MEHT — 3TO YETBEPTHIH
O0BEKT TeHepaldu SHEPruU IOCNe THUAPOIIEKTPOCTAHIIMM, TEIUIOBOW M aTOMHON SHEpPreTHKH.
[TpoTouHBIi KaHaJ TOTUTMBHOTO JIEMEHTA — BaXKHASI YaCTh TOIUIMBHOTO JIEMEHTA, BBITOIHSIOMIAS
GYHKIMU ~ TIepeMelIeHusT  pPEakIMOHHOTO  Ta3a, OTBOJAa TNPOAYKTOB H  HM30BITOYHOTO
HEeMpopearupoBaBIlIero Iras3a, a TakXkKe BbIPABHUBAHUS TEMIIEpATypbl TOIUIMBHOTO 3eMeHTa. [laHHas
JHccepTalus NOCBAIIeHa pa3paboTke MOJEIU U onTuMHU3aMu 10-ClI0MHOrO MI0CKOro peakTopa Ha
npoToHHO-KepamuueckoM TormuBHOM 3emenTe (PCFC). Chauana mbl pa3zpabareiBaem mojens 10-
cioitHoro tuockoro peaktopa PCFC, 3arem wMopenupyem peaktop ¢ nomomibio Fluent,
aHaM3UpyeM pabodre XapaKTePUCTHKH MHOTOIIOJICBOW CBSI3M BHYTPH II€JICBOTO PEaKTOpa,
ONTUMHU3UPYEM DPEAKTOp HAa OCHOBE MOJYYEHHBIX pPE3YyJAbTaTOB, W, HAKOHEll, aHAIU3UPYeM MU
o0CyXJ1aeM pe3yJbTaThl ONTUMHU3ALHH.

Keywords: proton ceramic fuel cell, flow path structure design and optimization, 3D large
scale multi-physics simulation.
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Knrouegvie cnosa: TPOTOHHO-KEPAMUYECKUN TOIUIMBHBIA  AJIEMEHT, IMPOEKTUPOBAHUE W
ONTUMU3ALMS CTPYKTYpBI IIPOTOYHOTO TpaKTa, TpEXMEpPHOE KpynHOMacITaOHoe
MYJIBTH(QHU3NUECKOE MOACTUPOBAHNUE.

Due to the development of industry in today's world, energy has reached a state of near
depletion, fossil energy as a non-renewable energy source can not sustain human survival for a long
time, excessive consumption and exploitation leads to energy near depletion. And the fossil fuel
combustion products have a huge impact on the environment, triggering the greenhouse effect and
other environmental degradation phenomena, causing harm to people's health, environmental issues
and energy issues have become the primary problem we face, so there is a need for a high-
efficiency, environmentally friendly and non-polluting energy. Fuel cell is a kind of chemical device
that converts the chemical energy of fuel directly into electric energy, also known as
electrochemical generator. Due to the high efficiency of fuel cells, no mechanical transmission
noise, no harmful gas pollution and not subject to the limitations of the Carnot cycle effect, so the
fuel cell is the most promising power generation technology at this stage, standing in the energy
saving and environmental protection point of view [1].

There are generally five major types of fuel cells: alkaline fuel cells (AFC), proton exchange
membrane fuel cells (PEMFC), phosphate fuel cells (PAFC), molten carbonate fuel cells (MCFC)
and solid oxide fuel cells (SOFC). Solid oxide fuel cell (SOFC) is an electrochemical power
generation device composed of dense oxide solid electrolyte and two porous electrodes (anode in
contact with fuel and cathode in contact with oxygen), and its working principle is shown in Figure
1. Oxygen in the air reacts under the action of a catalyst to generate oxygen negative ions and
migrates to the anode; at the anode, hydrogen in the fuel reacts to generate hydrogen ions and
oxygen negative ions to produce water [2].
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Figure 1. SOFC Operating Principle Diagram

As the anode loses electrons and the cathode gains electrons, a potential difference is formed
between the two sides, and the external load is connected to form an electric current to achieve the
purpose of converting chemical energy into electrical energy.

Proton conductive ceramics were discovered in Japan in 1981, and in recent years, they have
attracted attention as an ultra-high efficiency device that surpasses SOFC [3].
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Proton ceramic fuel cell (PCFC) is actually one of SOFC, SOFC is divided into two types
according to the charge carrier, the traditional SOFC is the oxygen ion conductor SOFC, and the
other is the hydrogen ion conductor SOFC, which is also known as PCFC, PCFC has better
performance and lower cost than SOFC, and the upper limit of fuel utilization can reach 93%.
However, most of the previous studies on direct hydrocarbon fuel cells have focused on solid oxide
fuel cells with oxygen ion-conducting electrolytes. Unlike SOFC, proton ceramic fuel cells utilize
hydrogen ions, also known as protons, as conductors, and the generated water is produced at the air
electrode [4].

Currently, fuel cell technology has been developed more mature, but there are still a variety of
problems that we need to explore to solve, such as improving the working environment of the fuel
cell, improving efficiency, reducing costs, improving safety and so on, which is what the study of
the fuel cell has done. In this paper, we analyze and optimize the flow channel of proton ceramic
fuel cell stack, and further explore the characteristic distribution of various physical quantities based
on the indexes such as uniformity and temperature [5].

The essence of the electrochemical reaction occurring in a fuel cell is the combustion reaction
of hydrogen, and the maximum heat energy that can be obtained from the fuel at atmospheric
pressure depends on the reaction enthalpy.

General equation for the enthalpy of reaction (differential form):

dH = TdS + VdP (1)
By the first law of thermodynamics, at atmospheric pressure, there is:
dH =TdS = dU + dW (2)
Therefore, the reaction enthalpy Ah?,,, of the reaction is:
Ahpy, = [mMARY (M) 4+ nAh?(N)] — [aAh2(A) + bAKY (B)] (3)

Where Ah}) (M), Ah}) (N), Ah](? (A) and Ah}) (B) are the standard state enthalpies of generation

of the corresponding substances, respectively [6].

Gibbs free energy in thermodynamics is a thermodynamic function introduced to judge the
direction in which a process is proceeding. In layman's terms, the Gibbs free energy is the work
potential of a system [7]. The differential form of Gibbs free energy equation is as follows:

dG = dH — TdS — SdT 4)
Isothermal conditions can be melted down to:
dG =dU —TdS — SdT + PdV + VdP (5)

1) The continuity equation:

ap - (6)
4y =0
5 TV ()
where, I — gas mixture velocity; p — gas mixture density.
2) Equation of conservation of momentum:
d(pu N — 7
(apt)+|7-(pu><u)=—|7p+|7-T+SM 2

where, p — the relative pressure of a fluid; t — stress tensor; Sy— momentum source term.
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3) Component conservation equations:

a(pc;)
at

(8)

+ V- (puc) =V - (pDf"vc;) + S;

where, C; — mass fraction of component i in the gas mixture; Die — effective mass diffusion

coefficient for gas component i; Si — mass source term corresponding to gas component i.

Full model modeling and analysis of a 10-layer PCFC power stack
Firstly, we constructed a 10-layer flat PCFC stack based on the SOFC single-cell structure
designed by Huang et al. in 2008, and the model of the stack can be divided into a half model and a
full model, the half model is only the cathode or anode part of the stack, and the full model includes
all the parts of the cathode and anode, and the full model is constructed in this paper (the main
conduit, the anode, the cathode, the electrolyte, and the connection body) [8].

Figure 2. Flat plate SOFC fuel cell designed by Huang et al.

In this paper, the air and fuel of the designed stack are both two inlet and one outlet, and it is
anode-supported type, with the cathode runner on the top of each layer of the cell, and the cathode
diffusion layer, cathode reaction layer, electrolyte, anode reaction layer, anode diffusion layer, and

the anode runner on the bottom in the middle portion from the top to the bottom, as shown in Figure
3.
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Figure 3. Cross-sectional structural diagram

After the model is established, the model can be meshed directly by Gambit, and the selection
of the mesh is very important, and the appropriate mesh is a necessary condition for the model to be
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solved accurately. In this paper, the structured mesh — submap mesh — is chosen for the regular
parts of the model, which is more regular, and the cooper mesh is used for the irregular mesh [9].
Considering the computational time and computational complexity, the grid interval is 1 and all the
grids are hexahedral grids.

After the delineation of the grid is completed, the cathode, anode diffusion layer, reaction layer
and electrolyte in the electric reactor are named and defined, and the fuel, air inlet and outlet are
named and defined. All these are for the preparation of computational solution in Fluent, the
construction of the model and mesh division part of the end here, the model structure is shown in
Figure 4.

Figure 4. 10-layer PCFC fuel cell stack model

After meshing, we need to verify the quality of the mesh, because for different structures, the
applicable mesh type is different, and the mesh quality affects whether the later solution calculation
can be carried out smoothly and whether the calculation results are correct or not. If the model
results change as the mesh density is adjusted, then the results are affected by the change in mesh
density. When this happens, we need to encrypt the mesh or choose a more appropriate mesh type to
ensure that the subsequent Fluent solver calculations run smoothly.

As shown in Figure 5, the quality of the grid of the power pile after the completion of the
division, the entire model mesh is a hexahedral mesh, the number of 7713816, the mesh does not
appear too large distortion, and when the mesh density changes, the calculation results are not very
different, which means that the mesh quality meets the calculation requirements [10].

Figure 5. Mesh diagram of a 10-layer flat-plate PCFC stack model

Analysis and Optimization of Flat Plate PCFC Reactor Airway
For the stack constructed above, the air and fuel inlets and outlets are now changed to
construct three kinds of stacks with different inlets and outlets, so that we now have four kinds of
stacks with different inlets and outlets: 1) two inlets and one outlet for both air and fuel; 2) one inlet
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and two outlets for both air and fuel; 3) one inlet and two outlets for air and two inlets and one
outlet for fuel; 4) one inlet and one outlet for air and one inlet and two outlets for fuel [7]. The
runner components have been elaborated and pictured in the previous section (refer to Fig. 6) and
the cathode part is above the anode i.e. the topmost runner is the air runner.
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Figure 6. Comparison of the overall temperatures of the four electrostacks

The runner components have been described and pictured in the previous section (refer to
Figure 3), and the cathode portion of the runner above the anode, i.e., the uppermost layer, is the air
runner. Fig. 6 shows the overall macroscopic temperature comparison of the four power stacks,
from left to right and from top to bottom for scenarios #1, #2, #3 and #4. It can be seen through the
cloud diagram that, firstly, the fuel and air of the No.1 stack are two inlet and one outlet, and the
temperature is higher in a small area at the end of the cathode air channel of the lower cell, while
the temperature of the No.4 stack is high at the inlet of the cathode air channel of the lower cell, as
well as there is a gradient of temperature decreasing from the bottom to the top of the fuel outlet,
and such a small part of the area of high temperature and inhomogeneous should be avoided for
stacks, while the temperature distribution of No. 2 and No .3 is high, and the temperature
distribution of No. 2 and No. 3 is high. The temperature distribution of No. 2 and No. 3 is more
uniform, the gas enters the gas channel and the reaction temperature rises, and the temperature
distribution of each single cell is almost the same, and the high temperature area is the part of the
gas channel; and due to the difference of the location of the water generation between PCFC and
SOFC, the water generation in the PCFC reactor is in the cathode, so the temperature of the cathode
is higher than that of the anode [11-13].

In general, the temperature distribution of No. 2 and No. 3 is better, but there are also subtle
differences between the two, we can analyze more carefully by comparing the temperature
distribution of the cell in which the single-layer.
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Figure 7. Comparison of cathode temperature distribution of single-layer cells of stacks 2 and 3

As shown in Figure 7 for the No. 2 and No. 3 stacks in the fifth layer of single-cell temperature
distribution comparison, the temperature range of the two are roughly the same, the highest
temperature occurs in the middle of the red area of the flow channel, the highest temperature of No.
2 is about 919.7 K, the highest temperature of No. 3 is about 915.8 K, the difference is relatively
small, the two overall temperature difference between the battery is not big. However, the
temperature of the left part of the single cell of No. 2, that is, the area where the gas passes through
the gas channel and then converges towards the exit main, is lower compared to the gas channel part
[14].

As mentioned in the previous section, the temperature difference will generate variable
temperature stress, that is, thermal stress, the temperature difference in the gas channel of the single
cell of the two power stacks is about the same, or to be precise, No. 3 is slightly smaller, and the
temperature of the single cell of the No. 2 power stack will decrease after the gas flows out of the
gas channel, which will generate a certain temperature difference. According to the above analysis,
the No. 2 stack of single-cell gas channel inlet thermal stress will be slightly larger than the No. 3,
and the 2 stack of single-cell gas channel outlet will also produce thermal stress due to the
temperature difference. Thermal stress is due to the uneven heating of the components there is a
temperature difference caused by the expansion or contraction of the various parts of the
inconsistent, mutual constraints and internal stresses [15].
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Figure 8. Comparison of Overall Oxygen Concentration Distribution of Four Types of Electric
Reactors
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Then the structure of the No. 2 power reactor will be more affected, which is a threat to the
stable operation of the power reactor, so in terms of temperature distribution or No. 3 power reactor
is better!

The results of Fluent solving calculation show that the distribution of hydrogen concentration
of the four schemes is more or less the same, which will not be elaborated here, while the
distribution of oxygen concentration is very different. It can be clearly seen that the oxygen
concentration of No. 1 and No. 4 from the top to the bottom of the oxygen concentration was a
gradually decreasing gradient distribution, the first layer and the tenth layer of single-cell flow
channel oxygen concentration difference is very large and leaning against the upper layer of the
single-cell flow channel in the un-reacted oxygen is too much, this is the same as the optimization
of the background of the previous situation, the heap in the operation of the heap to get the least
flow of the single-cell still want to produce the same amount of current, the other single-cell will be
get more airflow, then the air passing through the airway will be present with most of the oxygen
not involved in the reaction. On the other hand, No. 2 and No. 3 are more evenly distributed, which
ensures that each layer of single cells receives almost the same flow rate, thus avoiding the problem
of unstable operation and performance degradation of the reactor due to non-uniformity of oxygen
[16].

In summary, after the optimization of the three schemes, four kinds of power stacks are
compared, the No. 3 power stack, that is, one inlet and two outlets of air, two inlets and one outlet
of fuel is the optimal result.

Conclusions

In this paper, the modeling and multi-physics field coupling analysis of the power stack is
carried out by using CFD software, and the simulation includes two parts. The first part is a
comprehensive modeling analysis of the 10-layer flat plate PCFC stack with two inlets and one
outlet for fuel and air; the second part is an optimization design based on the stack established in the
first part, and the optimal scheme is selected from the four schemes for analysis and conclusion is
summarized.

Through reading the literature, the import and export methods are changed, and a total of four
import and export schemes of the stack are designed for the multi-physics field coupling analysis
such as heat transfer, mass transfer, etc. After selecting the optimal results, the conclusions are
mainly discussed with respect to the homogeneity of each physical quantity.

1) The inlet and outlet modes, positions and dimensions of the full model of the 10-layer PCFC
stack have an impact on the stack performance;

2) According to the fluid concentration distribution diagram in the stack, we can find that the
pressure drop in the air channel is much higher than that in the main channel, and the pressure drop
in the main channel is kept lower, which has an improvement in the efficiency of the stack.

The standard mass flow rates obtained for the fuel and air channels are very uniform and close
to the mean value, which avoids the inhomogeneity between the channels and affects the
performance and normal operation of the reactor.
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