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MASS TRANSFER AT ROUGH SURFACES

DAVID A. DAWSON

Hatch Associates Ltd., 21 St. Clair East, Toronto, Ontario, Canada
and
OLEV TRASS

(Received 21 June 1971)

Abstract—Electrochemical mass transfer rates between solid nickel surfaces and the ferro-ferri-cyanide
electrolyte flowing in a 1 in. square duct have been measured for smooth and six similar rough surfaces,
the latter having V-shaped grooves of 2 -14 mil depth normal to the flow direction. The Reynolds number
was varied from 3000 to 120 000, the Schmidt number from 390 to 4600.

For Reynolds numbers greater than about 15000, these data were correlated as
St k
—E =" =f(e",S0).

Sts kg

A maximum roughness effect was observed at the dimensionless roughness height e ~ 10 where the ratio
of rough to smooth surface transfer varied from 3 to 4.
Data for dissimilar surfaces showed the importance of roughness shape and spacing; their influence on

mass transfer is different from that on momentum transfer.

NOMENCLATURE K, mass transfer coefficient [em/s];
cathode area [cm?]; K*,  [St/J(C,/2)];
concentration of transferred material I, width of duct wall [cm];
[moles/em?]; P, roughness spacing [cm];

friction factor = (27,,g./pii): Pr, Prandtl number;
diameter [cm]; Re, Reynolds number = d,ii/v;
equivalent diameter; 5, distance between pressure taps [cm];
diffusivity [em?/s]; Sc, Schmidt number = v/2;
roughness height [cm]; Sh, Sherwood number = kd,/2;
eu*/v; St, Stanton number = Sh/Re Sc;
friction similarity function, defined by u, velocity in downstream direction
equation (7); [cm/s];
fully rough value of f; i, mean velocity [cm/s];
Faradays’ constant 96 500 u*, “friction velocity”

[A/gequiv. wt]; = J(1,9./p) [cm/s];
heat transfer similarity function; v, applied voltage [V];
mass transfer similarity function, de- v, distance normal to duct wall [cm];
fined by equation (12); v, yu*/v;
Stg/Stg; YA valence change [equiv. wt/mole].
gravitational constant 980

[gem/g;s?]:  Greek letters
cell current [A]: AP,  pressuredrop [g/cm?];
limiting cell current [A]: €, eddy viscosity [cm?/s];
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&p, eddy diffusivity [em?/s];

Uy viscosity [g/cm s];
v, kinematic viscosity = u/p [em?/s];
2, density [g/em?]:
T, shear stress [ g;/cm?].
Subscripts
B, bulk or average;
R, rough surface;
S, smooth surface;
W, wall.

ALTHOUGH the processes of momentum, heat
and mass transfer near a smooth surface are
reasonably well understood, the effect of surface
roughness on the transfer rates is not. Theoreti-
cal analysis of flow near a rough surface is at
best qualitative, while empirical correlation of
the transfer rates is hampered by the inability to
find suitable parameters to describe the rough-
ness.

Surfaces with roughness elements entirely
within the viscous sublayer have been found to
be ‘hydraulically smooth’ [1]; heat transfer
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coefficients for such surfaces have also shown no
roughness effect [2]. Brennan [3] has suggested,
however, that in high Schmidt number mass
transfer systems, where the resistance to transfer
is concentrated within the viscous sublayer,
even very small roughnesses could significantly
increase the transfer rate. A fourfold range exists
in the mass transfer data available in the litera-
ture, as shown in Fig. 1, which Brennan attributes
to the formation of minute roughnesses on the
surfaces as they dissolve.

Larger surface roughnesses, at high velocities,
affect the three transfer processes differently—
the friction factor becomes constant at high
Reynolds numbers {1], while heat and mass
transfer coefficients continue to depend on fluid
properties [2, 4]. It is questionable whether the
three transfer processes can be considered
analogous under these conditions, except in a
MiCroscopic sense.

In the present study, mass transfer rates have
been measured over a range of variables which
includes the areas discussed above. The electro-
chemical technique employed is particularly
suited to roughness studies, since the surface
does not dissolve during the transfer process.
Thus, in contrast to the dissolution techniques,
the surface geometry can be predetermined,
and will remain constant.

THE ELECTROCHEMICAL TECHNIQUE

Until recently, most mass transfer studies
were performed by measuring the rate of thick-
ness decrease of a surface dissolving in a fluid.
In the last decade, the electrochemical technique
of mass transfer measurement has become popu-
lar, partially because of its capability for rapid,
precise measurement of transfer rates, but
particularly because the transfer process causes
no change in the surface.

The basic principles of the technique will not
be discussed in any detail here, as these have been
adequately described elsewhere [5-10]. Essen-
tially, the method involves the measurement of
the current flowing in an electrochemical cell,
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operating under such conditions that the reac-
tion rate is controlled by the diffusion toward
the electrode surface of a particular ion of
krown concentration.

In this study, the cell consisted of two nickel
electrodes, on opposite walls of a one-in.
square duct, through which flowed an electro-
lyte solution. The electrolyte composition was
typically

K;Fe(CN), 35 x 1073m
K Fe(CN), 70 x 107 3m
NaOH 1-4M

When a voltage is applied to the cell, the
reaction

Fe(CN); ® + e~ — Fe(CN); 4

occurs at the cathode, and the reverse reaction
at the anode. The surface to be studied was made
the cathode of the cell; a smooth electrode of
approximately three times the surface area was
used as the anode. Since the cathode was smaller,
and the ferricyanide ion concentration was less
than that of ferrocyanide, the processes occur-
ring at the cathode controlled the cell current.
This was tested experimentally by varying the
concentration of ferrocyanide ion; no change
in the cell current was observed, using rough or
smooth cathodes.

In systems such as this in which the mass
transfer rates are high, proper preparation of
the electrode surface is necessary to ensure that
the surface reaction rate will not be the con-
trolling factor. Hanratty and co-workers [7-10]
have shown that a satisfactory cleaning pro-
cedure consisted of buffing the surface, followed
by cathodic treatment in an electrolysis cell
In the present study, a similar method of surface
preparation was found inadequate for the rough
electrodes, likely because of the etched structure
of the surfaces. After some experimentation, it
was found that rinsing the surface for a few
seconds with dilute {1n} sulphuric acid solution
after buffing with a commercial cleanser, fol-
lowed by 30 min cathodic treatment in a IN
sodium hydroxide electrolysis cell, resulted in

1319
o8
LI S I
o7k . Cleaning methcdll
P . Doonoooooo
a
06k ‘e Cleaning method T
* o
‘C
-5 o
<t +
3 o
K 04r »
o
L
03 o
1 . .
Ca=5-00x10 " msL
Q-2
* t =35°C
b Lol
Re=TrO00
olt,
o
o I P SVRN RO RO |
[e R o8 -2 8 2-C 2-4

Apptied voltage, V

F1G. 2. Polarization curves for surface R3, cleaning methods
I and II.

good, reproducible polarization curves. A com-
plete description of the method of surface
preparation may be found in [ 11].

It is normally assumed in electrochemical
mass transfer studies that a flat plateau in the
polarization curve is adequate proof of diffusion
control. The data in Fig 2 demonstrate that
this is not necessarily the case. These polariza-
tion curves were obtained using two different
methods of cleaning the surface, but under
otherwise identical conditions; although both
curves have excellent plateaux, the limiting
currents differ by 15 per cent. These results
cast some doubt on the validity of the tech-
nique, and on published data obtained by this
method.

A further test is required to ensure that the
cell is truly diffusion controlled. The dependence
of the limiting current on ferricyanide ion con-
centration should be linear under diffusion con-
trol, while under the combined influence of
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diffusion and surface reaction, such a linear
relationship would not be expected. The re-
sults of this test are illustrated in Fig. 3. Using the
cleaning procedure described above, denoted
Cleaning Method 11, the ratio /,;,/Cg is inde-
pendent of Cjp. The results for Cleaning Method
I show no definite trend away from linearity, but
are badly scattered, especially at the highest
Reynolds number. If the surface reaction rate is
affecting the limiting current, its influence would
of course be strongest at high Reynolds numbers,
where the diffusion rate is greatest.

EXPERIMENTAL

Rough surface electrodes

Of the eight rough surfaces for which mass
transfer and friction factor data are reported,
six (R1-Ré6) belonged to a geometrically similar
series. The roughness elements were V-shaped
grooves running across the flow direction. With-
in the limits of the method of fabrication, the

ratio of groove pitch to height was held constant.

To fabricate these surfaces, a pattern was first
drawn consisting of a series of parallel lines
4 units thick and 50 units apart. From this
drawing, six photographic negatives were made
using a different degree of reduction for each.
The patterns were then photoengraved onto
#sth in. nickel plates, the depth of the etch
being controlled as much as possible to be
proportional to the line spacing. The resulting
groove dimensions were as given in Table 1;

Table 1. Roughness dimensions

Surface  Pitch, p (mils) Height, e (mils) pie
R1 10 22 45
R2 15 4-0 375
R3 20 52 375
R4 30 80 375
RS 40 11-0 364
R6 30 136 368
R7 15 41 3-66

R8 30 40 7-5
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O mils
FIG. 4. Sketch to scale of the roughness elements.

except for surface R1, which had a slightly shal-
low groove, the p/e ratios for the six surfaces
were quite consistent.

Figure 4 shows a sketch of each of the surfaces,
drawn to scale, to illustrate the relative sizes
and shapes of the roughness elements. The flat
top of each of the roughnesses was the original,
unetched surface of the nickel plate, while the
curved surface was the etched groove. The
groove surface was of course not perfectly
smooth as shown here, but exhibited a graininess
of about 0-2 mils in height resulting from the
etching process.

The other two rough surfaces, R7 and RS,
had different geometric~! configurations. These
were not studied in any detail, however, and
were intended only as a comparison to aid in
the understanding of the results from the six
similar surfaces.

Surface R7 was made from a different pattern
drawing; instead of continuous parallel lines
as for the other six surfaces, the pattern con-
sisted of a series of dashes 50 units long, separ-
ated by 50 unit spaces. Alternate lines were
staggered such that the dashes were opposite
the spaces of the adjacent lines. The pattern was
reduced to the same dimensions as surface R2,
and the etch depth was the same as R2. The re-
sult was a surface on which the roughness
elements were broken to provide a flow path
around the elements.

Surface R8 was made using the pattern for
surface R4 of the similar series, but was etched
to the same depth as surface R2. R8 therefore
had twice the p/e ratio of the similar series of

10

roughnesses, and was designed to illustrate the
effect of this ratio on the transfer rates.

The plates were cut after etching to a size of
12 in. long by 2 in. wide. Brass screws were
soldered to the back of the plates for use as
mounting bolts and electrical connectors.

Mass transfer experiments

An overall schematic diagram of the experi-
mental flow system is given in Fig. 5. The system
formed a closed loop from the pump through
the entrance and test sections, the rotameter,
and a 15 gallon polyethylene surge tank. A
bypass loop was provided to allow better con-
trol of the flow rate. All components of the sys-
tem, with the exception of the stainless steel
cooling coil, were non-metallic, to avoid con-
tamination of the system by corrosion. Nitrogen
required to deoxygenate the solution prior to
the start of an experiment was supplied to the
pump inlet by a glass tube inserted through the
top of the surge tank. The tank was covered to
keep a blanket of nitrogen over the solution,
and was wrapped with aluminium foil to exclude
light.

The one-in. square Lucite test section was
24 in. long, and was preceded in the flow loop
by a 36 in. long entrance section of the same
internal dimensions, to ensure a fully developed
velocity profile.

The lower wall of the test section was grooved
to receive a smooth nickel anode covering the
width of the duct for the entire length of 24 in.
A 12 in. x 1 in. slot was cut in the upper wall,
into which fitted a removable cover plate con-
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taining the cathode. A cross-sectional view of
the duct is given in Fig. 6, showing the cover
plate clamped in place, and sealed with an O-
ring.

A &th in. deep slot was machined into the face
of the cover plate to hold the cathode, and three
holes were drilled through the plate to accom-
modate the cathode bolts. When the complete
test section was assembled, the peaks of the
roughness were flush with the duct wall.

A simple electrical circuit supplied power to
the electrolytic cell. A 6-V lead—-acid battery
was used as the power source; the voltage
applied to the cell was controlled with a 25 Q,
ten-turn helical potentiometer and measured on

R _— i
: ‘ ¢ calhode
lin. a anode

Z J

F1G. 6. Cross-section of test section.

a small voltmeter. The cell current was indicated
on a 1 A Weston D.C. ammeter; the voltage
drop across the ammeter, previously calibrated,
was recorded on a Leeds—Northrup AZAR mV
recorder, having an adjustable range from 0-67
to 100 mV, and an adjustable zero from — 50 mV
to +50 mV.

The electrolyte solution was prepared in the
equipment, by adding weighed amounts of
sodium hydroxide, potassium ferricyanide and
potassium ferrocyanide to approximately 40 1.
of distilled water in the surge tank. The solution
was pumped around the loop to ensure thorough
mixing. Sodium hydroxide concentration was
tested by titrating a sample with In HCl
and adjusted if required. The f{erricyanide
concentration was titrated iodometrically either
just before or just after a run was performed,
using starch solution as an indicator.

To begin a mass transfer experiment, the re-
quired cathode was inserted in the cover plate
and cleaned using Method I described above.
At the same time, a dummy cover plate was
installed in the test section, and the solution cir-
culated. The electrolyte was brought up to the
required temperature, and held there by circu-
lating cooling water from a constant temperature
bath through the coil. The temperature was con-
trolled to within 0-5°C by this method. During
the first half of the 30 min warmup period,
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nitrogen was introduced to the pump inlet to
purge the solution of oxygen.

The clean electrode was installed in the test
section, and connected into the electrical circuit,
A polarization curve was measured in steps of
01 V at the highest flow rate. Limiting current
measurements were then taken over the whole
range of flow rates, beginning with the highest,
Although polarization curves were not taken at
each flow rate, the voltage was reset for each
reading after a quick scan of the piateau.
After all readings had been taken, the first
measurement was rechecked to give an indication
of drift caused by contamination. The drift
over the roughly 30 min duration of the run was
rarely more than 3 per cent; if the drift exceeded
5 per cent, the data were discarded and a new
solution prepared. Since the drift only affected
the high flow rate readings, which were taken
during the first few minutes of the run, it is
estimated that no reading would be more than |
per cent belov. its initial value.

Mass transfer coefficients were calculated
from the limiting current using the equation

I!im
K T ZFAC, M
Friction factor measurements

An initial attempt to measure friction factors
in the mass transfer flow loop failed, as the
pressure drops over the short test section were
too small for accurate measurement. A Decker
model 306 differential pressure meter was
available, however, which was capable of
measuring pressure differences of 107* in. of
water, in a gas. The meter was equipped with two
interchangeable transducers having nominal
ranges of 01 and 30 in. of water. The output
of the meter, 0—10 V d.c., was stepped down to
0-50 mV with a resistance bridge, and was
recorded on the AZAR recorder. The meter
system was calibrated against an inclined
manometer prior to use.

The same one-in. square duct from the mass
transfer experiments was used for the measure-
ment of pressure drops in air. Air was supplied
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by a rotary positive displacement blower,
through a surge tank and rotameter, to the
square duct. So that the rough and smooth
surfaces could be compared at exactly the same
flow rate, two identical test sections were in-
stalled after the 36 in. long entrance section.
Pressure taps were located 2 in, downstream
from the leading edge, and one in. upstream
from the trailing edge, of the 12 in. long surface
in each section. Either set of taps could be
connected to the meter using three-way stop-
cocks. As the rough surface did not extend over
the whole perimeter of the duct. the friction
factor could not be calculated directly from the
pressure drop measurement. If it is assumed,
however, that the rough surface contributes to
the pressure drop in proportion to the fraction of
the surface area which it occupies, then the
rough surface friction factor can be calculated
from the increase in pressure drop caused by
the rough surface over the equivalent value for
the smooth surface. A momentum balance over
a length, s, of the square duct, part of whose sur-
face, A, is roughened, yields

&PR . I}, = TWR’A + 'Ews.(‘ws i A}s (2)
When the surface is smooth, this reduces to
APS . 12 = Tws. (4’S)u (3)

Using the definition of the friction factor, C,
these equations can be combined to give

c,. 4ls (AP, — AP,
Som g 4 B(8TR =005
c, ' F A( AP, “

RESULTS

Friction factor data

Friction factors measured for the smooth-
walled duct, and for the geometrically similar
series of rough surfaces, are plotted in Fig. 7.
The results cover a Reynolds number range from
10000, considered to be the lowest flow rate at
which meaningful pressure drops could be
measured, to about 60000

The smooth surface data follow an approxi-
mately linear plot, with a small negative slope,
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and except at high Reynolds numbers are in
good agreement with the well-known Blasius
equation for smooth round tubes,

C, = 00791 Re"

4
3

(5)

A gradual positive deviation from the Blasius
line can be observed as the Reynolds number is
increased. It was attributed to imperfections
in the duct construction and in the fitting of the
cover plate.

The data for the rough surfaces were calculated
from the difference between the rough and

smooth pressure drops, and as a result are con-
siderably scattered. The data are of sufficient
accuracy, however, to illustrate trends with
Reynolds number and roughness height. In
the range of Re studied, no single surface
covers the full friction factor range from
hydraulically smooth to fully rough. However.
by examining the data for successively larger
roughnesses, the whole range can be observed.

At low Re, for the smallest roughnesses,
the friction factor curve coincides with that for
the smooth surface. With increasing Reynolds
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number and roughness height, the friction
factor rises from the smooth curve. The data
do not level out to a horizontal line, as would
be expected from previous work [1], but
continue to rise with increasing Re.

Since C,,_ is calculated as a multiple of C, at
the same Reynolds number, the error observed
in the smooth surface results is of course
carried over to the rough surface friction factors
as well. This error can be eliminated from C
by correcting the equivalent value of C to
coincide with the Blasius line.

The rough surface friction factors have been
replotted in the corrected form in Fig. 8.
The results for each of the six similar surfaces
now level out to a constant value at high
Reynolds numbers, this value increasing with
increasing roughness height. The fact that this
correction yields a result consistent with previous
work [1, 4] gives some degree of confidence in
the validity of the measured ratio C, /C,,
although there are errors in the smooth surface
data at high Re.

Figure 9 is a similar plot of the friction factor
data for surfaces R2, R7 and RS, corrected as
above for errors in C, . These results show the
effect of the shape of the roughness on the
friction factor; although each of these surfaces
has the same roughness height, the friction
factors differ markedly. Obviously, the pitch/
height ratio, p/e, and the roughness pattern have
an important effect on the friction factor; we
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shall see below that the mass transfer coefficients
are also affected.

Mass transfer coefficients

Using the electrochemical technique de-
scribed above, mass transfer coefficients in the
range 3000 < Re < 120000 have been measured
at ten different values of the Schmidt number
from 400 to 4600. The data plotted in Figs. 10-12
are typical; a complete tabulation of all the
results can be found in [11].

As expected, the smooth surface data form
straight lines on the logarithmic plots of the
Sherwood number against the Reynolds number,
with slopes just less than one. These lines shift
progressively higher as the Schmidt number
is increased, indicating a positive exponent on
Sc. Correlation of the smooth surface data,
using a least-squares analysis, yielded the
equation

Sh = 0-0153 Re® 88 §¢032 (6)

with a standard deviation of 4 per cent.

The exponents on Re and Sh are in excellent
agreement with the values predicted by Lin
et al. [5] of  and § respectively. The data average
32 per cent higher than Lin’s equation, however.
By comparison, Hubbard [12] and Son and
Hanratty [10] each reported data averaging
11 per cent above Lin’s prediction. The data of
Harriot and Hamilton [13] for dissolution mass
transfer are about 25 per cent higher.
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The present data, then, appear to be slighly
above the available literature values. This
discrepancy is believed to result from entrance
effects, since no mass transfer entry length was
provided, and from edge effects at the sides of
the electrodes, resulting from bulk circulation
of the fluid in the square duct. The error intro-
duced by these effects was estimated [11] at 26
per cent at Re = 3000, but dropping rapidly to
less than 5 per cent above Re = 25000. It is
expected that similar errors would occur in the
rough surface data; thus the use of the ratio of
rough to smooth surface coefficients to correlate
the data should result in a partial cancellation of
errors.

The rough surface results follow a quite dif-
ferent trend with Re from those for the smooth
surface. At low Re, the data form a series of
lines parallel to the smooth surface line. The
data for the surface with the smallest roughness,
R1, coincide with those for the smooth surface,
at all Sc. The lines for the other rough surfaces

are progressively higher for increasing roughness
heights.

As the Reynolds number is increased, the
rough surface curves begin to deviate from the
linear relationship between log Sh and log Re,
and undergo a rapid increase over a4 narrow
range of Re. The Reynolds number at which this
transition begins depends on the roughness
height of the surface; at Sc = 1000 for example,
R1 begins transition at about Re = 20000,
while for RS this occurs at Re = 4000. The
roughest surface, R6, is in the transition region
at the lowest Re recorded, 3000. A comparison
of the curves for different Schmidt numbers shows
these values to be slightly lower at high Sc.

At still higher Reynolds numbers the influence
of the surface roughness reaches a maximum,
beyond which the curves level off into a second
linear region having a slightly lower slope than
the smooth line. This maximum also occurs at
progressively lower Reynolds numbers as the
roughness height is increased. The maximum
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improvement in mass transfer shows very little
dependence on the roughness height, but varies
considerably with Sc. A maximum factor of
three improvement is obtained at Sc = 390,
while at Sc¢ = 4590 this ratio is approximately
four.

Because the improvement in the transfer rate
decreases from this maximum, a rather sur-
prising result occurs at high Re——greater transfer
rates are obtained with the smaller roughnesses.
This is quite contradictory to what one would
predict intuitively. It is apparent from this
result that the use of the friction factor to specify
the roughness is quite inadequate. It is also
difficult to defend the use of the “equivalent
sand roughness” as a correlating variable for
rough surface heat and mass transfer rates,
since it is simply a redefined friction factor.

Further evidence that the friction factor is an
insufficient description of the roughness can be
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R2, R7 and R8.
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found in the results for the three dissimilar
surfaces R2, R7 and R8, which have the same
roughness height. A representative set of these
is shown in Fig. 13. All three surfaces yield
essentially identical curves in the low Reynolds
number and transition regions. At high Reynolds
numbers the curves separate slightly; surface
R2 gives the highest transfer rate, while the data
for R7 and R8 are about 5 and 15 per cent
lower, respectively. The friction factors for these
surfaces, as shown previously in Fig. 9, show an
entirely different trend. R2 has the lowest
friction factor, while the value for R7 is about
30 per cent higher, and that for R8 about 15 per
cent higher than R2. It is obviously impossible to
correlate the mass transfer data on the basis of
friction factor alone: one or more additional
parameters are necessary to express the effect of
roughness shape.

DISCUSSION OF RESULTS

In order to correlate the mass transfer coef-
ficients for the series of similar roughnesses, a
similarity analysis has been performed following
the procedure of Dipprey and Sabersky [2] for
heat transfer.

Friction similarity functions

Before an analysis of the rough surface mass
transfer data is attempted, it is necessary to
ensure that the friction similarity concept holds
for this type of roughness. Nikuradse [1]
derived the following expression for the friction
similarity function

oo (2) 4 2sm2 s
.f(e)—/<a> 251nd+375 (7)

and found that this function correlated his
friction factor data for a series of sand-roughened
tubes. The corrected friction factor data of the
present work are plotted in the same form in Fig.
14, along with Nikuradse’s curve. Although the
data points are quite scattered, it is apparent
that this method of correlation reduces the resulits
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to a single curve. There are discrepancies
between the results for each surface, but no
trend with e/d, is evident. The shape of the
resulting curve is similar to that of Nikuradse,
approaching the hydraulically smooth line at
low e*, and levelling out to a constant value at
high e¢*. The maximum in the transition region
is much less prominent than that obtained by
Nikuradse, indicating a more gradual transition
of the friction factor to its fully rough value.
Just as the Blasius equation, (5), is an approxi-
mation of Prandtl’s more theoretically correct
logarithmic expression, Nikuradse’s expression
for the fully rough friction factor can also be
approximated by an exponential function.

e\
CfR = const <2> .

Combining equations (5) and (8), one would
expect the ratio C,./C, to vary as e** in the
fully rough region, with the hope that e* will
adequately correlate the ratio in the hydrauli-
cally smooth and transition regions as well.
Such a plot is shown in Fig. 15. A good cor-
relation of the data is obtained, considering the
scatter in the original measurements, The ratio
C,./C;, has a value of unity for e* < 3, and

)

can be reasonably well described in the range
et >3 by
CfR

=0675¢%"",
Cf, S5e

9)
The expected slope of 1 is not obtained, probably
because the data do not extend far enough into
the fully rough region. The correlation, however,
gives a reasonable basis on which to conclude
that the geometrically similar series of rough-
nesses does exhibit friction similarly as well.

The mass transfer similarity hypothesis

Following the procedure outlined by Dipprey
and Sabersky [2] for heat transfer, the mass
transfer similarity function can be derived. The
derivation is identical to that of Sherwood [14]
for smooth surfaces, and results in the same
equation.

(25— 1 yj( 1
JC72 JN(1/Se) + (ep/v)

0

1 +

The upper limit y; is an arbitrary value, large
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enough to be outside the region where molecular
properties are important.

The “law of the wall”, which has been shown
by Nikuradse to be valid for rough surfaces, gives

S fnly*iet) (11a)

Similarly,

2 = faly*,e*, Sc) (11b)

Thus, equation (10) becomes

J€
St JC /D

The constant F, the fully rough value off{e* ), has
been added to both sides of the eguation to
make the function ¢' consistent with Dipprey’s g
for heat transfer.

For high Schmidt numbers, the expression for
¢ can be simplified to

+ F =gfe*. 5. (12)

gle* 50 = LI 13)

as the other terms are small. Furthermore,
applying equation (9), the similarity hypothesis
reduces fo

Sin _
Stg

Thus, for any given Schmidt number, a plot of the
Stanton number ratio against e* for the series
of geometrically similar surfaces should yield
a single curve.

The mass transfer data for surfaces R1-Ré
have been plotted in this form in Figs. 16-18,
using values of ¢* calculated iteratively from
equation (9). The value of the friction factor
ratio, C, /Cy, from Fig. 15 is also plotted for
comparison. The data are well correlated in this
form for ¢ > 25, but as ¢* is decreased below
25, the curves for gach roughness begin to deviate
from the others in a positive direction, in the
order of decreasing roughness size. In all cases,
the point of deviation corresponds to a Reynolds
number of roughly 15006-206000.

These deviations may result from inaccuracies
in the data plotted. The probable random error

g'le”, So). (14)
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in the values of St and e* is estimated at 6 and
8 per cent respectively, at an average value of
Re. In addition to the random error, however,
systematic errors may also have resulted from
assumptions made in the calculations.

One possible source of such an error in the
Stanton number ratio is the assumption that
entrance effects on the rough and smooth
surface transfer coefficients will cancel. If this
assumption i incorrect, its effect will be
greatest at low Reynolds numbers. The use of
equation (9) in the correlation introduces two
possible sources of systematic error: several
assumptions are inherent in the initial calculation
and subsequent correction of the friction factor
data, and the derivation of the form of equation
{9) involves some approximations.

The deviations from similarity may of course
also result from limitations in the similarity
laws themselves. Dipprey [15] has pointed
out that the similarity laws should not be expected
to apply at low Reynolds numbers, since the “law
of the wall” on which they are based is invalid
in the region where the boundary layer occupies
a significant portion of the pipe radius. It can be
shown [11] that at Re = 15000, the effect of
molecular properties extends to about 7 per
cent of the pipe radius, not an unreasonable
point to expect deviations to become noticeable.

Although significant deviations from similarity
do occur at Reynolds numbers below about
15000, the data at higher Reynolds numbers do
exhibit similarity, and the correlation can be
used as a basis for discussion of the effect of
roughness. The following discussion will be
limited to those results which do exhibit
similarity.

The hydraulically smooth region, e™ < 3
Unfortunately, most of the data obtained for
e* <3 lie in the region where significant
deviations from similarity occur. In fact, only
surface R1 has a small enough roughness to
escape this limitation. The similarity function
plots for this surface however, can be considered
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representative of any similar roughness of
smaller size (e/d, < 22 x 1073

For these small values of e¢/d,, it is quite
apparent that the roughness has little or no
effect on the mass transfer rate in the hydrauli-
cally smooth region, in spite of the fact that the
roughness height is greater than the thickness
of the concentration boundary layer, ie. the
region in which most of the resistance to mass
transfer occurs. Evidently the roughness, when
submerged in the viscous sublayer, is not capable
of generating sufficient turbulence to disrupt
the concentration boundary layer.

This conclusion would indicate that the dis-
crepancies in the literature data plotted in Fig. |
cannot be attributed, as Brennan [3] has sug-
gested, to the presence of minute roughnesses
which are smaller than the viscous sublayer
thickness.

This disparity may be partly resolved when one
realizes that Brennan’s data were obtained for
an irregular, random roughness of the type which
appears in dissolution studies. His roughnesses
were reported as arithmetic average values
obtained with a Brush surface analyser and
extended up to 400uin. Converting average
values to peak-to-valley heights for a triangular
shape would increase the numbers fourfold.
Furthermore, it appears that random rough-
nesses give somewhat lower readings than
regular, two-dimensional shapes, since some
high peaks, or deep valleys, may go undetected.
Making these allowances, Brennan’s ¢* values
range up to somewhere between e¢* = 2-3,
close to the outer edge of the viscous sublayer.
Also, one cannot exclude the possibility that the
results of this paper, based on regular roughness
elements do not apply to surfaces with random
roughness. The disparity, therefore, is likely
not as serious as it would appear at first sight.

The transition region, 3 < e* < 25

The transition region is characterized by a
marked increase in the transfer coefficient over
the approximate range 3 < e* < 10. By com-
paring the data with the friction factor curve on
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the same graph, it can be seen that the increase
in the mass transfer rate is much greater than
in the friction factor over this range. Transition
begins at about the same ™ for both St and C/;
above e” ~ 10, however, the Stanton number
ratio levels off, while the friction factor ratio
continues to rise.

The transition region can be considered as
the region in which the roughness emerges froma
previously unaffected viscous sublayer. It is not
necessary, however, to assume that the sublayer
has not been changed by the presence of a sub-
merged roughness. Perhaps a more acceptable
description of the flow near the roughness
elements is that shown in Fig. 19.

Consider the viscous sublayer to grow on the
roughness element; the sublayer will be thicker
between the roughnesses, and quite thin at the
peaks. As Re is increased, the sublayer will
decrease in thickness. Eventually the thin layer
at the peak will be disrupted, and the turbulence
generated will be transmitted into the valleys
between the roughness elements. As Re is further
increased, the valley regions will become more
turbulent until, in the fully rough region, only
a thin sublayer will remain.

These changes in the turbulence level near
the rough surface would have an effect on both
the momentum and mass transfer rates. Dis-
ruption of the viscous sublayer and penetration
of turbulence into the valley regions would
result in rapid increases in the rates of both
momentum and mass transfer. A greater in-
crease in the latter would be expected, as pro-
portionately more of the resistance to mass
transfer occurs in the viscous region.

The levelling off of the Stanton number ratio
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above e* ~ 10, unlike the friction factor ratio,
is not inconsistent with the assumption of an
analogy between the transfer processes. Since
¢/v and gp/v, and therefore ¢', are functions of e,
the analogy as expressed by equation (12) does
not require that the dependence of these ratios on
e’ or on Re be the same.

The Schmidt number apparently influences
the similarity plots in two ways; at higher Sc,
not only is the increase in the transfer greater,
but it also occurs at lower values of ¢ *. Since the
low rate of molecular diffusion very near the
wall is the major resistance to transfer, any
turbulence which reaches the wall would be
expected to cause a greater increase in mass
transfer rates in lower diffusivity, or higher
Schmidt number, systems. The apparent shift
of the transition region to lower values of e* at
high Schmidt numbers is probably just a
reflection of the greater influence of a given level
of turbulence.

The fully rough region, e* > 25

In the region e™ > 25, the similarity function
provides a good correlation of the results for all
the geometrically similar surfaces. A linear plot
is obtained for each Schmidt number, having
a small negative slope.

A least-squares correlation of the data points

for e* > 25 yielded the equation

S 0-10

SL_ 194 8909 071025 < o+ < 120 (15)
S

with a standard deviation of 3-3 per cent.
This equation, combined with the smooth sur-
face correlation, equation (6), is sufficient to
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describe the mass transfer results for the geo-
metrically similar roughnesses in the fully rough
region.

The success of this method of correlation for
¢* > 25 indicates that an analogy does exist
between the processes of momentum and mass
transfer, as the similarity functions are based
on this assumption. The existence of such an
analogy, however, does not change a conclusion
drawn earlier: the friction factor alone is not
sufficient to correlate mass transfer results
from different rough surfaces. The function g’
is the most general expression of the analogy.
For smooth surfaces, ¢’ is a function only of Sc,
and it is therefore possible to correlate St with C .
For rough surfaces, however, ¢ is also depen-
dent on e*; thus St can be correlated with C,
only when a common relationship exists between
C; and e”, ie. only for geometrically similar
roughnesses.

A comparison of the present mass transfer
data can be made with the heat transfer results
of Dipprey [2], using the similarity functions
g and g. Combining equations (15) and (9)
with the definition of ¢', equation (13), yields

g le*,8¢) =55e*" 8" 25 < e < 120. (16)

Dipprey’s equivalent equation for heat transfer
1s

gle*, Pr) = 519¢*°%° pr"*, (17)

Most heat transfer studies [2, 4] have shown
that St oc Re” %2, or equivalently g oc e
for a variety of roughness shapes. The exponent
of 025 determined in the present work is in
reasonable agreement, particularly considering
the lack of precision in the friction factor
measurements, and the narrow range of ¢ over
which these data were obtained.

The difference in the exponents on Sc and Pr
is not unexpected, as Dipprey’s data were at low
Prandtl number (1-2 < Pr < 6). A similar trend
is experienced with smooth surfaces, the expo-
nent varying from 0-60 at low Sc or Pr, to (-67 at
Sc > 100. Gowen's rough surface heat transfer
data [4] covered the range 07 < Pr < 14;
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an exponent of 0-51 was observed, intermediate
between those of equations (16) and (17).

SUMMARY AND CONCLUSIONS

Mass transfer coefficients have been measured
for a series of geometrically similar rough
surfaces, using the electrochemical technique.
The technique was found to be particularly suited
to such a study, where it is important that the
geometry of the surface be known and constant.

Friction factors for the series of roughnesses
were adequately correlated by the friction
similarity function,f(e™). A simpler correlation
i} obtained by plotting the ratio C,_/C, against
the dimensionless roughness height, ¢*. The
corresponding mass transfer similarity function,
g'(e™, Sc) can be reduced to the ratio Stg/Stg in
high Sc systems. This ratio correlated the data
for the similar series well for Reynolds numbers
greater than about 15000, illustrating that the
processes of momentum and mass transfer near
rough surfaces are analogous.

Significant deviations from similarity occurred
at Reynolds numbers less than 15000, which
may have resulted from inaccuracies in the data
or limitations in the similarity laws. Surfaces
having very small roughnesses (e/d, < 22 x
10~3), which are in the hydraulically smooth
region at Re > 15000, yield mass transfer
coefficients equal to those for smooth surfaces.
Outside the hydraulically smooth region, rough-
ness can increase the mass transfer rate by as
much as a factor of four in high Sc systems. The
greatest increases occur in the transition region.
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TRANSFERT MASSIQUE AUX SURFACES RUGUEUSES

Résumé—Des flux de transfert massique électrochimique entre des surfaces solides de nickel et 1’électrolyte
ferro-ferricyanure s’écoulant dans un conduit a section carrée de 2,54 cm de c6té, ont été mesurés pour
une surface lisse et six surfaces rugueuses semblables, ces derniéres ayant des sillons en V de 5.10~2 mm
4 0.36 mm de profondeur et perpendiculaires a la direction de ’écoulement. Le nombre de Reynolds varie

de 3000 4 120000 et le nombre de Schmidt de 300 a 4 600.

Pour les nombres de Reynolds supérieurs 4 15000 environ, les résultats sont représentés par

Stg kg

Stk

fle*, Sc)

Un effet maximal de la rugosité a été observé a la hauteur réduite de rugosité e* = 10 ou le rapport
du transfert pour la surface rugueuse 4 celui relatif a la surface lisse varie entre 3 et 4.

Des essais pour des surfaces dissemblables montrent I'importance de la forme et du pas des rugosités;
leur influence sur le transfert massique est différente de celle sur le transfert de quantité de mouvement.

STOFFTRANSPORT AN RAUHEN OBERFLACHEN

Zusammenfassung —-Es wurde der elektrochemische Stofftransport zwischen festen Nickeloberilachen und
cinem Ferro-Eisenzyanidcelektrolyten in cincm quadratischen Kanal von 25.4 mm Seitenlédnge gemcssen.

Angestrdmt wurden sechs rauhe Oberflichen mit V-formigen Rillen quer zur Stromungsrichtung. von
0.05-0.35 mm Tiefe. und cinc glatte Oberfliche. Die Reynoldszahlen wurden zwischen 3000 und 120 000.
die Schmidtzahlen zwischen 390 und 4600 variiert. Fiir Reynoldszahlen, die grésser waren als 15 000

konnte folgende Beziehung aufgestellt werden
Stz

Sts

kg
=-% = f(e*,S0).
P Sfle*,S¢)

Ein maximaler Rauhigkeitseffekt wurde bei der dimensionslosen Rauhigkeitshéhe e* ~ 10 beobachtet,
wobei der Stofftransport an rauhen Oberflichen 3 bis 4 mal grésser als an der glatten Overfliche war.
Die Ergebnisse an verschiedenen Oberflichen zeigten die Bedeutung von Gestalt und Grosse der
Rauhigkeit. Dieser Einfluss auf den Stofftransport ist vom Impulstransport zu unterscheiden.
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IMTEPEHOC MACCHI HA HIEPOXOBATBLIX ITOBEPXHOCTAX

AHBOTAUNA—DTEKTPOXUMAYSCKHM METOIOM M3MEpFAJINCH HOTOKM MACChl MemIy TBEpAbIMH
HUKEJeBRIMH NOBEDPXHOCTAMM M (eppo-Peppu-IuaHnIHHM 3JCKTPOJIUTOM, TEKYILEM B Tpyle
KBaJpaTHOro JIONEPEYHOTo CeYeHHA co CcTopoHo#t B 1 miolim. llsmepenus npoBogmiuce B
rRagKUX ¥ mepoxoBathix Tpy6ax. Illlepoxosateie TpyOm umesm V-o0pasHhie KaHaBKH
ray6unoit or 2 go 14 MMIAMMETPOB, pACHOJIOKEHHbIE HEPNEHJMKYJIAPHO HANPABICHUIO
tedenusa. Yucno PeiiHoasaca uamenamock or 3000 mo 120000, a uucao Iimupra—ot 390
mo 4 600.
Has sravenuit yncaa Peiiroabaca, npessunawmmx 15000, sTu ganHBe KOppeJMpyloTen
CIeRyomuM o0pason :
R
Sts kg
Maxkcumym BIMAHUA NIEPOXOBATOCTH HabMOAaacA npu He3pasMepHOil BHICOTE HIEPOXO-
BatocTH e* =~ 10, Korjga OTHOLIEHME IEPeHOCa MAacchl HA IIEPOXOBATON TMOBEPXHOCTH K
NepeHoCcy MAcCH HA TIIafKo# [OBEPXHOCTHM M3MEHANOCE OT 3 0 4. [JaHHBIe AJIA PasiIMUABIX
HIEPOXOBATHIX TMOBEPXHOCTell yKa3bBAIOT H3 CYIIECTBEHHOCTE (POPMBI IIEPOXOBATOCTH 1 ee
1Iara ; HX BIMAHHE HA NEPEHOC MAcCH OTJIUYAETCA OT BJAMAHNA HA TIEPEHOC KOJMYECTBA
ABHKEHUA,



