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Hydrodynamic Transition in Electrolysis

The gas removal process during electrolysis is studied with the aim of identifving
kydrodynamic transilions, analogous lo those which occur in boiling. The local peak
in the electrolysis gas flux is observed during electrolysis from a horizontal cylindrical
cathode. This transition poinl is shown to correspond with Moissis and Berenson's
“first transition” in nucleate pool boiling. A prediction of the transition, applicable
to either boiling or electrolysis, is developed for the cylindrical heater (or cathode) arrange-
ment. It is compared with 12 experimental data for boiling and electrolysis, and its
limitations are discussed. Finally, some attributes of the regime of film electrolysis are
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identified and discussed.

Introduction

EL]::CTROLYS!S has attracted increasing inlerest
lately because of its relevance to a variety of problems of human
life support and a myriad of industrial processes. References
[1, 2]2 provide some background as to the scope of contemporary
applications of electrolysis. The present study is part of a broad
effort to establish the similarity between boiling and electrolysis.
We have generally sought to establish means for applying known
methods for predicting boiling processes to the prediction of
comparable processes in electrolysis. In [3] we dealt with bubble
growth predictions for the two processes, and here we look for
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hydrodynamic transitions comparable to those which occur
during boiling.

Fig. 1 is a conventional boiling curve with a transformed
ordinate. In it, the vapor volume flux v (or the heat flux ¢
divided by the volumetric latent heat of vaporization, ph,,) is
plotted against the driving temperature difference AT. The
well-known transitions in the boiling mechanisms are indicated
on this figure. Let us consider each one briefly.

1 Inception. This is the point at which the first bubbles
appear. Since we are not concerned with predicting inception
in either boiling or electrolysis, we shall make no attempt here to
recount the massive literature on the subject.

2 Transition From the Isolated Bubble Region to the Region of 5lugs
and Columns. This transilion was identified by Zuber [4, 5]. It
was subsequently predicted by Moissis and Berenson [6], who
also advanced a variety of measurements of the transition point.

Using observations of the rise of bubbles in tubes [7, 8] Moissis
and Berenson showed that the volume flux at this transition,
U, Can be given as?
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where 3 is the contact angle of the liquid-vapor inlerface on the
heater, and A, /A4 is ihe fraction of the heater area occupied
by vapor jets. Zuber [9] argued that the vapor jet pattern—
once set up—is constant and the velocity of vapor flow through
these jets increases with ¢ or v. He further argued that the jets
form an array spaced on a square grid and that they have a
diameter of half the grid size. This gave A, /4 = 7/16 for a
flat plate, so

v = 01182 Vya/(p; — p,) (@)

In the published disecussion of [6], both Chang and Zuber
asked the authors if this {ransition was well defined. They
replied that it was indeed slurred so that equation (2) is an ap-
proximate result, We shall return to this point later.

3 The Peak Volume Flux Transition. Zuber [9, 10] originally
predicted vmax for boiling on horizontal flat plates. He noted
that the velocity of escaping vapor in the jets eventually causes
the jets to become Helmholtz unstable and the efficient process
of vapor removal by jetting collapses. The spacing of the grid
on which the jets are placed is equal to the most rapidly collapsing
Taylor unstable wavelength, A, in the liquid-over-vapor inter-
face above the plate. This wavelength was shown by Bellman
and Pennington [11] to be

N = 2rV3Va/glo, — p,) (3)

The maximum vapor volume flux obtained by Zuber as the
analytical result of this descriptiont was
t This result, along with most of the results we shall present here,

is valid for py/pg 2> 1-—that is, up to system pressures within about
90 percent of the eritieal pressure.

> Voo, ~ plpr @

Vmax, =

I'his expression compared well with data for flat plates.
Sun and Lienhard [12] subsequently made a similar prediction
for horizontal eylindrical heaters. They obtained, for B’ > 0.15,

Dmaseyy = Vmoxy, (0.89 + 2.27 exp [—3.44R')  (5)

where R’ is a dimensionless radius defined as

21 /3R — ,
R = = RV, — p,)/0 (6)
d
Ded and Lienhard [13] recently developed the corresponding
expression for spheres. It is
LT4R =" by, R' < 4.26
v‘““"anh = (7)
0.840mux R > 4.26

Equations (3) and (7) were verified by a great deal of experi-
mental data.

4 The Minimum Heat Flux Transition. Zuber also predicted vuin
by considering a grid of waves in fhe liquid-vapor interface over
a flat plate. The waves, spaced on a Ay X N\, grid, collupse
eyclically to release bubbles of diameter A,/2 at the nodes. When
the volume flux falls below that required to move the interface
af itz natural frequency, film boiling collapses. Zuber's analysis
of this process [7, 8] yielded

e, = Ciog 2o )
miu g, 1‘ 7 (ﬂ; e P,,)’
where C; was predicted to be 0.177. Berenson [14] subsequently
showed that Zuber's evaluation of € involved an incorrect
averaging and that it should actually be evaluusted empirically.
He found that €y, = 0.09 gave good correlation with data.

Lienhard and Wong [15] subsequently modified this develop-
ment for horizontal eylinders. They corrected A, for transverse
curvature and obtained

—
Nagy1 = R"‘;l + 05R @

The minimum volume Hux for cylinders, based upon this wave-
length, was found to be

(5 1y

Uming = Vming I:E’('ZR”"-FI)] (10)
where €, waus found experimentally to be 1.289.

There is a general failing to these vy, expressions that does

not afflict v.,.s. Berenson showed that while vy,. is insensitive

to surface condition, vwin can be strongly influenced by minor
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R’ = dimensionless radius, B = contact angle or angle be- p; = density of saturated liquid

R\/g(ﬂr . PnVG-’ tween liguid-vapor (or gus) or of electrolyte
interface and heater (or p, = density of saturated vapor
v = volume flux from eathode or cathode) surface, measured or of gas generated at

heating element, on the liquid side cathode
AT = temperature dlf_l’erence be- pu, = density of gaseous hydrogen
yu"“'}_ B volume flux al the “second’ tween a heat,mg element, (special case fOI'p )

Uminy V) (or Helmholtz unstable) and the saturated liquid : £
transition, at the minimum adjacent to it B suxiac? Ve ] .
film electrolysis or boiling Mg = most ‘“‘dangerous” or most I = subscript denoting infinite
trapsition, and at the susceptible wavelength in flat plate
“first” (or isolated-bubbles a horizontal liquid-va- cyl = subscript denoting horizontal
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variations of surface condition. Kovalev [16] further amplified
the poin. and showed that the end-mounting of cylinders also
influenced Uming,- On the basis of Kovalev’s data, Lienhard
[17] showed that Cs should be further reduced Lo at least 0.0217—
perhaps even further. Thus vy, predictions are generally a
chancey business. What the real minimum is, cannot finally
be predicted, and it is very hard to ascertain experimentally.

Transitions in Electrolysis

At first glance we should expect the same trapsitions to exist in
the volume flux versus voltage curve for electrolysis, as exist
in the boiling curve, Fig. 1. While » is equal to g/p,h,, in boil-
ing, it can be obtained from Faraday's law for electrolysis.
Faraday’s law expresses the mass flux of H, dissociated at the
cathode as proportional to the current flux, J/A amps per unit
aren, the molecular weight of H,, and n~! where n is the number
of electrons transferred in the liberation of one H. molecule (for
Hy, n, and M both equal 2). Thus

Yo WM em®
96500 prn cm? sec

em? (11)

and we can reduce the current to a volume flux just as we could g.

Let us now consider a basic difference between nucleate
boiling and nucleate electrolysis. The basic mechanizsm of heat
removal in nucleate boiling was shown by Zuber (4, 5] to be
microconveetion driven by the rising bubbles. In 1962 Tien
[18] predicted the microconvective heat flux in the region of
isoluted bubbles using an inverted stagnation flow model.
Boehm and Lienhard [19] summarized and extended this type
of prediction in 1964 and found that in the region of isolated
bubbles

g ~ v~ ATV (12)

where the “site density,” n, is the number of nucleation sites per
unit area.

During nucleate boiling, the site density typically rises as
AT® or more. Thus ¢ or » typically rises as AT3or i But dur-
ing eleetrolysis there should be no corresponding convective en-
hancement of charge removal. The diffusion coefficient for H:
created al the wall is very small (about 1,/30 of the thermal dif-
fusivity of the water). Thus the Schmidt number is on the
order of 100 and the diffusion boundary layer is very much
thinner than the microconvective velocity boundary layer.
Furthermore, we find a heavy density of idle bubbles scattered
in among the active or repeating sites during electrolysis. These
create o static sublayer of fluid whose thickness is independent
of the microconveetive veloeity, and which should totally contain
the diffusion layer. Thus » should simply increase in direct
proportion to the driving voltage, E. None of the convective
reinforcement by the nucleation sites, which occurs in boiling,
is present. In electrolysis it is as though the sites were not there,
insofar as the relation between v and F is concerned.

An important aspect of the transition from the region of
isolated bubbles to the region of slugs and columns is the blanket-
ing-over, and removal of liquid-metal contact that ocecurs.
Throughout the isolated bubble region there is virtually no loss
of contact, but as the slugsand columns evolve, there is.  Zuber
[], in fact, envisioned that this loss of contact increases, honey-
combing the liquid under the jets and feeding them. This can
continue until more than w/16 of the contact is eliminated and
large dry patches cover the heater (see, e.g., the photographs of
Kirby and Westwater [20] which dramatically show this be-
havior).

The heat transfer continues to increase strongly with AT in the
vegion of slugs and columns becsuse as the vapor velocity in-
creases and heater surface is exposed, the microconvection at the
surface continues to improve. Quite the opposite should occur
during electrolysis, however. As contact is lost, the electric
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Fig. 2 Vaper removal pattern on horizontal cylinders at the "firsi-
transition'’ point

current—and with it, v—must decrease in the absence of a con-
vective process,

We are interested, then, in learning to predict the hydro-
dynamic transition from the region of isolated bubbles to the
region of slugs and columns, or the “first transition” as we shall
call it. This transition should replace the Helmholtz unstable
transition as the point of peak volume flux, in electrolysis. It
can be predicted for electrolysis on a flat plate with the help of
equation (2). Since the experimental work presented here is
done on horizontal wires, it will nexi be necessary to develop an
equivalent expression for cylindrieal cathodes.

On a cylindrieal element, A,/A4 must be modified for use with
equation (1). On small wires, the bubbles rise from the wire,
as indicated in Fig. 2, eventually following one another with-
out interruption in a column of diameter, D, equal to that
of the departing bubbles.® In this case

A; _ (@/4D2 D,

A 2rRL 8CiR (13)
where L, the length of wire subtended by one column, is equal
to CsD,. The constant 1/ is the fraction of the wire's length
occupied by ecolumns. In Moissis and Berenson's model, Cs
would be equal to 2, measured along the rectangular grid lines,
and equal to 2+/2 or 2.83 on diagonal lines through the grid,
The spacing should be comparable for cylinders, but we have no
way of specifying the precise value of C's a priori.

Using Fritz's [21] expression for the bubble departure diameter,
Dh

D,= 0.014883 f g
glpy — pg)

(14)

in equation (13), and then substituting equation (13) in equation
(1) we obtain

(15)

=e

_ 0.001464 B’{"V 9o
s 3 Pr — B

for the volume flux at the first transition on small cylinders.
Sun’s [12] experiments with boiling show that the transition
from small to large cylinder behavior oceurs above R’ = 3.
We expect that equation (15) will probably apply up to a com-
parable value of RE’.

Experiments

A local maximum in electrolytic gas evolution has been ob-
served in the past. In 1950, for example, Kellogg [22] reported
observations of such a maximum during aqueous electrolysis
from a vertlical wire anode. Aclually this transition was known
then in connection with the “anode-effect,” or the vapor blanket-
ing of anodes which had been observed much earlier during the
electrolysis of molten salts. The concern in this case was not
with predicting (or even explaining) the peak but with identifying
the phenomenon of film electrolysis and, noting that it resulted
in a considerable reduction of current at a given voltage., One

% This conceptualization is consistent with that of Moissis and
Berenson for flat plates.
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Fig. 3 Test capsule and the circuit diagram for the electrolysis experi-
ment

important en passent observation made by Kellogg was that
“the current increases almost linearly with increased voltage”
in the region approaching the local maximum. This concurs
with the result we anticipated in the previous section.

Two basic experiments have been undertaken in the present
study to test our predictions as to the nature of the electrolysis
curve. In one of the tests we measured the I (or V') versus £
curve during electrolysis from cylinders, and obtained photo-
graphic verification of aspects of the process. In the other we
mesas=ured v,, during boiling to provide additional corroboration
of equation (15).

Fig. 3 shows the apparatus for the electrolysis experiment.
A one-tenth normal KOH electrolyte was contained in a 3.45
in. X 4in. X 7.5 in. plexiglas box. Clean nichrome wire cathodes
(14, 16, and 20 gauge and about 2 in. in length) were suspended
in the electrolyte. The anode was made of clean platinum foil
and suspended in the electrolyte above the cylinder. If was
made considerably larger in surface area than the cathode to
assure that it would function in the isolated bubble regime long
after the cathode underwent any transition. Additional details
relating to the experiment. are given by Bhattacharya [24].

Fig. 4 shows the basic output of the experiment for three of
the wire sizes (14, 16, and 20 gauge). These v versus F curves
were obtained by increasing the voltage across the test cell up
to the desired value, stabilizing the temperature within a 15 deg
F range, and measuring the current, I. Equation (11) was then
used to calculate » from I. It was necessary fo operate in a
fairly high temperature range because, at high currents, the
capsule heated up rapidly during the course of an observation.
We were generally able to hold temperatures close to 160 deg F
when the potential was below about 100 volts; but it was in-
creasingly hard to do so when we had to increase the voltage
through the region of peak current before making an observation.

The curves were quite regular and reproducible up to a maxi-
mum value of ». Beyond this maximum, the data exhibited a
great deal of scalter and indeed the current was unsteady and
tended to fluctuate at a given voltage. Nevertheless the current.
clearly dropped off dramatically with voltage beyond the peak.
At the maximum volume flux a blue corona first formed in the
vapor separating the cathode from the liguid. As the voltage
was further increased the corona also increased, and with it there
developed intermittent sparking between the cathode and the
electrolyte. As we approached our maximum voltage capability
of about 180 volts, the sparking assumed a regular spacing and
fairly great infensity.

We should emphasize that the abscissa in Fig. 4 (the voltage
between the cathode and the anode) is only proportional to—not
equal to—the driving voltage of the surface electrolysis process.
This fuct was clarified by a duplicate run on a 16-gage wire using
a reference electrode located 12 in. below the cathode. The
reference electrade reveals that about 75 percent of the voltage
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Fig. 5 Comparison of I(E) and I(E._;) on logarithmic coordinates

drop is being sustained across the cell, away from the cathode.
The actual surface voltage drop would be still substantially less
than that measured on the reference electrode.

Our system was therefore one in which the current varied
almost entirely by virtue of changes in potential across the cath-
ode, the remaining resistance being constant. The curves ac-
cordingly should have the right shape although the absecissas
are arbitrary within a constant factor.

An additional source of error in the system is the possible con-
tribution of wvapor generation. Since this could hardly have
been a significant factor before the onset of sparking and corona,
and since sparking only oceurred once the peak had been reached,
its contribution to our observations of the peak could not have
been great. However a second source of error is compensatory
and comparable in magnitude. This is the fact that “current
yield"” efficiencies can run below 100 percent (see, e.g., [23]) so
that Faraday's law might underestimate the hydrogen gas yield
by a few percent. These effects probably give a net error some-
where between 0-10 percent. At voltages beyond the peak there
might be considerable vapor generation. Probably the film
electrolysis regime is, in fact, a mixed boiling and electrolysis
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Table 1 Observed heat lux of first transition in beiling

Water Methanol
Radius ’ L
R " R (e he) v
(inches) (p-j' ta) Ve o' 'rg? Vae
10*@r/fPhe 1098 tu/ft3he
+ .50 . N id + .08
L0180 L174 e.1a” "o .258 R iR
+ .08 L+ .08
0200 218 430 " '] .323 3.08 _ ‘oo
,0255 278 4,57 + .05 .12 2.08 ¥ 7
- .08 - .08
+ .10 + .03
; .51 .
,0320 +348 2.81 _ 10 516 98 _ oz

vegion owing to the greatly increased surface resistance at the
cathode and the resulting heat generation.

The results of the tests as plotted in Figs. 4 and 5 verify the
essential linearity of current (or v) in voltage, after nucleate
electrolysis becomes fully established. This linearity is estab-
lished only after a layer of bubbles has been established to pre-
clude microconvection.

Fig. 6 is a sequence of pictures of electrolysis on the 16-gauge
wire (' = 0.278) beginning slightly below the maximum current
and continuing to E = 176 volts. The 1.1 cm (0.433 in.) wide
marker is evident at the bottom of each picture. The corona
and sparking are invisible in these pictures, back-illuminated
with a high-intensity stroboscope. The slugs and columns are
very clear on the wire in the first two pictures. As E is increased
these jets appear o give way to a film process characterized by
Taylor unstable waves very similar to these observed during
pure film boiling (see, e.g. [15 or 23]).

The second experiment used Sun’s [12] apparatus to observe
¢ at the first transition on horizontal wires during boiling in
methanol and water. Since the apparatus and basic procedure
do not differ from that described in [12] we shall not reproduce
details here. In this case we observed the first transition with
the help of a stroboscope and checked our visual impressions
with still photographs,

Table 1 lists the observed transition points for the two liquids
and for the four wire sizes. We were generally able to identify
the transitions reproducibly within a 6 percent margin, but only
after identifying a particular stage (within a broader transition
range) in which the first few jets appeared to take form.

Discussion of Results

We now have the following cluims as to the character of elec-
trolysis, and data against which to test them:

Microconvection Does Not Abet Current (or Volume) Flux in Elec-
trolysis. A corollary of this claim was that, in the nucleate elec-
trolysis regime, I or v should be approximately linear in E (or
E_ ) up to the point of hydrodynamic transition. Figs. 4 and
5 clearly bear this out very well, as did Kellogg's experiment.
Given this to be true we then expect that

The Volume Flux Maximizes at the First Transition, Instead of the
Tour kinds of evidence bear this out.
The first is the lack of microconvective enhancement of I. The
second is the visual appearance of the process, Fig. 6, which
matches the appearance of the first transition in boiling.

The third piece of evidence arises from the fact that equation
(5) predicts vmax in the range from 32,000 to 39,000 ft2/ft*he for
our test wires. Thus vy, is predicted to be between 270-520
times the observed maximnm, depending upon the wire size.
Lt follows that the maximum could not possibly reflect the second
transition. The reader who is acquainted with boiling might
justly wonder how this ratio could reasonably be so high. The

§

Second, in Electrolysis.
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Table 2 M ed tact I

I Temp. B ranga

Liouid and rmeatal Scurce (ol—_) {degrees)
- water—stainiess steel (28] 85 28-78
watar-stainless steal [26] 212 28-g2
:_o N, KOH = platiuum® | [27] 74 15-35
1 o %
75 Ns KOH = nichrome | [28]) Ta 10-23

wire®
water — copper [2€] 212 60
maeathanal — copper [29] 147 a6
water — nichroma present a1 80-81
metnanol = nichrome presant 81 40-52

*data for slectrolytic Hy bubbles in situ.

reason is that for either eylinders or flat plates the ratio of transi-
tion volume fluxes is

UM
—% ~ f(B, R") 4/P2 (16)
vmax pf

Since g, is extremely small for Hs the ratio is quite small. The

sume would be true for boiling at low pressure.

The fourth piece of evidence lies in our third claim; namely,

Equation (15) Describes the First Transition in Both Boiling and Elec-
trolysis. To apply equation (15) one must first ascertain the con-
tact angle, B, for water, methanol, and tenth-normal KOH elec-
trolyte, since vy, ~ B%2: Unfortunately 8 is a notoriously
stochastic property. In 1959 Griffith and Wallis [26] pointed
out the difficulty of reproducing 8 consistently. Table 2 shows
the great variability of their data with slight changes of surface
condition. Trivedi and Funk [27] provided in sifu measure-
menis of contact angles under static bubbles during electrolysis
in normal KOH electrolyte on platinum plates. Trivedi [28]
recently measured 8 during electrolysis in tenth-normal KOH on
nichrome wires. The data of [26 and 27] are included in Table
2. Both sets of data were obtained on metals that had been
first cleaned in distilled water, then in methanol, and finally
rinsed in the test liquid. Chang and Snyder [29] also reported
values for methanol and water which they inferred from the
data of earlier papers. These values are included in Table 2.

Table 2 also includes original S-values that we measured using
the tilting plate method® for methanol and the sessile drop
method® for water. Both tests used nichrome plates cleaned in
the same way that Trivedi's surfaces were.

The four measured values of v, in electrolysis (the peaks in
Figs. 4 and 5) and the eight values of v,, for boiling are given in
Fig. 7. They ave nondimensionalized as v./87* Vgalp, — p,)
and plotted against 1/R’, since equation (15) indicates that this
group should equal 0.0001464/C3R'. The observed wvalues of
V.. are spread out considerably in this representation owing to
our ignorance of precise values of 8. For the boiling results we
used our own measurements of 8 and for the electrolysis data we
used Trivedi’s values of 3 for electrolysis on nichrome wires.

Fig. 7 shows that the 1/R’ dependence of »,, is upheld, al-
though the slopes differ between water and methanol. The
water data for both electrolysis and boiling are fairly well repre-
sented with equation (15) if €y is taken to be 4.4, This value
of C's corresponds nicely with the proportioning of the jets that
we observe in the first two pictures in Fig. 6 (taken near the point
of maximum #). A value of C; more nearly equal 1o 2.5 would be
required to represent the methanol data in Fig. 7.

As E Is Increased Beyond the Point of Peak Volume Flux, the Process
Goes to a Kind of Film Process Similar to Film Boiling. 'T'he photo-
graphs in Fig. 6 show an evolution from gas removal by slugs

9 A detailed explanation of such tests is given in reference [26].
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Fig. 7 Comparison of predicted first transition with data far both boiling
and electrolysis

and ecolumns, to gas-vapor removal by the eyelic collapse of
Taylor unstable waves. The wavelengths measured from the
last three photographs in Fig. 6 and from other pictures not in-
cluded here are

(\a) = 0.42 % 0.10 in.

experimental

while equation (9) gives A; = 0.41 in.

The wire appears to become almost completely blanketed in
the pictures for high voltages. However, a small number of
departing nucleation bubbles in the pictures suggests that there
is still some liquid-to-cathode contact. Despite these indications
of a conventional approach to a film-gas removal process, there
is a difficulty in the numerical value of vmie. Equation (10),
which (as we have noted) might overestimate vmi,, gives

voin(R = 0.174) = 149 {t*/it%hr

tmin(R' = 0.348) =

99 {t3/ft2hr

while the corresponding experimental values of »,. are 120 and
75, respectively.

Thus ¥se < P, and beyond E(v,,) the caleulated volune flux
of H. drops siill farther below vy,  This is additional evidence
that stable film electrolysis involves a substantial component of
evaporated water which does not appear in the v, caleulation
based on Faraday’s law.

Conclusions

1 There is an enhancement of heat transfer which oceurs in
boiling when nucleation sites influence one another; this does not
occur in electrolysis. Consequently v ~ E in the region below
the first transition.

2 The volume Aux reaches a local maximum at the “first
transition’’ point, or the transition from isolated bubbles to slugs
and columns.

3 The volume flux, v, at the first transition on small
horizontal eylinders is given approximately by equation (15).
However, our ignorance of precise values of 8 and of the precise
structure of the escaping gas jets precludes accuracy beyond a
factor of two in the use of equation (15). The predicted de-
pendence of »..on 1/R' appears to be sound.

4 A form of electrolysis that shows many outward appear-
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ances of film boiling, including the Taylor unstable wavelength,
are established at high voltage.

5 A clear understanding of transitional and film electrolysis
and an identification of 2., in electrolysis must await experi-
mentation in a system with an extremely high voltage capability
and a substantial cell cooling system.

6 The existing body of understanding of boiling processes
provides a very useful point of departure for seeking to extend
our understanding of gas-forming electrolysis.
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