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A three-dimensional electrode cell with cross-flow of current and electrolyte is modelled for galvano-
static and pseudopotentiostatic operation. The model is based on the electrodeposition of copper from
acidified copper sulphate solution onto copper particles, with an initial concentration ensuring a
diffusion-controlled process and operating in a batch recycle mode. Plug flow through the cell and
perfect mixing of the electrolyte in the reservoir are assumed. Based on the model, the behaviour of
reacting ion concentration, current efficiency, cell voltage, specific energy consumption and process
time on selected independent variables is analysed for both galvanostatic and pseudopotentiostatic
modes of operation. From the results presented it is possible to identify the optimal values of
parameters for copper electrowinning.

List of symbols AP pressure drop in the cell (Nm™2)
0 electrolyte flow rate (m*h™?)
a specific surface area (m_l) R Universal gas constant (J mol ™! K_l)
A cross-sectional area (m?) Fe electrochemical reaction rate (molm 2 h‘l)
da, Tafel constant for anode overpotential (V) £, critical time for operating current to reach
ag Tafel constant for hydrogen evolution over- instantaneous limiting current (s)
potential (V) t process time to reach specified degree of
b, Tafel coefficient for anode overpotential conversion (s)
(V decade™) T temperature (K)
bu Tafel coefficient for hydrogen evolution over- u electrolyte velocity (ms ™)
potential (V decade™!) U total cell voltage (V)
C, concentration at the electrode surface (M) Uy reversible decomposition potential (V)
L cell outlet concentration (M) AUy, ohmic voltage drop between anode and three-
Cy cell inlet concentration (M) dimensional cathode (V)
c? initial cell inlet concentration at ¢ = 0 (M) V volume of electrolyte (m®)
d, particle diameter (m) z number of transferred electrons
e, e, current efficiency and pump efficiency,
respectively Greek letters
E specific energy consumption (Whmol )
AE solution phase potential drop through the « ratio of the operating and limiting currents
cathode (V) Ma,a  anodic activation overpotential (V)
F Faraday number (Cmol™}) e, cathodic concentration overpotential (V)
Ah interelectrode distance (m) € bed voidage
i,i;,  current density and limiting current density, ey void fraction of hydrogen bubbles in cathode
respectively (A m~2) ~ constant (Equation 2)
I,I;  current and limiting current, respectively (A)  k, electrolyte conductivity (ohm ™ m_l)
Iy partial current for hydrogen evolution (A) v electrolyte kinematic viscosity (m? s7h
kt, mass transfer coefficient (ms™") A¢y  diaphragm voltage drop (V)
L bed height (m) A¢y  voltage drop due to hydrogen bubble contain-
Al bed depth (m) ing electrolyte in cathode (V)
M molecular weight (gmol ') p electrolyte density (kgm™> )
N power per unit of electrode area (W m™2) Pp particle density (kgm ™)
n exponent in Equation 19 T reservoir residence time (s)
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1. Introduction

There has recently been considerable research interest
in the performance of three-dimensional electrodes
such as fixed- and fluidized beds of conductive
particles [1-6], and other variant cells of these types
such as the spouted bed [7-9], the vortex bed [10]
and the circulating bed [11]. Features such as high
electrode specific surface area and good mixing and
mass transfer rates suggest that three-dimensional
electrodes possess significant advantages over con-
ventional plate cells in a variety of areas like electro-
organic synthesis [12, 13] and metal recovery and
removal from waste streams [4—6, 14—16], and leach
liquors [2, 5, 8]. A particularly interesting area for
the :application of three-dimensional electrodes is the
periodic treatment of small volumes of rinse waters
from galvanizing plants, copper and brass rolling
plants and the electronics industry.

One possible mode of operation of a three-
dimensional electrode cell involves continuous
recirculation of electrolyte so that a gradual
depletion of the concentration of metal ions takes
place. In the design of such a process, the prediction
of the change of concentration of the reacting ions
with time is important. Furthermore, during removal
of metal ions, not only does concentration vary
with time, but also the limiting current, the current
efficiency, the cell voltage and the energy con-
sumption, as well as other parameters which
characterise the overall performance of the reactor
system. The objective of the present work is to
analyse the behaviour with time of the significant
performance parameters mentioned above for a
three-dimensional fluidized bed cell operated in batch
recirculating mode using a simple theoretical model.
The analysis has been made for the commonly
used galvanostatic mode of operation and for the
case of decrease of operating current with time, a
pseudo-potentiostatic mode.

2. Model formulation
2.1. Basic assumptions

A one dimensional model similar to that derived
for the fixed bed electrode {17} and the fluidized
bed electrode [18, 19] is based on the following
assumptions:

(i) As a model electrode reaction the electro-
deposition of copper from acidified copper sulphate
solution is wused. The initial concentration of
Cu®" ions is such as to ensure a diffusion controlled
process.

(il) The anode reaction is oxygen evolution.

(iii) The feeder electrode and anode are flat
plates situated in a side by side configuration.
Spherical monosized copper particles in contact with
the copper feeder form the three-dimensional
electrode.
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Fig. 1. Schematic view of the batch recirculation electrochemical
system. (1) Catholyte reservoir, (2) anolyte reservoir, (3) pumps,
(4) cathode feeder, (5) anode and (6) separator.

(iv) The anode and cathode spaces are separated by
a diaphragm, the resistance of which is assumed to be
constant during the process.

(v) The current flow is normal to that of the
electrolyte.

(vi) Plug flow occurs in the cathode compartment
and there is perfect mixing in the reservoir.

(vii) The Cu®* ion depletion process occurs under
constant geometric and hydrodynamic conditions.

(viii) Constant physical properties of the elec-
trolyte are assumed.

(xi) A sufficient quantity of supporting electrolyte
is assumed to be present in the electrolyte to render
Cu*" ion migration negligible.

(x) The mass transfer coefficient is constant both
temporally and spacially.

A schematic view of the cell and circulation system
is shown in Fig. 1 and data used in the model
computation are listed in Table 1.

2.2. Concentration—time relationship for limiting
current conditions

The change in concentration as a function of time for

a plug flow reactor coupled to a well mixed reservoir
for a diffusion controlled process is given by [18]

Co(t) = ¢ exp{—%g [1 —exp (— kLTaLﬂ } (1)

Table 1. Value of parameters used in calculations [17)

z=2 kp =77% 107 ms™!
F = 96500 Cmol™! pp = 8800kgm™>

C(? =1gdm™ v=1.037x 10" m?s™!
h=0.01m D=557Tx10""m?s™!
L=1m Ko =500""m™
B=1m T = 298K

e =042 p=1070kgm™3

Uy, =0.828V ag =024V

a, =05V by =012V

b, =012V V =1m?

d, = 1 mm Agg =01V
u=0.06ms! R=8314Jmol ' K!
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Putting V/Q = T as the mean reservoir residence time,
and assuming constant hydrodynamic conditions,
Equation 1 may be reduced to

Gol) = G exp () 2)

where

kL(lL
=1—-ex
v=1-exp( ")
These equations are obtained assuming that the cell
works under limiting current conditions at all times
and thus correspond to the maximum degree of
conversion.

3. Galvanostatic operation
3.1. Change of limiting current with time

For the case of galvanostatic operation (I = const.),
when the operating current is less than the initial
limiting current

I =al(0) (3)

where 0 < a < 1, the depletion process involves two
periods [9, 17] relative to the limiting current. The
limiting current as a function of distance and time
may be expressed in the following form {18, 19]:

dI(»,1) = zFky.aAC(y, 1) dy (4)

Integrating Equation 4 over the electrode length
gives

(1) = zZFudCy(2) (5)

indicating similar behaviour of limiting current and
concentration with time.

Both Equations 1 and 5 are approximate solutions
of the given differential equation. Walker and
Wragg [18] have published more exact solutions and
have also shown that an approximate solution is
sufficiently accurate for many practical purposes.

For the first period of the depletion process, when
the operating current is less than the limiting current
(i.e., I <Ip(r)) cell productivity is less than the
maximum productivity as defined by Equation 1. In
this period the current efficiency is high and the
concentration of reacting ions changes linearly with
time according to Faraday’s law. For the second
period, when the value of operating current exceeds
the value of the instantaneous limiting current
(i.e., I>1I.(r)) simultaneous hydrogen evolution
occurs. For this period, the operating current may
be expressed as a sum of the instantaneous limiting

current and the hydrogen production partial current
[10, 17]:

I=1(1)+ Iu() (6)

As a consequence of hydrogen evolution the current
efficiency decreases with time. The onset of hydrogen
evolution also produces an inevitable increase in the
cell voltage and additional bubble ohmic effects are
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Fig. 2. Schematic presentation of limiting current behaviour with
time.

incurred [20, 21]. In this period the concentration of
reacting ions decreases according to Equation 1.
Similarly, the limiting current changes in accordance
with Equation 5. The behaviour of the limiting
current with time is shown schematically in Fig. 2.
The time for the limiting current to reach the
operating current is termed the critical time, #..

3.2. Depletion of reacting ions with time

The change in the concentration of reacting ions for
the first period of the electrowinning process, for
I < I (1), may be expressed through the cell mass
balance by

ol (0)
250 (7)

CO—CLZ

Taking into account the reservoir mass balance along
with Equation 5, the following equation describing
the linear change of concentration with time is
obtained:

Cotr) = € (1-22) ®)

The linear fall in concentration with time applies up to
the critical time, ¢, at which the actual reservoir con-
centration is

CO(IC) = aC(? (9>

Substituting Equation 9 into Equation § and solving
for ¢, gives

(1l — )
ay

o= (10)
When ¢ > ¢, the change in concentration with time

may be described by the following equation which is
similar to Equation 1:

l -«

Co(2) =aC(§)exp(—t?’y+——a—> (11)
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tx 10° /s

Fig. 3. Variation of concentration of reacting ions with time
(galvanostatic conditions) at various values of a: (a) o = 0.25, (b)
a=0.5,(c)a=10.75and (d) « = 1.0.

Examples of the decrease in concentration with time
for both the first and second periods is presented in
Fig. 3, for different values of the parameter «.

It is clear that with increasing ¢, the linear portion
of the curve becomes shorter so that for a =1
it has the form described by Equation 1. It may
also be seen in Fig. 3 that with increasing «, the
curves become closer, finally approaching the
maximum rate of conversion obtained for an
operating current equal to the initial limiting current
(i.e., I = I.(0)).

3.3. Current efficiency

The current efficiency for copper deposition may be
expressed as:

17 (12)

For the first period of the process, when 7 < Ip (¢),
substituting Equation 8 into Equation 12, and
introducing:

[ = azFud~C{ (13)

as the expression for I = I (0) the current efficiencyis
found to be

for 0 <1<t (14)

e=1

Thus, the total charge passed produces the desired
product. In real cells values for current efficiency
may be more or less close to this theoretical value
[2, 5, 9] under appropriate operating conditions. This
is despite some product loss as a consequence of
chemical dissolution of deposited metal due to the
presence of dissolved oxygen in the electrolyte. The
existence of anodic zounes in the cathode space may
also induce dissolution of metal, thus decreasing
current efficiency [5, 8].
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Fig. 4. Current efficiency against time at different « for
galvanostatic conditions: (a) a = 0.25, (b) o = 0.5, (¢) a = 0.75,
(d) =09 and (e} « = 1.0.

For the second period, when the operating current
is higher than the instantaneous limiting current,
substituting Equations 11 and 5 for ¢=0 into
Equation 12, the following equation is obtained:

ezl—aexp[—t'y/7+(l—a)/a] (15)
aty/T

In Fig. 4 the change of current efficiency with time is
depicted over the whole process time. Clearly higher
efficiencies are obtained for longer periods with
lower operating currents but process times are
longer. Also, at lower operating currents the electro-
deposition takes place closer to the equilibrium
potential and chemical dissolution may take place
thus, in practical situations, decreasing the current
efficiency.

Several investigators have plotted current efficiency
against the concentration of reacting ions [2, 7, 10, 22]
for similar systems. Starting from this point, and
with the aim of highlighting the consequences of
Equation 15, Equations 8 and 11 may be solved
for ¢ and the result substituted in Equation 12.
Introducing Equation 13 for the first period yields
an expression identical with Equation 14. For the
second period the following equation is obtained:

-G/
(1 —a)/a—1InCy(1)/C

(16)

which express current efficiency in terms of concentra-
tion. Calculated values for current efficiency against
concentration are presented in Fig. 5.

3.4. Cell voltage

The overall cell voltage may be calculated as a sum
of the reversible decomposition potential, the ohmic
voltage drop between the three dimensional cathode
and the counter electrode, the solution potential
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Fig. 5. Current efficiency against dimensionless concentration for

galvanostatic conditions: (a) & =0.25, (b) @ =10.5, (c) a =0.75,
(d) a=0.9 and (e) o = 1.0.

drop through the cathode, the overpotentials and the
voltage drop through the diaphragm. Thus,

U=U,+ AUohm + AE+ TIA,a +Nc,c + A¢d (17)

For the first period of the process when I < Iy (),
Equation 17 may be written in a form in which the
terms are fully defined:

AR RT C

U=Uy+ "L+ AE+a, + b Ini+—In—5 + Agy
Ko zF Cb

(18)

The solution potential drop through the cathode may
be written as [17]

2
AE = zFu Co(t) 1— exp| — kLaAl . kLaAl
kr.arge® u u

(19)

In Equation 19 the resistance of the metallic phase is
omitted due to its negligibly small value.

For the second period I > I (), hydrogen evolution
takes place, and Equation 18 has to be extended by
two further terms, the hydrogen evolution activation
potential, 7y, and the additional voltage drop
caused by the presence of bubbles evolved in the
cathode compartment. This last term is difficult to
calculate since the prediction of the hydrogen
bubble volume fraction, ey, is problematic (but see
Appendix). For a Tafelian hydrogen overpotential,
Equation 18 may be written as follows:

AR
U:U0+l—§——+AE+aa+balni+aH
1]

The penultimate term represents the voltage drop
due to hydrogen bubbles; the term is neglected in the

5
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Fig. 6. Cell voltage against time for galvanostatic conditions at
various values of a: (a) a« = 0.25, (b) a = 0.5, (¢) a = 0.75 and (d)
a=1.0.

following calculations. Using Equations 18 and 20, a
family of curves was derived and is presented in
Fig. 6 for different values of «, showing the behaviour
of the cell voltage with time. The two periods of the
process, as already discussed, are clearly recognisable
in Fig. 6. When the operating current reaches the
value of the instantaneous limiting current for given
value of «, the cell voltage increases sharply due to
the increase in concentration overpotential and the
onset of hydrogen evolution, after which the cell
voltage decreases slowly as shown in Fig. 6. It should
be emphasized that the time to reach the sharp voltage
step becomes shorter with increasing «, approaching a
zero value for « = 1, that is, for operating current
equal to the initial limiting current I (0).

Similar experimental behaviour of cell voltage
with time has been confirmed [2, 9] for the electro-
deposition of copper in three dimensional electrode
cells.

4. Decrease of operating current with time:
pseudopotentiostatic conditions

4.1. Current—time behaviour

If the operating current changes with time following
the limiting current, that is,

1)) = (1) (21)

it is possible to carry out an electrowinning process
avoiding the hydrogen evolution reaction. This
involves the feeder being kept at constant potential.
For a diffusion controlled reaction the following
relationship may be written as
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Substituting Equation 21 into Equation 22 gives

RT
=—] —
nc,c ZF 1’1(1 Ot)

Under these conditions the operating current must be
reduced with time; from Equation 4 there follows:

I{t) = azFuAd~Cy(1) (24)

It must be noted that the potential of a three-
dimensional electrode has a complex distribution
[1, 5, 13] so that the whole electrode is not at a single
potential. The present model does not take into
account the potential distribution either across or
along the electrode. For these reasons the term
pseudopotentiostatic is used here.

(23)

4.2. Concentration—time behaviour

The change in the concentration of reacting ions, for
potentiostatic conditions, may be derived as follows.
For a single pass of electrolyte through the cell, the
mass balance may be written as

al(1)
— G () =—2 2
Co — CL(1) ) (25)
or, substituting Equation 24 into Equation 25
Co — CL(1) = aCy(t)y (26)

Since the left hand side of Equation 26 may be
substituted by the term [18, 19] —¥d Cy(t)/Qd¢t, the
following differential equation is obtained:

_4G(1) _ 20

de — VvV
Integrating Equation 27 for the following boundary
conditions:

1=0;Co(t) = Co, t = 1; Co(£) Co()

Co(t)y (27)

gives
t
Colt) = ) exp(— a—7_1>
In Fig. 7 the change of concentration with time is

presented for different values of «, that is, for
different values of cathode feeder potential.

(28)

4.3. Current efficiency relationship

Based on Equation 12, the equation for current
efficiency may be written as

o = G0 = Co(D]=FV )

O‘Lt I (¢)de

Substituting Equation 24 into Equation 29 and
integrating for a given process time gives a result
identical to Equation 15. In other words, in the case
of potentiostatic operation of the three-dimensional
electrode, the whole charge passing through the cell
produces electrodeposited copper.

t x 10°%/s

Fig. 7. Concentration—time relationship for pseudo potentiostatic
mode of operation at various values of a: (2) a =025, (b)
a=0.5)a=0.75{d)a=09and (e) o =1.0.

4.4. Cell voltage behaviour

When the operating current decreases with time in the

manner /(z) = al; (), the cell voltage also decreases.

The cell voltage is described by Equation 18.

Substituting Equations 23, 24 and 28 into Equation

18, the cell voltage as a function of time is given by
Oﬁi]_(f) Ah

U(t) = Uy + @y + by Ini+ AE + == ===
(]

RT
+ ?fln(l —a) + Agy (30)
Figure 8 depicts the calculated values of the cell
voltage against time for different values of a.

As indicated in Fig. 8 the cell voltage decreases
steadily with time for all values of a, converging to

tx 10%/s

Fig. 8. Variation of cell voltage with time for pseudo potentiostatic
conditions, for different values of a: (a) @ =0.25, (b) a = 0.5, (c)
o =0.75and (d) o = 0.9.



TIME-DEPENDENT PERFORMANCE CRITERIA IN A 3D CELL 571

a limiting value corresponding to the decomposition
potential of water at infinite time.

5. Energy requirements

The total power requirement per unit of installed
feeder area may be expressed as a sum of the
electrical power and the power requirement for elec-
trolyte pumping. In the case of a batch recirculating
system the power requirement is time-dependent:

aAPull

N(t) = U)i(r) + To

(31)

The specific energy consumption (energy expended
per unit product), may be expressed as

E= Jotp N(1) dt/Ltp ro(2) dt

where r, represents the electrochemical reaction rate
for a desired product (in this case copper). The
denominator in Equation 32 represents the quantity
of reaction product per unit electrode area and for a
given process time, #,,. Equation 32 may be integrated
numerically for chosen limits. More explicitly,
Equation 32 may be written in different forms depend-
ing on the mode of operation. Thus, for galvanostatic
operation, the form of Equation 32 is

Ezfrfei(;); [;1; J; ) dr+£%—e—j (33)
b Jo

(32)

If the process occurs pseudopotentiostatically the
specific energy consumption may be expressed as

E:ff.lj% APQ

U dt+— 2

P 34

e lp 0 ele I(t)dt ( )
tp 0

Equations 33 and 34 may be simplified by neglecting
the pumping energy. It is known [17, 23] that this
part of the energy requirement is much lower
than that required for the electrochemical process.
Equations 33 and 34 may be solved by numerical or
graphical integration for the process time required
to reach a specified amount of metal extraction.
Figure 9 presents the relationships between the
specific energy consumption and the quantity of
extracted metal, obtained by graphical integration
of Equation 33, for different values of « and for
galvanostatic operation.

The specific energy consumption increases steeply
when the degree of electrowinning reaches high
values, for all values of a. From an energy point of
view it is more attractive to carry out the process at
lower values of a. However, this implies extension
of the process time for a given degree of extraction,
as depicted in Fig. 10, in which the process time is
plotted against « for both galvanostatic (broken
lines) and pseudopotentiostatic (full lines) modes
of operation for various degrees of conversion. The

700}
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500 |
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§ B (c)
W 300}
{b)
~
100 (a)
) { 1 | i | ! | !
0 0.2 0.4 0.6 0.8 1.0

C

of

(-

]
]

Fig. 9. Specific energy consumption against conversion degree at
various a for galvanostatic conditions: (a) o = 0.25, (b) a = 0.5,
() @« =0.75 and (d) « = 0.9.

differences in process times between the two modes
for a given degree of conversion increase at lower
values of «. Thus the galvanostatic mode is favoured
from the standpoint of the process time needed to
achieve a given degree of conversion.

The potentiostatic mode requires less energy as seen
in Fig. 11, in which specific energy consumption is
plotted against degree of conversion for different
values of a. It is clear, comparing Figs 9 and 11 that
the energy requirement per unit product is much
lower for pseudopotentiostatic operation. For this
mode energy consumption does not change markedly

Fig. 10. Process time against « for various degree of conversion
1= Co()/CY: (8) 0.25, (b) 0.5, (c) 0.75 and (d) 0.95. (——) Pseudo
potentiostatic conditions; (———) galvanostatic conditions.



572

V. D. STANKOVIC AND A. A. WRAGG

200} (d)

E ] Wh mot”

100} \_

N\

(a)

: | 1 | 1 ! i 1 t
) 02 04 06 08 1.0
C,t
{(1- —)

CO

o

Fig. 11. Specific energy consumption against degree of conversion at
various values of «: (a) & = 0.25, (b) @ = 0.5, (¢) & = 0.75 and (d)
a=0.9.

with degree of conversion whereas Fig. 9 shows very
significant increases for the galvanostatic mode
when the degree of conversion approaches one. The
lower energy consumption with pseudopotentiostatic
operation is a consequence of the avoidance of
hydrogen evolution.

To elaborate on this point comparison of galvano-
static and pseudopotentiostatic modes from the
standpoint of specific energy consumption and
process time for the same degree of conversion is
shown in Fig. 12. Clearly, the pseudopotentiostatic
mode is the favoured option (full line) in regard to
energy consumption. The process time is, however,
shorter in galvanostatic mode (broken line). At
higher o the difference in process times becomes
smaller, indicating that the process should be
carried out at high « and in pseudopotentiostatic

400
10
8
300
£ 6 2
§ r o
E X
200}~ 4™
i 2
100+
7.0

Fig. 12. Specific energy consumption and process time against « for
the same degree of conversion: 1 — Co(£)/C? = 0.5. ( ) Pseudo
potentiostatic conditions; (———) galvanostatic conditions.

mode, making the process time shorter and taking
advantage of the much reduced energy consumption.
It is also clear from this figure that the process times
are shorter for galvanostatic operation for the same
degree of electrowinning.

6. Conclusions

In the modelling and analysis of galvanostatic and
pseudopotentiostatic methods for copper -electro-
winning using three-dimensional electrode cells it
may be concluded that:

(i) The present model allows an optimisation of
the process which identifies the most favourable
operating conditions.

(ii) The analysis has shown that the galvanostatic
mode of operation ensures faster processing than the
potentiostatic mode, for an equal initial current,
resulting, after a certain time, in decreasing
current efficiency and increasing specific energy
consumption. With the potentiostatic method the
current efficiency remains constant and the specific
energy does not change significantly with the
degree of extraction. Thus, the pseudopotentiostatic
method of electrowinning is favourable in terms of
energy saving and avoidance of hydrogen evolution,
but the process time to reach a target degree of
electrowinning is longer.

In the case of the pseudopotentiostatic mode of
operation the challenge is the design of a suitable
power supply and associated control system for an
industrial cell which will ensure controlled decrease
of the operating current with time, so as to follow
the decay of the limiting current with time.
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Appendix: Estimation of hydrogen bubble effect on the
effective conductivity of the electrolyte

The Bruggeman equation may be used to estimate
the effect of hydrogen bubbles on the electrolyte
conductivity. The consequent voltage drop term in
Equation 20 (i.e., A¢y) has the following form:

ig(H)Al

o1 — €g1)"?

The maximum value of ey may be estimated as 0.13
for sulphuric acid electrolyte [21]. The above term
may be calculated using A/ =001m, ky=
500 'm™!, ;=013 to give a value of 2.46 x
107 iy (¢). The iy () value increases with decrease in
i.(t), tending to reach the actual operating current
when i (¢) reaches zero in accordance with Equation
6. It is thus possible to calculate the hydrogen bubble
effect voitage loss term for any time after hydrogen
evolution begins: the magnitude of the term never
exceeds 45mV which is less than 1.5% of the total
cell voltage. Thus the omission of this ‘difficult to
calculate’ term from Equation 20 is justified.

Strictly speaking, the value of eg of 0.13 cited
above applies in free electrolyte flow at vertical plate
electrodes. There is a need for information on gas
bubble evolution and hold up in porous electrodes
and the consequent effect on cell voltage demand.
A further paper by the same group has recently
investigated the effect of coevolution of hydrogen
during copper deposition but mainly in relation to
pressure drop effects [24].



