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Preface 

The work described here was one of a number of pro-

jects undertaken by research workers at Imperial College 

to investigate the use of barbotage to simulate the 

hydrodynamics of boiling. The proposal to measure 

electrolytic mass transfer rates at a porous surface during 

barbotage was made by my Supervisor, Professor D.B. 

Spalding, to whom I owe sincere thanks for his guidance 

and advice throughout the project. 

As far as I am aware, the work described here is 

original research and the application of the electrolytic 

technique to barbotage is, to the best of my knowledge, 

unique. 

The major part of the first year was spent in gaining 

an understanding of the mass transfer technique and in 

developing it for the present application. 	In this 

connection I would like to thank Professor J.G.Hills, now 

in the Chemistry Department of the University of 

Southampton, who made many helpful suggestions which 

greatly assisted me in the early stages of the project. 

Special thanks are also due to Dr. A. Iribarne, at present 

at Imperial College, who gave much valuable advice and 

Barbotage is defined as the bubbling of a gas through 
a drilled or porous surface into a liquid. 
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assistance during the later stages of the experimental 

work. 

I would like to record my gratitude to the Science 

Research Council (then the Department of Scientific and 

Industrial Research), whose financial support made it 

possible for me to pursue this course of study, and to the 

Ministry of Aviation, for the financial resources for 

equipment which were available. 
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Summary 

The purpose of the work reported here is to investi-

gate, experimentally, the effects of various parameters on 

the diffusion-controlled, electrolytic mass-transfer 

coefficient at a porous cathode, through which a gas is 

injected into a liquid. 	The electrolytic reaction employ- 

ed was the cathodic reduction of ferricyanide to ferro-

cyanide. 

It is found that the mass-transfer coefficient ini-

tially increases with the gas injection rate, because of 

the stirring action of the bubbles in the region of high 

concentration gradients near the mass-transfer surface. 

Above a certain critical gas injection rate, however, the 

mass transfer coefficient decreases; this decrease is 

similar to the fall in the heat-transfer coefficient 

which occurs in boiling as the burn-out condition is 

approached. 

Dimensionless equations are derived from the results 

of the experimental work, relating the sub-critical con-

ductance, the maximum conductance and the critical gas 

injection rate to independent variables. The independent 

variables in the investigation include gas, liquid and 

geometrical parameters. 

From the analysis, it can be seen that the results 

fall into two distinct regions, one a 'pore-controlled' 
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region, in which the mass-transfer coefficient and the 

critical gas-injection rate are influenced by the gas 

viscosity and the dimensions of the pores in the cathode 

and the other, a region independent of the viscous forces 

in the pores. 

The results obtained are compared with those of other 

investigations into simulated boiling-phenomena and with 

boiling heat transfer results. Good agreement from the 

critical gas flow rate comparisons lends support to the 

'hydrodynamic crisis' theories for boiling burn-out. 

The results from the sub-critical region of this and other 

investigations compare favourably with the predictions of 

the turbulent kinetic energy model proposed in the theore-

tical section of this thesis, indicating that a similar 

approach in boiling could lead to a more general nucleate 

boiling correlation than exists at the present time. 
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Chapter 1 Introduction 

1.1 Background 

Boiling is a complex process and, because of its 

importance as a means of transferring heat at high heat 

flux densities, has been the subject of numerous investi- 

gations. 	The simulation of the hydrodynamics of boiling 

by barbotage or by electrolytic gas evolution has provided 

useful information towards understanding the mechanisms 

involved in boiling. 

Beginning with Yamagata in 1953 bt, several inves-

tigators have demonstrated that a considerable increase 

in the film heat transfer coefficient, can be achieved by 

generating gas bubbles on the heat transfer surface. 

These findings lend support to the theory that the stirring-

action of the bubbles in the thermal boundary layer is at 

least partially responsible for the high heat transfer 

coefficients experienced in nucleate boiling. 

A number of these investigations have also shown that 

above a certain critical value, a further increase in the 

rate of gas evolution from the heat transfer surface re-

sults in a decrease in the heat transfer coefficient. 

A similar decrease in the heat transfer coefficient occurs 

in boiling, as the burn-out heat flux is approached. 	It 

is postulated [41, 45, 37, 78 that both in boiling and 

in simulated boiling, the decrease in the heat transfer 



7 

coefficient is a result of a loss of stability of the liquid 

phase in the two-phase boundary layer, causing a continuous 

layer of gas or vapour to form over the heat-transfer 

surface. 

Experiments have been carried out 141, 45, 37, 7j in 

both boill4g and barbotage in which purely hydrodynamic 

measurements were made to detect the sudden change in the 

structure of the two-phase boundary layer. 	The results 

obtained show that a transition or crisis does in fact 

occur at a gas or vapour generation rate predicted by the 

burn-out correlations. 

Apart from the hydrodynamic transition just described, 

very few comparisons of the hydrodynamics of boiling and 

of simulated boiling have appeared in the literature. 

It was, however, noted by Zuber i* and by Wallis [747 
that similar flow regimes are visible in both boiling and 

barbotage, as the vapour/gas generation rate is increased 

from zero to the critical point. 	These two authors also 

show that the same basic equation is used to describe the 

initiation of bubble growth in the two cases Tlt, 72 

Wallis further points out similarities in the bubble growth 

rates and in the growth times. 

In the following section, a more detailed examination 

is made of previous investigations in which a boiling 

simulation was employed. 
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1.2 Previous investiaations into the simulation of 

boiling. by barbotaae and gas evolution. 

In order to provide a framework for the presentation 

of the different types of simulated-boiling experiments, 

the following means of classifying them has been devised. 

Firstly a division is made according to the quantity mea-

sured and secondly according to the method of bubble gen-

eration, as set out below. 

(i) Measurements of heat transfer coefficients. 

This can be further sub-divided into bubble 

generation by barbotage and bubble generation 

by electrolytic gas evolution. 

(ii) Measurements relating to purely hydrodynamic 

quantities. 

In class (i), the object of all the investigators was 

to relate the heat-transfer coefficient to other quantities, 

such as rate of bubble generation, and also, in most cases, 

to show the existence of a critical superficial velocity 

at which the heat-transfer coefficient was a maximum. 

No sub-division is required of class (ii) since, in 

all cases, the bubbles were generated by barbotage and the 

sole object Was to investigate the critical superficial 

velocity. 

Table 1.1 presents investigations in which heat trans-

fer measurements were made (class (i)) and Table 1.2 includes 
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the purely hydrodynamic investigations (class (ii)). 

Investigations involving a net flow of liquid through 

the test section (simulated forced-convection boiling), 

are not included in this review. 	The work of Frea et al 

F-241 is also excluded because their heat-transfer coefficient 

versus superficial velocity measurements were carried out 

at constant heat flux rather than at constant surface tem- 

perature. 	Insufficient data are presented for the nec-

essary constant surface-temperature information to be ex-

tracted by cross-plotting. 

1.3 Purpose of the present work. 

The present investigation concerns the measurement of 

diffusion-controlled mass transfer coefficients at a porous 

electrode. 	The electrode takes the form of horizontal 

disc, through which a gas is injected at various rates 

into a pool of liquid. 	The objects of the investigation 

are: 

	

1. 	To present dimensionless relations connecting 

(a) the mass transfer conductance in the sub-critical region, 

(b) the critical gas injection rate at which the maximum 

conductance occurs and (c) the maximum conductance, with 

relevant fluid and geometrical properties. 

	

2. 	To compare these relations with those valid for 

other barbotage phenomena, and for boiling. 
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An electrolytic mass transfer technique is employed; 

this is fully described in the next chapter. One advan-

tage of this technique is that results can be obtained 

more quickly than with similar heat transfer experiments. 

For this reason it has been possible to vary a large num- 

ber of parameters in the investigation. 	The parameters 

varied include (i) the gas properties, by using different 

gases and by varying the system pressure (ii) the liquid 

properties, by varying the concentration of sodium hydroxide 

in the electrolyte solution and by varying the electro-

lyte temperature, (iii) various geometrical parameters, 

including porous electrode diameter, pool diameter, pool 

depth, and grade and thickness of the porous materials. 

A major limitation of the electrolytic mass transfer 

technique is in the liquid property variation, which is 

restricted to solutions compatible with the electrolytic 

reaction. 	As a result, the lowest attainable Schmidt 

number 

viscosity  
( - densityKdiffusion coefficient)  

is about 103. 

1.4 Layout of the thesis. 

A description of the electrolytic technique is pro-

vided in Chapter 2; the principles of the technique are 

fully explained and also how it can be advantageously 
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employed in the understanding of convective processes. 

The remainder of the thesis may be divided into four 

parts, thus: 

Theory 

Experiment 

Analysis 

Comparisons. 

In the theoretical chapter (Chapter 3), no attempt 

is made at a complete theoretical analysis of the problem; 

instead each of the three dependent variables of interest, 

namely the sub-critical conductance, the critical super-

ficial velocity and the maximum conductance, are expressed 

non-dimensionally as unknown functions of independent 

dimensionless groups. 	These dimensionless relations, 

appearing as equations 3.9, 3.12 and 3.12, provide the 

basis for the experimentation. 

The experimental work is dealt with fully in Chapters 

4, 5 and 6, beginning with a description of the apparatus 

used. 	Chapter 5, Experimental Procedure, lists the in- 

dependent variables of the investigation and links them 

with the dimensionless groups derived in Chapter 3. 	In 

Chapter 6, the experimental readings are processed and 

presented in Figures 6.2 to 6.18, as conductances versus 

superficial velocity. 

The analysis of the data, in Chapter 7, provides the 

relationships between the proposed dependent and independent 
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dimensionless groups; the final results. appear as equation 

7.5 for the sub-critical conductance, as equation 7.13 for 

the critical superficial velocity and as equation 7.22 

for the maximum conductance. 

It was found convenient to provide some explanations 

and discussion of the results in the Analysis chapter. 

In Chapter 8, the results obtained from this investi-

gation are compared with those of other barbotage investi-

gations and with boiling results. 

The number of each equation, figure and table begins 

with the number of the chapter in which it appears. 

Figures are grouped at the end of each chapter. 	References 

and notation appear at the end of the thesis, before the 

appendices. 	Calibrations, measurements of liquid, gas 

and geometrical properties and tables of raw data are all 

included in appendices. 



Authors 
Details of 

bubble 
generation 

Gases 
employed 

Liquids 
employed 

Other 
parameters 
varied 

Range of 
Npr  at 
surface 
conditions 

Remarks concern-
ing the maximum 
heat transfer 
coefficient 

Gose, 
Acrivos 
& 
Petersen 
M 

Barbotage 
with drilled 
and sintered 
plates 

Air 
Helium 

Water 
Ethylene Glycol 
Tellus Oil 15 
Tellus Oil 69 

Hole or 
pore dia- 
meter 
Porosity 
Plate 
orientation 

3.4 
to 

574 

Maximum heat 
transfer coefft. 
achieved with 
sintered plates 
but not with 
drilled plates 

Akturk 
[2] 

Barbotage 
with 
sintered 
plates 

Air Water Surface 
temperature 
Plate dia- 
meter, Pool 
diameter 

3.3 
to 

6.2 

Maximum achieved 
in all cases 

Mixon, 
Chon & 
Beatty 
247] 

Electrolytic 
gas evolution 
from a flat 
plate 

Hydrogen .05N sodium 
hydroxide 
solution 

Surface 
temperature 

2.5 
to 

8.1 

Very low super-
ficial veloci- 
tie 	(max.1.7 x 
10-4  ft/s). No 
maximum heat trans-
fer coefficient. 

Bhand, 
Patgaon- 
kar & 
Go ate 
{8J 

Electrolytic 
gas evolution 
from a fine 
wire 

Oxygen 'Weak 
electrolyte' 

Bulk 
temperature 

Approx. 
2 to 
10 

Low superficial 
velocities. One 
or two maxima 
achieved in heat 
transfer 
coefficient 

Table 1.1 Summary of simulated boiling experiments by other 
workers in which heat transfer measurements were made. 



Author Details of 
gas injection 

Injected 
fluids 

Heavier phase 
fluids 

Other parameters 
varied 

Method of detecting 
hydrodynamic crisis 

Kutateladze 
and 

Moskvicheva 
Vol] 

Perforated 
plates 

Water Mercury 
Carbon 
tetrachloride 

Porosity 
Pool depth 
Hole diameter 

Piezometers and 
Gammascope 

Malenkov 
[45] 

Sintered 
plates 

Nitrogen Water 
Ethyl alcohol 
Benzene 

None Measurements of: 
1. electrical con-
ductivity and 2. 
dialectric con-
stant of the two-
phase boundary 
layer. 

Kutateladze 
137] 

Sintered 
plate 

Air Water 
Methyl alcohol 
Ethyl alcohol 
Acetone 
Benzene 
Carbon 
tetrachloride 

None Electrical con-
ductivity 
measurements 

Wallis 

17.5] 
Woven mesh 
plate 

Air 
Freon-12 

Water 
Carbon 
tetrachloride 
Methyl alcohol 
Iso-octane 
Benzene 

System pressure Counting the num-
ber of liquid 
droplets in the 
spray above the 
pool surface 

Table 1.2 Summary of experiments by other workers in which 
the hydrodynamic crisis was investigated. 
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Chapter 2 The Electrolytic Mass Transfer Technique 

The aims of this chapter are: 

(1) 
	

To explain the prieciples of the electrolytic 

process and to examine the requirements necessary for the 

process to be diffusion-controlled. 

(ii) To indicate the similarities between electro-

lytic mass transfer and convective heat transfer. 

(iii) To enumerate the advantages of the electrolytic 

mass transfer method compared with methods in which heat 

transfer measurements are made. 

2.1 	The diffusion-controlled electrolytic reaction 

2.1.1 Description of the electrolytic process 

In order to understand the process of electrolysis it 

is necessary first to - appreciate the concept of the ionic 

theory as applied to electrolytes. According to this 

theory, a proportion of the molecules of an electrolyte in 

solution dissociate into two or more separate particles, 

called ions. 	In the simple case of a binary electrolyte, 

one ion possesses a negative charge and the other a positive 

charge. 

A reaction of ions at an electrode occurs when the 

applied potential difference across the electrode/ 

electrolyte interface exceeds a certain value, known as the 

decomposition potential (a function of the reacting ion 
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species and the electrode material). At a cathode the 

reaction results in a transfer of electrons from the elec-

trode to the reacting ions; at an anode, electrons are 

transferred from the reacting ions to the electrode. 

Thus, there is a net transfer of electrons from the cathode 

to the anode. This form of electron transport is referred 

to as an ionic current. 

To sustain the electrode reaction, a constant supply 

of the reacting ions must be maintained to both anode and 

cathode. 	In certain cases, the electrode reactions may 

be so rapid that the rate of the process is controlled by 

the rate at which the reacting ions can be supplied to 

the electrodes. 	If, in addition, one electrode is larger 

than the other, the mass flux of ions to that electrode 

is greatly reduced and the rate of the process is limited 

by the higher mass flux to the smaller electrode. Limit-

ing conditions at an electrode lead to a very low concen-

tration of the reacting ion at the electrode surface. 

The case of interest in the present investigation is 

one in which the rate of the process is controlled by the 

rate of supply of ions to a cathode by diffusion and 

convection only. 

In general, ions are transported from the bulk solution 

to the electrode by three modes: 

(a) Diffusion by reason of a concentration gradient. 
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(b) Electrical migration by reason of a potential 

gradient (recall that ions have an electric charge). 

(c) Convection of the solution. 

The second mode, electrical migration, is eliminated by 

reducing, almost to zero, the potential gradients in the 

electrolyte solution. This is achieved by introducing 

a high concentration of a non-reacting electrolyte (termed 

the supporting electrolyte) into the solution, thus in-

creasing its electrical conductivity, [42] . 

The removal of the products of the reaction, depends 

upon the particular reaction considered. Of interest in 

the present work is the case in which the products of the 

reaction are in the form of ions which are removed from 

the electrode surface by diffusion and convection. 	In 

this situation, there is no net mass transfer across the 

electrode/electrolyte interface. 

2.1.2 Expression for the current density from 

convective mass transfer theory. 

Using a theory of convective mass transfer Eiq and 

applying it to the case of zero net transfer across the 

interface, the following expression is obtained for the 

mass flux of one ion species, i. 

wi = gi (mi,G 	mi,$ ) 
	

2.1 

where gi  is the conductance or mass transfer coefficient 
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mi is the mass fraction of reacting ions, i 

suffix G refers to the bulk state 

suffix s refers to the liquid side of the surface. 

The mass flux m" is related to the current density by 

Faraday's law of electrolysis which states that the net ionic 

current is equal to the product of the number of ions react-

ing at the electrode and the number of electrons, n exchanged 

per ion during the electrode reaction. 

, a ;ft 
Mi 

2.2 

where F is Faraday's constant 

Mi is the molecular weight of the reacting ions. 

Combining equations 2.1 and 2.2, the following expression 

for the current density is obtained: 

I gi (mi,G - mi,s) 2.3 

For the case in which the process is controlled by the 

diffusion of ions to the electrode, the concentration of the 

reacting ions at the electrode surface is small compared with 

the bulk concentration. Without this condition, it can be 

seen from equation 2.3 that it is necessary to know the value 

of mis in order to evaluate the conductance from the current ,  

density-measurements. 

The following section examines the conditions under 

which the electrode reaction is sufficiently rapid to produce 
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a diffusion-controlled system. 

2.1.3 Expression for current density from 

reaction rate theory. 

An expression for the current density can be derived 

by assuming that the electrode reaction is a first order 

reaction and that the theory of absolute reaction rates 

is applicable [22, 23, 36]. 	With these assumptions, the 

expression for a cathodic reaction is: 

1 = An T mi,s exp 	
(nFAVCATH 

 + AF 
RT  

where A is a constant which is a combination of other known 

constants 

T is the absolute temperature 

A VCATH is the potential drop at the cathode/electrolyte 

interface and has a negative value 

AFi is the standard free energy of activation. 

The condition for a diffusion-controlled process is 

4(nli,G• 
	From equations 2.3 and 2.4 this condition 

becomes: 

M AT 1 
Fgi 	exp [- 

 
RT (nFA VCATH + A Fi)] >> 2.5 

Figure 2.1 represents the situation graphically, show-

ing the current density I as a function of the surface con-

centration, mi's  for a fixed bulk concentration, mi,G of 

the reacting ions. 

2.4 
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Current 
De ns 

I 

 

Sur tctce Concent Dation, mti,s 

Fig.2.1 

The requirements which favour a diffusion-controlled 

reaction are seen from condition 2.5 and figure 2.1 to 

be: 

(i) 	Low activation energy, AFi; this is dependent 

upon the electrochemical reaction and upon the electrode 

material, but it is also influenced by the presence of so-

called electrode poisons. These poisons, which can take 

the form of either impurities in the solution or coatings 

on the electrode, increase the value of Aq , in some cases 
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quite considerably M. 

(ii) High (negative) potential-drop between the 

cathode and bulk solution. The value °fayCATH,  however, 

should not be as high as the decomposition potential of 

other ion species in the solution. 

(ii1) High molecular weight,M of the reacting ions, 

dependent entirely upon the choice of electrode reaction. 

(iv) Low mass transfer conductance. Conductance is 

a dependent variable and in the present investigation the 

values are, in general, high compared with values normally 

encountered in single phase flow. 

(v) The effects of temperature are not obvious; 

however, in the present work the variation of the absolute 

temperature is extremely limited. 

If values of the activation energy, AF1  and the de-

composition potentials were known for a given reaction 

under various conditions of temperature, supporting electro-

lyte concentrations and electrode materials, it would be 

a simple matter to determine the range of values of con-

ductance and potential difference for which the reaction 

was diffusion-controlled. However, such information is 

not available; it is therefore necessary to determine the 

ranges of diffusion-controlled conductance and potential 

difference by an experimental method. This method is 

described in the following section. 
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2.1.4. 	Test procedure for determining a 

diffusion-controlled reaction. 

As indicated in Figure 2.1, the current is almost in-

dependent of the applied potential difference in the 

diffusion-controlled region. 	Indeed, by definition, the 

diffusion-controlled region is the region in which chemical 

kinetics, and hence AV, play no part in determining the 

rate of the process. 	The variation of current with volt-

age for a system which becomes diffusion-controlled is 

shown in Figure 2.2. 

COI:A'ENT 
DgysiTY 

I 

Fig.2.2.  

port-N T/AL D//=F6--,k E-ivc 	Vcivii 
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For a system that does not become diffusion-controlled, 

the current/voltage curves do not exhibit the horizontal, 

'limiting current' region; 	instead, the current always 

increases with voltage. 

Here then, is a simple but effective means of testing 

an electrode/electrolyte combination in a given situation. 

It has already been shown that a high conductance is un-

favourable to a diffusion-controlled reaction; it is 

essential, therefore, when carrying out the current/voltage 

measurements, to do so at the highest value of the conduc-

tance that is likely to be encountered. 

2.1.5 	The electrode reaction employed in the 

present investigation. 

is the The reaction employed in this investigation 

reduction of ferricyanide 

nickel cathode, 

ions to 

3-  

ferrocyanide ions at a 

4- 
i.e. 	[Fe(CN)6] + 	e 	74r.  [Fe(CN)6] 

Thus one electron is exchanged at the cathode for each 

reacting ion, i.e. n=1. 	For this system, the anodic 

reaction is the reverse of the cathodic reaction, i.e. the 

oxidation of ferrocyanide ions to ferricyanide; this type 

of reaction is commonly termed a redox-reaction. An 

advantage of a redox-reaction is that the concentrations 
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of the reacting ions in the bulk solution remain constant. 

Deposition-type reactions are unsuitable for the present 

application because the rough nature of the metal deposited 

on the electrode surface eyl increases the effective 

transfer area of the electrode. 

The reduction of ferricyanide was chosen because it 

was the only non-deposition reaction which gave a limiting 

current at the high conductances encountered in this work, 

(possibly because of the high molecular weight of the 

reacting ions (212) and of a low value of API.). 	Other 

advantages of the ferricyanide/ferrocyanide system are: 

(i) The reactants, potassium ferricyanide and 

potassium ferrocyanide, are relatively inert and do not 

react (other than electrochemically) with the electrode 

material or the supporting electrolyte chosen. 

(ii) The reactants are fairly stable i.e. do not 

decompose, except when subjected to strong light radiation 

1193. 	It is the reaction most widely used by other in-

vestigators in the field of diffusion-controlled mass trans-

fer E19, 32, 43, 51, 63, 67, 71.1. 

Sodium Hydroxide was used for the supporting electro-

lyte; it was found to fulfil the following requirements: 

(a) A high conductivity. 

(b) A high decomposition potential compared with 

that of ferricyanide. 

(c) It does not react with the reacting electrolyte, 
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the electrodes or the gaseSused in the investi-

gation. 

In order to select an electrode material, a series of 

tests was performed with several different materials. The 

tests consisted of measuring the variation of current with 

potential difference between two electrodes, one a large 

platinum anode and the other a small cathode made of the 

material under test. 	Vigorous stirring of the electro-

lyte close to the cathode was provided, to ensure a high 

conductance. 	The materials tested were platinum, nickel, 

copper, bronze, monel metal and stainless steel, of which 

only nickel and platinum produced a limiting current. 

As platinum is not readily available in a porous state, 

nickel has been used as the electrode material. 

2.2 The 'analogy' between electrolytic mass  

transfer and heat transfer. 

When the mass flux conservation equation for diffusion 

and convection in dilute electrolyte solutions is compared 

with the heat flux conservation equation for convective 

heat transfer, the two processes are seen to be similar 

(-7 2 
Mass transfer:

m + V.Vm = D v  mi  
3t 

2.6 

Heat transfer: 
6T 	+ V. VT 
at = (PC 

4-A72T 
\ 

2.7 
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(Both relations are written in a form which implies constant 

transport properties) where 

V 	is the velocity vector at the point considered 

mi 	is the local concentration of the transferred 

substance 

lli 	is the diffusion coefficient of the transferred 

substance 

T 	is the local temperature 

k/PC is the thermal diffusivity 

at 	denotes partial derivative with respect to time. 

The parallel between diffusion-controlled mass transfer 

to an electrode and convective heat-transfer to an iso-

thermal wall is drian in the following table: 

Electrolytic mass transfer  Convective heat transfer 

Mass flux of ions, ml 

Concentration of reacting  

Heat flux q" 

Temperature, T 

ions, mi  

Conductance  
m• " i  

mi,G mi,s 
Heat transfer coefficient 

a n  

- T
G
-T
s 

Diffusion coefficient of 

ion, Di  

Schmidt No., 	NSc DP  

Thermal diffusivity ,c  p  

Prandtl No., NPr 

C 

••••••••12 k 
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2.3 Advantages of the electrolytic technique over 

heat transfer methods. 

This technique has three main advantages over experi- 

mental methods involving heat transfer measurements. 

These are: 

(i) The ionic current is a direct measure of the 

mass flux and can be recorded continuously with a high 

degree of accuracy. Complicated heat balances or heat 

loss estimations, which are necessary in heat transfer ex-

periments, are avoided. 

(ii) For a diffusion-controlled reaction, the surface 

concentration of the reacting ions is negligible compared 

with the bulk concentration; the concentration difference, 

or driving force, is therefore equal to the bulk concentra-

tion which can be measured with a 1% accuracy. In con-

vective heat transfer, the measurement of surface tempera-

ture is a major problem. 

(iii) Steady-state conditions are achieved almost 

instantaneously, permitting readings to be taken in rapid 

succession. 
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Chapter 3 Theoretical aspects of the investigation. 

The purpose of this chapter is to derive dimensionless 

groups which provide a basis for the experimental part of 

the investigation. Three quantities are at the focus of 

the investigation, namely: (i) The sub-critical conduc-

tance, gi, i.e. the conductance below the maximum, (ii) 

the critical superficial velocity, V8RIT  and (iii) the 

maximum conductance, gi,mAx. 	In the following sections, 

each of these three quantities are treated in turn; use 

is made of models and dimensional analysis to achieve the 

desired results. 

1.1 The sub-critical mass-transfer conductance. 

A relation is derived between the mass transfer con-

ductance at a porous surface with barbotage, and indepen- 

dent variables in the system. 	The derivation is based on 

a model originally proposed by Spalding for nucleate 

boiling [62] and later extended to barbotage [61]. 	The 

work done by the growing bubbles is equated to the dissi-

pation of turbulent kinetic energy which is in turn related 

to the heat or mass transfer coefficient. 

3.1.1 	Description of the model. 

The sketch below, Figure 3.1, shows the form of the 

distribution of turbulent kinetic energy, k along a normal 

to the porous surface. 



29 

ecncentr,attort of 
trotAsierreol Substance, 

tYrk 

total viscosity,,tit  

I lykaS5 
exckanie 

Coe 	t , 

turlauleftt 
Kinetic enei)3y,  

Fig. 3.1 A sketch of the distribution of properties 

along a normal to the porous surface. 

Also shown in the sketch are the distributions of the total 

fluid viscosity, v.t, the total exchange coefficient for 

mass, rt(= Di,t Pf  where Dist  is the total diffusion co-

efficient for the transferred substance), and the concen- 

tration of the transferred substance, mi. 	In the ideal 

situation considered, the quantities shown in the sketch 

are assumed to be constant in directions parallel to the 

porous surface, and also to be time mean values. The 

analysis is restricted to a region of gas injection rates 

in which the bubble nucleation is profuse and the access 

of fresh liquid to the mass-transfer surface is unimpeded 

by the gas. 
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In barbotage, the transfer of heat or mass occurs 

through the liquid, between the porous wall and the bulk 

liquid. 	The role of the bubbles in the heat or mass 

transfer process is, therefore, solely to agitate the 

liquid. 

3.1.2 Energy balance in the turbulent boundary 

layer. 

The work done by the growing bubbles on the surround-

ing liquid is the only source of kinetic energy in the 

system. A bubble grows by reason of a pressure differ-

ence, (Pb  - Pf) between the inside of the bubble and the 

surrounding liquid. The rate of work done by a bubble 

is the product of this pressure difference (Pb  - Pf) and 

the volumetric bubble growth rate. For a porous surface 

having numerous bubble sites, the rate of work done by 

the bubbles, W per unit area is given by: 

• 
W per unit area = V" (Pb Pf) 	3.1 

where (Pb - Pf) is a time and area mean value of the 

excess pressure in the bubbles and V" is the total gas 

injection rate per unit area. 

From the theory of isotropic turbulence, it is known 

that the rate of dissipation of turbulent kinetic energy 

into energy of molecular motion per unit volume is related 

to the kinetic energy level by the following proportionality: 
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rate of dissipation of kinetic 

energy per unit volume 	a 

3/2 Pfk go

I  
- 

3.2 

where pf  is the liquid density 

go  is the constant in Newton's Second Law of 

Motion 

1 is a length parameter characteristic of the 

turbulence. 

The result is a consequence of dimensional analysis and has 

also been substantiated by experimental evidence 5, 21, 

'49.] . 	It is supposed that departures from isotropicity 

result only in a change in the proportionality constant. 

Applying this result to the case of barbotage, an 

appropriate characteristic length is the thickness of the 

turbulent boundary layer. If the kinetic energy dissi-

pation rate per unit volume is multiplied by this turbu-

lent boundary layer thickness, the dissipation rate per 

unit area is obtained. 	Relation 3.2 then becomes; 

rate of dissipation of kinetic 

energy per unit area a 	Pf e k 3/2 
go 3.3 

where ke is an 'effective' value of the kinetic energy 

compatible with the definition of the turbulent boundary 

layer thickness used. 

Equating the generation rate of kinetic energy from 

the bubble growth (3.1) to the kinetic energy dissipation 
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rate (3.3), the following relation is obtained: 

V" (Pb  - Pf)a Pf
k 3/2 ge 	o 
	 3.4 

3.1.3 The mass transfer coefficient. 

It is postulated that the mass transfer conductance, 

gi is a function of the properties of the turbulent boundary 

layer, i.e. 

gi = f1 (ke' 	Di, P f' go)  

A Rayleigh-type dimensional analysis yields the 

result: 

gi  
pk 2, 2 
f-e 'o 

( f  
f2 D p f 

3.5 

is the Schmidt Number of the liquid, and the Di pf 
group on the left-hand side has the form of a Stanton 

Number, since (keg)2  has the dimensions of velocity. 

Eliminating the kinetic energy from equation 3.5 by 
means of equation 3.4, the following expression is obtained: 

f 

 

gi 

 

f3(NSc)  3.6 

   

V" (Pb - Pf)go1 3 P
f

3  

 

3.1.4 The mean pressure difference  (F7.7.) b I 

In the above form, use cannot be made of equation 

3.6 because the bubble mean pressure difference (Pb-Pf) 
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is unknown. 	For a system in which the gas is supplied 

at a constant pressure upstream of the porous plate, the 

mean bubble pressure difference is probably a function of 

the nucleation pressure difference and the viscous pressure 

drop through the porous plate. 	The nucleation pressure 

di"erence' (Pb-Pf)NUCL. is given by: 

4a 
(Pb Pf)NUCL = d sin 

P 

where o is the surface tension coefficient 

is the bubble contact angle 

d is an effective pore diameter, 

and the viscous pressure drop is assumed to be a function 

of the gas.properties
g 
 and ug  and an effective pore dia- 

meter, d . 	The mean pressure difference (Pb-Pf) is there- 

fore assumed to be related to the following quantities: 

Pb  - P= f
o 	

P , 	, d ) f 	4 ' 	g g P 

Dimensional analysis yields the following result: 

Pb - Pf 	c(a  Go Pgdp  

Go 	
f2 

L.  ug  
d 

For a contact angle of 900, equation 3.6 may be 

written as: 

6 	3.7 

3.8 
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gi 
(3g0PgdP)1  

4 g 
3.9 

(V" 0  g)-5  

 

It now remains to determine the form of the function 

f by means of experiment. 

For barbotage systems in which the viscous pressure 

drop through the pore is very small compared with the bubble 

pressure drop, the right-hand side of equation 3.9 becomes 

a function of the Schmidt Number only. 

3.2 The critical superficial velocity. 

No new model is presented for the critical super-

ficial velocity in barbotage since a well established theory 

already exists. 	The theory referred to is the 'hydro- 

dynamic crisis' theory for boiling burnout, proposed origi-

nally by hutateladze [W] and afterwards by many other 

authors. 	Because the burnout phenomenon is postulated 	to 

be purely hydrodynamic, occurring at a particular vapour 

generation rate, it is reasonable to suppose that a similar 

crisis occurs in barbotage at a corresponding gas injection 

rate. 	Indeed several investigators including hutateladze, 

have substantiated this supposition experimentally [37, 41, 

45, 75] . 	The results of these investigators are dis- 

cussed in Chapter 8. 
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1.2.1 	The 'hydrodynamic crisis' theory. 

The equation predicting the occurrence of the crisis 

is: 
• 
V 	2 
GRIT g 

 

const 3.10 

 

0(f) 
f 	

)] 4 
[5ggrav  

where V"GRIT = critical rate of gas or vapour generation 

per unit area 

= gas or vapour density 
g 

p f 	= liquid density 

0 	= surface tension coefficient 

= acceleration due to gravity ggrav 
= constant appearing in Newton's 2nd Law. go 

Basically this equation was derived by Kutateladze and 

later by other workers using dimensional analysis E.40, 39, 

9, 65, 34] , the value of the constant was determined from 

experimental data. Analytical approaches to the critical 

rate of vapour formation [18, 12, 75, 34, 5, 6, 11, 78, 79, 

82, 1] have also led to the above equation. 	These analyses 

are based on models describing the crisis, usually involving 

a condition for bubble coalescence or for instability of 

the liquid/vapour interface. 

1.2.2 Application to the present investigation. 

The postulate that the crisis is a purely hydrodynamic 

phenomenon is retained. 	The Kutateladze equation is used 
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to indicate which properties are likely to be important 

in the present work. 	In the case of barbotage, the 

additional process of viscous flow of the gas through the 

porous plate may influence the occurrence of the crisis. 

The following parameters are therefore included in the 

analysis to account for this additional process: gas 

viscosity, lig, a pore diameter, dp, and the thickness of 

the porous plate, t. 

The effects of liquid viscosity, and bubble site 

density, on the critical heat flux in boiling, are gen-

erally regarded as unimportant. However, in order to 

keep the present analysis as general as possible, these 

two properties are included. To summarise, the parameters 

which are assumed to influence the critical superficial 

velocity, VZRIT  are indicated in the following equation: 

VCRIT = 1(  Pg t l/g•Pee/  f a ggrav t  go dp, 11/A, t) 3.11 

where (P 1( 	) means some function of -- 

3.2.3 Formation of dimensionless groups. 

A Rayleigh-type dimensional analysis was performed on 

equation 3.11. This method of dimensional analysis cannot 

discern between pg  and pV between Itg  and µf or between 

the three length parameters; these quantities were there-

fore replaced by unspecified p, µ and a length parameter, 



The result obtained was: 

V" 	P 4  CRIT  
- 2 ( ,:31124111' 

(egoggrav) * 
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(ago)4  p4  

11  g '1+ gray 

 

 

To complete the analysis, the above three groups were 

assigned the viscosity and the density of the liquid and 

the pore diameter, d was taken as the length parameter, 

The gas properties and remaining length parameters wen4 

introduced as ratios of p
f
, uf, and dp, resulting in the 

following relation: 

• rr 1 	A 
V" CRIT P"f

4 
	

(g,

gray

P

;"'

\ 	

(a go  ) 4 pf.4 	
d , N -L 	(1)

yd   
 • 

goggravi  4 	
3[ ago / 

P 	g  
f gray 

_a _a 
Pff 

By combining some of the above dimensionless groups, 

more meaningful groups were obtained; the physical signi-

ficances of these groups are discussed in the next section. 

The new relation is: 

X 
V 	P 	

- 	
P
a- 

9  GRIT g 	[- 

	

.), 	W 
(eg0ggray'-f 

	

n  ) 4 	Pf 
• 
(og 

0 
o 
 g dP  )

2  ( 
• %A./ 

vl (n 	o  ag 

ug 	 'grav pf,) 
• 

(i)
I  
2  dp, 

3 
( a gO a

f 
 4 

3.12 
graV4 11,.g 

This relation forms the basis for the experimental part 
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of the investigation, the object of which is to determine 

the function (p. 

3.2.4 The significance of the dimensionless groups. 

(i) Dimensionless critical superficial velocity. 

This group has the same basic form as the dimensionless 

term appearing on the left hand side of the Kutateladze 

equation (3.10). 	In equation 3.10, the term (pi.- 0 
appears in place of pf in the above dimensionless V!! uRIT.  

The omission of a term (p
f 

 -p 
g 

 ) from the analysis is justi-

fied since its influence cannot be determined experimentally, 

as throughout the experimental part of the investigation 

p g, is always negligible compared with pr,. 

(ii) The density ratio,  Pepf. 

The inclusion of this group requires no justification; 

it is a group appearing in most two-phase flow analyses. 

(a go p_gdp)1  
ug  

This group was encountered in the last section (3.1); 

it is significant because it only contains terms associated 

with the flow of gas through the pores. It is a group 

characteristic of the barbotage process. 

(iii) The 'pore' group,  

(iv) The liquid property group, 

3 1 
(a go )1" p

f
4 

• 
4 

g
grav 

, 
 

This group contains only liquid properties which 

influence the hydrodynamics, and the gravitational accelera- 
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tion; it is therefore a constant for a given liquid at 

a given temperature under normal gravity conditions. If 

p f  is replaced by (pf-pg) and the group is squared, it 

becomes what is known to Russian workers as the Archimedes 

Number. 	It results from a balance of viscous, surface 

tension and buoyancy forces on a bubble [73) . 

(v) 	The dimensionless group ()- n 4:Cg  o  7E 
ggrav P  

The qu 	L °go )4  is proportional to the quasi- 
‘6grav Pf 

static bubble departure diameter for a fixed contact angle, 

predicted from the equation of Fritz M who equated the 

buoyancy force on a departing bubble to the surface tension 

force (again the pi, should, ideally, appear as pe'fog). 

In dynamic systems of boiling and barbotage, other forces, 

e.g. inertia, drag and pore resistance, are important and 

the Fritz equation becomes inaccurate. 	Nevertheless, a 

good estimate of bubble sizes in boiling is obtained from 

the Fritz equation, even at moderately high heat fluxes 

[263. 	In the present investigation, the bubble departure 

diameters, measured photographically, were predicted to 

within 20e., by the Fritz equation (a contact angle of 90°  

was assumed). 	1 

Thus the quantity ( 
cg  s)  )T  

	

 	is a group of properties, 
ggravPf 

having the dimension of length and a magnitude of the same 

order as a departing bubble. 
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1 	1 r( 0 go  2 
The group (2) A 	 can therefore be regarded 

g
gray

pf 

as a measure of the ratio between the bubble departure 

diameter and the mean spacing between the bubble sites, 

i.e. a measure of the fraction of the surface occupied 

by gas. 

(vi ) in The ratio vx) d . 

 

This is merely the ratio of the pore diameter to the 

pore spacing, i.e. a measure of the surface porosity of 

the porous material. 

Lvii) The ratio  t/d . 

This group is the most obvious form of the dimension-

less porous plate thickness. 

3.3 	The maximum conductance. 

The value of the maximum conductance depends upon the 

conductance^.superficial velocity relation and the critical 

superficial velocity. 	It is reasonable to suppose then, 

that the dimensionless groups which are assumed important 

to the sub-critical conductance and to the critical velocity, 

are also the dimensionless groups which are important to 

the maximum conductance. This supposition leads to the 

following relation: 



(a)2 -(cfgo )1 (n)2-4 
A (ago) 4 pr4 

fggrav*  
P 	A dp' A 	ggray f 

t • d 
p 

MAX f - F 
V" 	3 	 Di pf CRIT ag0) P. d 

pg 	
(agOegdP)  

Pf g 
• 
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3.13 

It remains to determine the form of the function F 

from the experimental information. 

3.4 	The gross geometry of the system. 

The term 'gross geometry' refers to the extent of the 

liquid pool and the size of the porous plate. 	It was 

expected that, outside certain limits, the gross geometry 

would have no effect upon either the conductance or the 

critical superficial velocity. 	It was considered desir- 

able to conduct the experimental investigation outside 

these limits. 	Consequently, preliminary tests were carried 

out to establish the limits. 

Three length parameters were used to represent the 

gross geometry; these were the diameter of the circular 

electrode, delec,  the diameter of the cylindrical pool, 

dpool' and the depth of the pool, h. 	These quantities are 

more meaningful when expressed as dimensionless ratios 

thus: 

delec 
CgravPii)  

a CO 

J.. 	 I 2 P 2  

• P001/d 
	and h —gLazt 

elec 	
ago 
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) 

og 	

4 
° The quantity  	has previously been discussed and 

(ggrayf 

is representative of the bubble departure diameter. All 

of the above dimensionless ratios have a lower limit of 

unity. 
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Chapter 4 Description of Apparatus 

4.1 General description. 

Ba ally, the apparatus consisted of a vessel con-

taining the electrodes and electrolyte solution, hereafter 

termed the cell (figure 4.1). 	Through the porous cathode, 

located horizontally in the base of the cell, a metered 

supply of gas was injected into the electrolyte. A poten-

tial was applied between the electrodes, and the resulting 

ionic current was recorded. 

4.2 	The cell. 

The cell, shown in figure 4.1, was constructed from 

a 4 inch diameter pyrex glass tube, 12 inches long, 

mounted in a vertical position. The nylon base of the 

cell, in which the porous cathode was located, was 

'sandwiched' between the bottom of the cell tube and a 

second glass vessel which acted as a plenum chamber. 	A 

stainless steel cover (in earlier tests this was of poly-

thene) sealed the top of the tube, enabling the cell to 

be operated at pressures above or below atmospheric pres-

sure. The pressure in the cell was measured by a 30-

inch mercury, U-tube manometer. A thermally insulating 

jacket, which also served the purpose of protecting the 

electrolyte from strong light radiation, was fitted round 

the outside of the cell. 
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4.2.1 	The cathode. 

For most of the tests in the investigation, the cathod4 

was in the form of a 1-inch diameter 'porosint' nickel 

1 
disc, 16 -inch thick. 	Changes in the diameter, thick- 

ness and material of the cathode were made for the tests 

in which geometry effects were investigated. 	These varia- 

tions from the 'basic configuration' are discussed in 

section 5.1 of the next chapter. 

The sealing of the cathode into the base of the cell 

presented some difficulties. 	Figure 4.2 shows how the 

disc was mounted. 	The lip or step shown in the diagram 

was unavoidable without resorting to cements, which were 

considered undesirable because of their tendencies to soak 

into the porous material. 	An effect of this lip is dis-

cussed in Chapter 6, 'Presentation of Results'. 

4.2.2 	The anode. 

For the basic configuration, the anode consisted of 

a cylindrical nickel tube slightly smaller in diameter 

than the glass cell wall, and extending from the cell base 

to a height of 9 inches. 	The anode thus provided the 

circumferential boundary to the pool of electrolyte. 

It was found convenient for the series of tests in which 

A 	'porosint' is a trade name of Sintered Products Ltd. 
and refers to a sintered powder material. 
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the pool diameter was varied, to simply use anode tubes 

of different diameters. 

A difficulty was encountered in the tests in which 

the electrolyte depth was varied. At the lower liquid 

depths it was found that the area of anode in contact 

with the electrolyte was no longer large compared with 

the cathode area. 	This was overcome by (i) using the 

smallest cathode diameter (i-inch) and (ii) constructing 

an anode to lie flat on the base of the cell, concentric 

with the cathode. 	This anode was used only for this 

one series of tests. 

4.2.3 	The electrolyte solution. 

The concentrations of the electrolytes in the 

aqueous solution were: 

0.001M*  potassium ferricyanide 

0.001M potassium ferrocyanide 

2M 	sodium hydroxide. 

'Analar' analytical grades of the chemicals were used to 

minimise the possibility of impurities in the solution; 

the water used was distilled. 	Measurements of the con-

centration of potassium ferricyanide in the solution were 

carried out using an absorptiometer, an instrument which 

utilizes the light absorbing properties of the solution. 

a 1M solution is a number of grams equal to the 
molecular weight of the substance in 1,000ccs of solution. 



46 

The calibration of this and all other instruments used 

in this investigation, are described in Appendix I. 

The temperature of the electrolyte was maintained 

at 25°C I 0.1 by a small electrical heater and a mercury- 

in-glass thermostat. 	Except in the tests when it was 

intentionally varied, a solution depth of 9-inches was 

maintained in the cell. 	Changes in the sodium hydroxide 

concentration and the solution temperatures were made in 

the tests in which the effects of liquid properties were 

investigated. 

4.3 The gas flow system. 

The gas injected through the porous cathode was 

supplied from a high pressure gas cylinder fitted with 

a diaphragm regulating valve; a fine control of the gas 

flow rate was provided by a needle valve. 	The gas flow 

rate was calculated from the pressure drop across a 4-inch 

orifice, located downstream of the needle valve, as 

shown in figure 4.3. 	In earlier tests, the orifice 

pressure drop was measured by an inclined paraffin mano-

meter, this was later replaced by a water-filled micro-

manometer. The pressure immediately upstream of the 

orifice was measured by a 100-inch U-tube manometer con-

taining a fluid of specific gravity 2.95. 
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An electric heater, located between the orifice and 

the plenum chamber, was used to heat the gas to a tem- 

perature equal to the electrolyte temperature. 	A copper-

constantan thermocouple junction, positioned beneath the 

porous electrode in the plenum chamber, and another in a 

glass sheath in the electrolyte, were coupled to a 'Scalamp' 

centre-zero galvanometer. Any out-of-balance between the 

two temperatures at the thermocouple junctions was register-

ed on the galvanometer and corrected manually by adjusting 

the 'Variac' transformer supplying the heater in the gas 

stream. 

The purpose of the plenum chamber beneath the cell 

was to maintain a constant pressure behind the porous 

electrode at a given gas flow rate. 

4.4 	The electrical circuit. 

Current was supplied to the cell from a motor-driven, 

variable potential divider, incorporating a 2-volt lead 

accumulator. 	The motorised facility was provided to 

enable continuous current voltage curves to be produced when 

required. 

A schematic diagram of the electrical circuit is in- 

cluded in figure 4.3. 	The current was determined from 

the potential drop, measured by a 0-10 mV Honeywell pen 

recorder, across a calibrated resistance connected in series 

with the electrolytic cell. 	The potential difference 
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across the electrodes was measured by an 'Avometer'. 	It 

was found unnecessary to use a reference electrode in the 

cell, as the large anode provided a perfectly satis-

factory reference point from which to measure the cathode 

potential. 
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Chapter 5. 	Experimental Procedure 

In the experimental part of the investigation tests 

were carried out to determine the variation of the ionic 

current (mass transfer rate) with gas injection rate. 

The tests were grouped into "test series"; in each series, 

the effects of varying a particular parameter were inves- 

tigated. 	This chapter first describes the planning of 

the test series and gives details of the parameters varied. 

The preliminary work necessary before an actual test and 

the procedure during a test are then described. 

5.1 Independent variables in the investigation 

The object of the investigation was to relate a dimen-

sionless conductance and a dimensionless critical super-

ficial velocity to the independent dimensionless parameters 

proposed in Chapter 3. 	The experimental part of the pro-

ject was planned to give the most useful information 

towards achieving this objective. 	Table 5.1 below, 

summarises the independent variables and dimensionless 

groups varied in each of the test series carried out. 

In addition to the test series listed in Table 5.1, 

a test was performed in which a small quantity (0.15 by 

weight) of a surface active agent was added to the electro- 

lyte solution. 	The results of this test were not used 

in the analysis or interpretation of the data, since the 

dynamic surface tension, liquid viscosity and diffusion 
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coefficient prevailing at the surface of the bubble are 

not known. 	However, the results are included in the 

chapter presenting the data. 

Table 5.1 	Summary of experimental work 

Controlling parameters 
Independent 
variables 

Independent 
dimentless groups 

1. Pool depth h grav'
0
f 2  

h  
ag

o 

() 

2. Pool diameter dpool dpocl/delec 

3. Cathode diameter delec delecA 
(g ralf 

ago 

4. Pressure P g 
p 
g/Pf'  

(ago pK  dp  )
1  

// g 

5. Nature of gas P 
Pg g 4g g/P f 

) (a g
o  pg dla 

 X 
1 

g 

6. NaOH concentration Pf, P.f 1 (51 Di Pepfi 

(0,  go )  

(0go
pgdp)ipf 
IL 
g 

ip i 

 f 

911Pf 

7. Temperature 11. Pg911g•Pf• ft0,Di 
ggrav 	f 

8. Cathode thickness t t/d  
P 

9. Grade of porous 
material dPP 	

n/A t/ 
dP 

(A)I1 

(0g o  P  f  dp  )i , 
V. g, 

ago 

1 
.. dp  , Iq).1  

\gr P  f 
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Measurements of the gas, liquid and geometrical parameters 

are described in Appendix I.I. The following conditions and 

property values apply in all the tests except those where 

a parameter has been specifically varied: 

Pressure within the cell 	atmospheric 

Temperature within the cell 	2500  

Concentration of NaOH 	2M (7.5% w/w) 

Schmidt Number 	2,600 

Injected gas 	nitrogen 

Material of cathode 	Porosint 

1 Thickness of material 	T-6  - inch 

Diameter of cathode 	0.905-inch 

Diameter of pool 	3.44-inches 

Depth of pool 	9-inches. 

In the following sections each of the test series listed 

in Table 5.1 is discussed in detail. 

5.1.1 Varying the depth of the liquid pool  

The special electrode arrangement for this series of 

tests has already been described in section 4.2.2. 	A 

further problem arose from the necessity of maintaining 

the solution at a constant temperature, since, at the lower 

values of liquid depth, the thermostat and heater were not 

fully submerged in the liquid. This problem was overcome 

by heating the full volume of electrolyte in the cell to 

slightly (O. 5°C) above the required temperature of 25°C 
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and then, with the heating switched off, draining the cell 

to the required depth. 	By performing the tests quickly 

it was possible, because of the thermal insulation round 

the cell, to carry them out within the temperature range 

of 24.5°C to 25.5°C. 

The range of the dimensionless group 

pool was varied by using anode tubes of different diameters. 

A cathode of -4-inch diameter was used giving values of the 

ratio pool diameter/cathode diameter within the range 1.38 

to 6.88. 

5.1.3 Varying the cathode diameter 

Because of difficulties encountered in sealing the 

cathode, it was not possible to use a cathode diameter of 

less than -i-inch. An upper limit of 1 inch diameter was 

imposed by the size of the cell and by the weakness fiif 

grav-    
the porous material. 	The range of delec /ig 

ag

F9 2 

 
was, 

o 
therefore, restricted to values between 2.36 and 9.5. 

5.1.4 Varying the system pressure 

In this series of tests, the density of the gas was 

varied by operating the cell at different pressures. 	No 

a go  
covered in this series of tests was 2.36 to 75.5 corres- 

ponding to a range of liquid depth of i-inch to 8-inches. 

.1.1.2 Varying the diameter of the liquid pool  

As described in section 4.2.2, the diameter of the 

g  
h
( 
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other independent variable changed significantly, thus the 

independeqt dimensionless groups which varied were -g and 
(ago pgdp)7 	 Pf  

ug  

The pressure within the cell was increased by restrict-

ing the outflow of gas with a needle valve, and decreased by 

connecting the gas outlet to a vacuum pump. The highest 

pressure at which the cell was operated was 20-inches of 

mercury above atmospheric. This restriction was necessary 

to avoid exceeding the maximum safe working pressure of 

the plenum chamber and manometers. The lower limit of 

20-inches of mercury below atmospheric was imposed by the 

vacuum pump. 

Two gases, nitrogen and argon, were employed in these 

and 	
1_ 

tests; theranges of 	and (ag p d ) 2/11  covered in the 
Pf 	0 g p 	g 

tests are shown in Table 5.2 below. 

Table 5.2 Ranges of the dimensionless groups 

Gas 
Pe 

Range of —g 
I 

(og
0 	P p d )2  

P f U g  

Nitrogen 

Argon 

.364x10-3to 1.79x10-3  

.542x10-3to 2.58x10-3  

40.2 to 89.4 

38.9 to 84.9 

5.1.5 Varying the nature of the gas  

Both the density and viscosity of the injected gas 
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were varied by using a number of different gases. In this 

series of tests, as in the previous series, two indepen- 
P, 	(a g

0 JZ  p 41 
p 
) 

dent dimensionless groups, --Gt and 	were varied. 
Pf 	1Lg 

The range of gases was restricted to those which 

neither dissolved in the solution nor reacted with the elec-

trolytes; all tests were performed at atmospheric pressure. 

Table 5.3 lists the gases used in the investigation, to- 

gether with values of Oensity, viscosity and the dimension- 
(ag p d )t 	P, _p  less groups 	o g 	and -- . 

	

11g 	Pf 

Table 5.3 Gases employed in the investigation 
and their properties at 25°C and 14.7 p.s.i. 

Gas t  Density 
lb/ft3  

Viscosity 
lb/fth 

p 
gir,  
, 
rf 

(Og 0  p it.  d P  )f 
11  g 

Nitrogen .0741 .0425 .001099 69 
Argon .1047 .0534 .00155 65.2 
Hydrogen .00570 .02195 .0000845 37 
Helium .01041 .0474 .0001542 26 
Butane .1328 .0221 .001965 188 
Propane .1097 .0227 .001623 158 
Methane .044 .0269 .000652 84 
Nitrous Oxide .1153 .0358 .00171 102 
Freon 13 .276 .0354 .00409 159 
Freon 22 .223 .0317 .0033 162 
Freon 114 .441 .0283 .00654 180 
70/30 N/H .0523 .0412 .000775 59 
50/50 .0386 .0394 .000572 54.3 
30/70 .0253 .0368 .000373 47.1 
20/80 .0186 .035 .000276 42.5 
15/85 .0152 .0328 .000225 40.8 
8/92 .0105 .0288 	. .000156 38.7 
4.2/95.8 .0080 .0258 .000118 37.7 

Note: (i) x/y signifies x N2, y% H2  by volume. 

(ii) the dimensionless groups are evaluated with the 
properties of a 2 N-NaOH solution and the 'Porosint' elec-

trode material. 
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5.1.6 Varying the supporting electrolyte  

concentration 

By varying the concentration of the supporting electro- 

lyte (Sodium hydroxide), large changes were obtained in 

the liquid viscosity and in the diffusion coefficient of 

the ferricyanide ions as shown by fig.5.1. 	Small changes 

in the density and surface tension coefficient also 

occurred. Mass transfer tests were performed at different 

concentrations of the sodium hydroxide within the range 

0.5M to 5.9M. 	Below 0.5M it was not possible to obtain 

a limiting current and above 5.9M the solution was unstable. 

The variations of the two dimensionless groups, Nsc  
‘41 

(Ogo)4  Pf4  and 	 with NaOH concentration, within the range 
4 

Cgrav of 

of the investigation, are shown in fig.5.2. The quantity 

(o  go 	2 

Pfggra 	
was found to be invariable with NaOH concentra- 

i 

tion. 

5.1.7 Varying the temperature  

A series of tests were carried out at various tem- 

peratures within the range 60°F to 105°F. As the cell 

was not equipped with a cooling device, it was not possible 

to operate the cell below the temperature of the laboratory. 

The upper limit of temperature (105°F) was set by the 

ferricyanide which decomposed above this temperature. The 

measured variations of liquid properties within this 
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temperature range are shown in fig.5.3. 

For these tests, the variation of the dimensionless 
%
W  
3 

group 	g0
) p

f
4 
 with NSc was almost the same as for the 

ggrav of 

tests in which the NaOH concentration was varied. The 
a  ,i-- 
g0  

quantity (a 0 	was again found to be constant. The 
f gra:r) 

results of these tests, therefore, did not provide any 

fresh evidence useful for determining the dependence of 

the dimensionless conductance and the critical superficial 

gas velocity on the liquid property groups. However, 

they were useful in providing additional experimental 

evidence to supplement the results of the tests described 

in the previous section. 	3 I_ (cy  go  yri p f  4 

The range of Nsc  and 	J 	corresponding to 
411  

°gray f 

the temperature range of 60°F to 105°F, was considerably 

less than that corresponding to the range of NaOH concen-

trations of the previous section, as shown by figure 5.2. 

5.1.8 Varying the cathode thickness 

The 'Porosint' material used in these tests was 

available in one thickness only, namely T-6. -inch. The investi- 
gation of the effects of cathode thickness was made possible by construe t- 

ing cathodes from several layers of material. 	Due to prac-

tical difficulties in accommodating the extra thick cathode 

in the cell base, the number of layers was limited to four. 
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Tests were performed at the following three values of 

t/dp: 95, 190,and 380. 

5.1.9 Varying the grade of _porous material  

Six different grades of porous nickel were used in this 

series of tests. 	These were; 'Porosint' nickel, used in 

most of the other tests in the investigation, four grades, 

C,D,E and F of a sintered nickel manufactured by Pall 

Corporation and a material specially produced for this work 

by the research laboratories of International Nickel. It 

is supposed that the grade of the porous cathode can be 

characterised by two properties of the material, namely 

pore size d and bubble site density n/A. 	These two quan-

tities have been estimated for each of the six materials 

used, (see Appendix II). 	The values are listed in the 

table below. 

Material pore size, ft Max. bubble site 
density, sites/ft2  

Min Max 

'Porosint' 

Int. Nickel 

Pall grade C 

D 

E 

F 

.501x10-4 

.715x10-4 

6.33)(10-4 

2.7 x10-4  

1.56x10-4 

.855x10-4 

.5942E10-4 

.78 xl0-4 

7.25 xl0
-4 

3.48 xl0-4 

1.92 xl0-4 

.957 xl0-4 

27,000 

11,500 

2,000 

6,900 

10,000 

14,400 
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5.2 	Electrode cleaning procedure  

5.2.1 Electrode contamination  

Early in the investigation, after a number of tests 

had been performed, a decrease in the conductance values 

was observed. This decrease was attributed to the forma-

tion of a coating on the cathode surface, commonly referred 

to as "electrode poison" [191 • 
	Unsuccessful attempts 

were made to remove this coating and consequently it was 

necessary to renew the electrode at fairly frequent inter- 

vals. 	The criterion for renewing the electrode was a 

decrease of 10% in the maximum conductance of a reference 

test. 	It was found that the poisoning process was 

accelerated when certain gases, for example propane and 

butane, were employed as the injected gas. Renewing the 

electrode was unsatisfactory, since reproducibility between 

different electrodes was often no better than 20'); for the 

conductance and 10',L for the critical superficial velocity. 

For this reason the results of the early tests are grouped 

according to the electrode used; each electrode being 

designated a number. 

5.2.2 The introduction of a method for cleaning 

the electrode 

Eventually a chemical method of cleaning the cathode 

came to light [70] . 	The procedure was as follows: 
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(i) The cathode was thoroughly rinsed in distilled 

water to remove any electrolyte from the pores. 

(ii) This was followed by a brief rinse in 50% 

hydrochloric acid and a further thorough rinse in distilled 

water. 

(iii) The cathode was then activated by reducing it 

with hydrogen, cathodically, in a 5;; sodium hydroxide 

solution for approximately one hour. 

By carrying out this procedure before each test, 

reproducible results were obtained with the same cathode 

for a large number of tests. A similar cleaning procedure 

was used for the anode, but in this case it was carried 

out at less frequent intervals. 

5.1 	The determination of a working potential 

difference 

It will be recalled from Chapter 2 that the mass 

transfer process is diffusion-controlled only within cer-

tain limits of the potential difference between the elec-

trodes, and that within these limits the current is inde-

pendent of the applied potential. 

For the present investigation the range of diffusion-

controlled potential difference was experimentally estab-

lished by producing a continuous record of the ionic 

current as the potential difference was slowly increased 

by means of the motor-driven potential-divider. 	Figure 
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5.4 is an example of such traces, showing the horizontal 

limiting-current region. 

The range of limiting-current potential difference 

is a function of the mass-transfer conductance and possibly 

of other variables in the investigation, such as solution 

temperature, supportingo_ec_ro_y_ 1  + 1  + e concentration and 

electrode geometry. Thus, for each set of system para-

meters, it was necessary to produce two current-voltage 

traces, one at the highest conductance and the other at 

the lowest. 	From the two traces, a potential difference 

was selected which gave a limiting current in both cases. 

This value was employed, where appropriate, as the working 

potential-difference in subsequent tests. 

5.4 Test procedure 

This section describes the procedure for carrying out 

a single test to measure the ionic current at various 

rates of gas injection. 

First the cathode was cleaned by the method described 

in section 5.2 and replaced in the cell. 	A slight 

pressure, (controlled by the needle valve) of one- or two-

inches Hg was applied beneath the cathode to prevent 

seepage of the electrolyte solution, which was then poured 

into the cell. The pressure beneath the cathode was in-

creased until the barbotage rate was sufficient to circu-

late the liquid in the cell whilst it was heated to the 
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required temperature. The potential difference between 

the electrodes was adjusted to the value predetermined by 

the method described in section 5.3. 

Earlier experience had shown that the conductance was 

slightly dependent upon the previous history of the test 

and, in particular, upon the initial condition of the 

cathode. As an example, a comparison was made between 

a test in which the cathode was initially dry and a test 

in which the electrolyte was first allowed to seep into 

the pores of the cathode. 	In these extreme cases, the 

'dry' electrode gave a 3ci, lower maximum conductance than 

the 'wet' electrode. 	The need for a 'standard procedure' 

was apparent and for subsequent tests the procedure was as 

follows: 

(1) 	After the solution had reached the correct 

temperature, the pressure beneath the cathode was reduced 

to allow the solution to soak into the pores. 	This pro-

vided a simple means of obtaining a reproducible initial 

condition of the cathode. 

(ii) The pressure in the plenum chamber was then 

slowly increased until the gas flow rate through the cathode 

reached a value of approximately 10(/(; of the critical gas 

injection rate. 	(The critical value was roughly known 

in most cases, from experience of previous tests). 

(iii) The temperature of the gas was made equal Il°C, 
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to that of the solution by manual adjustment of the current 

to the heater in the gas stream; any out-of-balance 

between the two temperatures being indicated on the central-

zero galvanometer. 

• (iv) Readings were taken of the pressure drop across 

the orifice, and the pressure upstream of the orifice. 

during which time a trace of the ionic current was recorded 

on the pen recorder. 

(v) 
	

Stages (it), (iii) and (iv) were repeated at 

intervals of gas injection rate of approximately 10% of 

the critical value. The test was terminated after four 

or five sets of readings were taken beyond the critical 

gas injection rate. 	In general, readings were not taken 

in the direction of decreasing gas flow rates because of 

a slight hysteresis effect. 

Samples of the electrolyte solution were taken before 

and after each test. The samples were analysed using the 

absorptiometer to determine the concentration of the 

ferricyanide. The pen recorder was calibrated for each 

test, as described in Appendix I. Readings were also 

taken of the laboratory pressure and temperature. 
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Chapter 6 	Reduction and presentation of data 

6.1 Method of processing experimental readings. 

The object of each test carried out was to determine 

the variation of the mass transfer conductance with the 

superficial velocity of the injected gas. 	This section 

describes how the experimental data were processed to give 

the conductances and superficial velocities. 

6.1.1 	The mass transfer conductance. 

The conductance, gi  was evaluated from the current 

density, and the bulk concentration of the reacting ions, 

miG. 	Equation 2.3 (page18 ), relates the conductance to 

the current density, and for a diffusion controlled process 

(mi s 	, miG) the equation, rearranged, is: , 

gi 
1.Mi  
mi,Gnf  

6.1 

where Ai is the molecular weight of the reacting ions 

n 	is the number of electrons exchanged per 

reacting ions 

F 	is Faraday's constant = 96,500 coulombs/gm 

equiv. 

Substituting the values of Ai and n for the reduction 

of ferricyanide i.e. n = 1 gm equiv/mole, M = 211.95, into 

equation 6.1, it becomes: 



g = 0.0175 
mi,G 

lb/ft
2
h 

71 

6.2 

where the units of I are amps/ft
2 and mi,G 

is a dimen- 

sionless mass ratio. 

In the evaluation of the current density, the area used 

was the projected area of the electrode. 

Figure 6.1 shows a recorder trace of the ionic current 

during a test. 	The trace shows an irregular oscillation 

of the current, at a frequency of around 20 cycles per second. 

The amplitude of the oscillations is seen to increase from 

almost zero at the lowest gas injection rate to about 2.5% 

of the mean value, at the highest gas injection rate. 

These oscillations are attributed to the formation of large 

bubbles of gas as a result of the coalescence of smaller 

bubbles leaving the porous surface. 

A time-mean value of the current used in evaluating 

the conductance was estimated for each gas injection rate 

by drawing a line through the middle of the oscillations 

as shown in Figure 6.1. 	To test the accuracy of this method 

of determining the time-mean current, an oscilloscope, 

fitted with a cine-camera, was used to obtain an undamped 

recording of the current, on a time scale of 5 inches per 

second. 	Measurement of the area under the trace gave the 

time-mean value of the current, against which the estimated 

value was checked. 	In all cases, the difference between 

the values obtained by the two methods was less than 2(;,0. 
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6.1.2 	Superficial velocity of the gas. 

The superficial velocity of the gas is defined as the 

volumetric gas injection rate per unit projected area of 

the porous electrode. 	It was evaluated at the temperature 

and pressure of the electrode surface. 

Equation A.1.1 of Appendix 1, relates the volumetric 

flow rate at standard conditions of 14.7 psi and 60°F to 

the measured quantities. 	This equation is: 

hPy2 
. 90.5 Cd  y T  

0 

6 . 3 

where V is the volumetric flow rate of gas ft 3/h 

at 14.7 psi and 60°F. 

h is the pressure differential across the 

orifice, in. H2O 

Po is the pressure upstream of the orifice, 

in. Hg 

T
o 

is the temperature upstream of the orifice °it 

6 	is the specific gravity of dry gas relative 

to dry air 

Cd 
is the discharge coefficient of the orifice 

and is a function of the orifice Reynolds 

Number which is given by: 
• 4v p 

N
Re,OR 
	'IdORg 
	 6.4 

where p and u  are the gas density and viscosity at 
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the conditions upstream of the orifice and doit  is the 

orifice diameter. 

The calibration of the orifice is described in Appendix 

I, and the resulting calibration curve of Cd  as a function 

of NRe,OR is shown as Figure A.1.1. 	To find the discharge 

coefficient for a particular flow condition, a value was 

initially guessed and by using an iterative procedure a 

more exact value was obtained from equations 6.3 and 6.4 

and Figure A.1.1. 

The superficial velocity was calculated from the 

following equation: 

V" 
2.56 Cd 	hPo 	Ts 

Ap 	T
o b P

S  
6.5 

where A is the projected area of the cathode, ft2 

and suffix S refers to conditions at the surface of 

the electrode. 

	

6.1.3 	Method of computation. 

The computations of the conductance and of the super-

ficial velocity were carried out on the University of 

London Atlas computer. 	Although the operations involved 

were fairly simple, the use of a computer was justified by 

the large quantity of data. 

	

6.1.4 	A correction for electrode poisoning, 

applied in certain tests. 

The test series investigating the effects of pool 
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diameter and of pool depth were performed prior to the 

introduction of the electrode cleaning procedure. 	Because 

of their relatively small influence on the conductance, 

the effects of-these two parameters were partially masked 

by electrode contamination. 	It was possible to estimate 

the effects of the contamination in terms of a percentage 

reduction in the conductance compared with a fresh elec-

trode, by repeating the first tests of each test series at 

the end of the series. 	A correction of approximately 2% 

was added to the conductances of each test to compensate 

for the poisoning effects. 	These corrections were only 

applied in the two test series mentioned above. 

6.2 	Presentation of the processed data.  

The data are presented in graphical form as conductances 

versus superficial velocities and also in tabulated form 

in Appendix III. 	Each of the test series summarised in 

table 5.1 of the previous chapter, is represented by a 

separate figure. 	For the tests in which the effects of 

gas properties were investigated, a separate figure is in-

cluded for each electrode used. 

Table 6.1, below, summarises the data presented in the 

figures; the tabulated data presented in Appendix III are 

similarly sub-divided. 
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Table 6.1 Summary of data presented. 

Description of tests Figure 
number 

1.  Varying the pool depth 6.2 

2.  Varying the pool diameter 6.3 

3.  Gas employed 	Electrode No. 

argon 7 6.4 

Varying the 	nitrogen 1 6.5 

system pressure 	nitrogen 4 6.6 

nitrogen 7 6.7 

4.  Electrode No. 

1 6.8 

3 6.9 
Varying the nature of 

the gas (constant pressure) 
6 

9 

6.10 

6.11 
lo 6.12 
11 6.13 

5.  Tests with and without surfactant 6.14 

6.  Varying the sodium hydroxide concentration 6.15 

7.  Varying the temperature 6.16 

8.  Varying the cathode thickness 6.17 

9.  Varying the grade of the porous material 6.18 
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6.3 Description of data. 

6.3.1 General relations between conductance and 

superficial velocity. 

As the superficial velocity is increased, the varia-

tion of the conductance exhibits the same general trends 

for most of the tests carried out. 	These trends are 

shown as an initial increase in the conductance followed, 

above a critical superficial velocity, by a decrease in the 

conductance. 	The exceptions to these general trends 

occurred in the tests in which hydrogen and helium were 

used. 	In these tests, the conductance reached a maximum 

at two different values of the superficial velocity, one 

1 
a low value (of the order of To- the of ft/s), the other 
at a value an order of magnitude greater (see Figs. 6.13 

and 6.8). 	An explanation of this untypical behaviour 

is suggested in the next chapter. 

6.3.2 Effects of the parameters varied. 

(1) Gross geometry. 

The results of the tests to determine the limits of 

the pool geometry effects are shown in Figures 6.2 and 6.3. 

As expected, the only influence of the geometry ratios 

occurs for values approaching unity. 

(ii) Gas properties. 

The effect of increasing the density of the injected 
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gas by increasing the system pressure is seen from Figures 

6.4 to 6.7 to be an increase in the conductance and a 

decrease in the critical superficial velocity. 	Changing 

the nature of the gas involves both the gas density and 

the viscosity. 	Thus it is not obvious, from Figures 6.8 

to 6.13, what are the separate effects of these two variables. 

These effects are, however, revealed by the analysis of the 

data in the next chapter. 

(iii) Liquid properties. 

The addition of a surfactant to the electrolyte solu-

tion resulted in an increase in the conductance and a de-

crease in the critical superficial velocity, as shown by 

Figure 6.14. 	Decreasing the Schmidt Number, by means of 

the solution temperature and the NaOH concentration, 

(Figures 6.15 and 6.16) increased the conductance but had 

little effect on the critical superficial velocity. 

(iv) Pore geometry. 

The effect of the thickness of the porous cathode is 

shown in Figure 6.17. 	An increase in the thickness pro- 

duced a decrease in the conductance but appeared to have 

no influence on the critical superficial velocity. 

Figure 6.18 shows a very marked influence of the grade 

of the porous cathode material on both the conductance and 

on the critical superficial velocity. 	Since several inde- 
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pendent variables are needed to describe the grade of a 

porous material, it is not possible to interpret the effects 

shown in Figure 6.18 at this stage. 	The effects are, 

however, revealed by the analysis in the next chapter. 

6.1.1 An effect of electrode mounting. 

The method of mounting the porous cathode in the base 

of the cell was described in Chapter 4, Description of 

Apparatus, and is illustrated in Figure 4.2. 	In the early 

part of the experimental investigation, the material used 

for the construction of the cell base was polyethylene. 

With this material, the minimum permissible thickness of 

the lip against which the electrode was held, was found 

to be 
1 -inch; below this thickness the lip distorted 

under the pressure of the porous electrode resulting in 

leakage of gas round the edge of the electrode. 

Subsequently, two improvements were made in the mount- 

ing of the electrode; firstly, the cell base was con- 

structed from a harder, nylon material and secondly, a 

thin, soft teflon gasket was introduced between the lip 

and the porous cathode, thus reducing the pressure required 

to form a seal between them. These refinements enabled 

the thickness of the lip to be reduced to about 0.01 

inches, resulting in an almost flush-mounted electrode. 

This slight change in cathode mounting had a surprising- 

ly marked effect on the results, as can be seen from a 
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comparison of Figures 6.11 and 6.13. 	The latter presents 

results obtained with the flush-mounted electrode and 

shows the conductances to be higher and the critical super-

ficial velocities to be lower than those of Figure 6.11 

which presents results obtained using the early method of 

electrode mounting. 

In order to verify that the effect obs'erved was a 

result of the electrode mounting, two tests were carried 

out in which only the method of mounting the electrode 

was different. 	The results of these tests, which provide 

the necessary verification, are shown in Figure 6.19. 

This 'lip' effect is probably associated with the 

effect observed when the diameter of the pool is reduced 

to almost that of the porous plate. 	The surprisingly 

large effect of such a small lip is an indication that 

the mass-transfer process is controlled in a region very 

close to the electrode surface. 
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Chapter 7 Analysis 

7.1 	Objec 

of the results. 

of the analysis. 
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In chapter 3, dimensionless relations were derived 

to express the sub-critical conductance, the critical 

superficial velocity and the maximum conductance as func- 

tions of independent variables. 	These relations are:- 

gi 	 (0.go&dp 
f [Nsc 	 

V" g ) 	AAg 
d 	

P
f 

7.1 (formerly 3.9) 
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(2)' 

Afg 	ggravef) 

-L]
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(°.g(3) 

 

4-(Y  4 
P 4fggrav 

The object of the analysis is to determine the three 

functions ft 	and F from the experimentally determined 

evidence. 	During the course of the analysis, several 
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assumptions are made; these are necessary because the 

amount of experimental information obtained was not 

sufficient to permit a complete analysis of the variables 

in the system. The assumptions, which are suggested by 

results (theoretical and experimental) for boiling heat 

transfer, concern the influence of gravitational accelera-

tion on the maximum conductance and the critical gas 

injection rate. An assumption is.also made regarding 

the dependence of the maximum conductance on the Schmidt 

Number. 

i
It has been found convenient in some instances, to 

include in this chapter explanations and discussions of 

some of the effects revealed by the analysis. 

7.2 The effects of the gross geometry of the system. 

Before proceeding with the main analysis, the pre-

liminary tests investigating the effects of gross geometry 

are analysed. The purpose of these tests was to deter-

mine the limits of the dimensionless geometrical para-

meters, proposed in section 3.4, outside of which the 

effects of the gross geometry are negligible. 

The three quantities investigated were the depth and 

diameter of the pool and the diameter of the porous plate. 



101 

7.2.1 	Effect of pool depth. 

Figure 7.1 shows the maximum conductance, gmax and  

the critical superficial velocity, VLIT  plotted against 

( 	

i... 
the dimensionless pool depth, h ggravef  2. (The method 

• 

7.2.2 Effects of pool diameter. 

In Figure 7.2, the maximum conductance, and the cri-

tical superficial velocity, VC"RIT  are shown plotted against 

the dimensionless pool diameter  d
pool 	For both 
elec 

0iMAX and VCRIT   the limiting value of the diameter ratio 

is approximately 2.5. 

7.2.3 	Effect of electrode diameter. 

The maximum conductance and the critical superficial 

velocity are shown plotted against the dimensionless elec- 

grav ?f g   y trode diameter, d 

	

	in figure 7.3. 	For the eiec( ONg
o 

limited range of electrode diameter tested, there appears 

to be no effect on either the maximum conductance or the 

critical superficial velocity. 	The fairly large amount 

of scatter in the latter case is understandable since it 

was necessary to construct and mount a fresh electrode 

of locating V"CRIT  is described later, in section 7.3.1). 

The limiting value of the dimensionless pool depth is 

seen to be approximately 10 for the maximum conductance 

and 15 for the critical superficial velocity. 

Gs go 
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for each diameter tested; it has already been mentioned 

that the critical superficial velocity is often not repro-

ducible to within 10% between different electrodes of 

the same material (section 5.2.1) and it is also affected 

by slight differences in the mounting geometry (section 

60.3). 

7.2.4 Application of the results. 

The results of these preliminary tests provided evi-

dence that the remainder of the experimental programme 

was uninfluenced by the gross geometry of the system. 

Table 7.1 summarises the limiting values of the dimension-

less gross geometry groups and compares with them the 

values of the groups pertaining to the remaining tests. 

Table 7.1 Limiting values of the gross geometry groups. 

Dimensionless 
group 

Limiting 
for git MAX 

value 
for  /TRIT 

Usual value 
employed 

n 
1 2 

O  
gravcf 

1 
2 

10 

2.3 

4: 2.3 

Go 
 15 

2.5 

4:: 2. 3 

100 

4 

8 . 5 

h  (ggravrf 
0' 

dpool 
delec 

delec (gCr.go 	) 
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7.3 Analysis for the sub-critical region. 

70.1. The relation between conductance and 

superficial velocity. 

A simple power law relation between the conductance, 

gt and the superficial velocity, V" was predicted by the 

theoretical model in Chapter 3; this law is gialocir"?'. 

Figure 7.4 shows a plot on logarithmic co-ordinates of 

gi  versus V" for a test with 'Porosint' material and nitro- 

gen gas. 	It is seen that up to approximately 75% of the 

critical superficial velocity, the experimental points 

lie on a straight line the slope of which is 0.38. 	This 

slope is typical of most of the tests carried out with the 

'Porosint' material, the exceptions being tests using 

hydrogen and helium. 

For tests carried out with materials other than 'Poro-

sint', the region of constant gi/.;in k was not apparent 

in every case, as shown in Figure 7.5. 	This was true of 

the coarser grades of porous material, namely 'Pall' grades 

C, D, and E i.e. the materials with fewer, larger pores. 

The remaining three materials, however, did exhibit the 

constant gi/..v„ region; these were 'Pall grade F, 

'International Nickel' and 'Porosint'. 

A possible reason why the coarser materials produced 

results which did not agree with the theoretical predictions 

is that for the smaller number of larger bubbles produced 
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by these materials, the assumption of isotropic turbulence 

is not valid. 	It is reasonable to suppose that in such 

a case, the isotropocity would improve as the superficial 

velocity increases; this would explain why the slope of 

the conductance versus superficial velocity curve for the 

coarse materials is greater than one third for most of 

the sub-critical region, as shown in Figure 7.5. 

In the following analysis of the experimental data, 

it is assumed, in accordance with the theoretical predic-

tions of Chapter 3, that the dimensionless conductance, 

	 is independent of the superficial velocity, V". 

go  

Because of the slight variations of the conductance group 

experienced in practice with the 'Porosint' material, the 

group has been evaluated for each test at the lowest gas 

injection rate measured, and also at 751., of the critical 

superficial velocity, which was taken to be the upper limit 

of the subcritical region. 	In the graphical analysis of 

the data, both values of the group were plotted. 

For the series of tests in which the effect of the 

grade of porous material was investigated, the dimensionless 

conductance was evaluated for each test at the point (or 

gi. 
region) of maximum 	/v"3 • 
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7.3.2 The effect of varying gas properties. 

(i ) 
	

Varying the system pressure. 

Figures 7.6 and 7.7 show the dimensionless conductance 

plotted, on loga4thmic co-ordinates, against the 'pore' 

	

(C-g
° 	
?aci_)-z 

group 	for tests in which the pressure of the 
frg 

cell was varied. The results for both argon and nitrogen 

are seen to be almost straight lines with a slope of approxi- 

mately unity, though the slope decreases slightly at high 

values of the pore group. 	Additional points to note are: 

(a) The range of the dimensionless conductance 

caused by its slight variation with superficial velocity 

for each pressure, is small compared with the variation 

of dimensionless conductance with the 'pore' group. 

(b) The conductances of the tests with electrode 

Number 7 are about 20;., higher than those of tests with 

the other electrodes. 	It was noted in section 5.2 that 

replacing electrodes of the same material often produced 

differing results. 

(ii) 	Varying the nature of the gas. 

The tests in which different gases were employed show 
(0-g p oka  dP  )1 

that above a value of the pore group, 	of 

/AG 
100, the dimensionless conductance, is independent of the 
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pore group (see Figures 7.8 and 7.9). 	Below this value, 

the two groups are approximately proportional, which is 

the result previously obtained by varying the pressure. 

It is surmised that for th? region in which the value of 
(0- ) g o k p g  dp 

/dig 
pressure is greatly influenced by the viscous forces in 

the porous material, resulting in the dependence of the con- 

ductance on the pore group; this region will be referred 

to as the pore-controlled region. 	For conditions in 

which the viscous forces in the pore are small i.e. large 

pore diameter or low gas viscosity and therefore large 

(crg  p 	2  d ) 
o\a P  , the bubble pressure is unaffected by the flow 

through the pores and is independent of the pore group. 

To provide additional evidence of the existence of 

the latter region, a series of tests was performed, addi- 

tional to those described in Chapter 5. 	The tests were 

carried out using the grade C porous material with four 

different gases, covering a range of the pore group of 230 

to 560; the results are shown in Figure 7.10. 	The dimen- 
G 

sionless conductance 	• 	 evaluated at the point 
(V" go  i 2 

0 5- 
d 	) \f 

of maximum 
gi 

-8—T , is seen in Figure 7.11 to be independent 
1P1-3  

Note that the data for electrode Number 11 is plotted 
separate from the data of other electrodes to avoid con-
fusion due to the effects of the different methods of 
electrode mounting employed (see section 6.3.3 of the 
previous chapter). 

the pore group, is less than 100, the bubble 
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of the pore group, (0.goeRdp)1  This result accords 

  

with the explanations given of the results of tests with 

the 'Porosint' material. 

The concept of a pore-controlled and a pore-independent 

region can be used to explain the untypical behaviour of 

the conductance in tests carried out with hydrogen and 1,90 

with helium. Figur 66; 's ows a typical example of this 

behaviour; it is no 	at two maxima occur with each 

of these two gases. At very low gas injection rates, the 

bubble pressure is uninfluenced by the behaviour of the 

gas flowing through the pores, and the conductance is in- 

dependent of the gas properties. 	Thus, in this region, 

the curves for hydrogen and helium follow similar lines to 

those of other gases. 	At high gas injection rates, 

however, the conductances are pore-controlle0 and dependent 

(".  upon the value of the pore group, C7'.go?gdpin  the manner 
e 

indicated by Figure 7.8 or 7.9. 	Because of the low 

values of the pore group for hydrogen and helium, the 

transition from the pore-independent region at low gas 

injection rates to a pore-controlled region results in a 

decrease in the conductance (giving the 1st maximum). 

The occurrence of the first maximum is, therefore, in no 

way connected with the hydrodynamic crisis of the second 

maximum and the maxima obtained with other gases. 
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7.3.3 The effect of varyisg the liquid properties. 

Figure 7.12 shows the dimensionless conductance correct- 

ed (ag  for changes in the pore group, 	p 
g
d 
 P
) 
	plotted 	against 

ug  
the Schmidt Number for the two test series in which liquid 

properties were varied. 	The experimental points lie 

roughly on a straight line of slope -.67, though a large 

amount of scatter is apparent, particularly at the highest 

Schmidt Number (17,200). 	The correction applied for 

changes in the pore group is based on the result: 
- 

(ago Pgdp)2  

rVelag 0 0 0I 

\ 
d 
P
, f 

of the previous section, which appeared to be applicable 

to the range of values of the pore group for the tests of 

varying liquid properties, namely 67 to 74. 

The dependence of the dimensionless conductance on 

the Schmidt Number from Figure 7.12 is given by 

7.4 

P / 

7.3.4 The effect of the grade of porous material. 

In Chapter 3, the dimensionless conductance was pre-

dicted to be a function of the Schmidt Number and the pore 

of 
.9 

	 04 NSc-.67  

Vnago P
d 	 f 

 



(V" ago  

d 
p 

2 
Pf 3  
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group only. 	For the series of tests in which different 

grades of the porous material were employed, the pore group, 

(agog d 
p
)i 

varied through the pore diameter d . 	Figure 

7.13 shows the dimensionless conductance plotted against 

the pore group. 	The result does not agree with the 

results of the tests in which gas properties were varied 

which indicated that the dimensionless conductance was 

independent of the pore group for values greater than 100. 

The reason for this disagreement between the results of 

the two methods of varying the pore group, is probably 

one of the following: 

(1) 
	

Some quantity additional to the pore group, 

which is a function of the grade of the porous material, 

influences the dimensionless conductance. 	This other 

quantity might be the nucleation site density, a surface 

roughness affecting the 'effective' mass-transfer area or 

a pore roughness factor. 

(ii) The length parameter, d estimated from pressure 

drop measurements (described in Appendix II) is not the 

relevant length parameter to include in the dimensionless 

conductance, fr  

(iii) The value of the pore group at which the tran-

sition from pore-dependent to pore-independent conductance 

Occurs is not in fact 100 as predicted by the tests with 



controlled region, the equation becomes: 

gi 

I 

6.3 x 10 	NSc 
-4 	-.67 (ag p d )2  

o p

g  
7.6 
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various gases, but some value greater. 	Alternatively, 

the transition value of the pore group is different for 

each material grade. 

The plausibility of this explanation is illustrated by 

plotting on a single graph, all of the results obtained 

from tests in which the pore group was varied. 	Such a 

graph is shown as Figure 7.14, which includes the results 

from Figure57.6 to 7.9, 7.11 and 7.13. 	Here a more appro-

priate transition value for the pore group is 200. 

7.3.5 

 

Final expression  for the dimensionless 

conductance. 

  

    

An empirical equation has been fitted to the collected 

results in Figure 7.14. 	The equation, shown by the broken 

line in Figure 7.14, is: 

gi 	6.3 x 10-4  Nsc
-.67 

 

( 

1 

	

• -2.4 	1 7.5 

 

v• "ag J 2 	 (ag P d )2  
---H) n  0 	P 	+ .846 x 10-5 

2  
d 	'f 

a 

For small values of the pore group, i.e. in the pore- 

and in the pore-independent region (large values of the pore 

group) it becomes: 
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7.4 	Analysis for the critical superficial velocity. 

7.4.1 	Method of locating the critical superficial 

velocity. 

No special mechanical operations were performed to 

locate the position of the maximum conductance for a given 

test. 	The data points were plotted on linear co-ordinates 

similar to the figures presented in the previous chapter, 

but to a larger scale. A smooth curve was then drawn 

through the points, ignoring any which did not follow the 

general trend, and the superficial velocity at which the 

maximum conductance occurred was judged by eye. 	Using 

this method, it is estimated that the critical superficial 

velocity could be located to within ± 24o of the true 

value. 

7.4.2 The effect of varyinggas properties. 

(i) 
	

Varying the system pressure. 

Figures 7.15 and 7.16 show the critical superficial 

velocity, 1,q,!RIT  plotted on logarithmic co-ordinates against 

the gas density, pg  for the series of tests in which the 

pressure of the system was varied. 	The experimental 

points lie very close to a straight line of slope -0.5, 

111 

7.7 
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suggesting the following result: 

—.5 
VC RIT 	Pg 

This result cannot be expressed in terms of dimensionless 

groups at this stage, since two independent groups contain 
1 

(pg  p d ) 2    
the gas density, namely 	o g p and g/Pf. 

11 g 

(ii) Varying the nature of the gas. 

The critical superficial velocity, V41T, adjusted 

for changes in gas density by relation 7.8, was plotted 

against gas viscosity, IL
g 
 for the tests carried out with 

different gases. 	Figure 7.17 shows the data plotted in 

this manner on logarithmic co-ordinates. 	A straight line 

of slope 0.5 fits the data reasonably well with the exceptions 

of the hydrogen and helium points which do not appear to 

fit in with the general trend. 	This result leads to the 

following relation: 

'n 
VCHIT 	(nap ) •5 

g 

In terms of the dimensionless groups proposed earlier, 

this result is: 

112 

7.8 

Figure 7.18 shows the data of Figure 7.17 replotted in 
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dimensionless co-ordinates. 	It is now seen that the hydro- 

gen and helium data which in Figure 7.17 appeared to be 

inconsistent with the data of other gases, show a region 

in which this relation 7.9 does not apply. 	This region 

is approximately defined by: 

(Igegdp)"  < 40 
ug 

It is interesting to note that the critical superfic-

ial velocity does not become independent of the pore group 

above a value of 100, as might be expected from the results 

of the analysis for the conductance. 	However, the results 

of the additional test series, using various gases with 

grade C porous material (plotted in Figure 7.19) show the 

dimensionless critical superficial velocity to be indepen- 

dent of the pore group within the range 300 to 560. 	The 

slightly high methane point in Figure 7.19 suggests that 

the transition from pore-control to pore-independence 

P d occurs at a value of the pore group, (Pg o _g p
)2 
 of 

approximately 300. 	 g 

7.4.3 The effect of varying the liquid properties. 

In the two test series in which the liquid properties 

were varied, the independent dimensionless groups were: 

• 3 	1 

2 go 	Pg  dp  ) 2 	g ) 4  P f 4  .&  
Pf 

gray Pf 



114 

The dependence of the dimensionless critical superficial 

velocity on the density ratio and on the pore group, is 

given by the relation 7.9; thus, by plotting 

• 1

4 --(a 	goa  gdp )r  
L .- 

VGRIT " 	p g `i- If a \ 	 (ago) Pf -4  -  against 	 1 
(0 Go ggrav 

p f  ) 4 \ pc/ 	
_ 	T.L g 	_ 	Pfggrav4 

the function of the third group is obtained. 	Figure 7.20 

shows the data plotted in this manner on logarithmic co-

ordinates; a considerable amount of scatter is evident. 

A straight line of slope -0.32 was drawn through the points, 

yielding the result: 

• 
v" 	n (og ) p 4  
CRIT Vg 	0 f  

(agoggray
p 
 f' 

a 	 lifggrav* 

-.32 

 

7.10 

  

7.4.4 	The effect of electrode thickness. 

From Figure 6.17, it is seen that the thickness of 

the porous electrode, t, has no effect on the critical 

superficial velocity. 	This result eliminates the dimen-

sionless ratio t/d from the independent dimensionless 

groups of equation 7.2. 

7.4.5 An assumption regarding the effect of 

ggray' 

Insertion of the results so far obtained into equation 

7.2 reduces it to: 
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where 
	

f [ 
	

] means some function of -- - 

The above equation contains an unknown function of 

) (1. g 	1- 

2 

two independent groups, (-)-d and A and (— ' 	
o  4, 	ggraypf 

There is insufficient experimental evidence remaining to 

separate the effects of these two groups; additional 

information in the form of an assumption is therefore 

introduced. The assumption concerns the dependence of 

V" 	on the gravitational acceleration, g CHIT 	 gray 

Both theory and experiment [58, 68, 16, 33] show that 

the critical heat flux, cILIT in saturated pool boiling 

is related to the gravitational acceleration by the follow- 

ing relation: 

cILIT ggrav 

It is assumed that the critical gas injedtion rate in 

the present investigation is similarly dependent upon 

This assumption leads to ggrav,  , i.e. VLIT ggrav  

the following dependence of the dimensionless critical 

	

ni 	°go 	2  

	

superficial velocity on the group (—) 	• 

	

A 	(ggray  pf 



• 
V" 	p GRIT g  

)4 
goggrav'f' (a g

o 	
- .16 2 

(An)in  ggravPf 
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7.4.5 The effect of the grade of the porous  

electrode. 

For the tests in which different grades of porous 

material were used for the electrode, four independent 

dimensionless groups varied, these were: 

a g 	2 
(a)1.  

0  
A (1,Z) d , 

ggravPci d and 
(a go g  d p)2  

ug  

The analysis so far has shown the dimensionless 
• 
V"RIT to be independent of C and to be related to two 

p 
of the remaining groups by equations 7.9 and 7.12. Thus, 

by plotting 

V" CRIT g 

(Og

o

g

gravPf)4 

 

ago 
( 1,-11 ) 	

)i -.16 
((
I 
g
o 
p
g
d
P 

 ) 2 
1 
2 

ggravPf g 

against (11)d p, the correlation of the effects of the grade A  

of the electrode material is achieved. 	Figure 7.21 shows 

the experimental data plotted in this manner; the result 

indicates that the dimensionless V"GRIT  is independent of 

the group virdp. 

7.4.6 	Final expression for the critical  

superficial velocity. 

The final expression for the dimensionless critical 
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superficial velocity for 
L 	\ i 

V" 	p - CRIT g 	
p \ 4  

the pore 

r(cig p 	d 	)2 
o g p 

I-1 
2 

-controlled region 

- 
1  2 	-- (0 go  ) 4 p 	4 , 	f  

is: 

-. 3 2 

7.13 

1-1  (a  goggrav Pr ) 

— 38(-g 
Pf/ 

( LAI ) ' 

II g 
L 

cg0 

g 	4  gr.:- lif _ 

.16 

\ggrairRf 

The corresponding expression for VLIT  in terms of 

the independent variables is: 

. 0 25 —.16 —.16 
Pf

—.16 —.16 .32 V 	=  
CRIT 	38 p

g 	g
5
g gray 	of 

d  -.25 (a).08 
p 	A 7.14 

If it is assumed that for the pore-independent region, 

the only change required in equation 7.13 is the omission 

of the pore group 	(Og
o
p
g
d
p
)2, then the expression for 

4g 

VCRIT" 	' for this region, becomes: 

5 
VGRIT " 	3p —.2 ggray.23(ago).08pf-.16yf

.32 ().08 

7.15 

It should be noted that although the effects of gas 

properties were established experimentally in this region 

(from the additional tests with grade C material), there 

is nols experimental evidence to support the assumption 

that the liquid property dependence is the same in both 

regions. 
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(ii) 	Varying the nature of the gas. 
I 
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7.5 Analysis for the maximum conductance. 

7.5.1 The effect of varying gas properties. 

(i) 
	

Varying_ the system pressure. 

The effect of the gas density, Pg  on the maximum con-

ductance is shown in Figure 7.22 which was plotted from 

the results of the tests in which the system pressure was 

varied. 	A line of slope 0.5 fits most of the experimental 

points except at the higher gas densities, where the points 

lie below the line. The dependence of gi,mAx  on the gas 

density is then: 

gitRAX O' Pg 

• 5 

The dimensionless maximum conductance contains the 

critical superficial velocity, V"GRIT  which is seen from 

equation 7.8 to depend upon the gas density thus: 

• " 	-.5 V GRIT CSC Pg 

Combining these two results, the dependence of the dimen- 

sionless maximum conductance on the gas density is given by: 

gi,MAX 

IITCRITag

o) dp 
 

3 
2 

Pf3  7.16 
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to correlate the maximum conductances of the tests using 

different gases, in which both the density and the visco- 

sity of the gas varied. 	Figure 7.23 shows the dimension-

less maximum conductance plotted on logarithmic co- 

ordinates against the pore group. 	The result is similar 

to that obtained for the sub-critical conductance; in 
( 	) 

the pore-controlled region i.e. 	
pg. 

o
p 
 g
d 
 P 

2 
 < 100 it is: 

g 
gi,MAX 

• ) 1  

/ V 	3 
CRIT ago
dp 

   

1.4 

 

(a g 
o
p  d 

11. 

  

7.17 

   

     

     

.2_ 
P 

3 
p-• f 

From this, the density ratio, ▪ appears to be unimportant. 
Pf 

The results of the tests using grade C porous material 

are shown in Figure 7.24 as dimensionless maximum con- 

ductance versus the pore group. 	Apart from some experi-

mental scatter, there is seen to be no variation in the 

maximum conductance in this region of high ago :d13 12 

a 
this was the expected result. 

7.5.2 The effect of varying_ the liquid properties. 

For the tests in which the effects of liquid proper-

ties were investigated, two independent dimensionless 

groups were involved; these were the Schmidt Number 
3 

group 
(op. 	p 

and the 	go 	. Although two different 
4 

°gray f 

methods of varying the liquid properties were employed, 

of  
Dipf 



3 
(7 g ) 4  P f 4  

I 

ggraV 4 Uf 

• The result is shown in Figure 7.15 and is 
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i.e. by changing the system temperature and by changing 

the NaOH concentration, the relative variation between the 

two independent dimensionless groups was the same in both 

cases. 	It was therefore not possible to separate the 

effects of each of the two groups9 from the experimental 

evidence. 

So that the analysis could proceed, the dependence of 

the sub-critical conductance on the Schmidt Number was 

assumed to apply also to the maximum conductance i.e. 
2 

gi MAX C"4 Ns 3  - * The effect of the remaining liquid pro- ,c  
perty group was obtained by plotting 

(og p d )1 -1.4 gi,MAX 	0 K P 	2 
N
SC

3 against 
(V• " 	cg 	2 CHIT o 

 P
f 

P / 

given by: 
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P / 

7.18 

  

  

A considerable amount of scatter of the experimental points 

is evident. 

7.5.3 The effect of the electrode thickness. 

Figure 7.26 shows the maximum conductance, gi,hiAx  plotted 
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against the thickness of the porous cathode material, t. 

The effect shown in Figure 7.26, which is expressed by 

the relation 

gi,MAX OG  t 
 -0.08 

is very slight. 

In dimensionless terms, this result is: 

gi, MAX  
• 

(

d 

vCRIT
u  GD. 
' 

 J z  
 

% 	
pf

3 

-.08 
(c  f) 7.19 

7.5.4 An assumption reAarding_the effect of 

gravitational acceleration. 

The analysis for gi,mAx  is again inhibited because 

insufficient experimental information is available from the 

remaining test series for the effect of the remaining two 

/ OPri 

ggravPf 
44:$ 

	
and yx)2  dp  in 

to be determined. An assumption is therefore made regard-

ing the influence of ggray on gi,aAx, suggested by results 

for boiling heat transfer. 

Several experimental investigations into the effect of 

ggray on nucleate pool boiling [29, 14, 56, 17] show the 

heat transfer coefficient up to the maximum to be practi- 

cally independent of g
gray

. 	It is assumed that the maxi-

mum conductance in the present investigation is similarly 

dimensionless groups, (A) 2  
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independent of g gray  . This assumption leads to the follow- 

ing dependence of gi,mAx  on the dimensionless group 

\ x 
(l 

1 	ago 	2 
b If _   

6gravPf/ 

  

.32 

 

gi,MAX 0( (x) ggravPg 
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I 	ago 

 T 	

) 
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7.5.5 The effect of the grade of the porous  

electrode. 

Of the four independent dimensionless groups which 

varied in this series of tests, the effect of one group, 

y-)2dp  remains unknown. In section 7.5.1, the pore group, 

(cg p 
g  dp  )- 

for the various grades of porous material used was 70 to 

240; it is assumed that the effect of the pore group 

was negligible for this range of values. 	It is further 

assumed that the electrode thickness effect is character-

istic of the pore-controlled region and therefore unimpor-

tant in this series of tests. 

Figure 7.27 shows the experimental data for the various 

grades of electrode material plotted on logarithmic co-

ordinates as: 

was seen to be unimportant above the value of 

approximately 100. The range of values of the pore group 
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gi,MAX 

• e VI 
ITRIT a -0 . 
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P 
d P 3  

) f  

( 	a  g  (n12 
'A' 

geravPf  
versus (-12Pd A p' 

A straight line of slope 1.0 provides the best fit to 

the rather scattered points, leading to the result: 

gi , MAX 

 

(2)' 
cgo 

ggrav Pf/ 

.32 
7.21 d 

vCRTT agO\ 	2  p

f 

    

    

     

7.5.6 Final expression for the maximum 

conductance. 

The final equation expressing the dimensionless maxi-

mum conductance in terms of the independent dimensionless 

groups is: 

gi , MAX 	
il  \ -. 67 r-(0  g 

0 	f 
)* 1)  -ir 	-.3 

" 

_ 
\I

3 	
(I)  ff ) 	ggray411f .; ag \ 	- 
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CRIT 0) ' 
d 	1 Pf3 
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\ i f 	_ 	- 

  

(E)2 i( og  
IA' ggray pf 

-.32 

  

  

(4,k.-) 2 dp  F ' 
[(pp o p.fi d ) 2  t1  

ug  111 
7.22 

  

In the pore-controlled region, i.e. (a go pgdp ) 2  < 100, the 

( 	1. 4-  1_.  08  ago p _ad p  )2  
function F has the form 	 For 

values of the pore group greater than 100, the function F 

is probably a constant equal to 0.46. 
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The corresponding expression forgi MAX in terms of ,  

the independent variables for the 'Porosint' material in 

the pore-controlled region is: 

.7 -1. 	.67/0g0).97pf1.11.11.-.37d  1.3 
gi,MAX = 0.23 

Pg  

(n) .66  t  -.08 -A-  7.23 

In the pare-independent region, the expression becomes: 

giomAx  = o.46 Di.67 ag 	1.1, -.37d  .68 /211.66 ( 01 r f rf 	NA,  7.24 

Due to the many assumptions made, these equations for the 

maximum conductance are probably the least reliable of the 

correlations presented in this Chapter. 	Nevertheless, 

the following features of the equations are worthy of note; 

(1) 	In the pore-controlled region, the maximum 

conductance is strongly dependent upon the pore group. 

(ii) The pore diameter and bubble site density appear 

as significant parameters. These may be important for the 

same reasons as surface fine-structure is important in 

boiling. 

(iii) The surprisingly large dependence of gi,MAX 

on the liquid density results mainly from the importance 

of the liquid density in the dissipation of the kinetic 

energy of the bubbles, and from the assumed dependence of 

gi, 	, on the Schmidt Number. 

Because of the uncertainties contained in the gi,MAX 
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expression, and also because the maximum heat transfer co-

efficient in boiling and in other barbotage investigations 

is generally not correlated, no further discussions or 

comparisons of this relation are included in this thesis. 
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Chapter 8 Discussion of results. 

8.1 Comparisons with other barbotate results. 

Included under this heading are comparisons with 

results of investigations using electrolytic gas evolution. 

The various investigations reported in the literature were 

reviewed in the Introduction; in this section, the results 

of these investigations are described and compared with the 

theory and experimental results of the present work. 

8.1.1 The sub-critical region. 

(i) The results of Gose et al. {281  • 

  

Gose et al. correlated their entire data using the 

following equation: 

     

/ 	2 

2 	 NPr 	
- f 

f \Pf ggra 

 

/  PfCPf  

ggraf 

a 

 

V" 8.1 

   

    

    

where h is the heat transfer coefficient 

Npr is the liquid Prandtl Number 

the remaining symbols have their usual meaning 

and are defined in the nomenclature. 

Note that the surface tension and the pore diameter 

are absent from the above correlation. 

The function f was plotted against the dimensionless 

gas injection rate on logarithmic coordinates by Gose et al; 

a separate figure was presented for the two porous plates 
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and for each drilled plate for both horizontal and vertical 

orientations. The general form of f exhibits three 

regions: 

(a) At low gas injection rates the slope of the f 

versus dimensionless superficial velocity curve is very 

small; this is presumably a region in which natural con-

vection dominates. 

(b) In the second region the slope increases as the 

bubbling becomes more profuse. A straight line can be 

drawn through the rather scattered data points in this 

region. 	The slope of the straight line for the horizontal 

porous plates is 0.4, but for all other plates including 

the vertical porous plates, the slope is greater than 0.4 

(0.65 for one of the drilled plates). 

(c) The third region is the critical region in which 

the function f reaches a maximum. This maximum is not 

achieved in the case of the drilled plates. 

Comparisons in this section are restricted to the 

second region, (b). 

Figure 8.1 shows the Gose data for horizontal porous 

plates. 	In the sub-critical region (region (b)), the 

results can be correlated by the following relation: 
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•The dependence of h on V▪ ", i.e. h 0(V"0.4  agrees 
• well with the result, gi CX V
"0'38  obtained in the present 

work and reasonably well with the theoretical prediction 

of ht.< V"•33. 	The higher values of the exponent V• " for 

drilled plates agrees qualitatively with the similar effect 

obtained with the coarser porous electrodes in the present 

investigation. 

Rearranging equation 8.2 to give groups which are 

comparable to those in the present work, it becomes: 
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With the correlation in this form, the exponent of 

the Prandtl Number is -.55 which is lower than the -0.67 

exponent of the Schmidt Number obtained in the present 

work. However this result was obtained in a lower range 

of the Prandtl/Schmidt Number than the present work, namely 

3.4 to 574 compared with 1,320 to 17,270. 

Gose et al. did not consider the surface tension, or 

8.3 
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the pore diameter, in their correlations of the data; had 

they done so, the group on the extreme right of equation 

8.3 might not have appeared. 

The two tests using helium performed by Gose et al. 

produced the same results as similar tests with air. 	This 

accords with the present findings, since in both of Gose's 

tests the value of the pore group 
(ogoogdP )2  

was in 
g 

excess of 100, which is the criterion found for the dimen- 

sionless conductance (heat transfer coefficient) to be in-

dependent of the gas properties. 

(ii) The results of Akturk 12]. 

Akturk did not attempt to correlate his data presented 

in ref. 2. 	His data were, however, plotted in dimension-

less coordinates; these are 

ago  
k
f ggrav(Pf-Pg) 

2 
and 

 

• I 
3600V"P 2  

 

fgo  ggray 
0(P

f 
 -P gj  )14 

   

Plotted on logarithmic coordinates, the data of a 

single test exhibits three regions as shown by Figure 8.2 

which is reproduced from reference 2 .: 

(a) At low superficial velocities (<0.1 V" 	) the CRIT 

slope of the curve decreases as V" increases. 

(b) In the second region, the data points lie roughly 

on a straight line with a slope of between 0.15 and 0.31 
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depending on which test is considered. 

(c) The third region is the critical region, in which 

the heat transfer coefficient reaches a maximum value and 

subsequently decreases. 

Comparisons in this section are restricted to the 

second region, (b). 

The slope of the line of proportionality between heat 

transfer coefficient and the superficial velocity in the 

sub-critical region, (b) is, in general, less than the 

values of the present work and of the theoretically pre-

dicted value. 

Of the three parameters investigated by Akturk, the 

independence of the heat transfer coefficient of the porous 

plate diameter and the ratio of pool diameter to porous 

plate diameter, accords with the present findings. 	The 

effect of the third parameter, liquid temperature, can be 

represented approximately by the following equation: 

-. 22 2 
cgo  =h 	const 	

3600 V"pY- 

r-.2  kf ggrav(Pf-Pg) gograycl(Pf-Pg 411 

8.4 

This relation applies to the region (b) only 
• 

( 0.1 	0.75). 
4,1  
GRIT 

Ile rran ins equation 8.4 to give dimensionless groups 

whi• are comp rable to those in the present work, it 
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The last three groups in equation 8.5 were effectively 

constant in Akturk's tests; there is no justification, 

therefore, in retaining them (this does not imply that 

the groups are unimportant, but merely that their effects 

cannot be known from the experimental evidence available). 

If it is assumed that the temperature influences the 

dimensionless heat transfer coefficient through the Prandtl 
3 

Number only, the group 	
(a 
'
„. 
o
)4p4

can be replaced by 
-4- 

agrav f 

NPr using the relation 

(ag)1  Pf  cx:NPr
-5/7  which applies for water 

4 
ggrav f 

at varying temperatures. 

Equation 8.5 now becomes: 
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The exponent of the Prandtl Number in the above equa-

tion is rather less than the -.55 exponent of Gose's work 

and the -.67 exponent of the Schmidt Number in the present 

work. 	However, this result suggests that the Prandtl/ 

Schmidt Number dependence of the dimensionless heat/mass 

transfer coefficient might be a function of the order of 

magnitude of the Prandtl/Schmidt Number. The table below 

which presents the results obtained so far, illustrates 

this point. 

Source of result Range of Npr/NSc Exponent of Npr'  /N Sc 

Akturk 3.3 to 6.2 -.485 

Gose et al. 3.4 to 574 -.55 

Present work 1,320 to 17,270 -.67 

A qualitatively similar result to this was observed 

by Spalding in reference 62 , for the case of ideal nu-

cleate boiling in which the negative slope of the limiting 

curve of dimensionless heat transfer coefficient versus 

Prandtl Number, increased with Prandtl Number. 

(iii) The results of Mixon et al. N71. 

The heat transfer measurements of Mixon et al., 

although for extremely low rates of electrolytic gas evo-

lution (maximum superficial velocity of 1.7 x 10-4 ft/s), 

show some interesting results. A correlation of the data 

was not presented by Mixon et al. 
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In Figure 6 of the above reference, reproduced here as 

Figure 8.3, the heat flux is plotted against gas evolution 

rate on logarithmic co-ordinates with the temperature 

difference between wall and bulk as a parameter. 	The bulk 

temperature was maintained at an almost constant value. 

For each temperature difference, (Ts  -TB  ), the data points 

lie on a straight line, the slope of which is 0.27 at the 

lowest temperature difference (20°F) and 0.30 at the 

highest (120°F). 

Theoretical considerations of the work done by bubbles 

and the dissipation of turbulent kinetic energy, for a 

system in which the bubbles are generated by electrolysis, 

yields the following result which is comparable with equa-

tion 3.6 of Chapter 3: 

h 

C[ V (P
b 
- P

f
) g

o 
3  

Pf 

where Pb - Pf is the time mean value of the pressure 

difference between the bubbles and the surrounding liquid 

and can be shown to be almost a constant, i.e. independent 

of liquid properties and of the rate of gas evolution. 

Thus the dependence of heat flux, and therefore heat 

transfer coefficient, on the superficial velocity shown 

by the Mixon et al. data is in good agreement with equation 

8.7. 
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For the range of temperatures covered by Mixon et al. 

the specific heat, C
P 

and the liquid density, pf  are 
f 

 

approximately constant. The function of the Prandtl 

Number in equation 8.7 is obtained by plotting h/V"-

against Prandtl Number; the result is: 

h 	 a c< Npr  
Vu 3  

where a = -.25 for \r" = .28 x lo- ft/s  

a = -.3 for V" ft/ s. x 10-4  ft, s. 

The values of the Prandtl Number exponent are con-

siderably less than the values obtained from Akturk's and 

Gose's data for the same Prandtl Number range. 	This may 

be a consequence of the very low superficial velocities 

of the Mixon data, indeed from the two extreme values of 

the exponent evaluated above, there appears to be a ten-

dency for the exponent to increase with the superficial 

velocity. 

(iv) The results of Bhand et al. [4.1. 

Bhand et al. measured heat transfer coefficients at 

varying rates of electrolytic gas evolution with liquid 

temperature as a parameter. A correlation of the data 

was not attempted by Bhand and the results presented do 

not permit any useful comparisons to be made in the sub-

critical region. 
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8.1.2 	The critical superficial velocity. 

The expression correlating the critical superficial 

velocity in the present investigation is given by equation 

7.13: 

• 
V 	p " CRIT g 

= 38  
L 14 aP (agopitAd2 

(0 'o g  gravPd4 f  110. 

( ag 

(2) g 
0 11 

gravPf/ 
' 

This equation was derived from results obtained in thepore- 

controlled region. 	As discussed in the last chapter, 

this equation is assumed to apply in the pore-independent 
,1 

d 2 region if the pore group, (ag o
p p) 	is omitted. 
ug  

When comparing this result with those obtained by 

other workers, it is desirable to know whether their results 

were obtained in the pore-controlled or pore-independent 

region. 	In most cases it has been possible to deduce 

that the results were obtained in the pore-independent 

region. 

The comparisons in this section are divided according 

to the independent parameters which were investigated. 

Three sub-divisions are made, namely: 

(i) Comparisons of the effects of geometry. 

(ii) Comparisons of the effects of gas properties. 
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(iii) Comparisons of the effects of liquid properties. 

(1) Comparisons of the effects of geometry. 

In the experimental work of Gose et al. [28], several 

different porous and drilled heater plates were employed. 

A maximum heat transfer coefficient was achieved with the 

two sintered plates but not with any of the drilled plates. 

This suggests that the spacing between the holes of the 

drilled plates was too great for a break-down in the liquid 

continuity at the heater surface to occur. 

For tests with the same liquid, the values of the cri-

tical superficial velocity for the two sintered plates 

were almost identical, despite a tenfold difference in the 

pore diameter. 	It is deduced that the critical super-

ficial velocity for these tests, is independent of the pore 

group (agopgdp)2, the values of which are estimated to 
ug  

be 100 and 350. 	In the present work, the critical super-

ficial velocity was found to be independent of the pore 

group for values greater than 350. 

Kutateladze and Moskvicheva [41] investigated the 

effects of pool depth and hole diameter (using perforated 

plates) on the critical superficial velocity for a liquid/ 

liquid system (water/mercury). 	In non-dimensionalising 

the data, it was thought unwise to use the quantity 

a go 

\ggravPf 
to represent the order of magnitude of a depart- 
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ing bubble, since its value is considerably less than the 

diameter of the holes in the perforated plates. 	The pool 

depth is, therefore, expressed as a ratio of the hole 

diameter; this provides a single dimensionless group for 

both series of tests. 	Table 8.1 shows the results ob-

tained by Kutateladze and Mookvicheya for the water/ 

mercury system. 

Table 8.1 Effect of hole diameter and pool depth on VZRIT  

Pool depth, h 	Hole diameter d Ratio h/d V" CRIT 

155 mm 10 mm 15.5 .048 m/s 

245 10 24.5 .053 

355 10 35.5 .056 
425 10 42.5 .056 

155 10 15.5 .048 

155 5 31 no crisis 

155 3 52 .057 

Table 8.1 shows that a limiting value of h/d occurs, 

above which the critical superficial velocity is constant. 

This limiting value of h/d is approximately 30 and should 

be compared with a similar limiting value of 

of 15 (Fig.7.1) obtained in the present work. 

The porous plate diameter and the ratio of the pool 

diameter to that of the porous plate, were both shown by 

(Pe rav 

ago 
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Akturk [2] to have no effect on the critical superficial 

velocity. 	Except for the condition of the pool diameter 

approaching the porous plate diameter, the results of the 

present work agree with those of Akturk. 

(ii) Comparisons of the effects of jas properties. 

The tests carried out by Gose et al. with helium were 

not taken to very high superficial velocities and a maxi- 

mum heat transfer coefficient was not achieved. 	The 

only other investigator to vary gas properties was Wallis 

[75] who, by purely hydrodynamic means, measured the 

critical superficial velocity for air at various pressures 

between 14.7 lb/in2  and 55 lb/in2. 	He also carried out 

a test with a different gas, Freon 12. 

No pore or hole size was quoted by Wallis, however 

since the porous material is described as a 'fine brass 

mesh' it is presumed that the value of (ag pd o g ) was 
ug  

sufficiently large to have no effect. 	The effect of 

changing the injected gas can, therefore, be correlated 

by the gas density alone. 	Figure 8.4 shows the Wallis 

data plotted as critical superficial velocity versus gas 

density on logarithmic co-ordinates. 	The erratic 

behaviour of the Freon 12 tests resulted in a spread of 

values of V!! uRIT.  

Considering the data for air alone, the best straight 
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line through the points on Figure 8.4 has a slope of 0.45. 

If, however, a mean value of the Freon data is also con-

sidered, the slope of the best line reduces to 0.35. 

These values compare, qualitatively at least, with 0.25 

for the region independent of the pore flow, in the present 

work. 

(iii) Comparisons of the effects of liquid properties. 

Liquid properties were varied by all the other in- 

vestigators. 	A close examination of the collated results 

led to the conclusion that the best correlation of the 

critical superficial velocity was obtained by plotting 

the data as a Kutateladze No.K1 defined as: 

against the dimension- 
fog g 	(P -P )14 
L  o gray f g JJ 

4 
ggrav u  f 

shows the data plotted in this manner, indicating a result 

of the form: 

3 	1 - 
r(a  go )4P  f4  K1 	0.066  

0.15 

 

Lggravf _ 

Special note should be made of the close agreement of 

the Kutateladze and Moskvicheva data, for the two liquid/ 

liquid systems, with the other barbotage data. 	Although 

the values of K1  for Akturk's data are low, the variation 

K1  

" V 	P GRIT g 

less liquid property group 
(ago ) • Pf• 4  

• Figure 8.5 
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of K1 with the liquid property group is qualitatively the 

same as that of the other workers. 

The results obtained from the data of Gose et al. for 

the critical superficial velocity are shown in the table 

below, the values used are those extracted from the Gose 

data by Sims et al. [59], (Gose did not attempt to corre-

late the critical superficial velocity). 

Table 8.2 Results of Gose et al. 

Liquid 
Critical 
superficial 
velocity V 

K1  

A 
(ago)4Pf 

Cgrayiuf 

Water 

Ethylene Glycol 
Shell Tellus Oil 15 

Shell Tellus Oil 69 

2.0 	ft/s 

3.45 
1.85 to 2.1 	1.14 

0.24 

.13 

.23 

to 

.02 

.16 

758 

194 

36.4 

6.0 

All the above results are for horizontal sintered plates 

with air injection. 

The effects of the liquid property group on K1  shown 

in table 8.2 are not consistent. 	Because of this, it 

was considered unprofitable to extend the scale of Figure 

8.5 by a factor of three to include these points. 

Having thus described the effect of liquid properties 

on the critical superficial velocity found by the other 

investigators, a comparison is now made with the results 
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of the present work. The data from the tests in which 

liquid properties were varied are shown plotted in Figure 

8.5; the broken line drawn through the points has a 

slope of 0.33. 	An immediate observation is that the 

values of K1 are within the same fairly narrow range as 

those of the other investigations. However, as the liquid 

property group is increased, the variation of K1 is seen, 

in the present work, to be a slight decrease, as opposed 

to a slight increase, in the other investigations. An 

explanation of this difference has not been found and it 

is apparent that further experimentation is needed over 

a wider range of the liquid property group. 

The values of the superficial velocities corresponding 

to the maximum heat transfer coefficients observed by 

Bhand et al. [8] (electrolytic gas evolution), are of the 

order of 10-3  ft/s. The explanations given by Bhand for 

the occurrence of the maxima (in some cases two maxima 

were observed) are not clear and these results have, there-

fore, been excluded from the comparisons. 

8.2 Comparison with results from boiling_heat transfer. 

8.2.1 The sub-critical regiOn. 

Heat or mass transfer during barbotage is a similar 

process to that of nucleate boiling insofar as there is, 

in both cases, a transfer of heat or mass across a boundary 
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at which bubbles are generated. It seems reasonable, 

therefore, to compare the dependences of the heat or mass 

transfer coefficient on the rate of bubbling and system 

parameters in each case. However, a closer examination 

of the heat transfer mechanisms involved reveals some 

basic differences which should be considered when comparing 

the two processes. 

The two basic differences between barbotage and satura-

ted pool boiling are: 

1. In barbotage, the heat or mass is transferred 

through the liquid between the porous wall and the bulk 

liquid, whereas in saturated pool boiling, the heat is 

transferred through the liquid from the heater wall to the 

vapour bubbles. 

2. In barbotage, all the injected gas forms bubbles 

at the porous wall, whereas in saturated pool boiling, 

some of the vaporisation into the bubbles occurs after the 

bubbles have left the wall. 

The heat transfer processes are affected by these 

differences in the following ways: 

(a) 	The heat or mass flux in barbotage must traverse 

the whole of the thermal or diffusion boundary layer. 

In boiling, however, some of the heat can reach the bubble 

interface without travelling very far through the liquid; 

indeed recent experimental evidence [48, 52, 55, 44] has 
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suggested that a large proportion of the total heat flux 

in boiling (depending on the magnitude of the heat flux) 

reaches the bubble by conduction through a thin film of 

liquid at the base of the still-attached bubble. 	This 

'short-cut' for part of the heat flux accounts for the 

heat trasnfer coefficients experienced in boiling being 

higher than those reported by Akturk and Gose et al. for 

heat transfer during barbotage. 

(b) In barbotage, all the injected gas contributes 

towards the agitation of the region close to the wall where 

the temperature or concentration gradients are the greatest. 

Because some of the vaporisation in boiling occurs after 

the bubble has detached from the wall, only a part of the 

total vapour formed provides agitation in the region close 

to the wall. 	This effect is probably not as great as 

the one described in (a). 

An important factor in both (a) and (b) is the amount 

of vaporisation in boiling occurring close to the wall. 

It is believed [26, 50, 54, 46, 80] , and in one instance 

experimentally proved, that the percentage of vapour formed 

whilst the bubble is still attached to the wall increases 

with the total heat flux, reaching a value of almost 100j; 

at the critical heat flux [50]. 	(It has here been pre-

sumed that the undefined term 'latent heat transport' used 

by several authors, refers to the amount of sensible heat 

converted to latent heat while the bubble is attached to 
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the wall.) This means that (a) the percentage of the 

total heat flux provided with a short-cut to the bubble 

interface and (b) the percentage of the total vapour 

formed, contributing to the agitation of the region close 

to the wall, both increase with the total heat flux in 

boiling. This explains why the heat transfer coefficient 

in boiling increases more rapidly with the total vapour 

generation rate (i.e. total heat flux) than in barbotage. 

An examination of the boiling data reported in the litera-

ture, shows the heat transfer coefficient to depend upon 

the heat flux to a power of between 0.4 and 0.85. 	This 

should be compared with the one third exponent of the 

superficial velocity which applies in barbotage. 

Other than these very qualitative comparisons of 

the effects of the bubble generation rate on the heat 

transfer coefficient, comparisons of the effects of other 

quantities, such as the Prandtl Number, are impractical 

for two reasons: 

(i) Correlations of the nucleate boiling heat trans-

fer coefficient appearing in the literature, vary con-

siderably in their predictions of the effects of the para-

meters correlated (see for example the reviews of Zuber 

[79, 80] and of Westwater [76]). 

(ii) The method of correlating the heat or mass 

transfer coefficient used in the present work, and in 
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particular the form of the dimensionless heat or mass 

transfer coefficient, has no equivalent in the nucleate 

boiling correlations reported so far in the literature. 

To manipulate the existing correlations into a form suit-

able for comparisons would be extremely artificial and 

would yield no useful information. 

Clearly the correlating methods usually employed are 

unsatisfactory, primarily because it is difficult to account 

for the effect of the fine structure of the heat transfer 

surface. The method proposed by Spalding [62], referred 

to in Chapter 3, considers an overall energy balance for 

the boiling layer; a means of correlating the effects of 

the nucleating characteristics of the surface is included 

in the proposals. A nucleate boiling correlation based 

on this method would provide an equation ideal for com-

parisons with the results of the present and other barbo-

tage work. However, the development of such a correla-

tion is still in its early stages and as such it cannot 

be utilised for the present comparisons. 

8.2.2 The critical heat flux. 

It is generally accepted that the critical heat flux 

or burn-out point in boiling occurs at a critical rate of 

vapour generation at or near to the heat transfer surface. 

Comparisons of the results of the present work with boil- 
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ing results are made possible by assuming that, at the 

critical point, all the heat flux is converted into vapour 

very close to the surface of the heater. The following 

relation can therefore be written: 
• 

cl8RIT  
C V" RIT 	h

fee 
8.8 

where n o -uRIT = critical heat flux 

hfg 	= latent heat of vaporisation 

= vapour density. Pg 

The critical heat flux in boiling is well predicted 

by the equation first derived by Kutateladze [39, 40] , shown 

below: 
• 
qgRIT  

	

j = K1, a constant 	8.9 
Pg  hfgHoggrav(Pf-Pg)1 4  

. 	. 
Replacing (GI-T by Vc,RIT from the assumed relation 8.8, 

the Kutateladze equation becomes: 

V" 	P 2  CRIT 	= K
1  

[agoggrav (P  - f-P  g )1  j* 

8.10 

Kutateladze evaluated Kl  for several liquids over a 

wide range of pressures and found its value to lie within 

the range 0.16 ± 0.03. 

The equation found to correlate the critical super-

ficial velocity in the present investigation is: 



174 
. 
VC" 	p 2  
RIT g  

[a ograyPr} 4 

 

3 	1 - 

(a  go  ) a P f4  

fggraV4- 

    

 

-.32 

 

- .16 
/PI 

= 38... 
\P  

in}3 / a  y 	go  
A grav p  

  

     

      

(ag0PgdP)2  

g 
8.11 

  

A fresh examination of the boiling data is now made 

to find out if the constant, K1  appearing in equation 8.10 

is in fact a constant or if it is a function of the groups 

appearing on the right hand side of equation 8.11. 

Borishanski [9] plotted the data of refs. 	35, 38, 

13 and 66 as K1 versus N, where N is given by: 

N 
4 2(P 	)i  ggrav f f 

His findings, reproduced here as Figure 8.6, show 

that the value of K1 decreases as the liquid property group 

increases. 	Two alternative correlations were proposed by 

Borishansi, these are: 

K1 = 0.8N-.125 
	

8.12 

(ago) 
/2 

 Pf 

and K = 0.13 + 4N 4 
1 8.13 

Although the latter form provides a better overall fit 

to the data, the former fits the data equally well in the 

range 104  <.N <106, which is the range of N covered in the 

present investigation, and is in a more convenient form 

for making comparisons. The relation between K1  and N, 
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evaluated for the present work, is seen from equation 8.11 

to be: 

1 = 0.37 N-.16 

which agrees well with equation 8.12. of Borishanski. 

When making the above comparison, the substitution ofpf-pg 

for of  in equation 8.11 was Justified because Pg  was 

always much less than pf  in the tests in the present work. 

In order to be strictly correct, however, ed4ation 8.11 

should contain an undetermined function of P
f/(Pf-P ). 

An evaluation of the density ratio, Pg/ pf  for the 

results used by Borishanski, exhibits a range represented 

by two orders of magnitude. It is concluded from this 

that, in the case of boiling, the quantity Kl  is indepen- 
„k 

dent of the density ratio. 	The term (Pg/pf)4  on the right 

hand side of equation 8.11 therefore represents a differ-

ence between the results of the present work and the corres- 

ponding result for boiling. 	It will be recalled, however, 

that the amount of data obtained in the region in which 

the critical superficial velocity was independent of the 

pore group (which presumably is the region in which to 

make comparisons with boiling) was limited to the results 

of four tests using different gases with grade C porous 

material (Figure 7.10). 	This is extremely scant evidence 

on which to base a result, and it may be that further tests 

in the 'pore-independent' region (for example at various 
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pressures) would yield a different result. 

The bubble site density at the critical heat flux is 

seldom known and it is therefore difficult to assess 

,n. whether or not an effect of e-) similar to that shown in A 

equation 8.11 exists in boiling. 	However, it is generally 

found [53. 31, 6 lthat the surface finish (i.e. roughness) 

of the heat transfer surface does not influence the cri- 

tical heat flux to any great extent. 	If it is accepted 

that the bubble site density is governed by the surface 

finish of the heater material, then it follows that the 

critical heat flux is almost independent of (.11). 	In 

fair agreement with this, the results of the present work 

show only a slight dependence of the critical superficial 

velocity on 	i.e. 	
08. 
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Chapter 9 Conclusions. 

The following conclusions are drawn from the results 

of this investigation, and the comparisons made. 

1. The electrolytic mass-transfer technique has 

proved a useful and convenient tool in the investigation 

of the convective and hydrodynamic phenomena associated 

with barbotage. 	It has enabled a large quantity of data 

to be amassed, covering many of the significant independent 

variables, a task which would have been forbidding in a 

similar heat-transfer investigation. 

2. The relation between the sub-critical conductance 

and the superficial gas velocity was accurately predicted 

by the theoretical considerations (see section 7.3.1) 

which were used as a basis for the correlation of the sub-

critical conductance. 

3. In section 7.3.2, two regions were shown to 

exist for the sub-critical conductance. 	In one region, 

the conductance was influenced by the parameters governing 

the viscous flow of gas through the porous material i.e. 

gas properties and pore diameter. 	The dimensionless pore 

(Cg p d )-2 o g p  group, 	was found to characterise these effects. 

In the second region, the conductance was found to be in- 

dependent of the dimensionless pore group. 	The criterion 

for the pore-controlled condition using the 1 Porosintl 

porous material, was found to be a value of the pore group 
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of less than 100. 	Taking account of the results of tests 

with porous materials other than 'Porosint', however, the 

transition value of the pore group was shown in section 

7.3.4 to be probably two or three times higher than 100. 

It. 	Section 7.3.3 showed the dimensionless conductance 

to be proportional to the minus two thirds power of the 

Schmidt Number. Comparisons with other barbotage results 

suggest that the exponent of the Prandtl/Schmidt Number 

decreases with the order of magnitude of the Prandtl/ 

Schmidt Number (see the table on page 159). 

5. Nucleate boiling heat transfer results are not 

sufficiently well correlated at present, to permit any 

meaningful comparisons with the results of the prevdpegusent 

work. 

6. The maximum observed in the mass transfer co-

efficient, when plotted against the superficial gas velocity, 

is a result of a hydrodynamic crisis occurring in the two- 

phase boundary layer. 	It is similar to the crisis which 

occurs in boiling at the burn-out heat flux; this conclu-

sion is supported by the close agreement of the Kutateladze 

constant evaluated for the critical data of the present 

work, with the values which have been found to apply in 

boiling burn-out. 

7. A pore-controlled and a pore-independent region 

exist for the critical superficial velocity, though the 

transition from one region to the other was found to occur 



185 

(section 7.4.2) at a value of the pore group higher than 

in the case of the sub-critical conductance i.e. 300 

compared with 100. The small amount of data obtained 

in the pore-independent region suggests that the critical 

superficial velocity is independent of the gas viscosity 

but proportional to the gas density to the minus one quar- 

ter power. 	This result agrees qualitatively with boiling 

results, though there is quantitative disagreement in 

the exponent of the gas density, the value of which is 

minus one half for the critical superficial vapour velocity 

in boiling. 	However, because of the limited amount of 

experimental evidence obtained in the pore-independent 

region, definite conclusions on this point are not justified; 

further experimentation is clearly needed. 

8. 	The slight decrease in the dimensionless critical 

superficial velocity with the liquid property group, 
3 

(Ggof  (section 7.4.3), accords with the findings of 
egrav

4
/If 

Borishanski for the critical heat flux in boiling. A 

slight increase in the dimensionless critical superficial 

velocity with the liquid property group is indicated by 

the collected data of other barbotage investigations, 

though this slight trend could be attributed to the con-

siderable scatter of the points which is in evidence. 

Further experimental results are needed, particularly at 

low values of the liquid property group, i.e. at high 

viscosities. 
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9. Bubble site density has only a small effect on 

the critical superficial velocity (section 7.4.5), a 

result comparable with the independence of the critical 

heat flux in boiling of the nucleating characteristics 

of the heat transfer surface. 

10. Because of the many assumptions made, the equa-

tions presented for the maximum conductance (equations 7.22 

- 7.24) are probably not as reliable as the correlations 

of the critical superficial velocity and the sub-critical 

conductance. 	However, it is considered that the equations 

obtained represent the best correlation which can be ex-

tracted from the experimental data available. 

11. The conductance and the critical superficial 

velocity are influenced by the gross geometry of the system 

only below limiting values of certain dimensionless 

parameters (section 7.2); these parameters are those re-

presenting the dimensions of the liquid pool and the 

cathode. 

12. The main value of this work lies in the contri-

bution it makes towards understanding the mechanisms in-

volved in boiling and burn-out, as indicated in the fore- 

going paragraphs. 	It is, however, also useful in its 

own right as a study of mass-transfer at a bubble-stirred 

interface, and in particular may be of interest to workers 

in the field of electrochemistry. 
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Notation. 

Equation or Section 
Of first use. 

A
P 	Projected area of porous electrode,ft2. Eqn.6.5 

Cd 	Orifice discharge coefficient. 	Eqn.6.4 

C 	Specific heat at constant pressure, 
P 

Btu 1b-loF-1. 	 Eqn.2.7 

D 	Diffusion coefficient of substance it  

ft2h-1. 	 Eqn.2.6 

Diameter of porous electrode, ft. 	Section 3.4 delec 

or 	Diameter of orifice, ft. 	Eqn.6.4 

dp 	Pore diameter, ft. 	 Eqn.3.7 

dpool Diameter of the liquid pool, ft. 	Section 3.4 

F 	Faraday's Constant = 96,500 

coulombs/grm equiv. 	Eqn.2.2 

AF 	Standard free energy of activation, 

joules/grm mole. 	Eqn.2.4 

ggray Acceleration due to gravity,ft.h-2. 	Eqn.3.10 

gi 	Mass transfer conductance, lbft-2h-1. 	Eqn.2.1 

go 	Constant appearing in Newton's Second 

Law of Motions b.18x108lbft lbf
-1h-2. Eqn.3. 2 

h 	Depth of liquid pool, ft. 	Section 3.4 

h 	Pressure differential across 

orifice, in. 11
20. 
	Eqn.6.3 
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h 	Heat transfer coefficient,Btu ft-2h-1°F-1. 	Eqn.8.1 

hfg 	Latent heat of vaporisation, Btu lb-1. 	Eqn.8.8 
-2 

I 	Current density, amps ft . 	Eqn.2.2 

K1 	Constant in Kutateladze's equation. 	Eqn.8.9 

k 	Thermal conductivity, Btu ft-1h-1 of-1. 	Eqn.2.7 

k 	Turbulent kinetic energy level, ft lblbf1  . 	Eqn.3.2 

1 	Length characteristic of the turbulence, 

ft. 	 Eqn.3.2 

1 	Characteristic length, ft. 	Section 3.2.3 

M. 	Molecular weight of substance i, 

gm/gm mole. 	 Eqn.2.2 

mi 	Mass fraction of substance i. 	Eqn.2.1 

m" 	Mass flux of substance i, lb ft 2  h-1. 	Eqn.2.1 

n 	Number of electrons exchanger per 

reacting ion, grm equivalents/gm 

mole. 	 Eqn.2.2 

n/A  Bubble site density, ft-2. 	Eqn.3.11 

P 	Pressure, lbfft
-2. 	 Eqn.3.1 

APn 	Bubble nucleation pressure difference 

lbfft
-2. 	 Eqn.A.2.8 

APTOT Total pressure drop across porous 

electrode, lbf  ft
-2. 	Section A.2.5 

Heat flux, Btu ft-2h-1. 	Section 2.2 

H 	Gas constant, coulombs/grin mole °K. 	Eqn.2,4 
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T 	Temperature, ox. 	 Eqn.2.4 

oR. 	 Section 2.2 

t 
	

Cathode thickness, ft. 	Eqn.3.11 

V 
	

Volume flow rate of gas, ft3h-1. 	Eqn.6.3 

Volume flow rate per unit projected 

area, ft h-1. 

AVCATH Potential drop across the cathode"' 

electrolyte interface, volts. 

v 	Velocity vector at a point in the 

liquid, ft h-1. 

W 	Work done by bubbles per unit time, 

ft lbfh
-1. 

y 	Distance normal to the electrode 

surface, ft. 

6 	Specific gravity of dry gas relative 

to dry air. 

Eqn.3.1 

Eqn.2.4 

Eqn.2.6 

Eqn.3.1 

Fig.3.1 

Eqn.6.3 

r 
	Mass exchange coefficient, lb ft-1h-1. Section 3.11 

e 
	Bubble contact angle, degrees. 	Eqn.3.7 

P. 
	Viscosity, lb ft-1h-1. 	Section 3.1.1 

Density, lb ft-3. 	 Eqn.2.7 

a 
	Surface tension coefficient, lbfft-1 	Eqn.3.7 
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Dimension1ess_groups 

Pr 	

1LC 
—2 Prandtl Number 	Section 2.2 

• 
itlip 

NRe OR s  nd 
	Orifice Reynolds Number 	Eqn.6.4 , 	il OR g 

N. 	• 	D. 	Schmidt Number 	Section 2.2 

Suffices.  

b 	bubble 

CRIT critical 

e effective 

f liquid 

G bulk liquid state 

g gas or vapour 

ion species i 

MAX 	Maximum 

o upstream orifice conditions 

s 	liquid side of solid liquid interface 

t total turbulent. 
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Appendix I. 	Calibration of Instruments. 

A.I.1 The pen recorder. 

The function of the pen recorder was to produce con-

tinuous traces of the ionic current through the cell, at 

each gas injection rate. Although basically an instrument 

for measuring potential difference, the recorder was 

arranged to record current by measuring the potential drop 

across a low resistance through which the ionic current 

was passed, as shown by the schematic diagram in Figure 

4.3. 	The recorder and resistance were calibrated (as a 

unit) directly in milliamps by passing known currents 

+ (accurate to - 	through the resistance and noting the 

corresponding readings on the chart. 

So as to take full advantage of the width of the 

recorder chart, the value of the resistance was adjusted, 

when necessary, to give a near full-scale deflection of 

the pen for the maximum ionic current of each test carried 

out. A calibration of the chart/resistance unit was per-

formed each time the value of the resistance was changed. 

For these fairly frequent calibrations, only one calibra-

tion point was obtained at about 750 full-scale deflection 

on the recorder. At less frequent intervals, the linear-

ity of the recorder was checked by calibrating the instru- 

ment at 54; intervals. 	The manufacturers of the recorder 

claim that it responds to a change in the input of .03',0 
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of the full-scale reading. The accuracy with which a 

given current could be recorded was therefore governed 

by the accuracy of the calibrating procedure. This is 

estimated to be within ! 

A.1.2 The measuring orifice. 

The function of the orifice was to measure the flow 

of gas to the porous electrode. 	Both the construction and 

the mounting of the orifice conformed with British Standard 

Specifications laid down in BS 1042 [10] . 

The calculations of flow rates were based on equation 

(5) (page 12) of the above reference. 	This equation may 

be written as: 

hP 
V  = 9°'5 Cd (T o 

A.1.1 

where V is the volumetric flow rate of gas ft3/h 

at 14.7 lb/in2  and 60°F, 

h is the pressure differential across the 

orifice, in.water, 

Po is the pressure upstream of the orifice in.Hg 

To is the upstream temperature 011 

b is the specific gravity of dry gas relative 

to dry air 

Cd 
is the discharge coefficient of the orifice. 

The other factors appearing in equation (5) of BS 1042 
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are either included in the constant 90.5 or are negligible. 

The discharge coefficient, Cd  is a unique function of 

the Reynolds Number at the orifice. 

i.e. Cd = f(NRe,OR)  

The orifice Reynolds Number, NRe,OR is given by 

• 
4V p 

A.I.2 

N
Re,OR 

 

A.1.3 ndORg 

where p and lag  are the gas density and viscosity 

at the upstream orifice conditions 

dOR  is the orifice diameter ( = in.). 

To calibrate the orifice, values of the discharge 

coefficient, Cd and of the Reynolds Number were computed 

from equations A.I.I and A.I.3 for the full range of Rey- 

nolds Numbers encountered in the investigation. 	Figure 

A.I.1 shows the variation obtained between Cd 
and NReOR ,  

for several calibrations carried out over a period of two 

years. 

The gas flow rates in the calibration were measured 

with a soap bubble flow meter. This devioe consisted of 

a vertical glass tube six feet long and 31 inches in dia-

meter, graduated from 0 to 10 litres. The gas flow to 

be measured was introduced in the bottom of the tube, 

where there was a shallow pool of soap solution. By 

careful positioning of the gas outlet into the soap 
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solution, plane, horizontal bubbles filling the full cross-

section of the tube were produced which rose up the tube 

with the flow of gas. By measuring the time taken for a 

single bubble to sweep a given volume, indicated by the 

graduations on the tube, an accurate measurement of the 

gas flow rate at the temperature and pressure (atmospheric) 

of the bubble was obtained. Several different gases were 

used in the calibration, ranging in density from 0.00518 

lb/ft3  Of hydrogen to 0.4411b/ft3  of freon 114, enabling 

the required range of Reynolds Number to be obtained. 

The accuracy of the flow rate measurements using this 

method, judged by the reproducibility of three measurements 

taken for each flow rate, was probably better than 1%. 

Other inaccuracies occur in the measurement of the pressure 

differential, and of the upstream orifice pressure, 

resulting in a scatter of oalibration points in Figure A.I.1 

of around - 270. 

A.I.3 The absorptiometer. 

An absorptiometer was used to measure the concentra- 

tion of the potassium ferricyanide in the electrolyte solu- 

tion. 	This instrument relies on the light absorbing 

properties of a substance in solution. 	Light of a pre-

determined wavelength is projected through a sample of the 

solution contained in an optical cell. After passing 

through the solution, the light falls on a photoelectric 
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cell which measures the intensity of the light. 	By com- 

paring the intensity of light transmitted by the solution 

with the intensity transmitted by the solvent alone, the 

amount of light absorbed by the solute is obtained. The 

instrument is designed to read the absorbance of the solute 

directly, indicated by a pointer on a scale. 

Most solutes absorb light mainly in a particular wave- 

band. 	Therefore, by selecting a wavelength at which the 

substance of interest (potassium ferricyanide in this case) 

has the greatest absorbance, the influence of other sub-

stances contained in the solution is minimised and often 

eliminated. 	In the present case, the instrument was set 

to operate at a wavelength of 410 mu. At this wavelength, 

the absorbance of potassium ferricyanide is a maximum 

whereas the absorbance of potassium ferrocyanide and sodium 

hydroxide are negligible. 

To calibrate the instrument for the measurement of 

concentration of the potassium ferricyanide, the absorbances 

of several accurately made-up solutions were measured and 

a calibration chart of concentration against absorbance 

nas prepared. 	This chart is shown as Figure A.I.2. 

The accuracy of this method of measuring the concentra-

tion is estimated to be ± 1%, this being the accuracy with 

which the scale on the absorptiometer could be read. 
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Appendix II. 	Measurements of gas, liquid and geometrical 

properties. 

A.II.1 Measurement of gas density. 

The measurements of gas properties were necessary 

because the exact compositions of some of the gas mixtures 

used were unknown. 	A gas density vessel, comprising a 

spherical glass container fitted with two glass cocks was 

used for the density measurements. 	The following procedure 

was adopted. 

The glass vessel was flushed and filled with each gas 

in turn, and then accurately weighed on a chemical balance. 

Before closing both cocks of the vessel, care was taken 

to ensure that the temperature and pressure inside the 

vessel were equal to those of the surrounding air. 	From 

the weight of the vessel filled with air and with water, 

the weight and the volume of the vessel were calculated. 

It was then a simple matter to calculate the density of 

each gas by subtracting the weight of vessel from weight 

of vessel plus gas and dividing by the volume. 

The estimated accuracy of this method is from 2`jo for 

hydrogen to better than l'/O for the heavier gases. 

Table 5.1.2 shows the measured densities of the various 

gases used. 

A.II.2 Measurement of gas viscosity. 

Figure A.II.1 shows the apparatus used to measure 
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the viscosities of the various gases. 	With both valves 

A and /3 open, the gas was introduced under pressure at the 

point shown. When the water level in the burette reached 

a predetermined point, both valves were closed. 	Valve 13 

was then opened and the time was measured for 20 ccs of 

gas to flow through the capillary tube under the pressure 

of the displaced water. 	The viscosity of the gas was pro- 

portional to the time taken. 	Several measurements were 

made with each gas until a reproducible value was obtained. 

The temperature of the gas was also measured. 

Air was used to calibrate the apparatus since its vis- 

cosity is known accurately at all temperatures. 	The vis-

cosity of the gases were calculated from the equation: 

tGAS 
4GAS = /1AIR tAIR 

where t is the time taken for the 20 ccs of gas to 

flow through the capillary tube. 

The Reynolds Number of the flow through the capillary 

tube was calculated to ensure that the flow was laminar in 

all cases. 

It was found that the viscosities measured for repeated 

tests varied by less than Pp. 	This value is taken to be 

the accuracy of the viscosities. 

Some of the tests in the investigation using mixtures 

of hydrogen and nitrogen were performed at a time when the 
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facility for measuring gas viscosity was not available. 

In these cases, the viscosities were calculated from the 

following formula obtained from ref. 7 . 

umix 

where 	tP 	j 

n 

2 

Xi ui 
n 

x p 
ij 

2 /IL 	A" 	M. 

14 	--a 

j1  

M 1 	i 
1+ 171*  ; u j  

Mi  

xi is the mole fraction of i 

ui is the viscosity of i 

Mi is the molecular weight of i. 

This formula was checked against some measured values 

of viscosity for hydrogen/nitrogen mixtures. 	The calculated 

values were between 3% and 	higher than the corresponding 

measured values; this discrepancy might be explained by 

inaccuracies in the quoted composition of the gas mixtures. 

The values of the viscosities of all the gases used 

are shown in Table 5.1.2. 

A.II.3 Measurement of liquid properties. 

The following properties of the electrolytic solution 

were measured; 

(i) density 

(ii) viscosity 

and (iii) surface tension coefficient. 
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These measurements have been grouped together in one 

section since standard techniques, which 

cription, were used in the three cases. 

below shows the apparatus or method used 

property, the calibrating liquid and the 

Table A.II.1 

require no des-

The Table A.II.1 

for measuring each 

estimated accuracy. 

    

Property measured Apparatus or 
method used 

Calibrating 
liquid 

Estimated 
accuracy 

Density Hubbard 
specific 
gravity 
bottle 

Water Better than 
± 	.05‘p 

Viscosity Standard 
U-tube 
viscometers 

Glycerol - 	.2.0 

Surface tension tension Capillary 
rise 

Water - 	•5i0  

Measurements were made at various temperatures within 

the range 60-115°F for a constant NaOH concentration of eich 

by weight and at various NaOH concentrations within the 

range 2 to 23'p (0.5M to 7M) for a constant temperature of 

77°F. 	The measuring equipment was located in a viscometer 

bath, ensuring temperature control to within t 0.1°F of the 

required temperature. The NaOH concentration of each test 

solution was measured with an accuracy of - 0.25,,0 by 

titration against a standard hydrochloric acid solution. 

Figures 5.3 and 5.1 show the variations of the liquid 

properties with temperature and with NaOH concentration. 
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The actual measured values of the liquid properties are 

given in Tables A.II.2 and A.II.3 at the end of this 

Appendix. 

A.I1.4 Measurement of diffusion coefficient. 

There are considerable discrepancies in the values of 

the diffusion coefficient of potassium ferricyanide in 

sodium hydroxide solution which are quoted in the litera- 

ture (see Figure A.II.4). 	There is also an absence of 

data giving the variation of the diffusion coefficient with 

temperature and with sodium hydroxide concentration. 

This absence of reliable data made it necessary to measure 

these variations before interpreting the results of the 

present work. 

The method employed was similar to that of Stackelberg 

et al. [64] and makes use of the known solution to the ion 

mass transfer equation for the case of zero convection and 

zero migration with known boundary conditions. 

A.I1.4.1 Theory of the method. 

Mass Conservation Equation. 

The mass conservation equation of an ion species i, 

in the absence of electrical migration (previously equa-

tion 2.6) is: 

ami 
V.Vmi 	Dr6J: 	A.1I.1 t 	 i 
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where m1 is the mass fraction of i 

V is the velocity vector at the point 

considered 

Di is the diffusion coefficient of i. 

For the case of (i) zero convection and (ii) diffusion 

in the y direction only, equation A.II.1 reduces to: 

$ 111.;
2
mi 

at 
= D

i a 2 A.II.2 

which is Fick's 2nd law of diffusion. 

This equation can be solved exactly for given boundary 

conditions. 

Boundary conditions. 

Consider the case of an electrode, initially at the 

same potential as the surrounding electrolyte in which 

there are no concentration gradients or convection currents. 

At time t=0, a potential is applied between the considered 

electrode and another larger electrode also immersed in 

the electrolyte. 	The resulting electrode reaction, in-

volving the ion species, i is assumed to be so fast that 

the surface concentration of i m. 
P  l'S 

falls immediately to 

a value much lower than the bulk concentration, mitG. 

These boundary conditions may be written as: 

t = 0, y 0, mi 	ni,G 

t 	0, 	y = 	m 	= mi,G 
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t > 0, y = 0, mi  = mite  = 0 compared with miG. , 

Solution of the diffusion equation.  

The solution to equation A.II.2 using the above boun-

dary conditions is: 

mi =mi G erf (---X1==) , 2A/Dp. 

Therefore the gradient at the wall is: 

density, I by:  

mi,G  (ntD.)-2  

(

tl 

111i) 
s  

The wall gradient, 

A.II.3 

is related to the current 

 

nF dm  
M D10 ay 

 

nF A.II.4 

  

where mil  is the mass flux of i per unit time 

n is the number of electrons exchanged per 

ion during the reaction 

F is the Faraday constant 

p
f is the electrolyte density 

Mi is the molecular weight of the reacting ions. 

From relations A.II.3 and A.II.4, an expression for the 

diffusion coefficient in terms of measurable quantities is 

obtained, i.e. 
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IM 	\ 2 

nFP_m 

 

D nt 	A.II.5 

   

For the diffusion of potassium ferricyanide ions, 

Ni  = 211.95 and n = 1 grin equivs./mole and equation A.II.5 

becomes: 

D. = 0.958 x 10-3  
( 	 2 

Pei,U 
t ft2/h 

A.11.6 
where the units of I are amps/ft2  

of pf are lb/ft
3 

and of t are hours and miG is a dimen- 

sionless mass ratio. 

Practical requirements. 

The condition of zero convection is realised only if 

natural convection due to concentration gradients is avoided. 

For the reduction of potassium ferricyanide to potassium 

ferrocyanide, natural convection is avoided by using a 

horizontal, upward-facing plane cathode, since the ferro-

cyanide liberated at the cathode increases the solution 

density near the surface. 

The 'one-dimensional' assumption is valid for the first 

few minutes of the reaction, when the diffusion layer 

thickness is small compared with the size of the electrode. 

(e.g. at t=300 secs, 61) .%.01 ins.) 
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A.11.4.2 	Apparatus. 

The cell and electrical equipment used in the gas 

injection tests were employed in the diffusion coefficient 

measurements. 	The porous cathode was replaced by a finely 

polished solid nickel disc which was sealed into the base 

of the cell. 	A plastic tube, connected to a supply of 

high pressure nitrogen, projected down into the electrolyte 

solution to provide a means of stirring the liquid. 

The concentrations of both the potassium ferricyanide 

and the potassium ferrocynnide used in the tests was 0.001M. 

A.II.4.3 Procedure. 

Both electrodes were cleaned in 50Y0 hydrochloric acid 

and reduced together for one hour as described in Chapter 

5. 	The electrolyte solution was introduced into the cell 

and brought to the required temperature by the heater and 

thermostat. 	Stirring of the liquid (by means of the nitro-

gen bubbles)was continued for a total period of about 20 

minutes after the required temperature was reached, to 

ensure the complete elimination of concentration gradients 

in the solution. 	This was followed by a further period 

of about 20 minutes during which the solution was allowed 

to come to complete rest. 

Having thus achieved the necessary initial conditions, 

a switch connecting the electrodes in the cell to the 
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potential source and current measuring circuit was closed; 

the pen recorder was simultaneously switched on. 

The current was recorded for a period of five minutes, 

during which time the temperature of the solution was noted. 

A sample of the solution was taken for analysis to deter-

mine the potassium ferricyanide and the sodium hydroxide 

concentrations. 

Tests were performed at several values of the applied 

potential difference to determine the range in which the 

current was diffusion-controlled, i.e. independent of the 

potential difference. 

Measurements of the diffusion coefficient were made 

at various temperatures within 'the range 60-115°F for a 

constant NaOH concentration of 7.5y0 by weight and at 

various NaOH concentrations within the range 2 to 2%0 

(0.5M to 7M) for a constant temperature of 77°F. 

A.II.4.4 	Results. 

Figures A.II.2 and A.II.3 show the experimentally 

determined values of the diffusion coefficient plotted 

against temperature and against NaOH concentration. 

Included on Figure A.II.4, for purposes of comparison, are 

the values obtained by other workers. 

The reproducibility of the values obtained using 

this method is illustrated by the small amount of scatter 
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(Ili %) shown in Figure A.II.2. 	Comparisons with values 

obtained by other workers [20, 4, 69, 30], shown in 

Figure A.II.3, indicate differences between the various 

values of up to 10%. It is concluded that although the 

variations of diffusion coefficient with temperature and 

with NaOH concentration, measured by the present method 

are accurate, the absolute values may be in error by as 

much as - 

The actual measured values of diffusion coefficient 

are included in Tables A.II.2 and A.II.3 at the end of 

this Appendix. 

A.II.5 Measurement of the pore diameter. 

For each porous electrode material, a maximum and a 

minimum pore diameter were estimated from pressure drop 

measurements taken during barbotage. 	Figure A.II.4 shows 

a typical variation of the pressure drop across a porous 

electrode with superficial velocity during barbotage. 

The method .used for estimating the pore diameters from 

the pressure drop curve was as follows:- 

It was assumed that the total pressure drop "TOT 

across the porous electrode was the sum of a frictional 

pressure drop through the porous material, and the nuclea- 

tion pressure drop itiPn  of the smallest active pore. 	The 

frictional pressure drop is given by the Darcy equation 

and is proportional to the gas flow rate through the pores; 



40  
dp  

A pn 
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the nucleation pressure drop is given by: 

sin e 	 A.11.8 

where d is the effective diameter of the smallest 

active pore 

6 is the contact angle of the gas/liquid 

interface on the mouth of the pore. 

On the basis of these assumptions, the form of the 

pressure drop curve in Figure A.I1.4 can be explained. 

The first bubble occurs when the total pressure drop is 

equal to the nucleation pressure drop of the largest pore 

(v1";:=0). 	As APTOT is further increased, so a greater 

number of progressively smaller poresbecome active until 

eventually the smallest potentially active pore is acti- 

vated. 	At this point, the nucleation pressure drop 

reaches a maximum constant value and the total pressure 

drop becomes proportional to the superficial velocity of 

the gas. 	This linear region is clearly evident in 

Figure A.11.4. 

The two limiting values of the nucleation pressure 

drop were estimated from the pressure drop curve, as indi- 

cated in Figure A.II.4. The maximum and minimum values 

of the pore diameter, 	were computed from equation A.II.8 

for a contact angle of 900. 

Table A.11.4 shows the two values of the pore diameter 

for each of the porous Materials tested. 	In the analysis 
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of the experimental data in Chapter 7, the arithmetric 

mean of the two values was employed. 

Table A.II.4 Values of the pore diameters. 

Material d p)min. 

microns 

dpl max. 

microns 

Porosint 15.3 18.1 

Pall C 19.3 221 

Pall D 82.4 106 

Pall E 47.7 58.4 

Pall F 26.1 29.2 

Intern. Nickel 21.8 23.8 

A.II.6 	Measurement of bubble site density. 

The second quantity used to characterise the grade 

of porous material was the maximum bubble site density, 

A photographic method was used to estimate this 

quantity for each of the six porous materials used; a 

description of the procedure follows. 

Photographs were taken of the surface of the porous 

material, through which nitrogen was injected into a 

very shallow pool of liquid. 	The liquid used was a mixture 

of water and alcohol which was chosen because of its non- 

foaming properties. 	The best results were obtained by 

keeping the depth of the liquid pool as shallow as possible 

but maintaining a sufficient depth to prevent the liquid 
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from being blown off the porous surface by the injected 

gas. 	Enlarging the photographs to 10 times the actual 

size of the surface allowed the number of active sites to 

be counted fairly easily. A typical enlarged photograph 

is shown in Figure A.II.5. 

Photographs were taken at five superficial velocities 

in the range 0.1 VZHIT  to 1.0 \Tim  for each of the porous 

materials. Measurements were taken at various superficial 

velocities to ensure that the active site density in the 

region of profuse nucleation was obtained. 

Table A.II.5 shows the measured values of the maximum 

bubble site density for the various materials. 

Table A.II.5 	Values of bubble site density. 

Material Max. n/A ft-2  

Porosint 27,000 

Pall C 2,000 

Pall D 6,900 

Pall E 10,000 

Pall F 14,400 

International Nickel 11,500 
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Table A.II.2 Measured values of liquid properties of 2M 

sodium hydroxide solution at various temperatures. 

Temperature 
of 

Densitx 
lb/ft" 

Viscosity 
lb/fth 

Surface 
tension 
lbf/ft 

Diffusion 
coefft. of 

ft2/h 

..., 
64.9 67.618 4.070 5.310wio 
77.3 67.328 3.427 5.242 
87.4 67.290 3.025 5.208 
97.4 67.166 2.696 5.125 
106.7 67.015 2.435 5.084 
114.7 66.887 2.243 5.043 -s 
68 1.783 x  10 
68.5 1.710 
68.6 1.776 
71 1.804 
72.2 1.878 
77 1.975 
82.5 2.135 
82.8 2.090 
83.6 2.140 
91.2 2.33 
91.5 2.36 
91.8 2.32 
92.8 2.405 
100.2 2.58 
100.2 2.66 
100.8 2.59 

Table A.II.3 Measured values of liquid properties of 

sodium hydroxide solution at various concentrations and 25°C 

Concentration 
Moles/litre w/w 	

1 Density 
lb/fti 

Viscosity 
lb/fth 

Surface 

lb
tension 
f/ 
ft 

Diffusion 
cofft. 
ft.d/h 

-3 
0.4953 .01942 63.601 2.464 4.947x10 2.62x10

s 

0.621 .0242 2.58 
1.350 .05123 2.960 5.126 
2.015 .0750 67.328 3.427 3.242 1.975 
2.766 .09985 4.349 5.356 1.63 
3.498 .1233 4.876 5.494 
3.910 .1360 1.23 
4.815 .1631 73.648 6.926 5.722 .955 
7.040 .2255 77.902 12.511 6.133 .577 
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Appendix III. 	Tables of experimental data. 

In the following tables, the experimental data are 

presented as conductances, in the units of lb/ft2h and 

superficial velocities, in the units ft/s. 	A separate 

table is employed for each test series; in the test 

series in which gas properties were varied, a separate 

table is employed for each electrode used. 	The figures 

to which the tables correspond are indicated. 
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