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Introduction

Driv

ing forces of the study

e There are just a few studies on

t

ne problem
Development of a technical-scale
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Aims of the study
Global aim L

Development of a technical-scale process

+

More specific aims —

(1) To formulate a flow model of the cathode cell and

(2) To characterize the flow field in view of increasing the cell
potential for enhanced oxygen reduction.

-




g Stages of analysis for the cathode cycle
-0ocus on reactaint transport

Basic Fuel Cell Operation

1.Reactant transport

eEfficient delivery of reactants - local flow field and mass
transfer around the electrode structures (plates or cylinders in
combination with porous electrodes ) Itis important to ensure
active access to the electrode surface

2.Electrochemical reaction

eChoosing right catalyst and carefully designing reaction zones
3.lonic (and Electronic) Conduction
e Thin electrolyte for ionic conduction, without fuel cross over
4.Product Removal
o ¢“Flooding” by product water can be major issue of the cell




4 N
Global aim illustrated by an example
Focus on the sulfide-driven power plant “Regenesis Technol.”

a solution of sodium sulphide

(Na,S,) in water is fed to the
negative electrode

d i ide (NaB Picture of the 100-MWh electrical energy storage

a 50 .Iun‘! tribromide (Na : ':3) facility being installed in Cambridgeshire,England.

solution is fed to the positive

electrode An Introduction to Electrochemical Power Sources
2Na,S, — Na,S, + 2Na+ + 2e- Copyright © 1997 Elsevier Ltd. All rights reserved

Author(s):
NaBr; + 2Na+ + 2e— — 3NaBr C.A. Vincent and B Scrosati

k ISBN: 978-0-340-66278-6




Focus on the electrode design

(e

and so are sufficient to predict the correct ranking of the different shapes.
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The calculated cell voltages have a precision in the range of few tens of mVs h

Specific aims illustrated by example

1 e

The method has proved to be valid and helpful for saving time and resources

Giuseppe Faita, Angelo Ottaviani: Method for the integration of fuel cells

Into electrochemical plants. Nuvera Fuel Cells Europe.Jul, 23 2002:
K US6423203
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FOLLOWING OUR STUDY

Cathode oxygen reduction reaction (ORR):
20, + 8H* +8e = 4H,0.

Focus on the cathode hydrodynamics




A version of a design solution

e Electrode cell for simultaneous intensive aeration
accompanied by oxygen reduction

* A chamber with cylindrical electrode and ejector gas
distributor; liquid phase at forced circulation by using
a pump

» Reference to previous studies showed compatible
energy consumption, thus, reasonable application of
such a device.




The cathode TR
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chamber /N,
/ (3
Table 1 Geometrny —/
De
Parameter Dimension
(m) H
C
. 0145 1 2
S 003
d, 0.015
d 0.010 Gz
ds 0004 :

— v -}G 19P_BJK
d= 0. 080 \ { a6
= 0032 \ /

H_ 0.45 3\ "l
|
L 0.385 |4 94
d3
: . 5 d2
Ejector and column schematics: P

1 is column, 2 cylinder electrode, 3 air ejector, —
4 ejector diffuser,5 ejector nozzle.




TWO DESIGN VERSIONS FOR THE EJECTOR

Cnyyan 1 /naBo/: ExxekTopa
OTrope, ra3-Te4HOCTEH MOTOK
Hagony B UMAMHAPUYHOTO
NPOCTPAHCTBO, OTBEXJaHe Ha rasa
B FOpHMS Kanak.

Cnyyan 2 /pacHo/: Exxektopa e
OTAONY, ra30-TEYHOCTEH MOTOK
Harope B UWIMHAPUYHOTO
NPOCTPaHCTBO, Cenapaums rope u
LMpKynaumst Ba HEYHOCTTa HaZony
no nepudepusta

B exxekTopa: mbpBuYeH dnyung e
BOAaTa, 3aCMyKBa Ce rasa, KouTo e
BTOpU4YeH hnyna.

[a3bT Ce 3aCMyKBa BbB BXOAHUS
LyLep Ha CMyKanHaTa Kamepa Ha
€)XEKTOopa, YBNNYaH OT
NoAHaNSAraHeTo, Cb34afAeHO OT
CTpysiTa Ha TEYHOCTHUS MOTOK.
BHuMaHue: O6bpHU BHUMaHME Ha
cneun@uUyHNTE reoMeTPUYHK
NMapaMeTpu Ha eXXEKTOpa U TEXHUTE
cTonmHocTh. CxeMa e gageHa
oTAesnHo!
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A model has to be defined

that takes into account:

1) Full hydrodynamic description (CFD) using the mixture
model that accounts of

- Buoyancy effect from the gas content
- Viscosity effects due to gas content
- Relative velocity between the gas phase and the liquid phase

(2) A primary current distribution model (Ohm’s law for ionic
conduction in the electrolyte domain)

(3) Full electrode kinetic expressions (Butler-Volmer
expressions)
[including the influence of both activation and concentration over-potential, where

concentration over-potential depends only on an input parameter, the boundary
layer thickness, and not on a real salt concentration distribution]

N (4) Diffusion-convection equation (full current distribution). J




NUMERICAL MODEL AND
PROCEDURE

- the continuity equation

0

a(l[)m)_l_v (/OmUm) =0

- the momentum equation

0 i
a(pmum) +V I (memUm) :_VP +pmg +V[(:um(VUm +VU;)]+ F +V I (aLpLurLurL +aGaGurGurG)

1




imulation domain




Refreshment over previous
results




" Overview of previous results

(refreshment)

Various computational aspects have been resolved

eThe conservation equations for mass and
momentum has been solved to resolve the
convective flows.

eMesh requirement and parallel computing has
been resolved.

eSolution algorithms have been fixed up.

e\elocity vectors and density contours in the
cathode channel at different locations have been
determined




Overview of previous results
(refreshment) "
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ABSTRACT

Oxvdation of sulfide from Black Sea water for energy generation by sulfide-driven fuel cell is considered. A
serious problem is the slow cathode oxyvgen reduction reaction (ORR): 20, + 8H* +8e = 4H,0. A solution is found by designing #
cell with forced circulation by means of ejector. A cathode chamber with cylindrical coaxial electrode is proposed. Regarding thg
transport properties of the cathode area. the flow regime in the cathode compartment is studied. The task is solved by numerica
modeling and simulation. The model can be combined with the current distribution model (Ohm's law for ionic conduction). the
electrode kinetic expressions (Butler-Volmer) and a diffusion convection equation for the ionic transport and can be impl

for complete description of current distribution and cell voltage thus promoting future analyses of the energy-storage system

Introduction

® Black Sea water contains enormous amount of hydrogen sulfide estimated as 4.6
bill. t and this amount is increasing progressively.

® The sulfide is a potential source of energy, provided it could be converted by
specialized chemical processing.

® It is most convenient to convert chemical energy directly to electrical energy
involving electochemical devices.

® The aim of this study is to formulate a flow model of the cathode cell and to
characterize the flow field in view of increasing the cell potential for
enhanced oxygen reduction.

Details of cathode cell design and the model

Results  prgure p(a, kPa), velocity U (b, mis) and gas
(a)p,kPa  holdup (c) distribution in gas-liquid flow fleld of () Gas
ejector and column volume
| fraction

(b) U (m/s)

|Ejector cell velocity distribution (in m:

Energy dissipation rates € (m¥s*) vs. radial 04/
distance 7 from the cathode surface | {
o The task is solved by Table 1 Geometry L -4 BE 206
numerical modeling IR [T s o
and simulation. (@) | h
b | s 0
o Commercial o |om W= H
computational flow o |ams 2% . Liguidin
dynamics (CFD) e
& | omo d
software was used
& | oom
® A two-phase quasi- LN
homogeneous mixture é 0080
model is formulated G | om | !
and used in couple K |oss s coeflicient K to larger values according to
with /- turd C = s @ the equation . The trend is largely observed in
ith k-¢ turbulence & | o A
model. a* L /L‘ the inner cathode area.
Ejector and column
e For details. see [. Position 8Tm"’l 31 0.4 0.04 10 100
5
2 K nvsio* 156 | 624 0.66 | 2.7 5
Referoncee Conclusions
111 Beschkov V. & Razkazova-\elkova E. Utilization  Acknowledgement »A flow model of the cathode compartment of a sulfide-driven fuel cell is
of sulfide from Black Sea water by electrolysis. The s partol formulated and its flow regime is explored.
International Journal of Current Chemistry, 1, 7-15,  Project »The key parameters of the flow field. i.e. static pressure, fluid velocity.
2010 WLFCE;‘ BS- phase volume fraction. and kinetic energy dissipation rate are determined
[2] Kandakure M T, Gaikar V.G. & Patwardhan AW, ERANET related to »Prognostic values of the mass transfer coefficient show wide 3-fold
i TR ; Framework variation across the cathode surface. namely. (0.6x10* m's to 15.6x10-
Hydrodynamic aspects of ejectors, Chem. Eng. Sci., 60. Programme 7. y s 2400 it -

6391-6402, 2005.

‘m’s) and imply strong influence of the flow regime over the ionic
diffusion..
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Characteristics of the ejector chamber

Pressure distribution (static pressure, kPa)




Characteristics of ejector chamber

Phase volume fraction
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Characteristics of ejector chamber

e \Velocity (m/s) distribution in air-flow
plane
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Characteristics of ejector chamber

e Performance close to electrode surface

U, mis
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Characteristics of ejector chamber

Velocity radial profiles over the electrode surface, e.g. r=0.04m, and
near to it (r=0.035m, r=0.045m); r is radial coordinate.”
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Characteristics of ejector chamber

Example velocity distribution (in m/s) over the solid-
liquid interface (the cathode); radial coordinate r varies
within the range +/- 5mm).

0.4




The framework of further
studies:

(1)mesh refinement and
(2) further cell geometry




Mesh Refinement

or

What has been done on the project between the
two recent meetings ?

(1) Mesh 3 was elaborated for a study with
increased number of cells from 700000 to 1.1 min.

(2) Mesh 4 was elaborated for another study with
further increase of the NC from 700 000 to 3.5
min.

(3) Solutions for these discretizations of the
numerical scheme

(4) New RESULTS obtained




0.14 min cells

1.1 min cells

Mesh refinement
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Focus on the cathode active surface




g Comparison of mesh refinements
3and 4

Example with about 1min cells.
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Comparison of velocities at different

cell density

Casze of 0.1 mln cells

Casze of | min cells

™




/

Comparison of velocity contours
0-500 um off the electrode internal surface

0.1 min cell
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Comparison of velocity contours
0-500 um off the electrode external surface
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Mass transfer is important

Diffusion Convection Ambient

l-— boundary layer+— boundary layer _'1

Cambd 11,0
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Characteristics of ejector
chamber

* Flow radial e;— as determined by the equation

2 1/4
kL :ﬁ DabEngL]
L
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Characteristics of ejector chamber

Flow radial e;— profile corr. to levels L,

IVl ) U L= 5
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T 3 -—= line L
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Process evaluation and estimates

* Liquid-phase mass transfer coefficient. (prognostic
values)

Position ©P° m'ls' 1 0.4 0.04 10 100

krom/s  156x107 | 6.24x10°  0.66x10* | 2.7x10° | 5x10°




The framework of further studies:

(2) Study another cell geometry




2. The framework of the further study:

solution of further cell s
geometry

and what is intended to be
done

Diffusion Convection  Ambient
l-— boundary hyer+— boundary layer —-i

(ko)

Cm:.o, / i

: &&&(Dﬂ )
| pr;ﬁ’.u[)o
. Dg ) M Camd 10

to uncover the basic relationships of
the operating variables and cell design

energy —




s In conclusion

The framework of
further studies
further cell
geometry

Characterization of a fuel cell
(FC) cathode chamber
(equipped) with ejector
mixer in view of (focused on)
intensification of the oxygen
reduction reaction (ORR).

A

—

2

membrane

energy —
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Further work

e Further work 1Is needed to uncover the basic
relationships of the operating variables and cell design,
namely, liguid flow rate and nozzle geometry, as well as
the geometry of the cell cross section, e.g. cylindrical or
rectangular.

e Essentially, the model iIn its present form can be
combined with the current distribution model (Ohm's law
for 1onic conduction), the electrode kinetic expressions
(Butler-Volmer) and a diffusion convection equation for
the ilonic transport and be implemented for complete
description of current distribution and cell voltage thus
promoting future analyses of the energy-storage system
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