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Introduction and Summary

The hybrid sulfur process (HyS) hydrogen electrolyzer consists of a proton exchange
membrane (PEM) sandwiched between two porous graphite layers. An agueous solution
of sulfuric acid with dissolved SO, gas flows parallel to the PEM through the porous
graphite layer on the anode side of the electrolyzer. A flow distributor, consisting of a
number of parallel channels acting as headers, promotes uniform flow of the anolyte fluid
through the porous graphite layer. A numerical model of the hydraulic behavior of the
flow distributor is herein described. This model was developed to be atool to aid the
design of flow distributors. The primary design objective isto minimize spatial
variations in the flow through the porous graphite layer.

The hydraulic datafrom electrolyzer tests consists of overall flowrate and pressure drop.
Internal pressure and flow distributions are not measured, but these details are provided
by the model. The model has been benchmarked against data from tests of the current
electrolyzer. The model reasonably predicts the viscosity effect of changing the fluid
from water to an aqueous solution of 30 % sulfuric acid. The permeability of the graphite
layer was the independent variable used to fit the model to the test data, and the required
permeability for a good fit is within the range literature values for carbon paper. The
model predicts that reducing the number of parallel channels by 50 % will substantially
improve the uniformity of the flow in the porous graphite layer, while maintaining an
acceptable pressure drop across the electrolyzer. When the size of the electrolyzer is
doubled from 2.75 inches square to 5.5 inches square, the same number of channels asin
the current design will be adequate, but it is advisable to increase the channel cross-
sectional flow area. Thisis due to the increased length of the channels.

Flow Distributor Description

The current flow distributor design consists of a carbon block, with parallel grooves
machined in the side that is pressed against the porous graphite layer. The porous
graphite layer, in which the flow is parallel to the PEM, is a sheet of carbon paper.
Figure 1 shows a section of the flow distributor with three parallel flow channels
(grooves) in the carbon block. The central channel acts as a supply header and the
channels on either side act as exhaust headers for the anolyte flow in the carbon paper.
The axia flow in both the supply and exhaust channelsis in the same direction. Thereis
adownward vertical component to the axial flow in the supply channel. Thisfluid enters
the porous carbon paper and flows laterally towards the two adjacent exhaust channels
and then upward into the channels. The axial flows decrease in the streamwise direction
in the supply channels and increase in the exhaust channels.
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Carbon Block

Porous carbon
channel paper

Fig. 1. A section of the electrolyzer flow distributor showing the flow pattern.

Figures 2 and 3 are drawings of the current design of the electrolyzer flow distributor.
Figure 2 shows the grooves in the carbon block, and figure 3 shows the supply and
exhaust headers for the flow distributor. There are thirty paralel channels, fifteen supply
and fifteen exhaust. The channel dimensions are: height 0.05 inches, width 0.031 inches,
and length 2.82 inches. There are headers at both ends of the electrolyzer. The flow
enters the supply channels at one end from the supply header above through dots, and the
flow exits the exhaust channels at the other end through slots to the exhaust header above.
The porous carbon paper is 0.007 inches thick.
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Fig. 2: Drawing of the current design flow distributor, showing the graphite block.
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Fig. 3: Drawing of the current design flow distributor, showing the supply and exhaust
headers for the parallel channels.

Model Description

Figure 4 is a schematic of aflow distributor with ten channels, showing the flow pattern.
The schematic also shows the discretezation of the flow network into five axial control
volumes for each channel. The porous layer region between each set of adjacent
channelsis also divided into five control volumes. This reduced size mesh was used to
develop the original flow distributor model. The architecture of the model is such that
the number of channels and the axial discretezation is easily changed.

The model predicts the steady-state flow distribution in the distributor. The supply and
exhaust headers are assumed to be ideal manifolds. The supply pressure is the boundary
condition at the entrance to each of the supply channels, and the exhaust pressure is the
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boundary condition at the effluent end of each of the exhaust channels. The latera flows
in the porous layer are assumed to be perpendicular to the channels.

I
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N

Fig. 4: Schematic of aflow distributor showing the flow pattern.

The axia flow in the supply and exhaust channels is assumed to be governed by the
linear momentum equation. Figures 5 and 6 are schematics of single control volumesin
the supply and exhaust channels respectively. The bottom flow into or out of the channel
is assumed to be uniform over the length of the control volume. The axia flow in the
channel is assumed to be laminar. Equation (1) is the momentum equation for a control
volume in asupply channel, and equation (2) is the momentum equation for a control
volume in an exhaust channel. These equations are derived in Appendix A.
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Fig. 5: Schematic of asingle control volume in a supply channel.
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Fig. 6: Schematic of a single control volume in an exhaust channel.
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Figure 7 is a schematic of a control volume in the porous carbon paper. Theflow is
assumed to be governed by the Ergun equation, [1]. Equation (3) is the momentum
equation for the flow in the carbon paper. This equation is derived in Appendix A. The
three momentum equations for the three types of control volumes and the two continuity
eguations for the channel control volumes form a set of simultaneous non-linear
eguations for the flow and pressure distributions in the flow distributor. This set of
equations is solved iteratively by Newton’s method.
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Fig. 7: Schematic of asingle control volume in the porous carbon paper.
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The flow resistance of porous mediais generally characterized by the permeability.
Equation (4) is the expression used to calculate the permeability “k” from pressure drop
versus flowrate data. The permeability of carbon paper is approximately 7.5 x 10%% m?,
[2]. The Ergun equation uses two parameters, a characteristic particle diameter D, and
the interstial porosity e, to characterize the hydraulic behavior of a porous media. If the
porosity is known, the permeability uniquely determines the characteristic particle
diameter. Thefirst term on the right side of the Ergun equation applies to laminar flow
and is termed the Blake-Kozeny equation. The expressions for the pressure gradient in
the permeability equation, equation (4), and the Blake-Kozeny equation are equated in
equation (5). Thisexpression is simplified to obtain equation (6), an expression relating
the permeability, characteristic particle diameter, and porosity. A porous material with a
permesability of 7.5 x 10 m? and a porosity of 0.6 has a characteristic particle diameter
of 2.88 x 10° m.

_kDP

Q=—=—(A (4)
DP _Qm_150mQ (1- e)’ )
L kA AD? €°

E:@(l-e)z (6)

k D; ¢’

The flow distributor of the electrolyzer currently being tested has thirty parallel channels.
The model has been expanded to thirty channels and each channel is divided into ten
sequentia control volumesin the axial direction. The model was benchmarked against
electrolyzer hydraulic test data, using both water and an aqueous solution of 30 weight
percent sulfuric acid. These results are shown in figure 8. The fluid temperatures are
22.0 °C, and the viscosities of the water and the 30 weight percent sulfuric acid solution
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are respectively 1.006 x 10° and 2.022 x 10° kg/m-s. The value of the characteristic
particle diameter was used to fit the data. The value used was 3.01 x 10° m. Thefitis
pretty good, and the viscosity effect is certainly captured.
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Fig. 8: Overall pressure drop versus flowrate for the test electrolyzer with two different
fluids.
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Internal pressures and flowrates were not measured in the electrolyzer tests, therefore test
data can only be used to verify the overal hydraulic performance of the model. Aspects
of the model were validated in several different ways. comparison with analytical
solutions where possible, verifying that massis conserved globally, and comparison
between model results and hand calculations. Pressure profilesin the supply and exhaust
channels were compared with analytical solutions. Figure 9 isadrawing of axia flow
through a channel with uniform flow out through the bottom of the channel. Equation (7)
isan ordinary first-order differential equation which governsthisflow. Equation (8) is
the solution to the differential equation and an expression for the axial pressure profile in
the channel. The differential equation isderived and integrated to produce the solution in
Appendix B. Figure 10 shows a comparison between model results and the analytical
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solution for the axial pressure distribution in a supply channel near the center of the flow
distributor. The agreement is very good. The assumed permeability of the porous layer
in this case islow and the flow out the bottom of the channel is therefore close to uniform
axialy. Axialy uniform flow out of the bottom of a channel is not an assumption in the
model, and it will subsequently be demonstrated that thisis generally not the case.

< - >|
0 3 PL
AR I IR
YYYYYYYYYYVVYYYVYYVYVYYYVYYY
>

X >
Dx

Fig. 9: Schematic of axial flow through a channel with uniform flow out through the
bottom of the channel.

dP &V, 32mo X0
R @

dx & L D25°6 Lg
where P=Py @ x=0

5
P(x)= P, +V,&r T D,ﬁ gx —3 (8)



Washington Savannah River Company WSRC-ST1-2006-00133

Hydrogen Electrolyzer Flow Distributor Model Revision O
September 2006 Page 10 of 47
71.7

71.675

71.65

[ ] numerical solution
analytical solution

71.625

71.6

Pressure (psia)

71575

71.55

71.525

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Distance along slot (m)

715

S e e B o

Fig. 10: Axial pressure profilesin a supply channel.

Figure 11 isadrawing of axia flow through a channel with uniform flow in through the
bottom of the channel. Equation (9) is an ordinary first-order differential equation which
governs thisflow. Equation (10) isthe solution to the differential equation and an
expression for the axial pressure profile in the channel. The differential equation is
derived and integrated to produce the solution in Appendix B. Figure 12 shows a
comparison between model results and the analytical solution for the axial pressure
distribution in a supply channel near the center of the flow distributor. The agreement is
very good. The assumed permeability of the porous layer in this case is low and the flow
in the bottom of the channel is therefore close to uniform axialy. Againthisis generaly
not the case.
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» X >
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Fig.11: Schematic of axia flow through a channel with uniform flow in through the
bottom of the channel.
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Fig. 12: Axial pressure profilesin an exhaust channel.

Results

Model predictions of steady-state flow and pressure distributions in three electrolyzer
flow distributor designs are presented. Thefirst is the current design, which is nominaly
2.75 in. square and has 30 channels. The second design is aso nominaly 2.75 in. square,
but it has 16 instead of 30 channels. The third design is nominally 5.5 in. square and has
30 channels. The channel spacing in the third design is essentially the same as that in the
second design. The presented results are axial pressure profiles in adjacent supply and
exhaust channels and the axial distribution of cross-flow between the two channels. The
results for each flow distributor design consist of pressure and cross-flow distributions for
three sets of supply and exhaust channels: the top two channels, the bottom two channels,
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and apair of channelsin the middle. The top and bottom pairs of channels are different
from the rest of the channels. The top channel, channel #1, is a supply channel from
which the cross-flow effluent flows in a single direction, towards channel #2. The
bottom channel is unique because it is an exhaust channel which receives cross-flow from
a single adjacent supply channel.

Results for the extant electrolyzer flow distributor design are shown in figures 13 through
15. The anolyte is an aqueous solution of 30 weight percent sulfuric acid. Thetotal
flowrate through the flow distributor is 0.6 I/min, and the pressure drop across the flow
distributor is 2.834 psi. Figure 13a shows the axial pressure profiles of the flowsin the
top set of adjacent supply and exhaust channels. The pressure difference between the two
profiles at a specific axial location is the driving pressure for the cross-flow at that
location. Figure 13b shows the normalized axial cross-flow distribution in the porous
layer between the two channels. The cross-flow is normalized by the average flowrate in
the porous layer. It is higher than the average cross-flow flowrate for the entire axia
distance between the two channels, because al of the effluent cross-flow from channel #1
flows in the one direction. The effluent for the rest of the supply channels flowsin two
directions. The cross-flow flowrate varies between a minimum +4 % and a maximum of
+23 % of the average flowrate.

Figure 14 shows axia pressure distributions for supply channel #15 and exhaust channel
#16 and the axial distribution of the cross-flow between the two channels. Figure 14b
shows the normalized axial cross-flow distribution in the porous layer between the two
channels. Thisdistribution is representative of the cross-flow in the central region of the
flow distributor. The flow varies from a minimum of 5 % below the average flowrate to
amaximum 10 % above the average flowrate.

Figure 15 shows axial pressure distributions for supply channel #29 and exhaust channel
#30 and the axial distribution of the cross-flow between the two channels. Figure 15b
shows the normalized axial cross-flow distribution in the porous layer between the two
channels. It is higher than the average cross-flow flowrate for the entire axial distance
between the two channels, because channel #30 receives cross-flow only from channel
#29. The axial pressure distribution in channel #29 is similar to that in channel #15, and
the pressures in channel #30 are lower than those in channel #16. The flowrate varies
between a minimum +6 % and a maximum of +12 % of the average flowrate.

Figure 16 shows the axial distributions of cross-flow between seven sets of supply and
exhaust channels in the current design electrolyzer flow distributor. The distribution of
cross-flow flowrate in the cross-flow direction is fairly uniform except near the two ends.
The flowrates are high between the end channels and the adjacent inboard channels,
between channels #1 and 2 and between channels # 29 and 30. The flowrates between
the next set of channels proceeding inward, cross-flow from channels #3 to #2 and cross-
flow from channels #29 to #28, are dightly lower than the flowrate of the uniform cross-
flow distribution, in the direction perpendicular to the channels, in the central portion of
the porous layer.
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channel #16 for the current design flow distributor, and the axial distribution of
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Fig. 16: Axia distribution of cross-flow between several sets of supply/exhaust channels.

Figure 17 shows overall pressure drop versus flowrate for the existing 30 channel flow
distributor and a similar sized 16 channel flow distributor. The channels are the same
size in both designs, the only difference is the channel separation distance is doubled in
the 16 channel flow distributor. For a given flowrate, the pressure drop is essentially
guadrupled in the 16 channel design, which has 15 instead 29 regions between channels.
For a given flowrate, the superficia velocity is amost doubled in the 16 channel design.
The cross-flow pressure drop between channels is linear with distance, and for laminar
flow, it islinear with superficial velocity. Doubling both the superficial velocity and
flow distance quadruples the pressure drop. Local mass transfer rates in the porous
media are functions of the superficial velocity, and therefore this parameter is kept
constant for comparisons of the hydraulic behavior of different flow distributor designs.
The average superficial velocity is 2.767 x 10% m/s for the 30 channel flow distributor
with a flowrate of 0.6 I/min.
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Fig. 17: Overall flow distributor pressure drop vs flowrate for the existing 30 channel
flow distributor and a similar sized 16 channel flow distributor.
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Figures 18 through 20 show axia pressure profilesin three pairs of adjacent supply and
exhaust channels, and also axial distributions of the cross-flow between the channels for a
16 channel flow distributor. The anolyte is again an aqueous solution of 30 weight
percent sulfuric acid. The overall flowrate is 0.3 I/min, and the pressure drop is4.918

psi. Figure 18 shows the results for supply channel #1 and exhaust channel #2. Again
the cross-flow is higher than the electrolyzer average value for the entire axial length of
the region between the two channels. The flowrate varies between a minimum +2 % and
amaximum of +11 % of the average flowrate. Figure 19 shows the results for supply
channel #7 and exhaust channel #8. The flowrate varies between aminimum -3 % and a
maximum of +5 % of the average flowrate, which is approximately half of the variation
for the center channels of the 30 channel design. Figure 20 shows the results for supply
channel #15 and exhaust channel #16. The flowrate varies between a minimum +3 % and
amaximum of +6 % of the average flowrate.
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Fig. 18: Channel pressure profiles for supply channel #1 and the adjacent exhaust
channel #2 for aflow distributor with 16 channels, and the axial distribution of
cross-flow between the two channels.
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Fig. 19: Channel pressure profiles for supply channel #7 and the adjacent exhaust
channel #8 for a flow distributor with 16 channels, and the axial distribution of
cross-flow between the two channels.
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Fig. 20: Channel pressure profiles for supply channel #15 and the adjacent exhaust
channel #16 for a flow distributor with 16 channels, and the axial distribution of
cross-flow between the two channels.

Figure 21 shows the overall pressure drop versus flowrate for the third flow distributor
design. Thisflow distributor is 5.5 inches square rather than the 2.75 inches square of the
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previous two designs. It has 30 channels with a channel spacing essentially the same as
the 16 channel second design. The channel flow areais the same as in the other two
designs, but the channel length is doubled.

15
14
13
12
11

=
o

= IR L L L L N EnnumEEn o aaaEEn

Pressure Drop (psi)

O B N W M OO N © ©

| | | |
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Fig. 21: Overall flow distributor pressure drop vs flowrate for a 30 channel square
flow distributor with twice the channel length as that in the current design.
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Figures 22 through 24 show axial pressure profilesin three pairs of adjacent supply and
exhaust channels, and also axial distributions of the cross-flow between the channels.
The anolyteis again an agueous solution of 30 weight percent sulfuric acid. The overall
flowrate is 1.2 |/min, and the pressure drop is 7.689 psi. Figure 22 shows the results for
supply channel #1 and exhaust channel #2. Again the cross-flow is higher than the
electrolyzer average value for the entire axial length of the region between the two
channels. The flowrate varies between a minimum +6 % and a maximum of +40 % of
the average flowrate. Figure 23 shows the results for supply channel #15 and exhaust
channel #16. The flowrate varies between a minimum -8 % and a maximum of +19 % of
the average flowrate. Figure 24 shows the results for supply channel #29 and exhaust
channel #30. The flowrate varies between a minimum +9 % and a maximum of +20 % of
the average flowrate. The cross-flow is considerably less uniform than in the second
design with 16 channels. The difference is due to the longer channel Iengths in the third
design. The axial pressure drops in the central supply and exhaust channels of the larger
flow distributor are respectively 1.05 and 2.2 psi. In the smaller 16 channel flow
distributor, the axial pressure drops in the central supply and exhaust channels are
respectively 0.3 and 1.0 psi.
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Fig. 22: Channel pressure profiles for supply channel #1 and the adjacent exhaust
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Fig. 23: Channel pressure profiles for supply channel #15 and the adjacent exhaust
channel #16 for a 5.5 inch square flow distributor with 30 channels, and the axial
distribution of cross-flow between the two channels.
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Fig. 24: Channel pressure profiles for supply channel #29 and the adjacent exhaust
channel #30 for a 5.5 inch square flow distributor with 30 channels, and the axial

distribution of cross-flow between the two channels.

Figure 25 shows axial pressure profiles of supply channel #15 and exhaust channel #16
and the axial distribution of cross-flow between the two channels for the larger flow
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distributor design with areduced flowrate. The overall pressure drop is 1.0 psi and the
flowrateis 0.18 I/min. Thisflowrate is 15 % of the case with results shown in figure 23.
The cross-flow flowrate varies between a minimum of -6 % and a maximum of +9 % of
the average flowrate. Thisvariationisalittle over half of the variation at an electrolyzer
flowrate of 1.2 I/min.

Figure 26 shows axial pressure profiles of supply channel #15 and exhaust channel #16
and the axial distribution of cross-flow between the two channels for the larger flow
distributor design with the channel cross-sectiona flow area doubled. The channel
spacing remains the same. The overall pressure drop is 5.288 psi and the flowrateis 1.2
[/min., the same flowrate as for the results in figures 22 through 24. The cross-flow
flowrate varies between a minimum -2 % and a maximum of +7 % of the average
flowrate. Thisis approximately a quarter of the variation shown in figure 23 for the case
with smaller cross-section area channels.
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Fig. 26: Channel pressure profiles for supply channel #15 and the adjacent exhaust
channel #16 for a 5.5 inch square flow distributor with 30 channels, and the axial
distribution of cross-flow between the two channels. The channel flow areas
have been doubled.
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Conclusions

A steady-state numerical hydraulics model of the electrolyzer flow distributor has been
developed. This model predicts pressure and flow distributions within the porous
graphite layer on the anode side. Figure 8 shows that the model reasonably predicts
pressure drop versus flowrate relationship, once the permeability of the porous layer is
determined. The model correctly accounts for the viscosity effect. While the predicted
internal pressure and flow distributions within the electrolyzer cannot be directly
validated because of alack of data, the good correlation between overall hydraulic
behavior and data and the fact that the permeability required to achieve thisfit iswithin
the range of independently measured values, certainly supports the creditability of these
results. This model will be avaluable asset in designing the next generation flow
distributor.

Recommendations

Uniform flow of anolyte through the porous carbon layer adjacent to the PEM is
necessary for optimum performance of an electrolyzer, but it is hardly sufficient. Mass
transfer through the anolyte to the PEM surface is very important, and this aspect of the
electrolyzer performance should also be modelled. Optimization of mass transfer impacts
electrolyzer design parameters such as flowrate and carbon layer thickness, and these
parameters in turn influence the flow distributor design. A coupled hydraulic/mass
transfer model should be developed. Such atool will be avaluable design aid.
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Nomenclature

A Area (11
Agt  Channel cross-sectional area P
Dy Channel hydraulic diameter Q
Dp,  Porous media particle diameter QL
Ft Wall friction force Re
f Darcy friction factor \%
K Form loss coefficient e
k Permeability n
L Length r
h Mass flowrate
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Cross-flow mass flowrate

Pressure

Volume flowrate
Cross-flow volume flowrate
Reynolds number

Velocity

Porosity

Viscosity

Density



Washington Savannah River Company WSRC-ST1-2006-00133
Hydrogen Electrolyzer Flow Distributor Model Revision O
September 2006 Page 30 of 47

This Page Deliberately Left Blank



Washington Savannah River Company WSRC-ST1-2006-00133
Hydrogen Electrolyzer Flow Distributor Model Revision O
September 2006 Page 31 of 47

Appendix A Model Equations

There are three types of momentum equations in the model: flow in the supply channels,
flow in the exhaust channels, and cross-flow between the channels. The forms of the
momentum equations used in the model are derived in this appendix. The recursive
governing equations for the model developmental flow distributor network shown in
figure 4 are also herein listed. The structure of the model alows the number of channels
in the flow distributor to be easily varied.

Figure al is a schematic of a single control volume in asupply channel. Theflow is
assumed to be steady and laminar, and there is axialy uniform flow out of the bottom of
the control volume. Axial momentum is convected out of the control volume by this
flow. Equation (al) isthe general form of the linear momentum equation. Equation (a2)
isthe simplified form for steady-flow. The external forces applied to the control are the
pressure forces and wall friction. Due to the small channel hydraulic diameter and the
high viscosity of the fluid, the channel flow islaminar, and this simplification is exploited
in the formulation of the wall friction force term, equation (a5). Equation (a6) is the form
of the supply channel momentum equation utilized in the model.

P”S — Ff ds
Qus : : st
A
Qbot
< 5 >
Fig. al: Schematic of asingle control volume in a supply channel.
—orVdv+ Uv(v AHA= § F (a1)
(#V),, - (8V), =& F (a2)
r st st +r Qbot -r Qus QAU‘S = ( us - Pds)A+ Ff (33)
fDx V 2 — 1
F, o=-r b, 2 ~— A whee V :ﬂ( .« +Qu) (a4)
f = 64 = 6_4” and Ff =- 16erX( us +st) (35)
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. A% 16nmDxA
Q§s + Qb : ( us + st)_ Quzs = (Pus - Pds)_ —( us + st) (a6)

2 r 1D}

Figure a2 is a schematic of a single control volume in an exhaust channel. In this case
thereis axially uniform flow into the control volume. The upward flow into the channel
enters the control with no axial momentum. The linear momentum equation is again
applied to thisflow. Theflow isalso laminar. Equation (a7) is the momentum equation
for a control volume in the exhaust channel, and equation (a3) is the form utilized in the
model.

P”S —_ Ff I:)ds
Qus : : st
A A AAAAAAANA
B
Qbot
< 5 >
Fig. a2: Schematic of asingle control volume in an exhaust channel.
r o r o A% 16mDxA
— - — =\P.-P.)—-—— + ar
Ast AQus (us ds)r rDﬁ (us st) ( )
A?  16nDxA
Q§s - Quzs :(Pus - Pds)__ ?( us +st) (38)
H

The cross-flow through the porous carbon paper is assumed to be governed by the Ergun
eguation [x]. Figure a3 isaschematic of a control volume in the porous carbon paper.
Equation (a9) is the Ergun equation for this control volume. It is expressed in terms of
the superficial velocity, equation (al0). Equation (all) isthe Ergun equation in terms of
the volume flowrate. The Ergun equation is applicable for porosities less than or equal to
0.5. Theinterstial porosity of carbon paper is at the upper end of or dightly above this
range. The channel pressures drive the cross-flow, and they are defined at the corners of
the control volume shown in figure a3. Equation (al2) is the Ergun equation in terms of
the corner pressures. Thisisthe form of the equation used in the model.
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Fig. a3: Schematic of asingle control volume in the porous carbon paper.
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There is an inconsistency between the linear momentum equations used to model the
channel flows and the Ergun equation used for the porous layer cross-flow. The flow into
the porous layer from the supply channel has axial momentum. This component of
momentum is ignored in the porous media cross-flow. The assumption of one-
dimensional flow in the porous layer is reasonable and it considerably simplifies the
model.

Figure a4 is a schematic of the reduced scale flow distributor network which was used to
develop the model. There are five supply channels and five exhaust channels. Each
channel is divided into five axial control volumes. Figure a4 aso shows the flow pattern
in the network. A listing of the governing equations for this network follows. Thereisa
momentum equation and a continuity equation for each of the channel control volumes,
and there is an Ergun equation for each of the cross-flow control volumes. Nine sets of
eguations are listed: entrance middle and exit equations for the top and bottom channels
and entrance middle and exit equations for the center channels. A figure of the local sub-
network precedes each set of equations.
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Fig. a4: Schematic of the reduced scale flow distributor used for model development.



Washington Savannah River Company WSRC-ST1-2006-00133

Hydrogen Electrolyzer Flow Distributor Model Revision O
September 2006 Page 35 of 47
P11 P1
Pin }; Q1 _ﬁHQ&l
QL :
P,

22
P12 —4>Q,

TQLLZ 1

Fig. a: Top row entrance sub-network.

r
2 1+ Kent Q121
n L+ K JQ

t

Ry =Pat

in

Q.- G +10L,(Q +Qu)= (R RS o Q)
Qi = Quu+ QL

S

Qi+ QL = Qs

P+ Pu)- (o +Puc) =507 oL, o, e



Washington Savannah River Company
Hydrogen Electrolyzer Flow Distributor Model
September 2006

WSRC-ST1-2006-00133

Qlis

Revision O

Page 36 of 47
Pi:—l’l % Qi+1,1
:Pi+12 Qi+l,2

Fig. a6: Top row middle sub-network.
Qi2+1,l -

Qi1 = Qi +OL;,

_16nDx

2
Qi+1,2 - r D,i

2
Qi,2

2
= (Plz - Pi+1,2)%

Q,*+QL,+0QL,=Q,,

)= 300nDz (1- e)?

P
AD,f e

i+1,2

(Pi,l + Pi+1,1)' (P|2 +

2
i2,l +3QL; ,l(Qi a7t Qi+1,1) = (P|1 - P )%

3 QLl 1 +

i 16nmDx
rD;

( i,2 + Qi+1,2)

A’D

p

( i1 + Qi+1,l)

35rDz1-e .,

i1

el QL



Washington Savannah River Company WSRC-ST1-2006-00133

Hydrogen Electrolyzer Flow Distributor Model Revision O
September 2006 Page 37 of 47
P
Q5 . 51

: QI‘5,1

s 2 T ) 1
%) \ ) . 0> I:)out

la.

Fig. a7: Top row exit sub-network.

5 16mDx
%QLS,lQS,l - Q120,1 = (Ps,l - P6,1)ﬁ - —2Q5,1
r rb;
Q5,1 = QLS,l
5 16mDx
Qg,z - Q522 = (Ps,z - P6,2)ﬁ - —2(Q5,2 + Q6,2)
r rb;
Q5,2 + QLS,l + QLS,Z = Q6,2
300nDz (1- e)’ 35rDzl-e ,
(Ps,l + P6,1)' (Ps,z + P6,2) = Qlg, +—— QLs,
AD§ e? AZDp e?

r
Pout = Pe,z +W(1' Kext )Q62,2

t



Washington Savannah River Company WSRC-ST1-2006-00133

Hydrogen Electrolyzer Flow Distributor Model Revision O
September 2006 Page 38 of 47
IPZ] 1
P1j1 % Q)1
QL :
"u : Paj
Pin E) —»Qy :—&—>sz
QL :
: I:)2,j+1
Pl’j+1 _;—8_>Q2,j+1

TQLl,j+ 1 -

Fig. a8: Middle row entrance sub-network.
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Appendix B Analytical Channel Pressure Distributions

As part of the code validation effort, analytical solutions for the pressure distributionsin
the supply and exhaust channels of the flow distributor were obtained for comparison
with model results. Figure bl isaschematic of a channel with axial flow and uniform
flow out of the bottom of the channel. Also shown is an incrementa control volumein
the channel.

Py [ .
QoL r e r e r e
22222222222222222222222
> X <> Qbot
F Dx
Pin I:)out
Vin Vout
> >
WAV v,
[

Fig. bl: Schematic of axia flow through a channel with uniform flow out through the
bottom of the channel.

Equation (bl) is the linear momentum equation for axial flow through the incremental
control volume in figure b1l. The flow is assumed to be laminar and equation (b2) is the
expression for the wall drag. The mass flowrates are expressed in terms of the velocity in
equation (b3). Equation (b4) isthe smplified form of this equation. Taking the limit

» x* 0 of equation (b4) resultsin the differential equation (b5). Equation (b6) shows the
expressions for the axial velocity and the velocity gradient. Substituting these
expressions into the differential equation results in equation (b7). The differential
equation is integrated as shown in equation (b8), and the final solution is equation (b9).
Thisis equation (8).

r&'outvout + rﬁcf %(Vin +Vout)_ rhnvin = (Pm - Pout)Adt - Ff (bl)
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Vv

(b2)

(b3)

(b4)

(b5)

(b6)

(b7)

(b8)

(b9)

Figure b2 is a schematic of a channel with axial flow and uniform flow into the bottom of
the channel. Also shown is an incremental control volume in the channel. Equation
(b10) is the linear momentum equation for the axia flow through the incremental control
volume. Thereis not a momentum rate term involving the upflow through the channel
bottom, because this flow enters the control volume with no axial momentum. The
differential equation is derived in the same manner as in the previous derivation.
Equation (b14 isthe final form of the differential equation and the boundary condition.

Equation (b15) is the solution, and it is also equation (10).
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Fig. b2: Schematic of axia flow through a channel with uniform flow in through the
bottom of the channel.

rhoutvout - rﬁinvin = (Pm - Pout)Adt - Ff (blO)
2r (\/out - \/ln)\7 = I:)in - Pout - 32—”2'3)(\7 (bll)
Dy
ory &V o P32, (b12)
dx dx Dy
V
V=V, X & d_V =_0 (b13)
L dx L

b _ a@rV, 32mo x

— = 1= bl4
dx L D2gL° (b14)
where P=Py @ x=1L
P(x)= P, + o B Vo , 32My . ) (b15)
2Lg L D} g



	Text3: 


