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ABSTRACT

AN ELECTROCHEMICAL INVESTIGATION OF MASS
TRANSFER AND SHEAR STRESS IN PULSATILE
LAMINAR FLOW: IMPLICATIONS FOR ATHEROGENESIS

by
STEVEN S. EMMER

Submitted to the Department of Chemical Engineering on

August 13, 1973, in partial fulfillment of the requirements

for the degree of MASTER OF SCIENCE at the Massachusetts Institute
of Technology.

A theoretical and experimental program was undertaken to examine
the applicability of diffusion controlled electrodes to the measure-
ment of the fluctuating shear stress on the wall of a tube under
conditions of pulsatile laminar flow. The objective of this
investigation was to experimentally obtain the same description of
the time-varying wall shear stress as given by analytical expressions
available for the tubuler geometry. Agreement between the two
descriptions was a prerequisite for further shear stress studies in
models of the human arterial system for which no analytical comparisons
are available.

The experimental technique involves monitoring a diffusion
controlled electrochemical reaction that takes place on the surfaces
of nickel electrodes mounted flush with the wall of a pipe. The use
of small area electrodes together with the large Schmidt number of
the fluid assures the validity of mathematical assumptions which
allow one to relate shear stress at the wall to the measured mass
transfer coefficient.

Theoretical models are presented which characterize the effects
of the amplitude and frequency of pulsation upon the measurable mass
transfer coefficient, and which relate this quantity to the instantaneous
wall shear stress. The resulting expressions are valid over all
frequencies and for all oscillatory pressure ratios which do not cause
boundary layer reversal.



Experimental results are in excellent agreement with the theoretical
model relating the frequency and amplitude of the fluctuating pressure
gradient to the interphase mass transfer coefficient, particularly
for values of the dimensionless frequency parameter, Q, (R “N),
exceeding 16. This conformity with theory provided the basis® for
deriving a transfer function between the experimental mass transfer
coefficient and the wall shear rate. This transfer function eliminates
the need to measure the pressure gradient and is universal in that it
can be applied to arbitrary geometries with arbitrary flow fields.

Thesis Supervisors: Kenneth A Smith
Professor of Chemical Engineering

Clark K Colton
Associate Professor of Chemical Engineering



ACKNOWLEDGEMENTS

Without the assistance of several individuals this project
could never have succeeded. For their aid in my efforts to
complete this thesis I would sincerely 1ike to thank:

First and foremost, Richard Freedman, whose invaluable
collaboration in this research was an integral part of its successful
completion;

Professor Kenneth A. Smith, my advisor, for his constructive
criticisms and suggestions regarding theoretical aspects of this
work, and for his continued interest and encouragement, especially
through times of difficulty;

Professor Clark K. Colton, my advisor, for introducing me to
the field of biomedical engineering. His contributions in focusing
on experimental problems are appreciated;

Dave Gossard, coordinator of the Engineering Projects Laboratory,
vwho facilitated the data analysis by developing the software for the

analog-digital computer hybrid;

Paul Bletzer and Jack Russell for their assistance with the

construction of the mechanical equipment;

Rita Albee for her assistance in preparing the final draft of
this thesis;
With special appreciation, my parents, Sol and Millicent Emmer,

for their inspiration, encouragement, and moral support.



Chapter
Number

II
III

IV

VI

VII

TABLE OF CONTENTS

ABSTRACT
ACKNOWLEDGEMENT .
SUMMARY

INTRODUCTION .

A CAUSAL RELATIONSHIP BETWEEN SHEAR STRESS
AND ATHEROSCLEROSIS . . .

PHYSICS OF PULSATILE FLOW: EFFECTS UPON
ELECTRODE RESPONSE . e e e

DESCRIPTION OF THE ELECTROCHEMICAL METHOD OF

DETERMINING TRANSIENT MASS TRANSFER COEFFICIENTS .

HYDRODYNAMICS OF PULSATILE FLOW - VELOCITY
DISTRIBUTION . .

DEVELOPMENT OF THE THEORETICAL MODEL FOR MASS
TRANSFER . . .

Concentration Distribution .
Steady Flow Solution .

Low Frequency Solution .
High Frequency Solution .

RELATION OF MASS TRANSFER MEASUREMENTS TO THE
INSTANTANEOUS SHEAR STRESS

Solution to the Fluctuating Concentration
Field . . .

High Frequency Analys1s .

Low Frequency Analysis

Determination of the Instantaneous Shear
Rate .. .

Page

Number

19

28

38

4

48

78
81
84



Chapter

Humber

VIII

IX

XI

EXPERIMENTAL EQUIPMENT

Flow System

Pressure Pulsing System
Test Section
Electronics

EXPERIMENTAL PROCEDURE
Calibration

Start Up . .
Methods of Tak1ng Data .

Electrolyte Physical Prope}t1es Ana1ys1s :

RESULTS AND DISCUSSION
Steady Flow - Wall Electrodes
Steady Flow - Circular Electrodes
Pulsatile Flow

CONCLUSIONS AND RECOMMENDATIONS

APPENDICES

APPENDIX 1: SOLUTION FOR THE OSCILLATING
VELOCITY PROFILE .

APPENDIX 2: CRITICAL VALUES OF PULSATILE FLOW

PARAMETERS .

APPENDIX 3: DERIVATION OF THE RELATIONSHIP
BETWEEN THE MASS TRANSFER

COEFFICIENT AND THE WALL SHEAR RATE
APPENDIX 4: EXACT SOLUTION FOR THE TRANSIENT

AND INSTANTANEOUS SHEAR RATE .

APPENDIX 5: DESCRIPTION OF FLUCTUATING
QUANTITIES . . .

APPENDIX 6: ELECTROLYTE PHYSICAL PROPERTIES DATA

Page

Number

91

92

96

97
101
104
104
104
106
108
110
110
11
123

145

148

153

159

168

173
176



Chapter
Number

APPENDIX 7:

APPENDIX 8:

APPENDIX 9:

SAMPLES OF RESULTS FROM STEADY
FLOW EXPERIMENTS .

TABLES OF EXPERIMENTAL RESULTS FOR
PULSATILE FLOW . .

COMPUTER PROGRAM FOR ANALYSIS OF
DIGITIZED PULSATILE FLOW DATA .

NOMENCLATURE .

BIBLIOGRAPHY .

Page

Number

178

183

208

216
221



Figure
Number

B W N

12

13
14
15
16
17
18

LIST OF FIGURES

Title

ELECTROCHEMICAL TECHNIQUE .
CURRENT-VOLTAGE CURVES FOR THREE ELECTRODE SIZES
MASS TRANSFER TO PRESSURE AMPLITUDE RATIOS

PHASE LAG OF CONCENTRATION GRADIENT WITH VELOCITY
GRADIENT . .

CORRECTION FACTOR FOR PSEUDO-STEADY STATE
SOLUTION . .

ZERO PARAMETER CORRECTION TO THE PSEUDO-STEADY
STATE SOLUTION . . .

SCHEMATIC VIEW OF THE FLOW SYSTEM
ELECTRODE TEST SECTION .
CIRCUITRY FOR STEADY FLOW CURRENT MEASUREMENTS .

CIRCUITRY FOR PULSATILE FLOW CURRENT MEASUREMENTS .
EFFECT OF REYNOLDS NUMBER ON STEADY FLOW ELECTRODE

RESPONSE: 2 DAY OLD ELECTROLYTE

EFFECT OF REYNOLDS NUMBER ON STEADY FLOY
ELECTRODE RESPONSE: 7 DAY OLD ELECTROLYTE

STEADY FLOW MASS TRANSFER RESULTS
STEADY FLOW WALL SHEAR RESULTS

EXPERIMENTAL VS. THEORETICAL A__ FOR ELECTRODE A2 .

mp

EXPERIMENTAL VS. THEORETICAL Amp FOR ELECTRODE B2 .
EXPERIMENTAL VS. THEORETICAL Amp FOR ELECTRODE C2 .

EXPERIMENTAL VS. THEORETICAL VALUES FOR Asp

Page

Number

43
45
72

88

89

90
93
99
102
103

114

117
119
121
126
127
128
138



Figure

Number

19

A2-1
A4-1

-10-

Title
EXPERIMENTAL CORRECTION TO THE PSEUDN-STEADY
STATE SOLUTION
RELATIONSHIP OF FLOW PARAMETERS FOR |
SHEAR RATE TO PRESSURE AMPLITUDE RATIOS .

Page

Number

140
157
172



-11-

LIST OF TABLES

Table Page
Number Title Number
1 FOURIER ANALYSIS OF PRESSURE DIFFERENTIAL
FOR ELECTRODE 9A2. . . A K1
2 FOURIER ANALYSIS OF MASS TRANSFER COEFFICIENT FOR
ELECTRODE 9A2 . . . . . 132
3 FOURIER ANALYSIS OF PRESSURE DIFFERENTIAL FOR
ELECTRODE 934 . . . . . .« 133
4 FOURIER ANALYSIS OF PRESSURE DIFFERENTIAL FOR
ELECTRODE 9C2 . . . . . .« < 134
5 FOURIER ANALYSIS OF MASS TRANSFER COEFFICIENT FOR
ELECTRODE 9C2 . . . . . 135
A6-1 ELECTROLYTE PHYSICAL PROPERTY DATA . . . . . . 177
A7-1 SAMPLES OF STEADY FLOW MASS TRANSFER RESULTS . . 179
A7-2 CALCULATED WALL SHEAR RATES FOR STEADY FLOW . . . 181

EXPERIMENTAL RESULTS FOR PULSATILE FLOW

Ag-1 RUN *8, ELECTRODE A2 . . . . . . . . . . 184
A-2 Run o, ELECTRODE A2 . . . . . . . . . . 185
A-3 RUN #10, ELECTRODE A2 . . . . . . . . . . 186
Ag-4 RUN P8, ELECTRODE A4 . . . . . . . . . . 187
A8-5 Rud "o, ELECTRODE A4 . . . . . . . . . . 188
AB-6 RUN #10, ELECTRODE A4 . . . . . . . . . . 189
AB-7 RUN %8, ELECTRODE A6 . . . . . . . . . . 190
A8-8 RUN #10, ELECTRODE A6 . . . . . . . . . . 191

A8-9 RUN 8, ELECTRODE B2 . . . . . . . . . . 192



Table

Number

A8-10
A8-11
A8-12
A8-13
A8-14
A8-15
A8-16
A8-17
A8-18
A8-19
A8-20
A8-21
A8-22
A8-23
A8-24

RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN

-12-

#9, ELECTRODE B2

#10, ELECTRODE B2 .

#
#

8, ELECTRODE B4
9, ELECTRODE B4

#10, ELECTRODE B4 .

#9, ELECTRODE B6

#10, ELECTRODE B6 .

#8, ELECTRODE C2

*9, ELECTRODE C2

#10, ELECTRODE C2 .

*3, ELECTRODE C4

%9, ELECTRODE C4

#10, ELECTRODE C4 .

#
#

8, ELECTRODE C6

10, ELECTRODE C6 .

Page
Number
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207



-13-

SUMMARY

The focal nature of atherosclerosis suggests that atherogenesis
is associated with interactions between the bloodstream and the
intimal endothelium via either the shear stress or the fluid-phase
resistence to mass transfer. A number of hypotheses have been
proferred to account for the effects of shear stress and mass
transfer upon the atherosclerotic process, but it has not been
possible to evaluate these theories in a meaningful way because of
the lack of quantitative data regarding the magnitude of these
influences. Even the question of whether a given region is one of
high or low shear rate has not been adequately resolved.

The.objectives of this work were to test the applicability of
diffusion controlied electrodes and associated mathematical analyses
to determining the magnitude of the instantaneous shear stress on
the wall of a tubular conduit under conditions of pulsatile laminar
flow, and to investigate the feasibility of applying these techniques
to more complex geometries. The oscillations were superimposed on
the steady flow by applying a periodically varying pressure driving
force.

Measurement of the shearing stress was accomplished by following
a diffusion-controlled electrochemical reaction that takes place on the
surface of nickel electrodes mounted flush with the wall of the pipe.
A voltage potential difference applied across the test electrode and

a downstream anode causes the following reactions to occur between
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"the electrolytic fluid and the electrode surfaces:

Test Cathode: Fe(cn)g3 Fe o+ Fé(cn)g"

Anode: Fe(CN)'G'4 -+ Fe(CN)é3 +e

The kinetics of these reactions are fast, thus ensuring that the
rate of the cathodic reaction is limited by the rate of transfer of
the ferricyanide ion from the bulk of the fluid to the electrode
surface. The rate of the reaction is directly proportional to
the measured electrode current, thereby permitting calculation of
the mass transfer coefficient. The use of small area circular
electrodes together with the large Schmidt number (=1500) of the
fluid assured the validity of mathematical assumptions which allow
one to relate shear stress at the wall to the measured mass transfer
coefficient. The shear thus determined was compared to the known
exact expression for the wall shear rate in a cylindrical tube.
Hence, a rigorous test of the accuracy of the measurement of wall
shear from mass transfer data was obtained.

The results demonstrated that the electrochemical technique
€an be applied to geometrical models of arterial branches where the
description of the flow field is too complex to provide an analytical
expression for the pulsatile wall shear stress.

The theoretical analysis required the solutions to both the

Navier Stokes momentum equation and the conservation of mass equation
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for a time-varying flow field. To provide an expression for the
instantaneous velocity within the fully developed flow regions of the
pipe, including the electrode test section, the exact solution to

the Navier Stokes equation for this system,

au_ 1 ,3p,v 3. 0u -
ot TP X *r §F{r ar) (s-1)
u(lr=R) =0
Ju
& =0
arr=0

was given as

3/2 r
2 N A g, (iY" e =) |
u(r,t) = 20 (1 - 5) -giyy LR |1 - o DR ] et (s-2)
R n=1\ 2 Jo(i Qn)

where Uo is the mean velocity; A_ is the ratio of the amplitude of

the oscillatory pressure gradienz to the steady flow value; and @
is the dimensionless frequency parameter, R; ﬂ%; Only the real part
of the expression for velocity has physical significance.

Since the Schmidt number for the fluid is large, the concentration
boundary layer is very much thinner than the momentum boundary layer;
the velocity in the concentration boundary layer above the electrode
surface can then be expressed as
au)

u(y,t) = y(=

y=0
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which, when coupled with equation (S-2) becomes

Uy N
= 90 inwt -
ulyst) =g | 4+ L Ap(n) T8 (s-4)
where
172 3, (212
e g —p (s-5)
Jo(m )
With u, equation (S-4), inserted into the conservation of
mass equation,
3, 2 2% (5-6)
ot X 3y2

C(x,y = 0,t) = C, = 0

w,t) = C

C(Xsy B

C(x = o,y,t) = Cp

the solution for the time-varying concentration field is obtained
as a first-order series expansion about the steady flow condition,
with Ap as the perturbation parameter. The result characterizes the
response of the measurable mass transfer coefficient to the amplitude

and frequency of pulsation and is given as,
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Ay My : (57
= = - 5-7
S 1 I X A VENIE:

where Am is the ratio of the amplitude of the fluctuating mass
transfer coefficient to the time-averaged value; Mo and M] are the

moduli of Jo and J] respectively; tis a constant of integration; Gz

is the Graetz number; a = QSc]/Z; and Sc is the Schmidt number.

The ratio %m-(=Amp), can be related to the analogous expression
A
for the wall shear rate, Xé'(=Asp)’ by correcting equation (S-7) for
the frequency response of the concentration boundary layer to

changes in the shear rate. The correction takes the form

A =

sp A (s-8)

mp

=W

A
where A, the correction factor, is a function of the Graetz number,
Schmidt number, and Q.

Experimental results for Am were in excellent agreement with the

p
theoretical model, equation (S-7), for values of Q greater than 16.
Slight departures from the predictions of (S-7) occurred in the
dimensionless frequency range (6<9<16). A possible explanation for
these deviations is that equation (S-7) is restricted to low and high
values of Q, and is not applicable in the intermediate dimensionless
frequency région.

Corrections for the frequency response of the concentration

boundary layer were made with the use of a numerical solution for K
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available in the literature. Resulting values for the wall shear
rate (Asp) failed to agree with the known exact solution for
pulsatile wall shear. An alternate correction which yielded agreement

of ASp with theory was therefore derived which acquired the form,

A = 3(1 + t2ae23)1/2

sp (s-9)

mp
This expression is no longer restricted to the tubular geometry since

by rearrangement there results

A A
SR S 2301+ 2063172 (5-10)

Aop P
Thus it is necessary only to measure the mass transfer ratio,
Age to determine the desired result, g The need to determine the
oscillatory pressure gradient has been eliminated, and the diffusion
controlled electrode becomes a very effective devise for measuring
the wall shear stress in arbitrary geometries with arbitrary

laminar flow fields.
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I. INTRODUCTION

One hundred years of countless investigations aimed at i1lumi-
nating the causative mechanism of atherosclerosis have produced a
plethora of mechanistic theories, some partially substantiated, others
purely conjectural, and most tentatively acceptable as bearing on the
truth of atherogenesis. Unfortunately there is as yet insufficient
evidence to support the acceptance of one or more unifying theories
to the exclusion of all others.

A considerable amount of influence has been exerted upon athero-
sclerotic research by the filtration hypothesis of atherogenesis which
attributes the formation of atherosclerotic lesions to the deposition
of cholesterol within the arterial wall. This accumulation arises
from the precipitation of 1ipoid material contained within a nutrient
stream of plasma filtering through the arterial wall. The passage of
fluid supplies part of the artery with nutrition to meet the metabolic
requirements of several layers of cells, and forms a closed loop between
the blood on the lumen side and the 1ymphatic system exterior to the
vessel wall. One observation unaccountable by this theory is the
preferential localization of atherosclerotic lesions. (Texon et al 1960,
Sandler and Bourne 1963, Mitchell and Schwartz 1965, Wesolowski 1965,
Fox 1966, Caro 1971). Additionally, it is questionable whether the
magnitude of the filtration flux is sufficient to convey more lipoid
material than the arterial cells can safely accomodate (Bratzler 1972).
There are other factors whose importance must be emphasized and these

have generated alternate theories whose premises fall under the
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consideration of hemodynamic stress (Texon 1963, Sako 1962, Fry 1968

and 1969, Gutstein 1970, Duncan 1965); encrustation of micro-thrombi

and platelets (Duguid 1960, Fox 1966, Murphy 1962, Mustard 1964), and
alterations in local metabolism (Getz 1969, Lazzarini-Robertson 1962,
1968).

This thesis is motivated by the viewpoint that the initiation of
atherosclerosis is intimately associated with the natural function of
the cardiovascular system - namely that the time varying shear stress,
produced by the pulsating flow of blood past sections of the arterial
wall located in regions of geometrical irregularity (such as the
entrances of branching vessels and bifurcations where the atheroscle-
rotic process is seen to dominate), can reach magnitudes sufficiently
high enough to induce a microtrauma in the cellular lining of the vessel.
Subsequent events at the point of insult to the integrity of this mono-
layer of endothelial cells lead toward and contribute to the develop-
ment of an atheromatous plaque. These processes are discussed in detail
in Section II.

The immediate intention of this work is to utilize existing flow
study techniques, combined with appropriate mathematical analyses, to
determine the instantaneous shear stress imparted to the wall of a rigid
cylindrical conduit transporting laminar pulsatile flow of a Newtonian
fluid. The oscillations are superimposed on the steady flow by applying
a periodically varying pressure driving force.

The investigation consists of generating a known periodic laminar

velocity field composed of several sinusoidal harmonics. Profiles of
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the changing velocity are obtained from measurements of the periodic
exciting force, the oscillating pressure gradient. The fluid contains

a dissolved electrolyte which reacts at the surface of a nickel electrode
implanted in the tube and smoothed flush with the wall. Mass transfer
rates are measured from the resultant current and shear stress is then
determined by the superposition of contributions from each harmonic.

The shear thus determined is compared to the known exact expression for
the wall shear rate in a cylindrical tube. Hence, an excellent test

of the accuracy of mass transfer measurements of wall shear is obtained.

Ultimately the use of these techniques will be applied to geo-
metrical models of arterial branches, particularly a Y bifurcation
where the description of the flow field is too complex to serve as a
guide in evaluating unknown mass transfer and shear stress phenomena
occurring along the wall of the branching conduit. In such regions,
experimental data containing information about these events will have
to be totally and confidently relied upon for their informational
content. Thus it is the additional purpose of this investigation to
insure the validity of the analytical techniques in order to permit
the extension of shear stress determination into regions not describable
by closed form tractable mathematical expressions.

The electrochemical technique, used in this investigation to deter-
mine instantaneous pulsatile wall shear stress, was developed by Reiss
(1962), refined by Mitchell (1965), and used by them to measure turbulent
velocity and mass transfer intensities at the wall of a pipe. It

involves the use of a tiny circular nickel wire electrode imbedded into
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the wall of the tubular conduit and smoothed flush with the inside
surface of the pipe. This method of measurement consists in the
diffusion controlled electrochemical reduction of ferricyanide ions

to ferrocyanide ions. The rate of this reaction is limited (and there-
fore controlled) by the rate of diffusional mass transfer from the

fluid bulk, through a concentration boundary layer initiated at the
leading edge of the nickel wire, to the electrode surface. It is
measured by a flow of current through an external circuit. For each
ferricyanide ion reduced at this circular electrode a ferrocyanide ion
is oxidized to a ferricyanide ion at a large downstream anode which
forms the other half of the electrolytic cell. Conveniently, no plating
of material occurs and the equimolar concentrations of reacting species
are conserved. The fluid vehicle containing these ions is 2M sodium
hydroxide which acts both as an electrolytic buffer, reducing the migra-
tion of ferricyanide ions within the electric field of the electrode

to negligible proportions, and as a low resistance electrolyte connecting
the test cathode to the anode.

The distinct utility of using this pair of ions is that as a result
of the redox reaction, the current generated at the cathode is directly
proportional to the mass flux of ferricyanide ion to its surface. This
proportionality factor, the mass transfer coefficient, is in turn a
function of the velocity gradient, and therefore the current is an indirect
measure of the wall shear stress. Two added advantages of determining

flow characteristics with this in vitro technique, over that of a hot

wire anemometer for example, are that the flow conditions are not
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disturbed by the presence of the measuring device, and the properties
of the fluid are not affected by the process.

The concentration boundary layer is the region of the flow field
within which the concentration of the reacting ion changes from its
value at the electrode surface to the value of the bulk concentration.
The thickness of this layer is commonly given as

;. - D(CB ; Cy)

with J representing the amount of mass transferred to the electrode.
The value of GC is zero at the leading edge of the reacting section
(x=0) and increases to some final finite thickness at the trailing edge
of the electrode. Attendant to this enlargement is a decrease in the
concentration gradient within the concentration boundary layer, with
an associated decrease in the rate of mass transfer to the nickel surface.

The flux of ferricyanide to the reacting surface procedes along
the concentration profile established within the developing concentration
boundary layer. This profile is intimately associated with the velocity
distribution since the two are coupled via the equation describing the
conservation of mass. For the particular combination of species used

in this investigation the Schmidt Number

Sc

A<

for the diffusing ion is very large (= 1500). The thickness of the

concentration boundary layer over the small electrode is therefore much
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smaller than that of the fully developed momentum boundary layer, which
validates a very powerful simplifying assumption for the form of the
velocity profile in this thin mass transfer resistance layer adjacent
to the wall. The conservation of mass equation can be l1inearized by
introducing into this differential equation a linear relation for the
velocity profile in this region, equal to the velocity gradient (or
shear rate) at the wall times the radial distance from the wall. With
an appropriate solution to the resulting simplified equation the shear
rate can be related to the mass transfer coefficient which is directly
obtainable.

Three mathematical models are presented, each representing a
transfer function between fluctuating parameters as the following

diagram depicts:

(m
Uchida, Womersley
iressure _ Ve'lfcity Mass Transfer Coefficient Wall Shear Rate
l -Exper*glental
+ - Wall Velocity Gradient T Data * T
 Fagela-Alabastro, McFeeley  Fortuna & Hanratty
- (2) (3)

(1) The exact analytical solution to the Navier Stokes equations for a
time varying pressure gradient superimposed upon a steady flow was

derived by Uchida (1956), (and equivalently by Womersley (1957) for the
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oscillatory component only), and is used here as an incontrovertible
theoretical model for the amplitude and periodic variation of the wall
shear rate as a function of the amplitude and frequency of the
pulsating pressure gradient.

(2) Since the wall shear is calculated from mass transfer data, a
mathematical model is presented which characterizes the mass transfer
coefficient in terms of the pulsating flow field parameters.

The solution given in the form of Womersley (1957) to the
oscillatory motion of the fluid velocity, linearly separate from the
steady flow, is used to determine the velocity gradient at the wall
which inserted into the equation for the concentration distribution
serves to couple the known velocity field with the unknown concentra-
tion field. The resulting solution, based upon the known wall shear rate
(previously inserted), relates the amplitudes of pulsation to the
responding amplitudes of mass transfer. Model (2), then, is a transfer
function between pressure oscillation (known) and the magnitude of the
fluctuating mass transfer coefficient (which can be measured). This
solution was first obtained by Fagela-Alabastro (1967, 1969) through a
perturbation technique around the steady flow solution, but the analysis
of McFeeley (1972), a slight modification of the approach, is borrowed
for use here because of its more convenient form.

(3) Fortuna and Hanratty (1971) solved numerically the conservation
of mass equation to yield the frequency dependent relations between the
amplitude and phase of the measured mass transfer and that of the entity

desired in this work - the shear rate at the wall. Their results were



-26-

applied to turbulence; this investigation is the first extension to
pulsatile laminar flow. The formulation of the model for this transfer
function is written in general terms and treats the shear rate as an
unknown function for which it then solves; the model can therefore be
applied to geometries other than the cylindrical conduit. This thesis
tests its applicability and validity by applying the transfer function
to a tube for which the solution is known a priori via model (1).

The results of model (1), described in Appendix 4, represents
the goal of the experimental method. Because of the difficulty in
measuring directly the shear rate at the wall for non-steady flow and
arbitrary geometries, the objective here is to establish the technique
(and test the method for a tubular geometry) of combining the experi-
mental data with model (3), the theoretically derived transfer function
which operates upon the experimentally measured fluctuating mass
transfer coefficient to yield the desired fluctuating wall shear rate
(considered as an unknown entity). The results show that the experi-
mental route (model (3)) obtains the same description (within 5%) of
the laminar periodic motion of the wall shear rate as is predicted
directly from the pressure pulse by the theoretical model (1).

The results of the mass transfer studies of this work are
presented in terms of a ratio of the mass transfer coefficient to the
pulsating pressure amplitude, and are reported as a function of the
dimensionless frequency parameter, 2. The work of McFeeley provides
data in this convenient form with which the results of this thesis are

compared.
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The shear rate determinations, derived from the mass transfer
results via the analytical methodology of Fortuna and Hanratty are
plotted in analogous fashion and are compared to the exact analytical

solution of Uchida.
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II. A CAUSAL RELATIONSHIP BETWEEN SHEAR STRESS AND ATHEROSCLEROSIS

The local accumulation of 1ipids (mostly cholesterol and its
esters, phospholipids, and triglycerides) within the tunica intima and
tunica media of the vascular wall is often described as the first phase
of the pathogenesis of atherosclerosis. This accumulation leads to cell
damage and frequently to the stimulation of intima cell proliferation
resulting in intimal thickening.

It has been suggested (Adams 1963) that the accumulation and
thickening causes ischemia of the tunica media and interferes with the
lipid transport mechanism across the cell membrane, thus preventing
the extracellular 1ipid from being utilized and perpetuating the process
of accumulation. In response to the abundance of lipid, the cells
become disrupted or necrosis ensues resulting in an inflammatory and
reparative reaction that leads to the formation of a fibrous placque.
Calcification and local intramural hemorrage may follow.

This placque may grow outwards into the arterial lumen leading
ultimately to complete occlusion of the lumen, or it may set the stage
for the formation of an occlusive thrombus by impeding blood flow and
distorting the endothelial surface. As the placque or thrombus grows
outward, the blood velocity in the Tumen must increase in order to
conserve mass flow, and the accompanying increased shear will tend to
dislodge the growth from the arterial wall, carrying it downstream where
the embolism may lodge in a vital pathway causing death or loss of

function of an important body system or 1imb. A fatal heart attack is
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often the result.

One of the distinctive features of early atherosclerosis is its
characteristic topography. Lesions occur at certain sites of predilec-
tion with remarkable regularity. These sites are at vessel orifices,
and their associated entrance regions, at bifurcations, and on regions
of the large arteries possessing curvature. (Fox 1966, Texon et al.
1960, Mitchell and Schwartz 1965, Sandler and Bourne 1963, Wesolowski
1965, Caro 1970). Atheromatous lesions are commonly found at the
mouths of junctions of arteries in the aortic arch - the carotid, innom-
inate and subclavian vessels, and especially at the orifices of the
visceral branches of the aorta - the superior mesenteric, coeliac, renal,
and intercostal arteries. The carotid sinus is also commonly stricken.
In the case of iliac bifurcation, the initial disease occurs at the
outside wall and extends down the lateral side of the iliac vessels;
the inner wall is relatively spared. These investigators have all
observed well-developed atheromatous placques in the aortic arch. It
is interesting to note that the lesions on the inner wall of curvature
are far more pronounced than those of the outer wall. Caro (1970) in
particular has found concentric lesions in the straight sections of the
coronary arteries whereas the curving portions of these and the splenic
artery contain eccentric lesions. Indeed, a correlation exists between
the incidence of placque formation and the angle of bending in the
coronary system (Tjotta 1963). The abdominal aorta too is a frequent
site of atheromatous placques; particularly in areas around branch

vessel points; in fact, lesions here are usually more abundant than in
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the aortic arch.

Such consistent observations of the focal nature of the disease
demands attention from a fluid mechanical viewpoint since it is these
very regions of atherosclerotic predilection which witness changes in
the nature of the interfacial contact between the pulsing blood and the
surface of the arterial wall. These changes are in part characterized
by a local elevation of the wall shearing force imparted by alterations
in the structure of the flow.

The interfacial boundary between the blood and the arterial wall
is formed by a single continuous layer of endothelial cells firmly
attached to each other by adhesion of their cell membranes. Thus, all
substances which enter the arterial tissue from the lumen must pass
through this endothelial matrix. Acting in the capacity of a protective
barrier preventing direct endothelial sublayer-blood contact and excessive
deposition of cholesterol in arterial tissue, it is the first structure
to be influenced by hemodynamic forces. Much evidence has been presented
to support the view that hemodynamic trauma is an important factor in
atherogenesis.

For instance, Fry (1968, 1969a, 1969b) has observed that experi-
mentally increased hemodynamic stress can cause endothelial injury and
cellular death in the aorta of dogs. By introducing a specially designed
non-traumatic plug into the aorta of a dog, a rapid convergence of blood
flow through a channel machined into the device was obtained. This
accelerating flow imparted a spatially varying shearing force against the

endothelial 1ining of a longitudinal segment of the arterial wall.
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Increased shear stress levels were accompanied by cellular swelling

and architectural changes in the blood wall interface, cytoplasmic
deformation, and with higher magnitudes of shear, progressive disinte-
gration. Very high shearing force levels (380 dynes/cmz) were
accompanied by the fragmentation of the underlying fibrillar structure.
This value was referred to as the endothelial critical yield stress.*
It was found additionally that there was an increase in the protein
permeability of the intima at stress levels below fragmentation and
that this change in permeability, as manifested by enhanced Evans Blue
uptake, increased with increasing shear. The shear induced enhancement
of permeability was prevalent even when superficial histological changes
could not be discerned.

Other observers have reported an increased evidence of intimal
thickening and atherosclerosis in man (Texon 1957, 1960, Sandler and
Bourne 1963, Mitchell and Schwartz 1965) and dietarily induced athero-
sclerotic lesions in animals (Lazzarini-Robertson 1968) in regions
commonly associated with localized critical hemodynamic stress. Together
with the discovery of injured endothelium and media in branch entrances

of rabbits (Bjorkerud and Bondjers 1972) as revealed by dramatically

* The limitation of an approximate theory to predict the shear stress in
vivo due to the complexity of the flow field through the channel intro-
duced an uncertain error in the estimation of critical stress. Further
investigations were undertaken by Carew (1971) who performed controlled
shear stress and permeability experiments on aortic tissue in vitro to
determine the effects of several uncontrolled variables in the in vivo
situation. His results for the critical stress, obtained for the non-
physiological temperature 05 189C, were that cells exposed to shear
stresses above 590 dynes/cm® underwent progressive deterioration and
suffered morphological transformations.
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altered tissue morphology and tremendously increased dye staining
characteristics, these findings point to the fundamental importance

of the mechanical interactions at the vascular interface in the normal
function of the endothelium as an interfacial barrier between blood

and the vessel wall, and the probable degeneration of this function
during the initiation of the disease process. The observations highly
suggest that cell injury due to locally augmented hemodynamic shearing
stress, and the tissue reaction to such injury, are extremely important
factors in the development of atherosclerotic lesions.

The artery responds to imparted stress loads very rapidly,
increasing tremendously the amount of connective tissue within one hour
of stress inducement. This dynamic proliferative response implies that
the arterial wall is a structure continuously under load, normally
capable of meeting the need to provide constant repair. Arterial
metabolism, then, can respond continuously to changes in the physical
forces experienced by the wall.

Such a condition requires that a supply of nutrients be readily
available and presumably this is accomplished by the filtration
(Anitschkow 1933) or diffusion (Bratzler 1972) of minute amounts of
glucose and 1lipid in the form of fatty acids and cholesterol through
the endothelial membrane to the underlying intima.

When an insult or injury occurs to the vessel wall this delicate
equilibrium situation changes. Subsequent to the trauma there is an
excessive influx of plasma-borne material. A reparative response is

elicited and intimal cells begin to proliferate in order to accomodate
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(ingest) the overload of nutrient. If successful repair occurs, and
this may take some time, the process can stop and no atheromatous lesion
will appear. But if the tissue response is ineffective and successful
repair is not readily accomplished, (such as in the case of a continuous
trauma), then the proliferative activity may compromise the filtration
of nutrients to the underlying layers (by increasing resistence to
permeation), causing localized anoxia with concomitant inability to
handle the influx of lipid.

An increased accumulation of lipoprotein may interfere with the
lipid transport mechanism across the cell membrane, preventing the
extracellular lipid from being utilized and perpetuating the process
of accumulation, or it may increase the metabolic requirements of the
cell and hence aggravate the hypoxia leading to further increase in
endothelial permeability. Thus, the hypoxia might result in the self-
perpetuating growth of the atherosclerotic placque. The reparative
reaction serves to propagate the formation of an early lesion. The
progression of an atheroma can thus be considered as an unsuccessful
repair response to an injury of the arterial wall.

To imitate the effect of fluid mechanical injury to the endothe-
1ial layer, Bjorkerud (1969) devised a microsurgical instrument to
induce defined mechanical injuries to the aorta of rabbits. He showed
that a superficial small injury induces progressive intimal thickening
and that a larger superficial injury induces changes morphologically
similar to those in early human atheroscierosis (Bjorkerud 1969) - a

proliferation of smooth cells which are the predominant nutrient of
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atheromatic lesions (Getz 1969). Gutstein et al (1962) found that a
microtrauma in the abdominal aorta of a rabbit produced in time exten-
sive fibroelastic placques. They commented that blood constituents
gained access to the intima as a result of the extension of the opening
on the endothelial surface due to elastic forces and hemodynamic
stresses. (Endothelium with small traumatic discontinuities develop
.greater stresses than intact membranes; an initial loss of integrity
would be expected to enlarge if the repair response is unsuccessful).
Other observers have also detected vastly increased deposition of
blood-borne lipoprotein particles in regions of mechanically induced
trauma. (Constanides 1968, 1969; Packham 1967; Fry 1969a). Since the
flux of macromolecular species from the blood to the arterial wall is
intimately linked to the nature of the shearing force on the endothe-
1ial surface, in regions where shear damage might occur there is
sufficient driving force to deliver an unaccustomed overload to the
arterial cells newly exposed to the constituents of the blood stream.

The progressive effects of shear and surgically induced injury
to the endothelium are congruent with the pathological processes
associated with the development of atherosclerosis; the pathological
histology of the region immediately surrounding the point of mechanical
injury in all of these experiments is indistinguishable from a naturally
occurring atheromatous lesion. Combining these consistent observations
with the normal hemodynamically induced mechanical events at the

endothelium-blood interface, together with the focal nature of the
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disease, it is reasonable to assign a disease initiating role to the
wall shear stress which, at some moment in its periodic fluctuation in
the regions of atherosclerotic predilection, might reach magnitudes
adequate to induce a superficial microtrauma in the endothelial matrix.
One pulsation may well be ineffective, but cyclic repetition over a
long period of time could progressively weaken the resistance of the
endothelium to withstand an instantaneously elevated shear force. Sub-
sequent events including lipoprotein influx, blood elements deposition
and tissue repair response would then lead to intimal thickening,
anoxia, necrosis, and the establishment of an atheromatous lesion.

There is further evidence to support the shear stress mechanism
of disease causation, even in the absence of instantaneous shear levels
sufficient to cause micro-injury. Associated with the above observa-
tions and the aforementioned process of enhanced convective transport
in regions of high shear is the effect of shear stress and discontinu-
ities in the aortic endothelium on endothelial permeability to the
passage of lipoproteins and cholesterol.

Unfortunately, most investigations on endothelial permeability
have been restricted to capillaries. The characteristic high perme-
ability of these vessels to blood plasma and macromolecules has been
attributed to discontinuities in the endothelial lining (French 1966),
but no evidence has been presented for the existence of these disconti-
nuities in the normal intact aortic endothelium. The passage of
macromolecules across the aortic wall is restricted (Duncan 1965) and

the existence of a barrier against the influx and deposition of
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cholesterol and lipoproteins in arterial tissue has been postulated to
account for the restricted movement of blood components (Zilversmit
1968). The observations of Zilversmit (1964, 1966) are consistent
with the suggestion that it is the breakdown of this barrier (or the
loss of endothelial integrity) which allows the passage of plasma
constituents and the accumulation (deposition) of cholesterol within
the arterial wall. There is evidence that stretching (Baumgartner
1963; Fry 1969b) or deforming (Fry 1968) the endothelial membrane
decreases its integrity, causing changes in permeability, rendering the
cell more susceptible to the influx of matter being convected from the
blood to the blood-wall interface. Fry (1969a) and Carew (1971) found
that cellular permeability increased at stress exposures below those
associated with detectable histological change.

These investigations support the concept that plasma protein
filtration is restricted by the intact arterial endothelium and that
endothelial integrity is of primary importance for the regulation of
permeability through the arterial wall. The significance of endothe-
1ial permeability is further attested by the findings that the deposi-
tion of blood-borne particles is almost exclusively confined to tissue
with decreased endothelial integrity (Bondjers 1972).

Thus the wall shear stress, at all levels of exposure, acts to
reduce the integrity of the endothelium by increasing its permeability
to the passage of macromolecules. At critical magnitudes (for dog
aorta - 380 dynes/cmz) the shearing force can impart a discontinuity

or microtrauma to the cellular membrance, an insult which, if repair
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is ineffective, can lead to further invasion by macromolecules and
progressive deterioration.

In an attempt to determine the levels of shear within the circu-
latory system the magnitudes of shear stress within the thoracic aorta
of dogs was measured by Ling et al (1968) with the use of a specially
adapted heated film anemometer system. Preliminary measurements
indicated that peak wall shear stresses reach values approximately one-
third (160 dynes/cmz) of the endothelial critical yield stress reported
by Fry (1968). Subsequent measurements were made by Ling and Atabek
(1972). Using a model system designed to simulate the systemic circula-
tion of a medium sized dog they obtained for the peak wall shear stress
levels in the descending aorta a value of approximately 60 dynes/cmz,
half the value previously reported.

Regions of the arterial tree experience local shear stress forces
elevated above the values in the descending aorta. Accordingly, it is
reasonable to presume that the endothelial layer in these areas
(entrances of branching vessels and bifurcations) will be subjected to
shearing forces more closely approaching the critical yield stress.
With the attendant effects of altered protein permeability through the
endothelium and its associated proliferating response, it is no surprise
that the zones experiencing elevated shear forces are identical to the
regions of the circulation that witness a predilection for atheroscle-

rosis.



-38-

III. PHYSICS OF PULSATILE FLOW: EFFECTS UPON ELECTRODE RESPONSE

A non-steady, but periodic exciting force is exerted upon the
fluid by varying the height of a pressure head driving the steady incom-
pressible flow. The fluid motion that results is incompressible
pulsatile laminar flow whose streamline character has been verified
by (Linford 1965, Krasuk 1963, and Hershey 1967). The unsteady nature
produces velocity profiles, differing markedly from the accustomed
parabolic shape for steady laminar flow, which are governed by the
relationship of two parameters, the non-dimensional frequency Q, and
the dimensionless amplitude of pulsation, lp, which is a ratio of the
amplitude of the oscillatory pressure gradient to that which drives
the steady flow.

The frequency parameter, 2, defined as R /,%E; is an oscillatory
Reynold's Number since it is a ratio of inertial to viscous forces. It
is also a measure of the ratio of the radius of the tube to the distance
the velocity gradient diffuses from the wall in one period of oscillation.
Since conditions are constantly changing this vorticity may not have
sufficient time to diffuse to the center of the tube before being con-
vected away and the cycle repeated. Thus for oscillatory motion without
a steady flow, at high frequency, when Q is large (2 > 10), the fluid

near the center moves in a plug like manner without velocity gradients.*

* Inertial resistance of the fluid in this region causes the flow in
the core of the tube to translate out of phase with respect to the
driving force. This phase lag approaches 90° as the frequency of
oscillation increases.
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If a steady stream is added, the velocity profile in a region beyond

the flow development length will once again acquire a parabolic profile
near the center of the conduit. Once past the development zone the non-
lTinear terms in the equations of motion describing parallel laminar
flow vanish. The resulting linear expression implies that the steady
and oscillatory motions are decoupled and behave independently of one
another. Thus the effect of the oscillatory piston-like center moving
with zero net velocity disappears. For motion at low frequency (Q < 1),
the velocity profile is that of steady flow with a parabolic velocity
profile corresponding to the instantaneous value of the exciting pressure
gradient. The fluid motion is now in phase with the time varying
pressure gradient. This is the quasi-steady state.

The fluid motion within the momentum boundary layer, especially
very close to the wall, behaves quite differently. In contradistinction
to the center region of the pipe, where inertial effects are dominating,
the boundary layer is a zone where velocities are small and frictional
kforces prevail. Fluid particles here are more sensitive and responsive
to the fluctuation in the pressure gradient, characterized in amplitude

by A_ and in frequency by ©. The motion in this layer can be described

as bZing oscillatory in nature, with the thickness of the boundary layer
decreasing as Q increases. The small kinetic energy of the fluid near
the wall allows for an acceleration in phase with the periodicity of the
pressure gradient. Thus a change in this gradient, transmitted with an
infinite celerity because of the fluid incompressibility, will first

affect the boundary layer and therefore change the shear stress at the
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wall before the mean velocity (averaged over the cross section of the
pipe) is altered. If the pressure fluctuation is of sufficient magni-
tude, the motion of fluid in the boundary layer can, if the period of
oscillation is long enough, completely halt and even reverse in direction.
These phenomena must be well characterized in order to understand
the state of conditions at and near the surface of the test cathode.
This electrode exhibits an effect similar to that associated with the
heat capacity of a hot wire anemometer in that the concentration boundary
layer over the electrode surface causes a response which is not in phase
with the velocity fluctuations or transient shear stress. The mass
boundary layer acts as a capacitor imparting a delayed electrode response
to the accelerations and decelerations occurring above its surface.
The resulting current as a measure of these changing gradients is damped
in amplitude as well. This is not to imply that the electro-chemical
technique is therefore defective, but rather that changes in mass trans-
fer arising from variations in the pressure gradient are effected, not
by a direct response to this force, but through an intermediate - the
velocity gradient whose fluctuations are imparted to the concentration
gradient in a manner described by the solution to the conservation of

mass equation.
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IV.  DESCRIPTION OF THE ELECTROCHEMICAL METHOD OF DETERMINING
TRANSIENT MASS TRANSFER COEFFICIENTS

The circular diffusion-controlled electrode mounted flush with
the inside wall of the test section is one part of an electrochemical
cell consisting of an electrolyte and a downstream anode. The electro-
lyte consisted of equi-molar concentrations of potassium ferricyanide
and potassium ferrocyanide at approximately 0.01 M, contained in a
solution of 2M sodium hydroxide.

This combination has been used earlier to study the unsteady nature
of the viscous sublayer in turbulent pipe flow (Reiss 1962, Reiss and
Hanratty 1963), to measure the effect of turbulent fluctuations on the
local rate of mass transfer to the wall (Van Shaw 1964), for studying
the effects of electrode geometry on the measurement of turbulent
property intensities (Mitchell 1965), and to determine the frequency
response of the boundary layer on wall mass transfer elements (Fortuna
1971, Fortuna and Hanratty 1971). McFeeley (1972) has used the technique
to investigate the amplitude of the sinusoidal variation of the mass
transfer coefficient and gives a review of additional previous applica-
tions of the method. This investigation comprises an extension of his
work.

The ferricyanide ions and ferrocyanide ions react at the electrode
surfaces according to the following half cell reactions:

Cathode (test electrode) : Fe(CN)g3 +e =+ Fe(CN)é4

Anode (downstream electrode) | Fe(CN)g4 - Fe(CN)é3 + e
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An advantage of this pair of redox reactions is that only an
electron is transferred and no plating occurs on the electrode surfaces.
Since for every ion reduced, one is oxidized, the concentrations of all
species remain constant in the bulk of the fluid which is recycled,
thus maintaining a closed loop system.

A potential difference (measured between the test electrode and
a proximal reference anode) is applied across the electrodes and the
reaction begins as evidenced by a flow of current in an external current
monitoring circuit. Because of the equimolarity of the electron
transfer, the current produced is directly proportional to the number
of moles reacting.

The magnitude of the current is controlled by the rate at which
ferricyanide ions react at the cathode because the surface area of this
test electrode is less than one ten-thousandth of the reacting area of
the downstream anode. The rate of reduction is in turn controlled by
two factors: the kinetics of the reaction itself and the rate of
transfer of the ferricyanide ion from the bulk of the solution to the
nickel surface. This transport is the result of migration due to the
effects of the electric field produced by the cathode, and by a convec-
tive diffusion mechanism. Reiss (1962) has shown that the use of the
large excess of sodium hydroxide reduces the effect of electric field
migration to insignificance. Thus the rate of appearance of the ferri-
cyanide ion at the electrode surface is solely limited by the rate of
its diffusion from the bulk, through the developing concentration

boundary layer, to the reacting surface.
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The electrochemical technique described here attains its useful-
ness from the high rate of electron transfer on the electrode. The
surface concentration is virtually identical to zero. Reiss (1962)
considered this reaction and concluded that even if the cathode were
suddenly flooded with unreacted electrolyte the surface concentration
would be restored to zero within 10'4 seconds. Ferricyanide reduction
on the electrode surface then, is effectively instantaneous.

As the electrode potential difference is increased above zero the
kinetics of the reaction also increase and the flow of current is
augmented in a linear fashion (See Figure 2) demonstrating that the
reaction rate is proportional to the potential difference.

As the voltage is increased still further the current reaches a
plateau, leveling at a constant value insensitive to a continued
increase in the potential difference. In this region all ions reaching
the cathode surface are reduced instantly. The surface concentration
of ferricyanide ion remains constant at zero. Since there is no change
in the measured current as the voltage is increased one can conclude
that in this plateau zone the rate of reaction is limited by the diffu-
sfon of ions to the electrode surface. |

The rate of mass transfer to the cathode is related to the

measured current by

N=1nF (1)
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where N = mass flux of ferricyanide
Ao = electrode surface area
ng = No. electrons transferred = 1
F = Faraday's constant
I = current measured in external circuit

Interphase mass transfer is more conveniently expressed in terms

of a mass transfer coefficient. Then

N= K(CB - CH) (2)

where C8 = bulk concentration of ion

Cw concentration at electrode surface = 0

Combining (1) and (2),

K = I
AFC, = C,) (3)

Since C,; = 0 in the plateau region,

K = 4
KFC, (4)

Thus the mass transfer coefficient is an entity directly obtainable
by the electrochemical technique.

Since the flow under consideration in these experiments is non-
steady, the mass transfer rate and therefore the measured current will
vary in time. The current can be defined to consist of a time average

component and a fluctuating component,

I=1+1" (5)
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1' is a periodic function of time. The mass transfer coefficient can

be expressed in a similar form,

K=E+K'=1{\—*Wlil (6)

e B

At the interface between the fluid and the electrode surface the
mass flux is equal to the product of the diffusivity and the concentra-

tion gradient at the wall averaged over the electrode surface.
- <p(3C
N= <-D(ay)w> (7)

where the brackets <> signify a spatial average over the surface of the
electrode. The time averaged and fluctuating mass transfer coefficients

are therefore given by

v D oC

K= - T <(Z > (8)
CB oy W

K'. = - .D_<(§_c.._ > (9)
Cg 3¥ "y
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V. HYDRODYNAMICS OF PULSATILE FLOW - VELOCITY DISTRIBUTION

The non-steady, fully developed laminar flow of incompressible
fluid through a rigid walled cylindrical pipe is considered. The
Tiquid is Newtonian with a constant density and viscosity, and is
homogeneous in composition. The physical situation is axisymmetric.
Since the flow is fully developed there are no radial velocities, nor
is there azimuthal motion (no circumferential velocity). A1l external
body forces are negligible.

The equation of continuity

ou , 9V , Vv _
xtartr=0 (10)
reduces to
au _
- 0. (11)

The equations of motion for this system then simplify to

R I U (12)
ulr=R) =0
(%%.r=o °
The non-linear terms are all equal to zero.
It can be shown that
3 .9 (13)

ar
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which states that the pressure is constant across a section of pipe
and is only a function of axial distance and time.

Pulsations can be regarded as being composed of a steady component
and several oscillatory components of various frequencies, each some
integral multiple of the fundamental frequency. The periodic function
which represents the superimposition of a disturbance of arbitrary form

upon a steady pressure gradient can be represented as the Fourier series

1
O|—

) ] i
o+ = PS 1+ nZ](an cos nwt + bn sin nwt) (14)

where a and bn are real coefficients, or alternately in phase amplitude

form as
L1 RS I T g A cos (nwt - 0.) (15)
o X 's nZ1 “p(n) v n
where
(5%
2 2 /2 7 Mase
)\p(n) = (an + bn) = (?_B.) (]6)
X S

is the amplitude of the oscillatory pressure ratio for any particular

frequency and
b
o = tan! I (17)

n an

is the phase angle of the nth harmonic with respect to the fundamental

frequency.
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For the sake of simplicity in calculation it is more convenient

to write (14) in the form (see Appendix 1)

N .
-gg.=ps[1 + T Agn) e‘"wt] (18)

n=1

]
O |—

The disturbance is seen to be comprised of n sinusoidal harmonics
each of frequency nw and amplitude Psxp(n)‘ It is understood that only
the real part of (18) has any physical significance.

It should be pointed out here that there are limitations placed
upon the amplitude of the pressure perturbation Ap in order to assure
the validity of the linearized perturbation solution to the conservation
of mass equation (which follows in the next section), but these restric-
tions are more lenient than the constraints for Ap imposed upon the
system by other considerations such as the incipience of boundary layer
reversal. Details about the magnitude of allowable values for Ap are
in Appendix 2.

' The periodic driving force will produce a periodic response in
the fluid at the same frequency or integral multiples of the disturbance.
This is because the rigidity of the conduit walls provide a linear system.

It is reasonable to assume then, that the velocity will acquire the form

N .
u(rst) =ug + ] u (r) e™* (19)

S =

where un(r) is a complex coefficient whose description is sought. Sub-

stituting (18) and (19) into the single equation of motion (12) and



collecting 1ike terms, separate equations are obtained for the steady

state velocity ug and the fluctuating terms u

.

_%%-F(rg;-s-)wsw (20)
us(r =R)=0
(g-:i)mo =0

oy = Py + ¥ Lo ;ﬂ) (21)
un(r =R)=0

2 2
vV (1-5% (22)
R R

where Uo is the area averaged mean velocity in the pipe.

For any ) the solution to (21) for the nth harmonic fluctuation

*p(n
of the velocity u is obtained as described in Appendix 1. The results
are given here.

The expression for u, is in the form of Bessel functions,
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3/2

- 8il A g, (i L)
- o’p(n 2R
u(r) = “—-—;;fﬂ‘)' 1 - S T (23)

where the J0 terms are zero order Bessel functions, and  is the

dimensionless frequency parameter defined as
Q=R %9~; w = fundamental frequency

It is effectively an oscillatory Reynold's number, a ratio of inertial
to viscous forces.

For each Ap(n) there is but one response, uy. A11 other harmonics
are seen to vanish. The differences in amplitude between the individual
frequency components are expressed in the single factor Q.

Equation (19), the exact solution for the velocity profile, then

becomes

13/2 _r'_)
u(r,t) = 2U - —-) 81Uo { p(n) [ - ; ( 373 Q)R ei"wt (24)
i

Equation (24) is the distribution of velocities as a function of time

and radial position and has been verified experimentally by Mieller
(1954), Atabek and Chang (1964), Linford and Ryan (1965), Florio and
Mueller (1968), and Denison et al (1971). The velocity is written in
complex form but only the real part has any physically meaningful
significance. It is important to note that the fluctuating components
do not contribute to the mean flow.

The foregoing expression for the velocity profile is equivalent

to that derived by Womersley (1957). The transient analysis of shear
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stress, however, required a more convenient form of the solution, one
that was more suitable for computer computation. A description of the
procedure is included in Appendix 4.

If the Bessel functions are separated into their real and imaginary

components,

J°(1'3/2 Q) = ber (@) + 1 bei (q) (25)

where ber (x) and bei (x) are Kelvin functions which refer to the real
and imaginary parts respectively. These functions are well known for
all values of the frequency parameter used in this investigation
(Abromowitz 1965).

Uchida (1956) has employed this notation in his analysis of flow
disturbed by a known time varying pressure gradient of arbitrary form.

His solution is in the form

Uo Uo n=1 "o
where ur'l = une'""mt
2
and N r
== 2(1 - = (27)
UO R2

The expression for the fluctuating component of the velocity

field is given by Uchida as
u, A
Uiﬂl— =a, {jgg-cos (nwt) + §-(l-é-pi)--sin (nwt{}
o] Q Q

+ bn i%-sin (nwt) - §iliﬂl cos (nmti}

f

(28)
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where

, ber(q)*ber(2f) + bei(o)bei(a F) . bet(@)-ber(a F) - ber (2)-bei(a £)
i berz(n) + beiz(n) ’

berl(q) + beil(q)

which, for a pressure gradient in the form of (15), becomes

-u—l(J—:l= Ap(n){[%%] cos (mwt-o,) +[8—%§A—)-] sin (nmt-en)} (29)

1 5n
an

Equation (29) is the basis for the theoretical determination of the

where o = tan”

time varying wall shear rate. (See Appendix 4)..
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VI. DEVELOPMENT OF THE THEORETICAL MODEL FOR MASS TRANSFER

The route to the experimental determination of the instantaneous
shear stress is through the direct measurement of the fluctuating mass
transfer coefficient. This quantity is directly obtainable whereas the
frictional force is not, being related to it through the conservation
of mass equation. It is therefore desirable to have a mathematical
model which will both predict the effects of pulsatile parameters upon
the transient behavior of the mass transfer process and characterize
the response of the diffusion controlled electrode to changes in the
flow near the wall of the tube where the velocity profile is virtually
linear. The theory that constructs this mathematical model was
initially developed by Fagela-Alabastro (1967, 1969) and more recently
refined by McFeeley (1972) who conducted an extensive investigation
into the response of the diffusion controlled nickel electrode to pulsed
laminar flow. His results were reported as the dependence on various
flow parameters of the ratio of the amplitude of the first harmonic
fluctuating component of the mass transfer coefficient to the steady
flow value. The results of this work echo this format. It was necessary
to repeat these mass transfer studies to determine whether the results
could be extended to the analysis of shear stress. The theory presented
here follows closely the constructions outlined by McFeeley. The reader
should bear in mind that the mass transfer analysis presumes a knowledge
of the velocity profile at the wall in order to couple the conservation

of mass equation to the momentum equation, whereas the subsequent
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mathematical model, that which relates the shear rate to the measured
mass transfer coefficient treats this quantity as an unknown variable.
This seeming paradox is resolved when one realizes that the purpose of
this investigation was to reconstruct indirectly, through experimentally
derived, well characﬁerized quantities, the wall velocity gradient whose
exact value was known a priori via the hydrodynamic theory of axisym-
metric cylinderical flow presented in the last section. An accurate
conformity between experiment and the theory of Uchida was an essential
prerequisite for similar studies in geometrical flow models where no

analytical fluid mechanical model can be applied.

Concentration Distribution

The analysis is restricted to the region above the electrode
surface where the concentration boundary layer, commencing at the leading
edge of the cathode, is developing in thickness. Since the Schmidt
Number (%) for this system is very large (= 1500), the concentration
boundary layer is very much thinner than the momentum boundary layer.
It therefore 1ies immediately adjacent to the wall.

In this Eegion it is valid to consider the velocity profile to be
a linear function of the distance from the wall with a slope equal to
the actual slope at the wall. The velocity in the boundary layer is
then expressed as

u(y,t) = y(% yeo (30)

upon the introduction of the transformationy =R - r.
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With this relation the differentiation of equation (24) becomes
Tinearized and is substituted into the conservation of mass equation.

The velocity in the boundary layer is given by

Uy
0 1nwt
R 4 + Z Ap(n) yn (31)

u(y,t)

_gil/2 9 (2i%/?)
0 ao(a13/2)

where Y

Neglecting curvature, the conservation of mass equation for the

concentration boundary layer is expressed as

HrurvE-2 0P rd 0F (32)
which simplifies to (see Appendix 3)
2, , 2, 52% (33)
ot X ayz

C{x,y = o,t) = Cw =0
Cx,y = =t) = Cp
C(x = 0,y,t) = Cg
The last boundary condition requires that neither boundary layer
separation nor reversal occur at the wall. The constraints upon the

flow parameters which must be respected to maintain the validity of

this boundary condition and ensure that flow reversal at the wall does
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not take place are described in detail in Appendix 2. McFeeley in his

investigation (1972), unnecessarily kept A n) small at values not

p(
exceeding 0.2. The results of Appendix 2 demonstrate that the magni-
tude of Ap(n) can exceed unity under certain conditions without
reversing the motion of the boundary layer.

The solution to (33) is obtained by a perturbation around the

steady state solution with A_ as the perturbation parameter. (Fagela-

p
Alabastro 1967, McFeeley 1972). A different form of the equation is

obtained by making the substitution

T (34)

With the introduction of this dimensionless variable equation (33)

becomes
2, ,%_p 2% (35)
at X 5 2
y
¢(x,y = 0,t) = 0
d(x,y = =,t) =1
o(x = 0,y,t) =1
Using Ap(n) as a perturbation parameter a solution is constructed

for each harmonic 2 The linearity of the system precludes harmonic-

p(n)*
harmonic interaction; therefore a solution for n sinusoidal waves is
constructed by the superposition of solutions for each value of n. The
first harmonic only of the pressure ratio will be considered here to

simplify notation.
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The expression for the solution is
0(x:¥5t) = o (Xy) + A0y (xy,t) + A§¢2(x,y,t) + o AS¢N(x.y,t) (36)

where ¢ is the steady state solution, % the first order term, etc.
The validity of this form of a solution is imbedded in the necessity

that for large values of n

n-

P b (:358)

n
Ap¢n(x,y,t) << A

Equation (31) and (36) are substituted into equation (35) producing
(N+1) differential equations in 1ike terms of Ap.

Fagela-Alabastro has solved the resulting equations for N = 2.
Only the first order term w%]l be considered here. Two differential

equations remain to be solved:

$06y,t) = 0 (x.y) + A0y (xsy,t) + Ry (37)

If Rn is sufficiently small the truncation is valid. It will be shown
that the results of this investigation support this stand.
The equation for the steady state term, equivalent to the time

average for a solution in the form of (37) is

4U0y a¢0 9 ¢
—== =0 —2 (38)
R X ayZ
¢0(x,y =0)=0
¢o(x’y = oo) =1

9olx = 0,y) =1
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and for the first order periodic term:

3¢1 4on a¢l on ot a¢o 9 ¢1
5T PR TRY ax CPT7 (39)

¢](x,y =0,t) =0
¢‘| (x,y = o,t) =0

¢](x = 0,y,t) =0

Steady Flow Solution

The solution to the steady state equation (38) is obtained through
the implementation of a similarity transformation. The procedure is
detailed in Appendix 3 and the results are given here. With the intro-

duction of the transformed variable

) 1/3
I 3
=Yl 9 m (40)
equation (38) is reduced to an ordinary differential equation
o + 3t =0 (41)
0 (]
whose solution is
g
. 3 3)d (42
% = —T- exp(- £7)dg )
r (§) 5

originally obtained by Levéque (1928).
The restraint upon this solution is related to the assumption of

a linear velocity profile within the concentration layer which requires
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that the Graetz Number
6z = éﬁé%l (43)

belsstManz.

This introduces L, the equivalent rectangular
length for a circular electrode, shown by Reiss (1962) to equal 82%
of the electrode diameter. The validity of (42) is assured by the
use of small electrodes and a liquid with its high Schmidt Number.

The solution for ¢° can be related to the mass transfer coefficient

since
8¢°
KS =7 3y (44)
which leads to (see Appendix 3)
A3 fu )3
KS =D -l m (45)
r (§)

This is the local mass transfer coefficient which, when integrated over
the electrode length, yields the spatial average mass transfer coeffi-
cient, the quantity obtainable from the measured current flowing through

the cathode.

stx

kﬁr—

__0
K> = —1 (46)
S’dx
0

The result of the integration can be written in terms of the Graetz

Number as
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. _3)]

I (3

nﬂu:

<K > =
KS

(47)

wi —-'|
—— ~

Equation (47) is the steady state solution with which the electrode
system was tested.

Since the harmonics of the pressure gradient driving the flow
are sinusoidal, the first order term for the concentration profile can

be expressed as

01(%:y,t) = 1’4,(x,y)ei“’t (48)

Equation (48) is substituted into (39) to yield the differential

equation for f

¢
32f Uy of, 3.2 Uy 96,
I ¢ _fo”p o O 0 (49)
2 5% T2 TR Y
y
where
=g scl/? (50)

A solution is obtained for both low and high frequencies by first non-

dimensionalizing (49) by introducing

Dx a3i3/2 (51)

£ = 2
UOR

as per McFeeley (1972) which gives

2 2

?.;1 2 2%, ?_fi 23 .1,2% (52)
37 6 &Y 2

an on

where
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Low Frequency Solution

df
The axial direction derivative, 3593 is neglected as being small

and a solution is assumed in the form of the perturbation
Fo(nag) = £on) + €73 £3tn) + 6¥3 £2(m) 4 -0 (53)

with only the first two terms of the series contributing significantly.

The remaininc terms are neglected. McFeeley has solved (52) for the

term fg and fl by substituting (53) into (52), collecting like terms
of £, and solving the resultant pair of differential equations. He
obtains the result for low frequency

1/3 3
f, = ﬂ-z—Li—vn exp(- 2n°) {1 +¢%/3 (a+1- (54)
¢ (3) 9 . 6

where a is an arbitrary constant of integration to be determined.
It can be shown that the Nusselt number for the fundamental

fluctuating component is related to f, in the following way:

¢
9¢ K of
1 F 2 )
Nuz = 2R\ = 2R =— = A (55)
Fo oy |y T 0 B pAN
where
w:..’l_ (56)
UOR

and KF = ApKf is the amplitude of the first harmonic fluctuation. The

derivative of equation (54) is
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of 1/3
¢ =z 2/3

-L—Lry{ng a} (57)
M ln=o 12r (3)

With this substitution into (55), along with equation (52) and (56),
the definitions of n and y, the expression for the amplitude of the

fluctuating Nusselt Number is

1/3
2
1/3 UR . 2 2/3
_ (12 0 aia DL
Nug = 5_)1_ (Tx) Y, { 1+ 2 (u 2) (58)

6r (§) OR

Referring to equation (55) the amplitude of the local fluctuating mass

transfer coefficient then becomes
1/3
1/3 U 2/3
. (12 0 2 Dx (59)
12r (3) UOR

As was done for the steady state mass transfer coefficient, the spatial

average of Ke is found to be

1/3 |

( )]/3 U . 2 2/3
F ] ROL p 2 2
8r (-3-) UOR

Recalling equation (43) and the expressions for Re and Sc, (60) is

simplified by noting that

— = 4Gz (61)
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Thus

o

12)1/3 u, |/ 1/3. 2..2/3
<Kkp> = 1—11— v @) o 1+ 12 Pa%e (62)

e ()

)
<

The mass transfer coefficient can be written directly from a
differentiation of the perturbation solution, equation (37), as the

sum of a steady component and a fluctuating component,

<K> = <K > + Ap <Kg> elut (63)

or for n harmonics
N

= inwt
<K> = <Ks> + n£] Ap(n) <Kf(n)> e (64)

The amplitude of each harmonic for the mass transfer coefficient
naturally depends upon the amplitude of the pressure gradient causing
that fluctuation. The magnitude of the deviation from the steady
value is given as Ap(n)Kf(n)' It should be noted that these fluctua-
tions, being only of the first order, have a time average of zero and
therefore do not contribute to the time averaged transfer which becomes
identical to the steady flow value. The data support this assertion.
The functionality of Kf on n is through the az term of equation

(62), thus

:%9 (65)

The results of McFeeley (1972) show that the low frequency range
of validity of (62) is for values of a < 100 (Q < 2).
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Expressions for <K> and <Ke>, equations (47) and (62) replace

these terms in (64) and the low frequency solution becomes

3 a2)V3 (Y 173 1 N . 1/3.2..2/3 inut
<K> =35 ? \mr 1+ Vi )) Ynkp(n)(] + 12"/ %aa“Gz“ V) e

T (3) n=1
(66)
This is more conveniently written in the form of equation (18) as
<K>=<K> 1+ ? A velt (67)
s n=y m(n)

th

where Am(n) is the mass transfer ratio for the n~ pressure gradient

harmonic and with reference to equation (63) is defined as

A = <Kf> A= -<_-K_E_i
m <KS> p <Ks>

(68)

for each first order harmonic. This expression is a ratio of the
amplitude of the fluctuating component (for each n) of the mass
transfer coefficient to the steady value.

Comparing equations (66), (67), and (68) the mass transfer ratio

then becomes
- n L1/3 . 2..2/3
Am(n) = Ap(n) ﬁ {1 + 12 aa Gz } (69)
which can be reduced by considering the series expansion of yn(ﬂ) for

small values of Q. Recall that

.3/2
_ _811/2 J](91 )

n =g @) (31)
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From Alabastro (1967) the series expansions of the Bessel functions

372, _ .3/2] (-1)3g(3+1) o0 (-1)3g4(3#3)
J Q) = A i A
(770 = jZo ) 3y im(zge2) | sEe 29 (2341) 1(2343)
3/2., W L-T)j94(j+” w (_])j94(j+2)
J Q) = . + i - 70
o170 j%o 2M((25)!)? jmo 2800*2)((2541)1)2 7o)

are substituted into the expression for Ype Retaining only the first

few terms which are significant,

. 2 4
Q )
=4[‘ g 'T‘Zg]
. 2 4
iQ y)
[‘ *Tow ]

Further simplification results by making use of the binomial expansion

2
. 2 4 2 4
1 i Q Q 9 cos
e ) ()
[

" (71)

iQ
1+7--%
and inserting this into (71). For small values of Q, An can then be

expressed as

2 4
wes[r- 4] 2
This expression replacing Yn in equation (69) reduces the
equation for the low frequency mass transfer ratio to a form of the

derivation obtained by Reiss (1962) for low frequency fluctuations. By

comparing the two results McFeeley (1972) evaluated the constant (a)
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and assigned the value

/3
a = - 0.25285 (2) r (3) (74)

The mass transfer ratio is then

Ma(n) = *o(n) 1—2— 0 - itw262%3% (75)

with
0.50571 T (35) 31/3
T = 5 = 0.97695 (76)

If a mass transfer pressure ratio is defined as

2w = om(n) _ Fe(n)> _
mp Ap(n) <K >

1-2 a - it? 6223 (77)

then the magnitude of this quantity is a mass transfer to pressure

amplitude ratio and

Y

Anp = MR, } = M {T% [1 - ita 622/3]} (78)
where Amp is the amplitude ratio used to fit the low frequency mass
transfer data and M refers to the modulus. Since

gi1/2 J1(913/2) (1)

Y =
n Q J (913/2)
then
8 M](Q)

M{Yn} = ﬂ;—(ﬁf (79)
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where the Mj(n) are moduli of Bessel functions of order (j). These

are tabulated by McLachlan (1941). Equation (78) then becomes

M. (Q) 1/2
; -1 2.4 .4/3
Amp = W [T+ <% Gz/7] (80)

This is the equation used to model the Tow frequency mass transfer data.
The behavior of the low frequency solution, equation (77), as
the frequency approaches zero, or equivalently as Q goes to zero, is
of interest.
Equation (54), the expression for the Nusselt or Sherwood Number
is
8¢1 2RKF

p ay

¢
= A (54)
D 1,)'1/3 p an n=o

Nu 2R

F y=0

Substituting for ¢ from (56) and rearranging yields
p?/3y 13 ¢

K = 9 — (81)
F Q173,173 "pom In=o

From equations (51, (57), and (73), as Q approaches zero,

of

1/3
on n=o0 r (39
Then
2/3 ,, 1/3

0%/3 1/3
= 0 . (12) Y (83)
Ke AVER V- (%) P
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and

<KF> =

2/3, 1/3
(gl

which is the spatial average over the electrode surface.

lent expression for <K.> from equations (45) and (46) is

1/3
<K > = §-D (]2)]/3 UO)
S 2 1 ROL
r (g?
Since <KF> = Ap<Kf>

The equiva-

dividing (84) by (85) yields, with reference to equation (68)

This is the low frequency asymptote of Amp’
1

The slope with which the §-asymptotic value is reached can be

obtained directly by differentiating the low frequency solution

R =T (1 - i1a262%/3)

mp
to obtain
oR . L !
————P—aam = - (-%l w6z 3 + % o 622/3)

which has the low frequency limit

3R
3 ....._"12 =
Tim ™ 0

a >0

(84)

(85)

(86)

(87)

(77)

(88)

(89)
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Therefore Amp approaches the low frequency asymptote of %-with zero

slope. This is noted on Figure (3) which displays the behavior of Amp
as a function of frequency. Very low frequency data were difficult to
obtain because the motor could not deliver a constant angular frequency
at the very low rotational speeds needed to generate values of o near

zero.

High Frequency Solution

The solution to the differential equation for f¢, equation (52),
for large values of the frequency parameter, has been obtained by

Fagela-Alabastro (1967) and Fortuna (1971) by neglecting the term

of
5293 the x-direction derivative, as suggested by Lighthill (1954)

when the boundary layer problem of flow oscillations superimposed on
a steady flow was first considered. When these solutions are placed
in the desired form, e.g., Amp = Am/xp, the result for the spatial
average over the electrode surface becomes undefined at the leading
edge. This dilemma is overcome by noting that the solution for low

frequency, equation (77) is actually a truncation of the expansion
Ry = T2 (1 - ita? 6223 + %%t 63 4 oor ) (90)

a geometric progression equivalent to

1
R = ¥;- (91)
mp 2 1+ i'raz 622/3

2 ~,2/3

for all values of the product ta~ Gz This solution also
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satisfies (52), and in the form of (90) reduces to the low frequency
solution, equation (77), for small values of a.
The high frequency mass transfer to pressure amplitude ratio

then becomes

2y 1

mp -~ mp”  3M 172
p o + 20 Gz4/3)

(92)

McFeeley found that the high frequency solution in the form of (91) did
not predict his data precisely, but with a correction that imparts a

stronger dependence on the L/D ratio, a solution in the form

1
w <tz (1 vzl o 623 (V7]

where z is an experimentally determined constant, correlated results in
the high frequency range for all electrode lengths and Reynolds Numbers.
To place this solution into the form of (92) the variable Xo 1s

defined as

1/3 '
X, = o gz1/3 (%J / (94)

such that the modulus of the right hand side of (93) is

M{ ~ e Tz
1+ 1
(-l + iz[aZ Gz]/3 ('Iﬁ') J) TZXZ

The modulus then becomes

(95)
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1 1
M = (96)
2
{1 + 12*2} (1 + 25

If the denominator is then expanded into the approximate series
1/2
4
(1 + zzxz) =2yt 2%y + z3x§ (97)

and substituted into (96), the modulus of equation (93) then becomes

A M
M{-—'ﬂl A =] ( 1 ) (98)
A mp  30M 2
p 0 Z] + 22X2 + Z3X3

where the values of 215 2y, and z5 were found to be (McFeeley 1972)

zy = 1.147

_ -4
z, = 4.625 x 10

_ -5
zy = 7.456 x 10

One empirical reason for the discrepancy between the theoretical
solution for high frequency, equation (92), and McFeeley's experimentally
corrected form, equation (96), is that the increased dependence on the

frequency parameter and the L/D ratio may reflect a correction for

3f¢

L
Equation (92) was used as a mathematical model to compare the high

neglecting in equation (52).

frequency mass transfer amplitude data obtained from the electrode,

where high frequency is considered to be in the range

o > 100

or Q> 2.



VII. RELATION OF MASS TRANSFER MEASUREMENTS TO THE
INSTANTANEOUS SHEAR STRESS

The concentration boundary layer over the electrode surface is
extremely thin relative to the radius of the pipe, thus permitting the

mass balance for the ferricyanide ion to be written as

2 2
o, . oC . ,9C _ .| 3%, a%
C(x, 0, t) =0

C(X, .V = o, t) = CB

Clo, v, t) = CB

where C is the concentration of ionic species. Throughout the vicinity
of the cathode the flow is fully developed and the velocity is changing
in a uniformly periodic manner. The transverse velocity in this region
vanishes, while the axial velocity and concentration assume the form of

steady and fluctuating components.

u=U+u C=C+c (100)

The bar represents a time average, defined for any quantity Q as

T
ﬁ'=-% S- QdT T = period of pulsation (101)
0

which is indistinguishable from the steady flow value for the 1inearized
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treatment considered here. Thus U is identical to Uo’ but the barred
quantity is used to correspond to the physical consideration of time
averaged flow.

As discussed earlier, the velocity profile within the concentra-
tion boundary layer is linear and related to S, the shear_rate at the

wall, represented by
S =5+ st (102)

for each harmonic. The functionality of the time average and
fluctuating velocities within the concentration boundary layer then

becomes U=3y u =s'y (103)

where

s' = sFe"“’t (104)

The significance of the axial diffusion term of (99) has been
investigated by Ling (1963) who has shown that it is negligible
compared to the axial convective transport when

_5i2

N = %~ > 5000 (105)

This restraint arises from the singular behavior at the trailing edge
of the electrode surface, the effect of which is lost by the analytical
solution to the steady flow form of equation (99). The axial diffusion
term will be neglected in the mathematical model presented here, but
results from the mass transfer analysis show that the-condition (105)

may not have been maintained at all times.
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Making use of equations (100) and (103), the above assumption,
and neglecting second order fluctuating terms, the conservation of mass
equation (99) is transformed into two differential equations, one for
the time average relation and the other for each of the fluctuating

harmonic components. There results

Sy 3% - D 5 (106)

and

TtV PSRV (107)

cF(x, o, t) =0
CF(O’ NE t) =0

cF(x, o, t) =0 (0 <x<L)

where cF_is the amplitude of the fluctuating component designated by

¢ = cFeiwt (108)

The solution to (106), equivalent to the solution for the steady state
equation (38), is detailed in Appendix 3. The desired result, the
magnifude of the shear rate as a function of the measured mass transfer

coefficient is
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1,,2 3
r (§Q(§'<E5) L
(3173 .J (;2‘) (109)

where <K> is the time averaged mass transfer coefficient spatially
averaged over the electrode surface. It is presumed not to differ
from <Ks>, the steady flow average, because such deviations would
manifest second order effects considered in these analyses to be
negligible. The experimental data show that these deviations are

generally not greater than 0.5% of <KS>.

Solution to the Fluctuating Concentration Field

e———— — cm—

The solution to (107) is extremely complex for the general time

dependent case because no initial condition for time is available. By
neglecting the second order terms of fluctuations, equation (99) was
transformed into the linear equation (107). The concentration profile
thus acts as a linear element responding to changes in the flow field
induced by the oscillating shear stress.

The objective is to find a transfer function which relates the
amplitude of the shear rate at the pipe wall to the magnitude of the
mass transfer coefficient measured at the electrode surface flush with
the wall. As will be shown, this transfer function takes the form of
the spectral density function, a measure of the total power of the
resultant current contributed by each frequency within its spectrum.
The pulsatile motion of the flow field, comprised of integral frequencies,
can then be analyzed by treating each frequency separately and individ-

ually.
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Since the rigidity of the tubular walls ensure a linear system,
precluding harmonic-harmonic interactions, the shear rate will respond
linearly to the periodically undulating pressure gradient, acquiring

the form specified by equation (104), for each (n)
(n)  SF(n)®

The concentration profile will in turn respond to the velocity gradient

in a linear fashion. Thus for each frequency ¢ is defined as

Cc .
Eéﬂl =y = e ™" (111)

Substitution of (110) and (111) into (107) yields the equation for ¢
forn=1,

~ = 2
iwc + Sy %§-+ SgY g§-= D 9

[}

(112)

e

If the time varying component of the mass transfer coefficient

is written as

£ (113)

the amplitude, KF’ of the fluctuating mass transfer coefficient is

related to C in the following way, with reference to equation (55)

_aC

A 0 | IS
oy

D °D dy (114)

y=o0 y=o0




-80-

High Frequency Analysis

Fortuna and Hanratty (1971), employing methods originally suggested
by Lighthill (1954) that at high frequencies the term Sy %%-from (112)
can be neglected, solved this differential equation for the fluctuating

component and obtained the result for (%5- for turbulent flow, whose
y=o
equivalent form for laminar flow in terms of AS, the ratio of the

fluctuating shear rate to the steady shear rate, is

~ A
o - 373 372 3A3/2 17z (115)
y y=0 X Tw S
where
A Zv]/a Sc]/3

NOEEET

The mass transfer coefficient measured by the electrochemical method
is a spatial average over the electrode surface. Therefore the term <KF>

must be considered which is evaluated as

L
1 S c
<Ke> =D | — — dx (116)
F L oy y=0 ]

Since the integral is not defined at x = 0, the leading edge of the
electrode surface, the relationship (114) cannot be established by this
method. Therefore recourse was taken to the numerical solution of (107)
obtained for all frequencies by Fortuna (1971) who showed that it reduced
to the asymptotic solution (115) at high frequencies. Discussion of this

solution follows the analysis for the low frequency range.
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Low Frequency Solution

Following the formulation of Mitchell (1965), the amplitude coeffi-
~cient of the oscillating component of concentration is expanded in a power

series for low values of w,

2

(2 D]

c= o+w£,+w62+--- (117)

By substituting (117) into (112) and combining like terms in w, the following

equation is obtained for Eo, the amplitude of the quasi-steady oscillation,

~ 2A
9 = 3 cC
T, 0 aC _ 0
Sy-éx—-l- SFy-ﬁ-D;}?_— (”8)

The solution to (118), the quasi-steady solution for the concentra-

tion field is given by Mitchell (1965) as

& =sp & (119)
35

S
ua (120)
S

where KF is the quasi-steady undulating component of the mass transfer
0

coefficient now described for the quasi-steady state as

K=F+K =K+K elut (121)
(o]
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At very low frequencies the adjustment of the concentration field to the
changing velocity gradient will take place in phase with the velocity

gradient. Equation (120) can then be written as

K>
<K >

A

(122)

W=
(7] Im

The experimental conditions for which the quasi-steady solution is

valid can be determined by considering the reduced form of (99)

2

oC aC 9 C
Srut=pis (123)
ot X ayz
Equation (122) is valid if and only if
2
& 9L (124)
ay

The condition (124) can be tested by applying an order of magnitude
analysis to each term. The differentials are considered as finite
differences, and with the period of oscillation representing the charac-

teristic time, one obtains

wAC << D A—Cz— (125)
S¢

where Gc is the thickness of the concentration boundary layer. It is then

required that the following condition hold,

(126)

£
A
Sl
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The following values for the diffusion coefficient of ferricyanide ion in

the experimental fluid have been reported

5.17x107% cm?/sec (Reiss 1962)

4.32x10'6 cmz/sec (McFeeley 1972)

For the magnitude of the concentration boundary layer thickness the following
expression from Knudsen and Katz (1958) is used which relates the local

Sherwood Number to the distance from the leading edge of the transfer element

1/3
Nu = 13%15- = 1.077 (resc)'/3 (&) (127)

Since 5c is defined as

=<

§¢ (128)

the thickness of the mass transfer resistance layer for an electrode
diameter of 0.05 cm and a Reynolds Number of 200 is calculated to be
5.89x10™3 cm. Using the average of the two values above for D, (126)

becomes

w << 0.11 rad/sec

The motor employed in this investigation to pulse the flow was incapable
of producing such low rotational speeds. The quasi-steady solution was
therefore not applicable to the flow conditions since this state was unob-
tainable.

A solution to (112) was obtained, however, in the same form as (120),

by introducing a correction factor to this quasi-steady solution. The
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correction factor, a function of frequency and electrode length, was
determined numerically by Fortuna and Hanratty (1971) and covers the full
range of parameters used in this investigation. The complete response
function in the form of (120) becomes valid at all frequencies by incor-
porating the factor A which is a ratio of the absolute value of the

mass transfer rate to the quasi-steady rate, thus

- §§_ dx
~ <Ke] 05 ¥ ly=o
A CTReST™ ~ T 0 (129)
0 CQ
— dx
0 % ly=o

The corrected solution is described in the form of spectral density
functions (the transfer function which relates shear rate to the mass
transfer coefficient) from which the instantaneous rate of shear can be

determined.

Determination of the Instantaneous Shear Rate

The solution relating the instantaneous shear rate to the instan-
taneous mass transfer coefficient, its experimentally measured response,
is in the form of a correction to the quasi-steady solution (122). For

very low frequencies, at any point on the electrode surface

1

=| ix
w) im

The mean squared value of K' is given by
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2

S

5 (131)
SZ

=
[

&
[
O =

Since the fluctuating concentration field is related to the fluctuating
velocity gradient at the wall through a linear equation (107), the
spectral density for s, ws(n), can be related to the spectral density
for K', wK(n)’ (see Appendix 5) at each frequency by the equation
(Fortuna and Hanratty 1971),

2\ W
(n) (}—2 22

where 32, a function of frequency and electrode diameter, is the correction
factor previously specified which assures the validity of (132) for all

frequencies. As w approaches zero ﬁz

equals unity and equation (132)
reduces to the quasi-steady solution (130).

The spectral density function can be related to the amplitude of
oscillation as shown in Appendix 5 by equations (A5-5) and (A5-6). This
relationship, which removes the time averaged dependence of (132) then

results in

2
=2 K
2 9s F
S = | T~ 1 133) -
Fo\@d/ R2 (133)
or taking the square roots,
K
o (138)
(K> A
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which averaged over the electrode surface becomes

_ 35 <K

S = A
F <> A

(135)

Equation (135) is valid at each frequency, with the appropriate
value of A inserted, and defines the relationship between the amplitude
of the fluctuating mass transfer coefficient at any instantaneous point
in its period to the magnitude of the shear rate at an equivalent time
in its period. Since the undulations in the velocity gradient comprise
the driving force for alterations in the concentration field, the change
in the shear rate must precede the establishment of a new concentration
profile. Thus there is a phase lag (the magnitude of which is dependent
upon the frequency) between the shearing force and the measured mass
transfer coefficient which is its response. The linearity of the system
insures that the complete cycle of oscillations in these two entities
will occur in the same period of time, but the peak in the amplitude of
the shear stress at the electrode surface will anticipate the maximum in
the periodic flow of current generated there. This phase difference can
be accounted for by writing (135) in its time varying form for each
harmonic, n

35
se cos [(nwt -0 ) -61 = |=) K cos (nwt - 0_) (136)
F Ny n (J“\) F Ny

h

where G“K is the phase of the nt harmonic of the fluctuating mass transfer

coefficient, obtained by a Fourier analysis of the recorded signal, and 8,
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designates the phase lag between the time varying velocity gradient and
the resultant mass transfer coefficient. Values for 6, and the correc-
tion factor K were obtained at all frequencies considered in this investi-
gation by Fortuna (1971). They appear on Figures 4 and 5. A simpler
form for the graphical representation of the correction factor, ﬁ, was
obtained by McMichael (1973) who, by reducing equation (112) to a zero
parameter differential equation (through a transformation of the coordinate
system), was able to collapse the family of curves appearing on Figure 5
to the single curve of Figure 6. Figure 6 was the basis for deter-
mining corrections to the pseudo-steady solution.

Equation (136) was used to construct the experimental curves repre-
senting both the instantaneous shear and the ratioc of the amplitude of
the fluctuating component of the shear rate to the time averaged value.

These results were compared to the theoretic values determined from the

theory of Uchida (1956) as outlined in Appendix 4.
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VIII EXPERIMENTAL EQUIPMENT

Mass transfer measurements were made for steady flow (to test the
consistency and precision of the experimental technique against the
established theoretical predictions of Lév@que) and for pulsatile flow
using three different sized circular electrodes imbedded in the wall of
a horizontal tube. Laminar flow fields through the test section were
produced by gravity feed from a constant head maintained by an overflow
and recycling flow system. The flow rate was controlled by a downstream
- needle valve which permitted a maximum steady flow Reynold's Number
of 1200.

Ferricyanide reduction at the cathode was accomplished by applying
a potential from a constant voltage power supply between the test elec-
trode and a downstream anode possessing a much larger surface area. The
effective potential drop between the cathode and solution bulk was deter-
mined with the use of a proximal reference electrode. Mass transfer
measurements were obtained from the current generated by the electro-
chemical reaction at the electrode surface. For steady flow this current
was represented on a digital voltmeter as a potential drop across a
precision resistor. The fluctuating current produced by the pulsatile
flow was recorded as a voltage on an FM tape recorder, digitized, and
separated into harmonic components by a Fourier analysis. Each frequency

was then treated individually for its contribution to the wall shear rate.
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Flow System

The flow system, containing an electrolyte, 2 Molar in sodium
hydroxide, was constructed of non-corrosive PVC pipe and polyethylene
tubing, and is shown schematically in Figure 7.

Storage capacity for the recycling constant head flow loop was
provided by a polyethylene tank measuring 18" x 12" x 24" deep
containing twenty-five gallons (94.64 liters) of electrolyte. A single
outlet at the bottom of this vessel went directly to a pump (Chemtrol
PVC centrifugal pump, 3475 RPM, 3/4 HP) which circulated the fluid to
the constant head tank (dimensions: 12" x 12" x 12") situated eight
feet above the straight pipe and test section. An adjustable portion
of the pump outlet was returned to the storage tank via a by-pass line
so that at the low flow rates employed (900 cc/min maximum) the surface
of the constant head would experience no wave motion caused by excessive
feed from the pump. The twenty-five gallon storage tank contained a
total of four inlets: one for the by-pass return, one for the overhead
tank overflow, another for the return from the test section, and the
last, a tygon tube introducing nitrogen gas.

In order to prevent the reduction of oxygen dissolved in the elec-
trolyte, which takes place at the same potentials as the reduction of
ferricyanide, the electrolyte was saturated with nitrogen and the flow
system was maintained in an inert nitrogen atmosphere, provided to both
the storage vessel and overhead tank.

The combination of pump by-pass and constant head tank overflow
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was sufficient to insure a constant gravity-fed average flow of elec-
trolyte, steady to within a maximum deviation of 0.2% (over four hours
of running time) at the largest flow rates employed.

From the overhead tank the fluid flowed to a series of flow distri-
buting valves. Opening the first admitted the electrolyte to a section
of the system from where the flow could be shunted to both the pressure
pulsing apparatus (when needed for non-steady flow) and the straight
pipe test loop. The valve controlling flow to the test loop was preceded
by a 900 elbow in which a tap was bored for venting air out of the system
before each run.

Entering the straight pipe section (1/2" Sch 40 PVC) the fluid
passed through a hydrodynamic entry length of 335 cm or 205 pipe diameters.
(The inner diameter of this section was measured with calipers and found
to be 1.5799 cm). Since this horizontal length of pipe preceding the
test section was the same for both steady and pulsatile flow, it was
necessary that it be Tong enough to insure that a fully developed velocity
profile entered the electrode test section. Establishment distance for
the laminar flow field oscillates around the steady flow value of 0.0575
Re-D (Knudsen and Katz 1958) where Re is the Reynold's Number and D the
pipe diameter, and is the longest when the velocity in the pipe is at its
maximum. Florio and Mueller (1968) demonstrated that a developing
pulsating flow can be considered as a superposition of a developing mean
flow and a fully developed oscillating flow. Atabek and Chang considered

theoretically the entrance length requirements for pulsatile flow (1961)



-95-

and utilized hot film anemometers to test the validity of their analysis
(1964), but Denison et al (1970) have shown with the use of a direc-
tionally sensitive laser velocimeter that the theory of Atabek and Chang
underpredicts the oscillatory flow development length, and for the flow
parameters utilized in this work, the oscillating flow field is fully
developed after an entry length of 0.1 Re*D (Reynold's Number based on
time averaged flow rate) which for these experiments had a maximum

value of 160 cm. A developing length of 335 cm was therefore more than
sufficient for the establishment of all velocity profiles.

The test section was 42 cm long. It was followed by another
straight section of pipe 120 cm in length, added to the flow loop to
reduce end effects in the test section. This segment was attached
through a 90° elbow to a T which provided a means of draining the test
loop while joining the test and end sections to the downstream anode.

The anode was fashioned in the following manner: nickel plates
measuring 3" x 6" were sandwiched between two finely meshed nickel
screens of the same dimensions and folded into an accordian-1ike shape.
Five such folded sandwiches were tied together with nickel wire to form
a cylindrical bundle, and ten of these bundles, bound so as to form an
electrical unity, were inserted into a 2" I.D. Lucite tube. In this
way over fifteen square feet of reactive electrode surface were available
in a small volume to complete the electrolytic circuit, thereby insuring
that the diffusional flux of ferricyanide ion to the much smaller test
cathode would control the rate of the redox reaction. The anode section

was elevated at a forty-five degree angle facilitating the removal of
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gas entrapped within the flow system. Air bubbles were carried into
the reservoir tank by the exiting electrolyte.

The temperature of the circulating fluid was not regulated.
Temperature equilibrium between the flowing electrolyte and the sur-
roundings was established after a warm-up period, but was subject to
slow vascillations. Since the duration of any single run was shorter
than the time between temperature variationsf the electrolyte tempera-
ture was constant for any one experiment and was recorded as a variable
parameter. Temperature was monitored by a mercury thermometer inserted
through a specially fabricated plug into the pipe upstream of the anode.
Physical properties of the electrolyte (viscosity, density, diffusion

coefficient) were therefore determined as a function of temperature.

Pressure Pulsing System

Oscillatory pressure gradients were obtained by pulsing the air
pressure over a closed vertical column of electrolyte located adjacent
to the gravity feed tank and connected to it through a tee and shunting
ball valve as shown on Figure 7. The periodic variation of the

height of this column was produced by the motion of a 12 in?

Bellofram
bellows, driven by a Bodine NSH 55 RH motor (48:1 gear ratio). Attached
to the rotor of this motor was a brass cam cut into the shape of the

curve R = r + a sin 0. (R is the distance from the cam edge to the

* The maximum rate of temperature variation was 0.1% per 20 minutes so
that for typical experimental runs of 5 minutes or less the temperature
was effectively constant.
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center of rotation; r = 3", a = 1/2"). As the cam rotated it produced
linear sinusoidal motion in a cam follower. A horizontal steel lever
arm, pivoting on a movable fulcrum, imparted the sinusoidal movement of
the cam follower to the bellows. Adjusting the position of the fulcrum
varied the amplitude of pulsation. In an attempt to reduce distortions
in the pulse arising from small irregular movements in the linkage and
bellows, a polyethylene bottle was connected in line between the

bellows exhaust and the top of the pulsed column. It was thought that
the air volume in the bottle, relatively larger than the volume of the
tubing connection, would dampen out small deviations from a sinusoidal
pulse. However, vibrations and distortions of unknown origin pre-
cluded the generation of any pure sine waves, but the resulting analysis
difficulty was overcome by harmonic reduction through a Fourier analysis
of the recorded pressure gradient.

Oscillatory pressure gradient measurements were made through .040"
taps bored two feet (60.96 cm) apart; one located just upstream of the
test electrodes and the other downstream of the test section. The
inside of the pipe was smoothed after introducing these pressure taps.
They were connected to a Celesco pressure transducer whose output was
coupled with a compatable Celesco pressure demodulator and recorded on
FM tape. Sensitivity of the transducer was 0.1 psi maximum range corre-

sponding to an output of 10 volts.

Test Section

The test section consisted of eighteen circular electrodes (three
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different sizes, six of each size) imbedded in the wall of (and elec-
trically isolated from) three nickel tubes which could themselves be
converted to relatively very large wall electrodes. See diagram of
Figure 8.

Three two-inch lengths of nickel pipe were chosen so that their
inner diameters were equivalent to the inner diameter (1.5799 cm) of
the hydrodynamic development section. Into each of these, six holes
were drilled circumferentially to contain two each of three different
electrode sizes. As measured with micrometers, the diameters of these

nickel wire electrodes were:

Electrode Size Diameter (cm)
A .0485
B .0625
C .0792

The first three-fourths of the distance through the wall was bored to
a diameter considerably larger than the electrode to be placed there.
This part of the hole was to contain a reservoir of epoxy to hold the
nickel wire in place after being introduced into a hole which was then
drilled one thousandth of an inch wider than the electrode diameter
through the remaining wall.

Each of the test electrodes was dipped into electrically insulating
epoxy and inserted into the slightly oversized hole so that they pro-
truded into the interior of the pipe. When the epoxy coating dried the

gap between the electrode and the drilled space was completely filled.
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The larger hole was then filled with epoxy which when dry provided an
extremely firm support for the thin wires.

Lucite wafers, .015 inches thick, were placed between the adjoined
ends of the three nickel pipe sections to shield them electrically from
one another. The inner diameter of the wafers conformed exactly to
that of the nickel pipe lengths. Axial uniformity was assured by gluing
around the wafer junctions short sections of Lucite tubing machined so
as to match their inner diameters with the outer diameters of the nickel
tubing. Each of the nickel pipe lengths were made electrically conduc-
tive by attaching a wire with electrically conductive epoxy to the
outer surface. Two 5" Lucite entry and exit sections were afixed to
the upstream and downstream ends of the nickel electrodes unit. Lucite
compression rings were placed around these connections also.

The entire test section was partially wrapped in a larger sized
PVC pipe appropriately drilled to accomodate the protruding electrode
wires. Epoxy cement was then poured in between the partially enclosing
pipe sections. When hardened it formed a single test section containing
eighteen electrically insulated point electrodes and three sectional
wall electrodes,

The entire inner wall of the test section was smoothed to a mirror-
like finish by the Precision Honing Company. This process inﬁreased the
inner diameter by .020" to 1.631 cm. As a result there was a radial
step of .010" between the hydrodynamic entry length and the test section,
but the 5" inlet to the upstream test electrodes was sufficient to re-

store a fully developed velocity profile within the test unit.
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Frequent removal of the test section from the flow system for
cleaning of the electrode surfaces was essential. Crest toothpaste
was used as a mild abrasive for this purpose. Accordingly, the test

section was connected in line with Lucite flanges.

Electronics

Measurements of the steady laminar flow mass transfer coefficient
were simply obtained with the use of the circuitry of Figure 9, A
D.C. constant voltége power supply maintained a steady potentia1 between
the cathode and downstream anode. The micro-ampere current generated
at the surface of the test electrode passed through a Dana precision
resistor (+ 0.01%) and was monitored as a constant voltage displayed on
a Dana model 4430 digital voltmeter.

For pulsatile flow the circuit of Figure 10 was utilized both to
maintain a constant voltage across the electrolytic cell, independent
of the current drawn (to insure a diffusion controlled reaction), and
to amplify and monitor the time varying current generated at the test
cathode. The input to the electrical assembly (and to the electrode
circuit) was a -0.55 voltage potential from a constant D.C. voltage
power supply. An operational amplifier network maintained this voltage
potential at a constant level. Passing through a series of pre-
calibrated potentiometers, the variable current drawn at the electrode
surface was recorded as a time-varying voltage on a Precision Instrument
model 6200 FM tape recorder. The signal was subsequently digitized and

analyzed for its Fourier components.



-102-

*SIUBUWLANS I JUIAUN) MO| 4 ApedlS 404 A4FLNdALy) "6 aanbiry

2pP0J4122|3
202UD12)DY

2bD1|0OA
1o RoUIIoN oL \E@«C:U
4

D}161
1°+1h1d ﬂ\ _1. S24nsSD2IN Alddns
\\X//z

J2MO4 2bD1j0oA

- 1UDIsuod DQ

ai'AA A -
2DOULD * J01SIS2Y
POUIPO uoisidoadd
o)
1 ) ‘ yer
pouy A

Ol



-103-

* SIUDUBANS B JUDUAUNT) MO| d|LIeS|Nd 40 AUILNd4L) *QL d4nbL4

JOYIUON

spouy opoyipy  H00S
W244no )
. ¢

U 0oL
_ _

Bain |
MWV
¥OOlL _
———AM-

BaA L
Bamw 1

Baw oL



-104-

IX.  EXPERIMENTAL PROCEDURE

Calibration

The pressure transducer was calibrated in situ over the range
0 to 10.0 volts; all laminar flow pressure drops corresponded to an out-
put less than 1 volt. Reynold's numbers were controlled by a needle
valve and accurately determined with a graduate and micro-timer combina-
tion. Since calibration took place in the turbulent regime, the
Blasius friction factor relationship was used to determine the pressure
drop, and the pressure demodulator was adjusted accordingly (10 volts
corresponded to 0.1 psi, linear in the range 0-10 volts). One calibra-
tion proved to be stable for several weeks.

The recording mechanism of the Precision Instrument FM tape
recorder was calibrated by the method suggested by the manufacturer.
Overload, accompanied by signal distortion, occurred when the input

exceeded 3 volts RMS. Accordingly, amplification of any signal was

controlled so as not to surpass this level.

start Up
The electrolyte was made up of reagent grade chemicals and dis-
tilled water. Complexities accompanying the determination of ferri-
cyanide and ferrocyanide ion concentrations by titration were cause to
abandon that means of analysis. Instead, equal molar amounts of
potassium ferrocyanide (water of hydration removed in a vacuum oven)
and potassium ferricyanide were accurately weighed and dissolved in

distilled water in a large drum calibrated for twenty-five gallons
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(+ 0.5%). Sodium hydroxide pellets, also carefully weighed, were added
to the solution. After dissolution, addition of distilled water diluted
the concentration of species, based on a total volume of 25 gallons, to
0.010 M for the ferricyanide and ferrocyanide ions and 2.0 M for the
sodium hydroxide. When the electrolyte had cooled to room temperature
it was charged to the reservoir tank, maintained in a nitrogen atmosphere,
and used in the flow system for three weeks during which time no chemical
degredation took place (Reiss 1962). After three weeks the electrolyte
was replaced.

The electrolyte was circulated through the flow system for two
hours before any experiment was begun to allow for electrolyte-room tem-
perature equilibration to be established. Preliminary observations
noted cathodic poisoning after the test electrodes had been monitored
intermittently over a period of several hours. This was manifested as
a continuous decrease in the drawn current under otherwise constant
experimental conditions. However, no observable degredation occurred
to electrodes in contact with the flowing electrolyte when not switched
in to the external circuit during the several hours of observation.
Atteﬁuation of the current was eliminated by carefully cleaning the test
section with toothpaste at the beginning of each day's runs. This agent
acted as a water-soluble, sulfur-free mild abrasive, and it removed any
residue which had presumably accumulated on the electrode surfaces.
Other investigators (Reiss 1962, McFeeley 1972) have reported that
reversing the polarity of the voltage applied between the cathode and

an auxiliary electrode improved the response of the test electrode. This
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treatment proved to be ineffective in this laboratory; however, daily

cleaning achieved the same improved results.

Methods of Taking Data

A1l electronic equipment was turned on one hour prior to use.
Current-voltage curves were measured for different electrode sizes and
Reynold's numbers to establish the regions of applied voltage which
produced diffusion limiting currents. Output of the D.C. constant voltage
power supply was boosted incrementally and measured on the digital volt-
meter. The resulting current was then displayed on the same voltmeter.
Results from these tests showed that an applied voltage of - 0.55 volts
insured a diffusion limited reaction under all flow conditions for the
three electrode sizes. See Figure 2,

Measurements of steady flow mass transfer coefficients were per-
formed only after the temperature of the flowing electrolyte had been
noted. Flow rates were adjusted with a downstream needle valve and
accurately determined with a graduate and micro-timer combination.
Reynold's numbers varied from 100 to 1100. The use of a switching box
facilitated connecting each of the eighteen electrodes, one at a time,
into the current monitoring external circuit. A voltage potential as
measured between the test cathode and proximal electrode was adjusted
to a level of - 0.55 volts. Reaction rates at each of the cathodes were
successively monitored by routing the drawn current through a precision
resistor and displaying the resulting voltage drop on the same voltmeter.

Ten to fifteen seconds were required for the measured current to reach
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a constant value. In this manner, for any single flow rate, only six
minutes were required to test the response of all electrodes.

At the beginning of each pulsatile flow experiment the constant
stream response of the single test electrode to be monitored was noted
for later comparison with the time averaged result. Using a motor speed
control device the angular velocity of the rotating cam was arbitrarily
set to a constant level, as was the amplitude of pulsation. The values
of these parameters, thus established, were later determined from an
analysis of the recorded motion of the rotating cam. Once the pulsating
flow had come to a steady periodic state data acquisition was begun.

' The constant voltage-current monitoring box permitted the recording
of only one electrode's response for any single run. The time-varying
current was monitored by an operational amplifier circuit and was then
recorded directly on to one of the three data acquisition tracks of the
FM tape recorder. The monitoring circuit served to convert micro-ampere
currents to voltages on the order of unity. These recorded signals were
later digitized by an EAI 680 analog computer, stored on disk and
subjected to a Fourier analysis on an interfaced Interdata 70 digital
computer.

To reduce errors which may have been introduced by non-periodic
irregularities in tape motion, or unexpected fluctuations in the pulsating
flow parameters, approximately 100 cycles of pulsation were recorded and
digitized. A Fourier analysis was performed on the average of the results

from the 100 cycles.
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To insure that the analog to digital conversion program was
initiated at the same point in each cycle, a triggering signal, recorded
on a separate track of the tape, was played back through the computer
simultaneously. This signal, synchronized with the cam's motion, was
obtained with the use of a micro switch. A ball bearing connected to
the switch was constantly in contact with the circumference of the cam.
Once during each cycle the bearing, tracing a linearly sinusoidal pattern,
would be displaced enough to close a circuit connecting the switch to the
tape recorder. Designed to produce a rapid triggering signal, the circuit
capacitors generated a voltage which rose to an amplitude of four volts
in one millisecond. By utilizing this same spike to initiate and terminate
the aigitizing program (whose sampling rate was known), the fundamental
frequency of pulsation could accurately be determined.

Recordings of the pressure pulse, obtained directly from the output
of the demodulator, were digitized and Fourier analyzed in an identical
manner. Frequencies and amplitudes of oscillation of both the mass
transfer coefficient and the forcing pressure gradient were then directly

comparable.

Electrolyte Physical Properties Analysis

After being charged to the reservoir tank, one liter of the electro-
lytic solution was removed for the measurement of temperature dependent
densities and viscosities from which the kinematic viscosities, diffusion

coefficients, and Schmidt numbers were determined.
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Four volumetric flasks of twenty-five milliliter capacity, their
volumes calibrated over a temperature range of 27°C to 33°C, were used
to measure solution densities at 28°C, 30°C, and 33°C in a constant
temperature bath. Densities at all other temperatures were linearly
interpolated from the appropriate measured values. The same was done
for viscosities.

Viscosities were determined in an Ostwald-Fenske viscometer which
was calibrated with distilled water. Efflux time was approximately
100 seconds. The diffusion coefficient was then obtained as a function

of both viscosity and temperature from the results of Eisenberg et al

(1956),
2 i
= (2.50x10"10 - poise, I
sec - K H
where

T is the temperature (%K)

u is the viscosity (poise)



-110-

X.  RESULTS AND DISCUSSION

Steady Flow - Wall Electrodes

The test section was constructed with circular electrodes
embedded in the wall of larger cylindrical electrodes for the
purpose of evaluating mass transfer characteristics within a
developing concentration boundary layer, especially for pulsatile
flow where the effects of frequency and amplitude cause complex
interactions between the concentration boundary layer initiated at
the leading edge of the wall mass transfer section and that associated
with the much smaller point electrode.

With a voltage potential applied between the wall electrode and
the downstream anode, the current drawn (over 100 microamps) was
large enough to cause a significant ohmic potential drop through the
electrolytic fluid. As a result, only a very small voltage drop
could be obtained across the concentration boundary layer (as
measured by the reference electrode) and a diffusion controlled
plateau region extending to -0.55 volts could not be attained. By
augmenting the applied voltage potential between the test electrode
and anode beyond thirty volts a diffusion plateau could slowly be
approached. However, as the drawn current increased so did the
ohmic potential drop through the fluid in the pipe with the result
that the voltage at the leading edge of the cylindrical electrode

differed from the level at the trailing edge. This change in voltage
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along the length of the test electrode precluded the establishment
of a diffusion controlled plateau over its entire surface.
Inability to maintain a continuous diffusion controlled regime
prevented the utilization of the wall electrodes; experiments

with these were therefore abandoned.

Steady Flow - Circular Electrodes

Steady laminar flow measurements of interphase mass transfer
were made to establish the validity of the electrochemical technique,
and also to determine the behavorial consistency of the individual
electrodes. To accomplish these purposes, measurements of the
current produced at the electrode surface were compared to the
theoretical predictions of Lé&véque.

A form of his solution for a steady laminar flow field (for

a cylindrical conduit) has previously been written as

1/3
<K> = %...iilm__ . %-62-1/3 (47)
r ()

The mass transfer coefficient has also been related to the current

by equation (4), rewritten here as

K> = 1 ¥ (4)

to emphasize the spatially averaged mass transfer coefficient.
2

. - d - -820d/D
Combining these two equations, with A, = m z— and Gz = “p==-=,
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1/3
1 . (3) T CBF02/3D-2/3d5/3Re]/3v]/3 (137)

1 =3.
S 4 (820)? 1)

Equation (137) represents the theoretical prediction of the

steady state current produced by the diffusion controlled electrochemical

reaction. Inserting values of CB 0.010 moles/1iter, F = 96,500

coulombs/equivalent weight, and D = 1.631 cm., this was simplified,

in terms of the experimental parameter Q (flow rate in-cc/min), to

5/302/3 1/3

Q (138)

I (microamps) = 2.200 x 100 ¢
The current therefore reduces to an explicit functional dependence
upon only the electrode diameter, diffusion coefficient, and volumetric
flow rate. It is a weak function of small changes in temperature,
increasing only 0.01 microamps for each 0.1°C rise in temperature
over the range 27°C - 33°C.

To verify this relationship for the experimental system and

electrode test section,data were taken for Reynolds Numbers in the
range 160 to 1073 for each of the eighteen circular electrodes. The

measured diameters of these test electrodes were

Electrode

Number Diameter (cm.)
A1-A6 0.0485
B1-B6 0.0625

C1-Cé 0.0792
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Measurements were taken over a period of several days to determine
the effect, if any, of the age of the electrolytic fluid upon the
electrode response. Currents read directly from the voltmeter were
compared to theory with the use of equation (138).

Results from nine electrodes (three of each size) for a two
day old electrolyte and a range of Reynolds Number from 330 to 1073
are shown on Figure 11. An unexpected observation is that the
departure from theory is not independent of Reynolds Number but
rather, for the range depicted, can be well represented by a line
with negative slope. Each of the nine electrodes exhibits very
similar behavior, differing from each other only in their vertical
displacements from conformity with the predictions of equation (138).
(Results from the other nine electrodes are not included in the
figure since they are similar to those reported here and reveal no
further information.)

The oblique orientation of these lines implies that the
equivalent rectangular length for circular electrodes, given by
Reiss (1962) as 0.820 d, 1is a function of Reynolds Number, at least
in the laminar regime. For the range of Reynolds Numbers under
consideration the deviation from Léveque for any single electrode
varies about 5% between end points; therefore an equivalent rectangular
length, because of its cubic root dependence (equation 137), would
necessarily have to vary by as much as 15%. For the precise determination

of the absolute values of mass transfer coefficients and wall shear,
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this functionality would have to be well quantified. However, the
necessary analysis was not performed in this thesis for reasons to
be stated later.

Focusing attention on the vertical arrangement of electrode
responses, the likely explanation for these relatively larger
departures from theory (compared to the Reynolds Number effect) is
that the area assigned to each electrode is in error. Measured currents
which were lower than predicted would be accounted for if the contact
area between the electrode surface and the electrolyte was less than
expected for a circular interface, or additionally, if the reacting
surface was asymmetric, producing an unaccountable non-uniform
concentration boundary layer. To test these possibilities several
auxilliary electrodes were cast into epoxy, machined flush to the
surface, and buffed to an extremely smooth finish. It could easily
be observed that no electrode presented a circular area, but rather,
each one exposed a different altered shape. Accordingly, on the
basis of the results of Figure 11, each electrode could be assigned
an effective diameter, one that would establish conformity between
the current predicted by equation (138), based on a new effective
area, and the measured response. Such a new diameter, specified at
a particular Reynolds Number, would cause the family of lines of
Figure 11 to collapse upon one another with deviations from theory
not exceeding + 3% (from the equivalent rectangular length effect).

With this in mind, electrodes A2, A6, B2, and C4 were used to
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determine steady flow shear rates since results from these electrodes
daily fell within 6% of theory without an area adjustment, whereas
there was day-to-day flutter in the percentage deviations from Lévéque
for other electrodes as evidenced by Figure 12 where electrodes A4

and B4, for example, have shifted 3%.

Figure 12 is a repetition of the experiments depicted in Figure
11, but for a week-old electrolytic solution, and with an extended
range of Reynolds Numbers. The most obvious change is the curvature
imparted to the lines of Figure 11 with the inclusion of lower
Reynolds Numbers. This phenomenon cannot be attributed to the age
of the electrolyte because similar repetitive experiments over both
shorter and larger intervals obtained the same non-linear effect.
Again the family of curves can be collapsed to nearby a single curve
with the introduction of an experimentally determined effective
diameter to compensate for non-circular reacting surfaces.

The effect of the age of the electrolyte upon the electrode
responses proved to be of no significance for a period of at least
two weeks. As evidenced by Figures 11 and 12 there is uniform
deviation between daily runs for a single electrode, but these
changes differ between electrodes and show no day-to-day consistent
behavior.

The conclusions to be drawn from Figures 11 and 12 are that each
electrode, upon replacing its measured diameter with an effective

diameter (which may change daily), chosen to eliminate significant
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departures from theory, can serve as a bona-fide mass transfer
measurement device whose accufacy can be further improved by
incorporating a Reynolds Number dependent correction factor to
transform the electrode diameter to an equivalent rectangular
length.

As stated earlier, electrodes A2, A6, B2, and C4 were used
to test the applicability of the electrochemical technique to the
determination of wall shear stress on the basis of the proximity of
their daily responses to the predictions of equation (138). Making
no attempt to improve upon their genuine accuracy, no correction
factors other than the constant 0.820 for the equivalent rectangular
length were employed in determining the final results.

A transformation of the curves for these four electrodes from
Figures 11 and 12 were redrawn on the universal plot, Figure 13,
which is a graph of the mass transfer Nusselt Number vs. the Graetz
Number where

<Ks> D ISD
N> = —5— = T A (139)

The solid 1ine, representing equation (47) converted to the dimensionless

form, equation (139), is described by

1/3
<Nu> = _3.(_3.).___ Gz-]/3 (140)
r ()
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A11 data obtained with these electrodes has been included in
the_graph; the maximum deviation for these electrodes with uncorrected
diameters is 5.6%. A table of computed values is included in Appendix
6.

The necessity to correct for non-circular reaction areas and
Reynolds Number becomes evident when considering Figure 14 where
the experimentally determined wall shear rate is compared to the

velocity gradient obtained from the parabolic velocity profile as

s=8U (141)
D
Experimental values for S were computed by combining equation (A3-35)
which relates the wall shear rate to the measured mass transfer

coefficient by

1y (2 3
r(z) (5 <K.>)
s=[ A -L-z-) (A3-35)
3 D
with equation (138) to obtain the desired result
_8 1, |3 3 10.820d - D
S = T [I‘(-g)] <Nu> [—-—-—-——-————03 ] (142)

As can be seen by the cubic relationship between the Nusselt number
and the wall shear rate in the above expression, the small errors

observed in the experimental mass transfer coefficient are multiplied
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by a factor of three such that a reasonably good agreement with
Léveque (Figure 13) can depart considerably further from theory

(by as much as 18% in Figure 14 - see table in Appendix 6).
Consequently an accurate determination of the absolute value for

the wall shear stress requires excellent mass transfer data, or
alternately, well quantified correction factors both for non-circular
electrode surface areas and for the Reynolds Number dependence of the
equivalent rectangular length. It is appropriate to point out here
that these correction factors were unnecessary for the treatment

of pulsatile flow data, since the results for the case of non-steady
flow are reported as a ratio of the amplitudes of oscillation of the
fluctuating quantity to the time averaged value, thus nullifying the

factors which would cause each of these values to depart from theory.
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Pulsatile Flow

A1l signals generated by the experimental equipment under
non-steady flow conditions were recorded directly on to a pre-
calibrated FM tape. Consequently, all data were initially obtained
in the form of periodic, time-varying voltages. The method of tape
recording, aside from being essential because of the nature of the
signals (no on-line computer hookup was available), actually served
to simplify the analysis because of the direct proportionality
between the mass transfer coefficient and the measured current,
which, passing through the operational amplifier circuit, was
recorded as a voltage. The relationship between the instantaneous

mass transfer coefficient and the current, equation (6)
i
R+ = L1 (6)

is the basis for noting that the desired ratio of the fluctuating
component of the mass transfer coefficient to the time-averaged value,

Aps s equivalent to

K I

F
ey " o - %“) (143)

F(

Thus it was necessary only to divide the amplitude of the fluctuating
voltage for the nth integral multiple of the fundamental frequency

to the DC level (time-average) to obtain Ay for that particular harmonic.
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Similarly, since the pulsating pressure gradient was recorded as a
fluctuating voltage linearly related to %E-in the laminar regime,
the oscillatory pressure ratio, Ap, was also directly obtained from
a Fourier analysis of the digitized recording.

Nine electrodes, three of each size, were used for mass transfer
measurements at several different fundamental frequencies covering a
range of the dimensionless frequency parameter, Q, from 6.215 to 7.107.
The pressure pulsing system, incapable of producing a sine wave at
these frequencies (despite many attempts to make it do so), actually
generated an oscillatory pressure gradient composed of at least ten
harmonics of significance.

This can be observed in the tables of Appendix 8 where the complete

#10 are listed. The

results of experimental runs numbered #8, #9, and
first entry under the heading of dimensionless frequency is the value
of Q produced by the rotating cam. Successive values were obtained
as @ = nQ, where 9 is the fundamental. Note that values for the

pressure ratio, A _, are predominantly in the range 0.2 to 3, considerably

larger than thosepemplqyed by McFeeley (1972), but smaller than the
constraints of flow reversal (see Appendix 2) or allowable values for
the perturbation parameter, also Ap, discussed in the theoretical
section and reported as a function of Q@ by Fagela-Alabastro and Hellums
(1969).

Three electrodes were chosen for the purpose of presenting the

tabled results of Appendix 8 in graphical form; A2 and B2 because of
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their demonstrated conformity with theory in the steady flow
experiments, and C2, arbitrarily chosen to represent those electrodes
which deviated from the predictions of Léveque for steady flow but
which can nevertheless justifiably be utilized for the measurement

of non-steady mass transfer coefficients, reported in the form of

Am’ since the factors (presumed to be constant) which would cause

both KF and K (or alternately, Ks) to depart from steady-flow or
quasi-steady theory are eliminated by the division process. Alternate
choices to C2 could have been made, but with no significant differences
of any kind, as careful inspection and comparison of electrode data
will reveal.

The values of Am , drawn from Tables A8-1, A8-2, and A8-3

(electrode A2), are p;otted against the theoretical model for high
frequency, equation (92), computed with parameter values as depicted
on the graph, Figure 15, (Values for M, and My were obtained from
McLachlin, 1961). Results for electrodes B2 (Tables A8-9 to A8-11)
and C2 (Tables A8-17 to A8-19) are similarly presented on Figures16
and 17 respectively. Agreement with theory is excellent for values
of Q beyond 16, whereas Amp values within the intermediate range

of frequency parameters (6<Q<16) are considerably more scattered and
are not well represented by equation (92). McFeeley (1972) also
found that his data (4<Q<8) did not conform well with the high
frequency model in this region. As reference to Figure 3 will

illustrate, the Tow frequency model for Amp’ equation (80), is

equivalent to the high frequency solutions equation (92), up to a Q
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value of 2. This is equivalent to stating that the perturbation

2/3 in equation (90) is small such that second order terms

term, raZGz
are negligible. In fact this parameter is less than 0.01 for Q<2

for the physical parameters used in this investigation, but beyond

a value of 2 for the frequency parameter, its magnitude increases
sharply, terminating the applicability of (80) as can be seen

readily by comparing equation (77) to equation (90) for large

values of this parameter. Since the high frequency solution is

in fact also written as equation (90), (it satisfied the differential
equation (52) in this form), the final expression for the high
frequency model for Amp’ equation (92), is applicable at all values
of ©. A region of invalidity can therefore not be ascribed to the
solid curves of Figures 15, 16, and 17, although some fault in its
derivation may eventually be found which will point to a region of
invalidity in the range (6<Q<16) where an intermediate frequency

solution may be required*. The function which correlated McFeeley's

data, equation (98) fails to improve agreement with the experimental

* McFeeley states that the high frequency solution, equation (92),

can be derived 1ndependent1y of the low frequency so]ut1on by express1ng
the ser1§s 7x ansion for fy (n, &), equation (53), with 1/(1 + t£2/3),

1/7(1 + E etc. as the perturbat1on parameter. This is effectively

an expans1on in 1/(1 + @2) which for high frequencies supports the
consideration of only the first order term. Similarly for low fre-
quencies (9<2) consideration of only the first order term of equation (53)
is sufficient. But for intermediate frequencies higher order terms are
of comparable magnitude and should be accounted for. Thus, if the above
contention of McFeeley is true, there is a intermediate frequency region
where neither the Tow frequency nor the high frequency models are accurate.
This appears to be the case on Figures 15, 16, and 17.
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results reported here. Curves described by equation (98) fall below
those of equation (92) and therefore depart even further from the
experimental Amp values.

Regarding the large scatter in the data in the frequency range
8<0<10, there was a relatively large error in the results from the
second harmonic from several electrodes because of the low signal
level for that particular harmonic compared to the inherent level
of noise introduced by both the digitizing analog computer and the
method of averaging when performing a Fourier analysis on a digitized
signal. This point is illustrated in Table 1 which is the result of
the Fourier analysis of the pressure signal for run #9, electrode A2
(=electrode 9A2). The '0' harmonic represents the time-averaged
voltage; only every fourth harmonic corresponds to an integral
harmonic of the real signal since the digitized values from four
complete periods of oscillation were treated as a single curve for
averaging purposes. (Technical difficulties prevented the averaging
of more than four periods). Harmonic '4' therefore corresponds to
the fundamental of the recorded signal, harmonic '8' is the second
harmonic, etc. It is harmonic 8 of Table 1 that contributes an
amplitude of the same magnitude as background and signal averaging
noise (harmonics 7, 9, and 10). The accuracy of Ap for the second
harmonic is therefore of questionable accuracy; an unusually Tow
value is the result, as can be noted in Table A8-2 and even more so

on Figure 15. The analogous Fourier analysis for the mass transfer
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PRESSURE DIFFEREMTIAL DATA ANALYSIS
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TABLE 1.

FOURIER ANALYSIS OF PRESSURE DIFFERENTIAL FOR ELECTRODE 9A2.
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MASS TRANSFER COEFFICTENT DATA ANALYSIS
NUMBER OF POINTS PER CYCLF IN THE FOURIER ANALYSIS= 99
NUMBER OF CYCLES IN REAL TIMF PFR CYCLE IN THE FOURIER ANALYSIS= 4
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TABLE 2.

FOURIER ANALYSIS OF MASS TRANSFER COEFFICIENT FOR ELECTRODE 9A2.
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PRESSURE DIFFERENTIAL DATA ANALYSIS
NUMRER OF POINTS PER CYCLF IN THFE FOURIER ANALYSIS= 99
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TABLE 3.

FOURIER ANALYSIS OF PRESSURE DIFFERENTIAL FOR ELECTRODE 9B4.
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PRESSURE DIFFFRENTIAL DATA ANALYSIS
NUMRER OF POINTS PER CYCLF IN THE FOURIER ANALYSIS= 99
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FOURIER ANALYSIS OF PRESSURE DIFFERENTIAL FOR ELECTRODE 9C2.
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FOURIER ANALYSIS OF MASS TRANSFER COEFFICIENT FOR ELECTRODE 9C2.
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coefficient appears on Table 2. Here the second harmonic (harmonic '8')
is considerably Tower than the first or the third, but appreciably
above the noise level. Nevertheless, the ratio which determines Amp
is of course adversely affected by a spurious pressure result.
Another example of a Tow amplitude pressure signal is in Table 3
(electrode 9B4). To compare these Tow magnitude signals to those
which produce more consistent results, Tables 4 and 5 which Tist the
pressure gradient and mass transfer analyses for electrode 9C2
have been included. Together these tables illustrate how the cause
for a relatively large deviation among rather consistent and well-
behaved data points can be pinpointed. A very low pressure signal
for the second and sometimes the fifth harmonic, along with an
occasional Tow mass transfer signal, accounted for almost all of
the experimental scatter observable in Figures 15, 16, and 17.

The relationship between the measure mass transfer coefficient,
characterized as A (;ﬁb, and the instantaneous wall shear rate,

mp p A

described as the analogous ratio Xi" is expressed by equation

p
(A4-15) as

A =.>_\.S_.=

A -
sp ) (A4-15)

mp

= w

where A is a correction factor for the frequency response of the
concentration boundary layer to changes in the velocity gradient for

conditions removed from the pseudo-steady state (Fortuna and Hanratty,
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1971). As shown on Figure 6, A decreases as both frequency and
electrode size increase (for a constant Schmidt Number). The position
along the horizontal axis (denoted as XAXIS in Appendix 8) was cal-
culated for each harmonic and electrode size, and the resulting

value of A was inserted into equation (A4-15) to yield the graph

of Figure 18 which represents the conversion of Amp from Figures 15,

16, and 17 to AS For comparative purposes, the results from

electrode 8C4 hase been added to Figure 18. (Recall that electrode
C4 previously manifested very good agreement with the steady flow
predictions of LévBque). The solid line represents the unassailable
theoretical predictions of Uchida (1956) for Asp as a function only
of the frequency parameter, equation (A4-12),

A remarkable observation from Figure 18 is that the data fall
uniformly, with frequency, well below their expected positions along
the curve, although a merging effect is evident at the lower end of
the frequency range represented. The scatter arising from the
analysis of Tow signal levels as discussed earlier is apparent and
should be overlooked in view of the consistency of behavior for all
electrode sizes especially in the upper frequency range. Clearly,
attention must be focused on the correction factor, A, since these
graphed points represent the rather well modeled Amp data of the
previous figures. The large differences between the experimental

results and theoretical predictions for ASp in the intermediate and

higher frequency region, suggest that ﬂ, described by the curve,
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Figure 6, a transformation of the numerical results of Fortuna (1971),
Figure 5, insufficiently compensates for the effects of frequency
upon the response of the concentration boundary layer to shifts in
the velocity gradient.* If so, it would be necessary to employ a
steeper rising curve than Figure 6, (one that would impart larger
corrections for the frequency response of the concentration boundary
layer), for the experimental determination of pulsatile shear stress.
On Figure 19 is such a curve, a plot of the values of A that would
be required to establish conformity between the experimental values
of ASp and those described by equation (A4-12). The basis for
determining the experimental values of A was a curve drawn through
the data of Figure 18.

These experiments are the first attempt to test the validity
and applicability of the numerically derived correction factor
for the non-pseudo-steady state frequency response of the concentration
boundary layer. Only for the laminar regime can this be accomplished
since it is for only laminar pulsatile flow that a theoretical model

for comparison of AS results (equation A4-12) is available. Although

p

* As to whether the size of the electrode is reflected correctly
in AR, this is difficult to determine because of the overwhelming
influence of the frequency parameter upon the term GzSc3/2Q3; the
clustering of results from different electrodes suggest that the
functional dependence of A on the Graetz Number is appropriate or
at least less significant than its dependence upon Q.
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the results depicted in Figure 18 cast some doubt on the validity
of the values for A calculated by Fortuna, it would be premature

to conclude that Fortuna's results, described by Figure 6, are

in error; the experimental conditions under which ASp values

were determined may have exceeded the range of applicability of

the frequency response correction factor. The differential equation

(99),

oC aC aC _ al, a3acC
3t 3X -3—,\/_ =7 + (99)

by neglecting second order terms, such as u'c', as being small

compared to both u' and ¢'. Indeed, for very low oscillatory pressure
ratios, the undulating component of the fluid velocity would also be
minute (equation 24), but as can be seen from the tables of Appendix 8,
values for Ap rarely fell below 0.1 and lay predominantly in the range
0.20 to 3, so that the amplitude of fluctuating velocity (within-the
concentration boundary layer) was comparable to the time averaged

flow above the electrode surface. This would certainly augment the
term u'c' beyond the level of insignificance and would require its
inclusion within the theoretical framework for the analysis of a

pulsatile concentration boundary layer. Accordingly, it is impossible
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to refute the validity of the correction factors previously reported
(they may well be correct for very small oscillatory pressure ratios),
but at the same time it is very difficult to assess the quantitative
effect of significant second order terms without a more complete
analysis of the concentration boundary layer frequency response problem.
It seems likely, judging from the results reported here, that the
inclusion of second order effects in such an analysis would have a
marked effect on A, shifting the lower curve of Figure 19 upwards and
to the left so that its position would fall on or near the exnerimental
curve (dashed 1ine).

However, for experimental Amp values that are well represented
by equation (92), such as those of Figures 15, 16, and 17, an alternate
correction factor can be derived, one that transforms Amp to Asp’
thus providing a means of obtaining pulsatile shear stress data.
Recalling equation (79)

_ 8My (@

it can easily be shown, with reference to equations (25), (A2-8),

(A4-6), and (A4-12), that

M{Yn}=%‘,02+52=4%=4ASp (144)

Then equation (92) can be rewritten as
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A

A = 5P (145)
M 3(1 + 2atge 3y 1/2

Rearranging (145) yields an alternate experimental route to Asp’

A =301 + 12312

sp mp (146)

where the term (1 + 12014(52‘]’/3).'/2 is an effective correction factor,
of the form %} for the frequency response of the concentration
boundary layer. This term reduces to the same form as that given
by Mitchell (1965) for the analytical representation of A at low
3/23

values of GzSc The analytical form of (146) is applicable

at all frequencies; the results of this thesis demonstrate excellent
agreement with Uchida at high values (>10) of GzSc3/293.

Equation (146) is not restrictive to a cylindrical tube if the
velocity gradient for the tube, implicit in M {Yn} and ASp (equation
144) is removed by rearranging (146) to yield the general expression

for converting non-steady electrochemical mass transfer data to shear

stress results,

>

A
B = S 2 3(1 + Zater?3)1/2 (147)
Ao A
p m
or equivalently,
2.4 4/3.1/2= KF
S = 3(1 + %62 %) T — (148)

K
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It is clear then (from Figures 15, 16, and 17) that at higher
frequencies, agreement with Uchida is excellent, and that for complex
geometries it is necessary only to measure the mass transfer ratio
and the steady flow shear rate to determine the ampliture of the
fluctuating wall shear stress. Thus the need to measure the pressure
gradient has been eliminated, and the diffusion controlled electrode

has been shown to be a very effective shear stress measuring device.
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XI. CONCLUSIONS AND RECOMMENDATIONS

Steady laminar flow measurements of interphase mass transfer
were made to establish the validity of the electrochemical
technique for measuring wall shear stress, and also to determine
the behavorial consistency of the individual electrodes.

It was found that experimental departures from the theoretical
predictions of Lévaque (for a steady laminar flow field in a cylindrical
conduit) could be accounted for by two factors:

1) The equivalent rectangular length for circular electrodes
(L = .820d) is not a constant within the laminar regime - electrode
responses showed a consistent dependence upon the Reynolds number,
reflecting a 15% variation about the value of .820 in the range
200<Re<1100. Failure to account for this Reynolds number effect on
the equivalent rectangular length can contribute errors of 5% in the
measurement of mass transfer coefficients, and errors of 15% to the
determination of steady flow wall shear.

2) The assumption that the electrode surfaces were circular
and therefore symmetric was erroneous. Surface areas were found
to be distorted from the circular shape, producing non-uniform
concentration boundary layers with the effect that less current was
drawn than expected. From the results of the steady flow experiments
it was concluded that each electrode can serve as a bona-fide mass

transfer measurement device. This requires that data analysis be



-146-

based on a 'corrected' diameter (rather than the electrodes measured
diameter) chosen to eliminate significant departures from expected
behavior. Accuracy can be further improved by incorporating a
Reynold number-dependent correction factor to transform the electrode
diameter to an equivalent rectangular length.

These correction factors were unnecessary for the analysis of
pulsatile flow data, since the results for the case of non-steady
flow were reported as a ratio of the amplitude of oscillation of
the fluctuating quantity to the time-averaged value, thus nullifying
the factors which would cause each of these to depart from theory.

It was found that the high frequency solution characterizing
the effects of the amplitude and frequency of pulsation upon
the fluctuating mass transfer coefficient, was an accurate model
for the high frequency mass transfer data.

It was necessary to account for the frequency response of the con-
centration boundary layer when determining the fluctuating wall shear
rate from the measured fluctuating mass transfer coefficient. This
required the use of a correction factor for the non-pseudo-steady-
state.

The numerical solution of Fortuna and Hanratty (1971) for this
correction factor failed to produce agreement between the experimental
results for the fluctuating wall shear rate and the exact analytical
expression of Uchida (1956) for pulsatile wall shear. The use of
oscillatory pressure ratios in the range 0.2 to 3 may have exceeded the

restrictions of Fortuna and Hanratty's analysis, in which case the
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experimental data reflect large contributions from the second order
fluctuating terms such as u'c'. These must be considered in further
analyses of the concentration boundary layer frequency response problem.
An alternate correction factor in analytical form was derived from
the high frequency model for mass transfer. This correction term is
effectively a transfer function between the experimental mass transfer
coefficient and the fluctuating wall shear rate. It yields excellent
agreement with Uchida for low and high frequencies and can be adjusted
for the intermediate frequency range. In its general form the
transfer function eliminates the need to measure the time-varying
pressure gradient and is applicable to arbitrary geometries with
arbitrary laminar flow fields.
It is strongly suggested that the technique of utilizing
diffusion-controlled electrodes for the determination of pulsatile
wall shear stress be applied to more complex models representative
of the human arterial system. The available analysis for evaluating
pulsatile shear stress phenomena in geometries such as a bifurcation
can provide quantitative and meaningful information regarding the

causal relationship between wall shear stress and atherogenesis.
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APPENDIX 1
SOLUTION FOR THE OSCILLATING VELOCITY PROFILE
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Appendix 1

Solution for the Oscillating Velocity Profile

The equation of motion whose solution is sought is given by
u _ _1.3p,v 3 (L ou )
= ety (r =) (A1-1)

where the pressure gradient is defined as

N
.‘_ . ?—E = - -
-5 5 S[j 1 +n§] Ap(n) cos (nwt @n) (A1-2)

and On is the phase difference between a frequency component n and the
fundamental frequency. Since the flow is contained by rigid walls, the
response of the fluid to this exciting force will be periodic at the
same frequency as the disturbance. The linearity of the system together
with the linear form of the equation of motion (A1-1), (no convective
acceleration terms are present), permits a solution to be constructed by
a superposition of all frequencies of oscillation. The N harmonic
components are treated individually thereby permitting the arbitrary
establishment of the origin of the period for each frequency. Each en
is therefore made to vanish and for the sake of simplicity in calculation
(A1-2) can be written in the form

N .
1.3p_ inwt i
5 ™ PS 1+ nZ] Ap(n) e (A1-2b)
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where only the real part has any physical significance.

The composite pulse can be reconstructed by summing the real
parts of (A1-2b) and reinserting each en to account for the phase
differences among the component frequencies.

Responding linearly to the pressure gradient, each harmonic of

the time varying velocity will acquire the form
un(r, t) = un(r')e.i"“’t (A1-3)

- where un(r) is a complex coefficient. With (A1-2b) and (A1-3) sub-

stituted into (A1-1), the following equation results:

du
; = v d _n -
thau = Pskn Y@ (r ar ) (A1-4)
Let
=r
N R
Then
P_A du
=S 1 . 1.d _n -
W == 7 Q2 n dn (n dn ) (A1-5)
where
92=R2-r_1_w.
AY)

Multiplying by 92 and carrying out the indicated differentiation,

2. 1 dun dzun
(B - 1un) +ﬁ a;'_l"'l'-(j—r-]-z—: 0 (A]"ﬁ)
2
P P_) R
: = _.s'p(n) . 2 _ 's"p(n)

This equation is closely related to Bessel's equation whose equation of

the general form
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2
x2 g—%—+ X gl.+ (c2x2 - qz)y =0 (A1-8)
dx X

has the solution (for g = 0, or any integer) in terms of Bessel

functions:

y = Fq(Dx); Fq(x) = C]Jq(x) + C2Y (x) (A1-9)

q

Equation (A1-6) can be put in this form with the substitution

B
W =u - (A1-10)
n n iQ2
which yields
2
d"w dw
n? —t a0 2+ (- iefn? - o =0 (A1-11)
dn n
Hence q = 0, D% = - iﬂz, D = 13/29, and
. :3/2 .3/2 )
W C]J0(1 on) + C2Y0(1 on) (A1-12)

At n =0, u, and hence W must be finite. Since YO(O) + @, Cy must

be zero. Then

= .._..B..__= '3/2 -
W= up 192 C]JO(1 on) (A1-13)

At n =1, with no slip at the waﬂ,un = 0. Thus .

g8 _ .3/2
- 7 = 0y, (¥ %m) (A1-14)

and
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C = - __B_ . __._..__]_.__._.....
P g (% %)
Then
J (13/29n)
u = _ﬁ_. ] - _g____~_._
N igf Jo(i3/29)
or, substituting for B:
s 2 .3/2
. = 1PSAP(n)R - JO(T oﬂn)

From relations governing Poiseuille flow it can be shown that

U_(QR)B_Z_
0 dx 8u
S
Combined with
_ 1. ,dp
Ps=- 2 (&)
s
equation (A1-17) becomes
. .3/2
~ - 8ix (n)UO J0(1 Qn)
Uy = =252 [ 1 -
Q J, (17 %q)

This is the desired solution which is the same as equation (23).

Q)

(A1-15)

(A1-16)

(A1-17)

(A1-18)

(A1-19)

(A1-20)
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APPENDIX 2
CRITICAL VALUES OF PULSATILE FLOW PARAMETERS
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Appendix 2

Critical Values of Pulsatile Flow Parameters

The analysis of the fluctuating current generated at the electrode
requires that the velocity gradient at the surface retain a positive
value throughout the period of pulsation. The mathematical model
stemming from the conservation of mass equation maintains that the mass
transfer coefficient is directly linked to the shear rate, being driven
and altered by it. However, if the shear rate should vanish instanta=
neously at some point of time in its cyclic oscillation, the flow of
current would not cease, as is implied by the model (and equations 109
and 136), but would continue for ferricyanide ions could still diffuse
through the momentarily quiescent fluid. The shear rate dependence of
the mass transfer process is then destroyed at which time not only the
validity but the meaning of the measured signal becomes questionable.

It is therefore desirable to quantify the relationship between

the pulsatile parameters, A_ and Q, which represents an upward barrier

p
or physical constraint upon the flow conditions, where the velocity
gradient at the wall vanishes, and beyond which the hydrodynamic
boundary layer reverses its direction.

Consider a single frequency of oscillation so that the time

varying pressure gradient, expressed by equation (15) becomes

cos (wt - 0)] (A2-1)

1.3, +
S A% Ps[l A

P
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The fluctuating velocity, described in its general harmonic form by
equation (29), is then written as
u' 88 8(1 - A) _.
= A cos (wt - 0) + sin (wt - 9)} (A2-2)
Oy p{s? Q

where

, . Der(e)-ber(a ) + bei(q) bei(a §) 3 . bei(e)-ber(@ £) - ber(q) bei (g )

L]

ber2(q) + bei®(q) ber2(Q) + beil(g)

(A2-3)
Equation (A2-2) is added to the familiar Poiseuille solution for the
steady flow to obtain the instantaneous velocity at any point in the

conduit (beyond the flow development region), then

2
b2 (1-5 ) 404 Bcos (wr-e) + BLA sin (ut0) ¢ (a2-4)
u 2 p 2 2
(] R 9] Q
The conditions at which the velocity gradient at the wall vanishes are

determined from the requirement that

ar = 0 at r=R (A2-5)

Differentiating equation (A2-4) and evaluating the result at the wall
yields,

Q
p - 2[D sin (wt-0) - E cos (ot-0)]

A (A2-6)

where using the notation
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ber ' (Q) = 919%5121; bei'(Q) = QKE%%JEL (A2-7)

E and D are

ber(Q) -bei(Q) - bei(ﬂ) ber ' () D= ber(Q) *ber (Q) + be1(9) bei (Q)

E=
befézb) + bei (n) ber (Q) + bei (Q)

(A2-8)
The minimum value of Ap for which flow reversal is at its critical

point is given as

M{)_} = & (A2-9)

The critical values for kp are plotted against Q on the accompanying
graph. Beyond a value of unity for Q, the relationship is nearly linear
with a slope of 0.5. It is clear that in the physiological range of the
frequency parameter for various regions of the aorta (3 < < 14), the
value of the pressure amplitude ratio can safely exceed unity without
causing the shear rate at the wall to vanish.

The relationship (A2-9) defines the critical limits for Ap and Q
dictated by the range of validity of the experimental technique. The
graph then, represents an absolute limit for the values of these
parameters, but does not provide or imply the limits beyond which the
fluctuating quantities become large enough in magnitude to acquire
significance and belie the linearization process by which the differential

equation describing the conservation of mass within the concentration

boundary layer (equation 99) was simplified. These analytically
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restrictive 1imits are lower than those imposed by (A2-9) and are
manifested by a significant deviation in the time average of a measured
fluctuating quantity from its steady flow value. They were determined

from the experimental data.
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APPENDIX 3
DERIVATION OF THE RELATIONSHIP BETWEEN THE MASS TRANSFER
COEFFICIENT AND THE WALL SHEAR RATE
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Appendix 3

Derivation of the Relationship Between the Mass

Jransfer Coefficient and the Wall Shear Rate

-
h;
-~ o —>

Coordinate System

yl /Q-_-_c V'

X |ZZ

Profiles in and Near the Mass Transfer Section

Steady Flow Solution

Consider a steady fully developed flow confronting the leading
edge of the electrode surface. There are no transient perturbations
and radial velocities have vanished. The conservation of mass within
the developing concentration boundary layer is then written for this

cylindrical system as
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<
S [}
XM
@i
SO

2
» 2°C . 1 ]
=p| &%+ = (A3-1)
[arz r

where D is the diffusion coefficient, a constant for the flow
considered here. Since the Schmidt number, %3 is much greater than
unity,

6C << GH
and within the concentration boundary layer distances radial from the

wall will be very small such that with

y=R-r,
the following is true: y << R
Therefore
r=R-y
and (A3-2)
91:-]
ar

With (A3-2) substituted into the right hand side of (A3-1) there is

obtained

y2F . 1 % (A3-3)

A comparison of the orders of magnitude of the terms on the

right hand side of (A3-3) simplifies this equation to

2
oC _ 9°C
U o= = (A3-4)
3x ay2

with boundary conditions
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L]
(w]

C(X L0, .Y)

B
C(x 20, y =0) =C,
C(x >0, y ==) = Cg

which demonstrates that curvature can be neglected.
Since the dramatic changes in concentration are confined to a
very thin layer adjacent to the wall, the velocity can be considered
to relate linearly to the distance frbm the wall with a slope equal to
the gradient at the wall.
u= Sy (A3-5)

where

S = (gg) = wall shear rate
y y=o

Introducing the dimensionless variable

0= A3-6
Cp - Cy
along with (A3-5) into (A3-4) yields
sy 20 - 28 (A3-7)
Y 3x ;_f
y
o(x = 0, y) =1
(x>0, y=0)=0
o(x >0, y =w) =1

The solution is obtained as follows:

Let 0 = f(z) where T = y/6c (A3-8)
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The concentration boundary layer thickness can be found by dimensional

analysis,
[ Y: )
Sdc x = D EE (A3-9)
c
or
1/3
= (DX -
Gc = (S ) (A3-10)
If we let
1/3
= (30x; -
Gc = ( S ) (A3-11)
then
S 1/3
z = ¥y (A3-12)
and
30 _ 930 , 3¢ _30_1_ -
X 3z X 4 [ 3x z] (A3-13)

The second order differential

2 2 2
85235 & (A3-14)
oy 8zt W

along with (A3-13) is substituted into (A3-7) and the result is
simplified algebraically to obtain

=+ 3t ==0 (A3-15)

Y
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do

Let p = @ then (A3-15) becomes

§§'+ 3%p = 0 (A3-16)

whose solution is easily found to be

_do _ 3 i
p=g = C EXP(- ¢ (A3-17)
then
z
o=C¢ [EXP(- ¢)° de (A3-18)
0

C] is found from the boundary condition © = 1 when ¢ = «, thus

[+ ]

1=¢, [ EXP(- %) dg > C) = o (A3-19)
° [ Exp(- e
0
so that
¢ 3
c-c. [ EXP(-g7)d
0= W_o (A3-20)
Cg-Cy = 3
[ EXP(- z7)dg
0
This can be simplified to gamma function form by noting that
ra) = [ 271 EXP(- 2)dz (A3-21)
0
Let z = c3, then ¢ = 21/3

and dg = 12723 4z
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Thus
foee-dyr =g LB me(- 2yaz=Lr (A3-22)
0 0
Hence
g
c-c, 1 Be(- e |
B —"W T r (3‘)
where
S 1/3
T=Y (gﬁ;

If N is designated to be the flux of ferricyanide ion per unit

electrode surface area per unit time then

N=-p (X

20
Y ey (Cg - Cy) G5y) = K(Cq - Cy) (A3-24)

y=o0

where KS is defined as the steady state mass transfer coefficient.

Then

& = @9 (A3-25)
D oy y=0
The right hand side of (A3-25) is determined as follows:
1/3
90 _ 230 ., 9% .90, (S -
Yy 9z 93y 23z (QDx) (A3-26)

From (A3-17)

3
30 _ EXP(- )
2 - _T_L__§_L (A3-27)
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and since ¢ = 0O when y = 0

1/3
= (&) () - (=) (A3-28)
y=0 9T rag 9Dx’ %-F (%J 9Dx

30
@

Combining (A3-28) with (A3-25) the steady state mass transfer coefficient

is found to be

3]/3 sz 1/3
K. = >— (=) (A3-29)
s 1 X
r (39
and
1. 3
I () K
3’ s X
—_— = (A3-30)
31/3 (02)
For steady flow in a tube the velocity gradient at the wall is
4U0
S=—x (A3-31)

where U0 is the average velocity. With this value of the shear rate
introduced into (A3-29) the expression for the steady state mass

transfer coefficient becomes

' 1/3
1/3 4]
Ks =D (1]_'2)(%) (Rgx) (A3-32)

which is the same as equation (45).
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To determine the wall shear rate from the measured electrode
response the spatial average of Ks must be considered. Integrating

equation (A3-29) over the electrode surface yields,

3
<K > ==K (A3-33)
s 2 7S |yal
Then
,\1/3
1/3 2
K>=3.3 (@—) (A3-34)
S 2 ] L
I'(? 7
and
3
1, ;2
rz) (§<k)
S L
= (=) (A3-35)
3T/3 02

where L = 0.82 d.
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APPENDIX 4
EXACT SOLUTION FOR THE TRANSIENT AND INSTANTANEOUS SHEAR RATE
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Appendix 4

Exact Solution for the Transient and Instantaneous Shear Rate

The transient behavior of the wall shear stress can be determined
by performing the differentiation, g%b of equation (28). By superposing
the steady value of the shear stress, obtained from the friction factor

for laminar flow as

t.=f U2=]§

1 2 16
S 2 P

Ny * Re (A4-1)

the result, originally obtained by Uchida (1956) is

= (2 U, ) [l + Z an{%—E—cos nwt+-2§Qsin nmt}
e Y b ZE sin nut - 2 t | (A4-2)
nz] n sin nut - G- cos mw -

where D and E are defined in equation (A2-8) and the a, and bn terms

are obtained from equation (14). For a periodic pressure gradient

expressed as
-%.gﬂ []4-2}\ )cos(nwt-e):{ (A4-3)

equation (A4-2) becomes
y 2E D |
T =T 1+ nZ] Ap(n) g cos (nwt - en) + g sin (nwt - en) (A4-4)

or, combining the cosine and sine terms,
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T= T [-1 + ngl Ap(n) o Cos (nwt - o, - GT):] (A4-5)
where
o & - (B
and (A4-6)
87 = tan”) %—
For each n (A4-5) can be written as
(A4-7)

T = ‘[S(] + )\p(n) OT CoS (nﬂ)t - en = 6T))

The shear rate can be expressed in the same form by dividing (A4-7)

by the viscosity u, hence for any frequency

S, = S+ Ap(n) o €OS (nwt - 0, - GT)) (A4-8)
or equivalently,

Sn =S + SF(n)‘COS (nwt - On - 51-) (A4-9)
where
S (A4-10)

SF(n) = S Ap(n) O1

The oscillatory shear rate amplitude ratio is obtained after dividing
(A4-10) by the time average (equivalent to the steady flow value) of

the shear rate. Thus for each frequency

= AS = ApoT (A4-11)

mllw
-n
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which when rearranged yields the final result
As
A__ = 7= 01 (A4-12)

Since o1 is a function of frequency, the value of AS will also depend

on the frequency of the harmonic under consideration? It is plotted
on the accompanying graph (Figure A4-1).

Equations (A4-8) and (A4-12) were used respectively as a
theoretical comparison for the transient shear rate as determined

experimentally from equation (136) and for the oscillatory amplitude

ratio obtained from equation (135). Rearranging (135) there is obtained

S K
F.3 (A4-13)
S A K
or
-3
Ag = 3 A, (A4-14)
Dividing (A4-14) by Ap,
A
s 3
-— = A s - A (A4']5)
p SP R MP

Amp is determined from the experimental data and ASp is then calculated.

The results from (A4-15) were compared to the theory (A4-12).
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APPENDIX 5
DESCRIPTION OF FLUCTUATING QUANTITIES
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Appendix 5

Description of Fluctuating Quantities

The deviation of the instantaneous mass transfer coefficient
from its time averaged value, K, has been designated as K' (equation
113). This is the first harhonic fluctuation whose time average is
zero. The quantity resulting from squaring the magnitude of this
fluctuation and averaging the result over the period of pulsation
will be finite, however. The root mean square (RMS) of this

fluctuating power is defined as
1/2

T
k2 dt

s = K2 = L K
0

2 (A5-1)
where T is the period of oscillation.
The relative intensity of a property of the undulating field
is the ratio of the RMS value to the time average value, thus for
the pulsatile velocity profile the intensity is given by
2

- (A5-2)
U

The quantity which acts as the transfer function connecting mass
transfer to the wall velocity gradient is the spectral density function

which, for the mass transfer coefficient, is defined as

K% = (Rms)? =

! WK(n)dn (A5-3)



-175-

This describes the distribution of the power of the fluctuating signal
among the various frequencies. Since each harmonic of the flow is
an integral multiple of the fundamental frequency, (A5-3) can properly

be written as

K'™ = W dn = W d A5-4
[ Wmydn = 1 Mg(nydn (A5-4)

Furthermore, for a sine wave of a single frequency,

MY _ 2

K'® = wK(n) = (RMS) (A5-5)
This spectral density function for each frequency of pulsation is
related to the amplitude of the nth harmonic of the fluctuating mass

transfer coefficient in the following way,

2
K
E{f) - (RMS)fn) . —Fé-"l (A5-6)
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APPENDIX 6 |
ELECTROLYTE PHYSICAL PROPERTIES DATA
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Table A6-1.
ELECTROLYTE PHYSICAL PROPERTY DATA

Component Concentration

Sodium Hydroxide 2.000 M

Potassium Ferricyanide 0.010 M

Potassium Ferrocyanide 0.010 M
Ifg_ u(centipoise) p(g/cc) Dx106(cm2/sec) Schmidt™
27.0 1.1924 1.0783* 6.2898 1758.40
28.0 1.1699 1.0790 6.4322 1685.27
29.0 1.1466 1.0797* 6.5847 1612.83
30.0 1.1178 1.0804 6.7767 1526.73
31.0 1.0882 1.0807* 6.9840 1441.78
32.0 1.0666 1.0811* 7.1489 1380.06
33.0 1.0433 1.0814 7.3325 1315.74

*
Represents values linearly interpolated from measured quantities.
Properties at all other temperatures not listed here were similarly
interpolated.
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APPENDIX 7
SAMPLES OF RESULTS FROM STEADY FLOW EXPERIMENTS
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APPENDIX 8
TABLES OF EXPERIMENTAL RESULTS FOR PULSATILE FLOW

* XAXIS = Gz5c>/2 @3
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APPENDIX 9
COMPUTER PROGRAM FOR ANALYSIS OF DIGITIZED PULSATILE FLOW DATA



YYDV YTy Y Y Y Y

!

—

110

117

1n
50N

o0
40N

30

1000

171

20N

3N0

4nn

EXTERNAL
PEAL MSTOR(5D)

INTEGHFR CYCOLE

NIMENSION ALSD)Y 48 (50) o CH
P1=e

Iv'=5

FOURTER AMALYSITS

GIVEN TARULATED

S

A ALY
[ARR

POIMTS

-209-

S50 ) aPH]

(E0)sPETCORIED)

DOSYMTHESTS
SURBIRC

UT Tivt:

%URTF

CALCULATES

ATE
SR

FOXY= ALD) +S 1WA COSTIRYX) +RIKISTVAKX) ) s K=lsanes™
THIS PROGRAM COMYERTS TC THo FORN
FiX)= A{D) +SUMICIKICOSIEXY +PrI{Y) ) ) K=lsewesh

M= MUMRED OF POLILTS FOR FOURIFR AMNALYSIS SUG THAT M «GE
M= NUIVRER OF HARMOMTICS O SIRED

PETOR(I)= THE RATIO ClI+1
MSTOR(I)= THF RATIC
REAN(IR15100) NV

FORMAT (24X e 12422Xs12)
READ(IRISLIN2)Y CYCLF
FORMAT (11)
PO 4 INATA=142

IDATA=1 (PRESSURE
{INATA=1) 17410s20

|
IF

VRITE(TY500)
FORMAT (1H1e14Xy'PRESSURE DIF
GO TG 3o

WRITF(IWeEDRD)
FORMAT (1H191/4Xy 'MASS
COMNTIMUF
WRITE (I ,100N0)
FORYAT(1X s14X
s 172)
WRITF (I e101)

T3

M

s PRUMPBER OF

cCycLx

ANSFER

FEREN

R

) /C(1)

(I+1)/CH

I2ATA=?

COSFEICIENT

POIMNTS

FORVAT (15X "NIUMRER OF CYCLES IH
17 AMALYSIS='s12)
NOTFme THFE NIGITIZED CURVE 0S

CALL RRF{FLUN g 0
IF(IFR=1)74s1s1
WRITF (e 200)
FOPNMAT (20X P otxa
CALL FXIT

\:I_M+1

[1=0

C(1)=A(1)
WRITF{IwWe300)
FORMAT (1HM 914Xy VHARY
CRTITE( IV e4n0) T1sC(1)
FOAPMAT (18Xe1245XF127,
N0 3 =27

Il=1=]

9[\;!391[‘1‘\

IeR

FRROR #x#

(TI=SORT(ALT)X%7 +R(1)%2)
PHTCT)=ATAN (=R (1) /ACT) )
PHI(T)=DHTI(1)#36 e/ (?40%34 141

s TDATA)

(PRESSURE

(V7SS

DATA)

1) TRANEFEZR DATA)

(MASS

TIAL DATA A ")

LALYSITS

~on

DATA AMALYSIS!)

PER CYCLE I TH FOURIER

'EoPER CYCLE I

LTICH Fu

Fu

IFR=1Y414)

1&94)(,76.1)

ORNTICYH a5 X AN

PLITUDFE Y 93X "PHAST(DEG) Yy /)

A ALY S

THE

T
O

FOURTE
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WRITE(IWs400) 119C(T)ePHI(T)

2 CONTINUF
NO 40 J=] M
IF (IDATA=1) 31431535

21 PETOR(IY=C(TI+1)/C({1)

CCTO 40

25 MSTOR (I = C{I+1)/CH{1)

40 CONTINUF

4 CONTINMUE

WE NOW CORRFCT THE MASS TRANSFFER DATA USING FORTUNA'S
CORRECTICON FACTOR ANMD COMPARE THE RESULT WITH UCHIDA'S THEORY

NCTE THAT PRIOR TO THIS PCIANTs APT AND Y(I) HAVE BEEN READ
IN IN YFUN?
READ It: T=FE PHYSICAL DATA FOR THIS RUMesses
RNAME = RUN NUMRER==ELECTRODE NUMBEE
NELEC= NDIAVETER OF ELFCTRCDRE (CY)
TEMP= TEMPFRATURE (DEGC)
FRFEO= FREQUENCY (RADTIANS/SEC)
RF= RFYNDLDG NUMBER
RMU= VISCOSITY (CENTIPOISE)
RHO= DEXNSITY (GRAMS/CC)
RNU= KINEMATIC VISCOSITY (Cvx%2/5EC)
DIFF= DIFFUSION COEFFICIENT (QV*%2/5EQC)
SC= SCHMIDT NUMRER
GZ= GRAFTZ NU¥BER
OMEGA= DIMENSIONLESS FUNDAMENTAL FREQUENCY

READ(IRLsT7O0) RNAMO GDELECes TFMP 9 FRE Qo RFE
700 FORMAT (AL 96X 9sF 704 93X 9F5e195X9F6a394XsFBe2)
WRITF(IWs740)
740 FORMAT(1HI)
WRITE(IWe750)

750 FOPMAT(//» Tani'”AaS‘y/’TIB"Q‘“F\SIU\ ESSY e T28 9 "REYNULDSY#T37s ' SCH!
PMINT " oT4T7 o' TRANSFERY 9 TH 79 'PRESSUREY s TRL s "CORRECTIONY »T110s'PER CE
ANTV e/ o T2 'FLECTRODE Y 9 T154¢ ' FREQUEN CY'!Tc9o'NU““FR'9T359'\U“EP';TQH
Ge'RATIO' oTSS s "RATICY 9 TET o' AMP Y 9 T 749 " XAXIS ' o T33s'FACTOR ' 9 TS39'ASP Y,
5TIN1 s tUCHIDAY s T111'FRRCRY)

DTURE=14631
RMU= RMUITFMP) /L1004 %*RHO(TEVP))
NIFF=s (TEMP+2T73415)/RMU(TEVD ) %2 ,5F =08
SC= RNU/DIFF
Gl #R2*¥DELFC/{(DTURE#RE®S(C)
OMEGA= DTURE/24%SQRT(FREQ/RNU)
“RG=M/CYCLE
NO 50 J=1MBUG
1=J*%CYCLE
REALLI=J
DFREQ= SORTIREALI)*XOMECGA
XAXIS= GZ#SC*#{145)#DFREQ¥**3
AFACT= FORTU(XAXIS)
IF (AFACT) 5050445

45 CONTINUF
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AMP= MSTOR(T)/PSTOR(T)
ASP= AVPRI G /AFACT
THFOR= UCHID(DFREQ)
ERR=(ASP=THFOR)/THEQR*100,
WRITE(IWIBO0) RNAME ¢DFREQIRE ¢SCovETOR(I) 9PSTORIT) s AMP o XAXISsAFACT s
1 ASPyTHFORSERR
A00 FORMATI//Th4sAbsT169F6e33T283F T2 0T 23T 0FT7e29T4BorbubsTHT9Fbeb9TEDIFG
Peb9T739F6e39TR29F5629T929F 669 TL01oFEea9T11l1lsFEe2)
50 CONTINUF
WRITE(IwWse183)
182 FORMATI(1H1)
CALL EXIT
END
SURROUTINF FORRF(FUNINsMsAsBsIER»IDATA)
DIMENSION A{1)sBI(1)
THIS IS A SLIGHT REVISION OF THE [I8%=SSP SUBRCUTINE FORIF
CHECK FOR PARAMETER ERRORS
IER=0
20 TF(M) 30440s40
30 1ER=?
DETURN
4O TF(M=N) 609860950
50 lER=]
RETURN
COMPUTE AND PRESET COMNSTANTS
60 AN=N
COEF=240/(2s0%AN+160)
CONST=24141593%#COEF
81=SINICONST)
Cl=COS(CCNST)
C=le0
§=0e0
J=1
FUNZ=FUN{Q4Qs=1s IDATA)
70 U2=0e0
Ul=0e0
Al=2%N
FORM FOURIFER COEFFICIENTS RFECURSIVELY
75 X=Al#CONST
FaFUN{Xes1sIDATA)
UC=F42 4 0#C#1=l)?
u2=u1
ul=uon
Al=Al=1.0
IF(AI) 804980475
R0 A(J)=COrF*(FUNZ+CHUL1=U2)
P{J)=COEF*S+#U1
IF{J=(M+1)) 9041004100
A0 Q=Cl*¥C=S1%*S
§=C1l#*#S+S51%#C
c=Q
J=J+1
0 TO 70
100 A(1)=A(1)%045
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o

I

mn

11
110

-~

110

700
1720

3ne
120

20

-212-

YETURN
£40
FUMCTION FUIN (X" o IDATAY
NIVENSION Y1007
AT
1%2=9
READY YA{TI)y ANMD SET PRARANETERS
IF{N) 10910 e20

REAN LOT=E POINTS PEP CYCLF Ta DIGTT

TF{IDATA=L) 11ls11612
TEAD(IRLISIND) NPT
FORMAT (55X e 14)
CONTINNE
XNPT=NPT
Pl=34141597
IFIINATA=T) 11Ne11Cs120
REAT(IR?24200) (Y(IJ I=190PT)
FORMAT (1XeF10e5)
GOOTC 130
DEAD(IR29300) (Y {I)el=lynPT)
FORMAT (11X951NehH
CONTIRUF
Fin=y (1)
PETURN

LOCATE X A\“ INTERPCLATS
KA =X eXNPT/ (7o N#PT)
Mz Y MAR
XM=
FUMY (V) +{ XMARK =X ) ¥ (Y (V4L )=Y ("))
PETURN
Ean
FUMCTION RHOL(T)

RHO=DENSITY IN Gi/CC
HIMENSION A{3)
All)=1.0783
Al2)=14C804
A{2)=1.0814
I(;-—
IF(T=27e0) 19397
WRITE(IWwelnN) T

FORVMAT (10X g P xxx TEMD CGUTSIDE ALLOWARL

CALL FXIT

[F (T=22340)%93,1]
I=0

nC oA J=leTs3
I=1+1

XJ=.J

XT=Te (260 N4X

IF (XT) 5Se496
PR=A(])

FETURN

o

(27=273

NHO= (ACT)=A{I=1) )% (T=2340=XJ) /% +A(I=1)

PETURN
CONTINGE

OEG)



CALL FXIT
1D

FUNCTION FORTUIXAXIS)
RIMEMESTION A(21)142(21)
FORTU= FORTUNA'S CORREC

Thi=h
A{1)=7400
Al2)1=1eM5
A{R)I=1410
Ala)=1420
AlBR)=] 420
Al6)=1e50
AlT7)=247
AlR)=beD
M) =449
Al1D)=54¢6

Al14)=10e0
A{15)=12e0
A{1A)=17e0
A{l8)=23e0
All19)=2660
A{20)=28a0
£(21)=32.317
Q(1)=1.00
B(P)=4998
R(2)=Ne995
R{4)=04589
(51 =04980
RIE)=NaG67
R{7)=0420R
A{R)=(4R5H0
R(O)=N,22R1
2(10)=0e807
Fl11)=0e77]
2(12)1=Ne735
P13)=04779
R{14)=0e62R
R{15)=045473
R{16) =0 6454
R{171=0e4n7
R{12)=ne37N
P(19)=0e3473
P20 =04%29
a(2l)=04304

IF IXAXIS=22a31721204,1

FORTU==1W0
PETURN

[F (XAXISE=140)

EORTU=140
RETURN

1o

-213-

SR

AFACT
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N7 I=14921
IFIXAXTIS=A(I)) 69547
FORTH=RBI{T)
RETURN :
FORTU= ({1 )=3(I=1))*(ALDGIXKAXIS)=ALOGIA(I=1) )/ (ALCGIACT) )=ALQGH
AlT=1))) +R{]=1)
PETURN
CONMTINUF
CALL EXIT
FrD
FUNCTION RNMU(T)
RMU=VISCOSITY It CEMTIPOISE
NIMENSION A (T)
Tw=5
All)=1el924
Al?2)=141699
A(2)=1el466
Al4)=1e1178
AlB)=140887
Ale)I=1e0666
A{(7)=140433
IF(T=2740) 19392
WRITE(IWe1DN) T
FORMAT(10OX o Y #3ste TEMPR OUTSIOE ALLOWARLE (27=33 DEG)y T= '9FEBe3)
CALL FEXIT
IF (T=33e0) 24341
NG 6 I=1s7
Yi=]
XT=T=(26e0+X1)
IF (XT) Se496
_ry=A(T1)
RETURN
PMUs(A(T)=A( =] ) )% {T=25e0=X]) + A{I=1)
CTETURN
CONT IMUF
CALL FXIT
FMD
FUNCTION UCHID({X)
PIX)=TWOPI#*X
BER(X)= 1e0=Bhed#(X/Ba0)%%#4 + 1130 7TTTER(X/Bau)#%BmB2636346%{X/ 8oy
2IRELD 4+ 24641918 (X/840 )% %16=0,083496%(X/840)1%%20
BET(X)= 1660%(X/Re0)¥¥2m1134TTTTEX(X/BeU)*¥%E4+T2eBLTTH*(X/Be0)##]1]0=
210a56766%(X/8e0)##14+0e521AAM(X/8e0) ¥ % 16=0aCllUsH(X/8a0)%%22
RERPR (X )= X3 (w4 o V¥ (X/ 8¢ )# K221 4e27222%(X/BaD)*¥0=E40CRBLD*H(X/8a0) %%
210404 6604R%{X/Q40N)*%14)
REIPR(X)= X¥(0e5=1Ceb6AETH*(X/Ba ) ¥#4+11a37TTTHE#(X/BeQ)#%8
2m?2431]68% (X/840)%HIP2+0 41 146T7T*{(X/8a0)%%]16)
ARER (X )= (EXPIX/SART(2e0) ) ) # (P (X)#% (=(¢5) ) #¥COS{X/SQRT(Z2s0)=0EL)
ARET(X)=(FXP(Y/SART(2e0) ) ) H (D (X )¥¥ (=05 ) ) *¥SIN(X/SQRTIZ260)=DEL)
AREFRD (X )=EXP{Y/SART(260))¥((C(X) %% (=( ¢5) 1% (=SIHN(X/SQRT{2eC)=DEL)*
71e0/S0RT{2eN) 14 ( =PI )#{P{X)%#({=145) ) %COSIX/SQRT(20)1=DEL)+
21 aN/SQRTI2 40 ) (D (X ) %% (=045) 1 HCOUSIX/SQURT(260)=22Z0L1))
APFEIP(X)=EXP{X/SGRT (260} ) ¥({P(X)# X (=D45) )% ( COSIX/SQRT(260)=DELY*
21aN/SORT{2 )Y (=PI)#(P{X)%*#¥ (=1 a5} ) *SINIX/SORT(240)=DEL)+

P
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B1eN/SAPTU2eN)H(PIXI¥¥(=0a5) ) #STI(X/SURT{ZaG)=LEL))

BERSQUINI=ARER X ) ##Z2+ARF T [ X)) %3#2

NEL=2245/5T7e296

PI=3,4141509

TWOPI=240#P]

IF(X=24)12912911

C=(ARFR{IXIXAREIP (X)=ABRET (X )#ARFRP (X)) /BEISQIX)

N= (ABRER(XI#ARERP (X I+ARET{XI*ARETIF (X)) /RERSG(X)
A=(2e0%C/X)%%2

R=(240%D/X)%3%2

UCHID=SART (A+R)

BEFTURN
C=(RFR(XI*¥BEIPRIX)=BFI(X)¥BERPR (X)) /(BERIX)*%2+BEL(X)%%2)
N=(BFR{X)*ATRPR(X)+BF T IX)I¥REIPRIX) I/ (BERIX)#¥24+pET (X ) *%2)
A= (26 D*C/X)%%2

R=(2,0%D/X)#32

UCHID=SART (A+R)

RETURN

END
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Nomenclature

Constant of integration (equation 71)
Fourier coefficient of cosine

Defined in equation 28

Surface area of electrode

Correction factor defined in equation 129
Mass transfer to pressure amplitude ratio
Shear rate to pressure amplitude ratio
Defined in equation 28

Fourier coefficient of sin

Concentration of ferricyanide ion (moles/liter)
Time average concentration

Fluctuating concentration

Amplitude of the fluctuating concentration
Defined by equation 111

Quasi-steady value of ¢

Bulk concentration

Concentration at the wall

Electrode diameter (cm)

Pipe diameter; also defined in equation (A2-8)
Diffusion coefficient (cmz/sec)

Defined in equation (A2-8)

Potential difference (volts)

Faroday's constant, 96,500 coulombs/eq. wt.



<K>
Kl

Ke(n)

Kf(n)

-217-

Amplitude of first order fluctuation of ¢
Defined in equation 48

First perturbation term of f¢
Second perturbation term of f

Friction factor, equation (A4?1)
Graetz Number, equation 43
Instantaneous current

Steady flow current

Time averaged cell current
Fluctuating cell current = IFei"’t
Amplitude of fluctuating current

th order

Bessel function of the n
Instantaneous mass transfer coefficient (cm/sec)
Steady state mass transfer coefficient

Spatial average of KS

Time averaged mass transfer coefficient

Spatial average of K

Fluctuating mass transfer coefficient = Kr‘.(")e'i"“’t

Amplitude of the nth harmonic of the fluctuating
mass transfer coefficient = Ap(n)Kf(n)

First order perturbation term for the nth harmonic
of the fluctuating mass transfer coefficient

Spatial average of Kf

Amplitude of quasi-steady fluctuating mass transfer
coefficient

Equivalent electrode length, = .82 d
Modulus

Modulus of J1
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Modulus of Jo
Mass flux of ferricyanide ion
Defined by equation 105

Fluctuating Nusselt Number

Number of integral multiples of fundamental frequency
Number of electrons involved in electrolytic reaction
Pressure

Pressure gradient for steady flow, equation 14
Non-defined quantity; also flow rate (cc/min)
Reynold's Number

Pipe radius

Mass transfer to pressure ratio (complex)

Radial position

Schmidt Number

Instantaneous shear rate

Fluctuating shear rate

Time averaged shear rate

Amplitude of the fluctuating shear rate for nth harmonic
Period of pulsation

Instantaneous axial velocity

Steady flow velocity

Area averaged mean velocity for steady flow

Time averaged bulk velocity, = UO

Fluctuating component of velocity
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Amplitude of fluctuating velocity, defined in
equation 19

Velocity normal to wall, = 0

Refers to pipe wall

Defined by equation (A1-10)

Spectral density function for mass transfer coefficient
Spectral density function for shear rate
Axial position, position on electrode surface
Transformed radial position, =R - r
Correlation constant for equation 93
Expansion terms of z

QSc]/Z, equation 50

Defined in equation (A1-7)

Gamma Function

Defined in equation 31
nth
coefficient

Defined in equation (A4-6)

Thickness of concentration boundary layer
Hydrodynamic boundary layer

Defined by equation 40

Transformed y variable defined by equation 52;
Also equal to %-in Appendix 1

Phase with respect to fundamental frequency of nth

harmonic of pressure gradient or mass transfer coefficient;

also dimensionless variable of Appendix 3

harmonic phase lag between shear rate and mass transfer
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Defined in equation 115
nth harmonic pressure ratio amplitude

Ratio of the amplitude of the oscillatory shear rate to
the steady flow shear rate

Ratio of the amplitude of the oscillatory mass transfer
coefficient to the steady flow value

Viscosity (g-cm/sec)

Kinematic viscosity (cm2/sec)

Transformed x variable defined in equation 51
Density (g/cc)

Defined in equation (A4-6)

Defined in equation 76; also instantaneous shear stress
in Appendix 4

Steady flow wall shear stress
Dimensionless concentration defined by equation 34

Steady state dimensionless concentration
Solution given by equation 42

First order fluctuation of ¢

Defined in equation 56

Fundamental frequency of pulsation (radians/sec)
nw

Dimensionless frequency parameter, = R S5
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