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Abstract

A series of three electrochemically obtained nickel pipes with different surface roughness degree has been used in this

study. In respect to momentum transfer, these rough surfaces exhibit similar patterns in terms of friction factor, friction

similarity function, and rough-to-smooth friction factor ratio. The mass transfer is investigated with the electrochemical

technique which exploits the red-ox reactions of potassium ferri- and ferro-cyanides. The gain in mass transfer enhance-

ment is positive against the friction development in the range 3000–30,000 for the Reynolds number.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The nature of transport phenomena on rough sur-

faces is complex, because the Eddy diffusivity behaviour

in close vicinity of the wall is not known with sufficient

accuracy, and in particular for fluids with high Schmidt

number. A given surface can be classified as ‘‘hydrauli-

cally smooth’’ when its roughness elements lie entirely

within the viscous sub-layer. At high Schmidt numbers,

where the resistance to mass transfer is mainly within the

viscous sub-layer, the same surface can show a signifi-

cant increase in transfer rates over those of a truly

smooth surface. At high Reynolds number, the friction

factor becomes constant, while heat and mass transfer

coefficients continue to depend on fluid properties. The

increasing Reynolds number is associated with the dis-
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ruption of the viscous sub-layer and penetration of tur-

bulence into the valley or hole regions, and thus it is

associated with increased rates of both momentum and

mass transfer. Regularly roughened surfaces (e.g. re-

peated grooves or ribs) are geometrically similar sur-

faces, and the ratio of pitch to height of a roughness

element is truly a characterising parameter. On the other

side, though the characterization of randomly rough

surfaces is more complex, little work has been recorded

on randomly rough three-dimensional surfaces in which

the roughness elements are irregular both in height and

pitch.

On a rough surface, the dynamic behaviour of fluid is

partly controlled by mass transfer, and this condition af-

fects all transport processes. Since the research of Nikur-

adse [1], progressive work has been made towards basic

understanding of the phenomenon on rough surfaces [2–

19]. Most of the researchers have used the electrochem-

ical method for studying this phenomenon [10,20–26].

This research has again utilized the electrochemical
ed.
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Nomenclature

A surface area of cathode [m�2]

ai coefficients in the correlating equations,

i = 1,2,3

C concentration of Fe3+ ions; it is zero at the

electrode wall in the diffusion-controlled

conditions [mol m�3]

d inner diameter of the pipe [m]

D diffusion coefficient [m2 s�1]

e height of roughness element [m]

e+ roughness Reynolds number

f dimensionless friction factor

F Faraday constant equals to 96,485 A s

mol�1

F(e+) friction similarity function

v velocity of flow [m s�1]

I measured electric current [A]

k mass transfer coefficient [m s�1]

l length of pipe [m]

R correlation coefficient

Re Reynolds number

Sc Schmidt number

Sh Sherwood number

St Stanton number

z number of electrons exchanged; to be one in

this case

Greek symbols

DP pressure drop between the entrance and exit

points of the rough pipe [n m�2]

r density of the solution [kg m�3]

l dynamic viscosity [n s m�2]

Subscripts

b in the bulk flow

lim the limiting current obtained from the polar-

ization curve and belonging to the sector

which had no change in current when volt-

age was changed.

w at the electrode wall
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technique for studying the mass transfer at sandpaper-

roughened surfaces, because such a technique causes

no physical or chemical change on the rough surface.

The momentum transfer analysis has basically been

done by expressing the friction factor from Eq. (1) as

a function of Reynolds number. Then, two characteristic

functions for rough surfaces were developed [1], as

follows:

f ¼ DP
qv2

2d
l

ð1Þ

The friction similarity function

F ðeþÞ ¼ 8

f

� �0:5

þ 2:5 ln
2e
d
þ 3:75 ð2Þ

The roughness Reynolds number

eþ ¼ e
d
Re

f
8

� �0:5

ð3Þ

The friction similarity function has been considered as a

measure of frictional effect on the total pressure drop or

the friction factor. The lower the curve of friction simi-

larity function has been located on the graph, the greater

has been the dependence of pressure drop on the rough-

ness element height [9,18,19].

As to the mass transfer analysis, the local mass

transfer rates can be accurately determined from the

following system of cathodic reduction of the ferricya-

nide ion and anodic oxidation of ferrocyanide ion:
Cathode Fe3þ ðCNÞ3�6 þ e� ¼ Fe2þ ðCNÞ4�6
Anode Fe2þ ðCNÞ4�6 ¼ Fe3þ ðCNÞ3�6 þ e�

This electrochemical method is implemented by operat-

ing under limiting current conditions (current is inde-

pendent of cathode potential and ferricyanide ions

react at once on the cathode surface), so that the cath-

ode reaction becomes diffusion controlled. Under such

conditions, the electrochemical reaction has the follow-

ing three steps:

a. The diffusion of ions to the electrode, which is a pro-

cess controlled by flow conditions, geometry, concen-

tration of reacting species, and physical properties.

b. The reaction at the electrode surface, which is con-

trolled by the temperature, geometry, surface condi-

tions, and applied voltage.

c. The diffusion of reaction products from the elec-

trode surface to the bulk flow. This step is strongly

dependent on the concentration of products at the

surface.

As the result of ionic reduction at the cathode and

ionic oxidation at the anode, a current flows through

the circuit by being proportional to the number of ions

reacting at the electrodes per unit of time. At steady

state conditions, ions converted at the electrode have

to be supplied from the bulk of the liquid. The electro-

chemical reaction rate increases with the potential differ-
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ence and, at a specific value of the applied voltage, the

step of the diffusion of ions towards the electrodes be-

comes the rate-determining step in the entire electro-

chemical reaction. By using an extra large anode, the

flux of reacting ions is mostly affected by the cathode

geometry, and the entire electrochemical reaction de-

pends on cathode diffusion. Hence, the average mass

transfer flux of ferricyanide ions to cathode is:

N ¼ kðCb � CwÞ ¼ I lim=zFA ½mol m�2 s� ð4Þ

Since the electrochemical reaction of Fe3+ ions at the

electrode surface is immediate, it keeps to zero the con-

centration of Fe3+ ions at the electrode surface. So, Eq.

(4) is easily transformed to find the mass transfer coeffi-

cient, as follows:

k ¼ I lim=zFACb ½mol s�1� ð5Þ

Since steady-state conditions were kept in this research,

the similitude transformation of general mass transfer

equation gave the following mass transfer correlation:

Sh ¼ a1Rea2Sc
a3 ð6Þ

Eq. (6) shows that the effect of Reynolds and Schmidt

numbers onto Sherwood number is a combination of

correlative coefficients a1, a2, and a3. For analogy to

the heat transfer similarity function [2], a mass transfer

similarity function was developed and used in related re-

search afterwards [4,8,20,22]. It resulted to be the ratio

rough-to-smooth for Sherwood or Stanton number, as

follows:

Shr
Shs

¼ Str
Sts

¼ kr
ks

¼ f ðeþ; ScÞ ¼ a1ðeþÞa2Sca3 ð7Þ

For analogy to Eq. (6) and referring to previous re-

search, the dependency in Eq. (7) will be analysed in a

power form. Since the function f(e+,Sc) depended on

surface geometry, so did the Sherwood number ratio.

Since, the Schmidt number physically relates the relative

thickness of the hydrodynamic layer and the mass-trans-

fer boundary layer, for any given Schmidt number and

for a series of geometrically similar surfaces, a plot of

the Sherwood number ratio versus roughness Reynolds

number ‘‘e+’’ should yield a single curve.
2. Experimental

Concentration of potassium ferri- and ferro-cyanides

were 0.005 M and 0.03 M, respectively. The higher ferro-

cyanide concentration gave some protection against its

anodic oxidation and, together with a larger anode than

cathode area, caused the cathodic process to become

rate determining. The solution temperature was 10 �C
and 30 �C, and in such conditions the Schmidt number

was 8520 and 2780, respectively. The necessary accurate

values for the density and viscosity of the solution as
well as the diffusivity of the ferricyanide ion have been

taken from previous research [27].

The sandpaper-roughened surfaces were fabricated in

the following way [16]: The mirror image of the sandpa-

per surface was prepared by pouring molten wood�s me-

tal (a composite of 12.5% Sn, 25% Pb, 50% Bi and 12.5%

Cd) into the annulus of a glass container where the sand-

paper was mounted on the inner surface of the con-

tainer. The roughness pattern was imprinted onto the

wood-metal body, which then was put into the nickel-

electroplating bath (4 M solution of nickel sulfamate,

pH = 5, air gurgling from the bottom to remove hydro-

gen bubbles at the cathode, voltage increased from 0.6 V

and 0.125 A to 6.2 V and 0.8 A for 13 days). Boiling

water was after used to melt the wood-metal and to ob-

tain the nickel pipe with the required roughness pattern

inside. The new-formed nickel cylinders were 3–4 mm

thick and 340 mm long and were coded R100, R60

and R40 according to their respective standard names

of the sandpaper source. The inner diameter of the pipes

was 38 mm, and the average roughness heights were

0.11 mm (R100), 0.17 mm (R60), and 0.22 mm (R40).

The Scattering Electron Microscopy showed typical

irregularity for these rough surfaces.

The experimental set-up formed a recycling loop for

pumping the solution out of a tank through a 3 m long

PVC pipe to the nominated rough pipes (ordered as an-

ode–cathode–anode), and then returned to the surge

tank after passing the rotameter [15,25]. The long PVC

pipe served the objective to reach and keep a well devel-

oped specific regime of flow before entering the nomi-

nated pipes. The change in fluid temperature was

controlled by a cooling coil in the tank. Before experi-

ments nitrogen was gurgled through the solution in the

surge tank for 20 min and then at a lower rate. This

was done to remove oxygen from the solution and create

a blanket of nitrogen over the solution surface in the

covered surge tank so oxygen could not re-dissolve to

appreciable amounts. Experimenting was intensive be-

cause ferri/ferro-cyanide solution decays photo-chemi-

cally, though measures against light were taken.

The system used to obtain polarization curves (re-

corded and on screen) in this experiment consisted of

the Radiometer Analytical S.A. PGZ301 Potentiostat

Galvanostat Programmable Generator Electrochemical

Impedance Meter connected by serial port to a computer

with the Voltmaster-4 software installed. There were

three electrode cables for experiments: working, refer-

ence and auxiliary. That device operated in Voltammeter

I = f(V) mode where voltage varied from 0 to �2.0 V at

a set sweep rate of 3 mV/s. The working electrode was

connected to the cathode while both reference and aux-

iliary electrodes were linked to the connected anodes.

The potentiostat enabled the use of a reference electrode

to ensure the voltage applied was all at the cathode as

conditions change. If using two anodes, one was linked
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to the reference electrode and the other to the auxiliary

electrode; however, this connecting system had no effect

on the results, and thus it was not applied. When the

electrical potential was applied between the two elec-

trodes, the following three mass relocation conditions

took place:

1. The ionic migration under the electric field. Inten-

tionally, it was suppressed by adding highly con-

ductive electrolyte (3 mol/l NaOH) which acts as

inert at the applied voltage range of 0.0–2.0 V.

2. The mass transportation by convection due to

bulk flow. Truly, it was eliminated at the wall,

because the velocity perpendicular to the electrode

was zero at the wall.

3. The mass transfer by diffusion due to the concen-

tration gradient. Since this was the remaining

route for mass relocation, the transportation close

to the wall was essentially by both molecular and

Eddy diffusions, and their contributions were

included in the mass transfer coefficient.
3. Results and discussions

3.1. Momentum transfer analysis

The experimental measurements and calculation re-

sults are put in Fig. 1, which shows that the values of

Reynolds number fall between 6500 and 140,000. For

smooth pipes, the Blazius model describes rightly the

momentum transfer for Reynolds number up to

100,000. Since the higher the Reynolds number, the

smaller the thickness of the viscous sub-layer, beyond

Re = 100,000 the experimental friction factor deviates

upward from Blazius model aiming at fully developed
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Fig. 1. Friction factor for the three rough surfaces and smooth surface

pipe.
region, because the viscous sub-layer almost does not ex-

ist now and the pipe is not anymore hydraulically

smooth. Now, the bulk flow is in real contact with the

given surface which is not ideally smooth. That is, a drag

force even exists between the bulk flow and the not-ide-

ally smooth surface, and it is cause of the deviation from

the Blazius model for Re > 100,000.

Fig. 1 show that the coarser the surface, the smaller

the Reynolds number where the friction factor starts

to move away upward from the Blazius model heading

for fully developed region; that is, the higher the friction

factor generated or the higher the pressure drop re-

corded. In the fully developed region or the so-called

the auto-modelled region, the friction factor will be inde-

pendent from Reynolds number: the curve will be paral-

lel to the Reynolds number (abscise) axis. Referring to

previous research, Fig. 1 is converted into a graph of

rough-to-smooth friction factor ratio versus Reynolds

number, nothing special is observed: the experimental

sequences have a tendency to increase (from one to

about a value of two) with the increase of Reynolds

number by staying over the Blazius line which is parallel

to abscise axis in this new graph [1,4,14,15,18,19].

Though the above results and curves are in accor-

dance with the results achieved in previous research

[1,4,14,15,18,19], a difference exists in the gained values

(lower values in friction factor) due to the peculiarity

of the surfaces and the method used in this research

for producing the rough surfaces. In particular, a differ-

ence exists with Nikuradse�s data who produced rough

surfaces by gluing uniformly sized sand grain particles;

his rough surfaces had uniformity of roughness elements

in terms of particle size, height, pitch, particle slopes,

and particle edge sharpness. This difference is also seen

on the Fig. 2 which bonds the friction similarity function

and roughness Reynolds number. The obtained experi-
100000 1000000Re

Prandtl

Blazius

, where: (h) for R100, (�) for R60, (d) for R40, (j) for smooth
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Fig. 2. Friction similarity function versus roughness Reynolds number, where: (h) for R100, (�) for R60, (d) for R40.
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mental points do not overlap the Nikuradse�s curve and
that of hydraulically smooth regime, but stay below and

even follow their curve shapes. That is, some geometric

similarity exists between the present surfaces and the

Nikuradse�s surfaces. Though the points pertaining to

all surfaces can be grouped as a single set of data in

Fig. 2, undoubtedly the coarser the surface, the more

distance from the Nikuradse curve exists. Both shapes

of experimental curves and Nikuradse curve (passing

through a maximum) indicate that the transition to-

wards the fully developed regime of flow on rough sur-

faces is not straightforward.

On the other hand, the rough surfaces produced from

images of sandpaper in this research have less unifor-

mity of the roughness elements in terms of particle size,

height, pitch, particle slopes, and in particular, the par-

ticle edges are smoother. Having non-uniform grain

sizes and random particle positioning, the fluid flow

paths become longer and more chaotic, and so more

fluid energy or velocity is lost due to the shear stress

and the frictional drag force is higher. Also, Scattering

Electron Microscopy micrographs of the surfaces under

study exhibit three-dimensional irregularity. However,
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Fig. 3. Friction factor ratio versus roughness Reynolds num
the three rough surfaces constitute a roughness series,

for they originated from a sandpaper series.

The dependence between the rough-to-smooth fric-

tion factor ratio and roughness Reynolds number is

put in Fig. 3. The experimental points look much bet-

ter fused to each other as a single set, and also well

positioned against the Nikuradse curve which moves

tangentially along them. With a correlation coefficient

of 0.958, the set of all points is described by the equa-

tion fr/fs = 1.0082*exp[0.0194*(e
+)]. This correlation

gives a reasonable basis for concluding that the

series of rough surfaces display friction similarity.

These results make the ‘‘e/d’’ factor more important

than the roughness height ‘‘e’’ in characterising the set

of surfaces. Fig. 3 shows that for e+ < 3, all roughness

systems start to become hydraulically smooth as they

approach to fr/fs = 1. Obviously for e+ < 3, the viscous

sub-layer thickness at the wall begin to suppress the

roughness distinction, thus resulting to the hydraulically

smooth state represented by the fluid smoothness. It is

noted that the value e+ = 1 belongs to the middle of

hydraulic transition region from laminar to turbulent

region.
100e+

Nikuradse

ber, where: (h) for R100, (�) for R60, (d) for R40.
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3.2. Mass transfer analysis

The results of experimental measurements and calcu-

lations are put in Fig. 4, whereas correlation results are

presented in Table 1. For comparative reasons, the cor-

relative equations in the form of Eq. (6) belonging to the

smooth-surfaced pipe were taken from previous research

[15], and they were represented by the plain lines on Fig.

4. Such pipes were made of Nickel from the same tech-

nique as used in this research for making rough surface

pipes and had the same dimensions; also, these mass

transfer results for the smooth surface had strongly been

reconfirmed by other researchers [6,7,22,25].

As seen on Fig. 4, in the range of Reynolds number

between 200 and 60,000, either the higher the Reynolds

number or the coarser the surface or higher the value

of Schmidt number, the higher the mass transfer is. This

is supported by the fact that the power coefficients ‘‘a2’’

and ‘‘a3’’ in Table 1 have positive sign. Points are more

scattered in the laminar region than in the turbulent re-

gion and with a trend to converge to higher values of

Reynolds number. For all cases in Fig. 4, the curve slope

in laminar region is smaller than that in turbulent region.
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Fig. 4. Sherwood number versus Reynolds number, where: (d) is for p

(j) is for pipe R40, 30 �C, Sc = 2780; (h) is for pipe R60, 30 �C, Sc

Table 1

Correlation results for Eq. (6)

Pipe-flow Sc Re

R40-laminar 2780, 8520 200–2080

R40-turbulent 2780, 8520 4510–53,750

R60-laminar 2780, 8520 230–1980

R60-turbulent 2780, 8520 4560–58,100

Ref. [4] 390, 4590 3000–120,000

Ref. [10] 550, 4720 6000–60,000
Table 1 reveals very good correlation coefficients, which

also are strong in specific cases: at a given flow regime,

rough surface, and Schmidt number. This is a proof that

the found correlations based on the Eq. (6) describe very

well the experimental profiles of mass transfer in the

range of Reynolds number studied in this research.

From Table 1 and for a given rough surface, the in-

crease of Reynolds number is associated with the de-

crease of coefficient a1 (smaller contribution from

undistinguished parameters), the increase of coefficient

a2 (higher contribution from turbulence), and the de-

crease of coefficient a3 (less contribution from the char-

acteristics of the fluid). In laminar region and for each of

rough pipes R60 and R40, the contribution of Schmidt

number is twice bigger than that of Reynolds number

(a3/a2 	 2). This reconfirms the idea that for small fluid

velocity (the fluid viscous sub-layer just at the surface is

thicker), the characteristic properties of the fluid, such as

viscosity, density, and diffusivity (which constitutes the

Schmidt number) determines the overall mass transfer

process. In laminar region, a rougher surface brings

about the decrease of coefficient ‘‘a1’’, but increasing

coefficients ‘‘a2’’ and ‘‘a3’’.
10000 100000Re

ipe R40, 10 �C, Sc = 8520; (�) is for pipe R60, 10 �C, Sc = 8520

= 2780.

a1 a2 a3 R

2.215 0.214 0.439 0.980

0.206 0.706 0.252 0.995

3.826 0.190 0.375 0.972

0.068 0.777 0.284 0.995

0.153 0.88 0.32

0.134 0.68 0.39
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For all rough pipes in Table 1, the contribution of

Schmidt number to mass transfer in turbulent flow is

smaller than that of Reynolds number; even, the coarser

the surface, the bigger the times the Reynolds number

surpassed the Schmidt number (higher the ratio a2/a3).

Obviously again, more turbulence causes the viscous

sub-layer just at the wall to be much thinner, and thus

reaching higher rate of mass transfer between the bulk

flow and the wall. In addition, a rough surface in turbu-

lent region is associated with the increase of coefficient

‘‘a1’’, and the decrease of coefficients ‘‘a2’’ and ‘‘a3’’.

Within the Reynolds number range of 200–60,000 and

for both rough surfaces, the sum of coefficients ‘‘a2’’

and ‘‘a3’’ is 0.61 ± 0.05 for the laminar region, and

1.01 ± 0.05 for the turbulent region; such a sum is

1.14–1.2 for the smooth surface in the turbulent region.

Also from Tables 1 and 2, these coefficients bear similar-

ity to the respective values found for other types of

rough surfaces [4,10,13,15,17,20,22].

In order to assess the mass transfer enhancement on

rough surfaces against the smooth surface, the ratio

rough-to-smooth mass transfer coefficient ‘‘Shr/Shs’’
Table 2

Correlation results for Eq. (7) in turbulent flow

Pipe a1 a2

R40 2.032 �0.124

R40 2.466 �0.239

R40 2.138 �0.182

R60 1.640 �0.095

R60 2.036 �0.234

R60 1.439 �0.149

Ref. [4], e+ > 25 1.94 �0.10

Ref. [10], e+ > 10 1.79 �0.17
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Fig. 5. Mass transfer similarity function versus roughness Reynolds n

10 �C, Sc = 8520; (j) is for R40, 30 �C, Sc = 2780; (h) is for R60, 30
can be either plotted versus the Reynolds number or

the roughness Reynolds number. Since the last relates

linearly to the Reynolds number, Eq. (3), both curves

would have (as proved) the same shape. Therefore, pur-

suing the modelling function given by Eq. (7), the mass

transfer enhancement will be analysed versus the rough-

ness Reynolds number only. As seen in Fig. 5, the data

points of the same roughness appear as a single set, in

particular, at high roughness Reynolds number. This is

a confirmation of what is previously said for the mass

transfer similarity function. Also, the rougher the sur-

face, the higher the mass transfer similarity function rep-

resented by the ratio ‘‘Shr/Shs’’. All curves have a drop

for 1 < e+ < 10 from a value of about 2.3 to 1.3, and

the finer the surface, the sooner the drop. Obviously,

the increase of Reynolds number or the roughness Rey-

nolds number is coupled with the increase of turbulence

and the decrease of viscous sub-layer thickness. Conse-

quently, the contribution of the induced turbulence by

the surface roughness becomes less important. For

e+ > 10 (Re > 30,000), all curves become almost parallel

to abscise axis, and even tend to congregate. That is, for
Sc a3 R

2780 0.973

8520 0.988

2780, 8520 0.00654 0.941

2780 0.835

8520 0.989

2780, 8520 0.02769 0.886

390, 4590 0.09 0.967

550, 4720 0.12

10 100e+

umber, where: (d) is for R40, 10 �C, Sc = 8520; (�) is for R60,

�C, Sc = 2780.
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e+ > 10 (Re > 30,000), the roughness distinction on mass

transfer similarity function fades away, and the mass

transfer enhancement does not change anymore but

keeps an average value of about 1.34. This reconfirms

what is concluded in the preceding graphs and in the

end of the Introduction section. However, more data

in the region e+ > 20 (Re > 60,000) would complete the

shapes of curves on Fig. 5.

An explanation ought to be added in respect with

Fig. 5. No frictional data were obtained for the laminar

region, which were required to calculate the roughness

Reynolds number. However, by looking at curves on

Figs. 2 and 3, and by finding with calculation that the

roughness Reynolds number had an exponential depen-

dence against the sole Reynolds number (with corre-

lation coefficient R > 0.99), then it was concluded to

extend such an exponential correlation in the laminar re-

gion too. That assumption proved to be correct, because

the shapes of mass transfer similarity function versus

Reynolds number were (as found) the same as those ver-

sus roughness Reynolds number in Fig. 5.

The data points in Fig. 5 are more scattered in the

laminar region. For e+ < 0.8 (Re < 2000), the sequence

of the experimental points differs from those reported

previously [4,15]; it disagrees least for the surface R60

at Sc = 2780 and most for the surface R40 at

Sc = 8520. Hence, such data may be received with some

uncertainty, because the relative gain in mass transfer

Shr/Shs was generally expected going to one or somehow

parallel to Shr/Shs = 1 when roughness Reynolds num-

ber goes to unity [4,15]. In any case, a drop tendency ex-

ists in the laminar region from a value of not more than

three to about two or less. The surfaces at low Reynolds

number are hydraulically smooth, that is, roughness

height is smaller than the viscous sub-layer height. It
0.1

1
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0.1 1

Sh
r/

Sh
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 / 
 f
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fs

Fig. 6. Mass transfer efficiency index versus roughness Reynolds num

10 �C, Sc = 8520; (j) is for R40, 30 �C, Sc = 2780; (h) is for R60, 30
looks as taking a small rise before entering the transition

region, and followed afterwards by a steeper descent in

the turbulent region. Since the low rate of molecular dif-

fusion very near the wall is the major resistance to mass

transfer process, any induced turbulence caused by sur-

face roughness prompts a greater increase in mass trans-

fer rates, in particular in the lower diffusivity systems

(higher Schmidt number). Consequently, the data points

in Fig. 5 are more scattered in the laminar region; in a

way, this enlightens the importance of surface roughness

and flow disturbances caused by surface defects or sur-

face geometric profile. Even the tiniest amount of turbu-

lence have an effect on mass transfer rate when the

Schmidt number is high enough (the diffusion coefficient

is small).

For the turbulent region in Figs. 5 and 6, the ten-

dency of the experimental points is similar to but shifted

left and with relative gain in mass transfer being smaller

due to the fact that the roughness heights are smaller

than those reported previously [4,13,15]. In turbulent

flow, results in Table 2 demonstrate very good correla-

tion coefficients for Eq. (7), in particular when Schmidt

number is constant for a given rough surface; the excep-

tion is the case of pipe R60 at Sc = 2780, which reveals a

correlation coefficient of 0.84. For pipe R40 in Table 2,

the power exponents for the roughness Reynolds num-

ber and Schmidt number are �0.18 and 0.0065, respec-

tively; for pipe R60, they are �0.15 and 0.027,

respectively. Obviously, such results indicate the Rey-

nolds number to be a more affecting factor than Schmidt

number.

Whenever the enhancement of mass transfer is desir-

able, it ought to be reached at minimal operational cost.

For fluid transportation, the operational cost is directly

connected to the energy spent to move the fluid. There-
10 100e+

ber, where: (d) is for R40, 10 �C, Sc = 8520; (�) is for R60,

�C, Sc = 2780.



Table 3

Correlation results for Eq. (8) in turbulent flow

Pipe Sc a1 a2 R

R40 2780 2.179 �0.277 0.995

R40 8520 2.439 �0.338 0.991

R60 2780 1.820 �0.237 0.984

R60 8520 2.092 �0.312 0.997

All data 2780, 8520 2.044 �0.272 0.956
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fore, the ratio of mass transfer enhancement coefficient

(Shr/Shs) to friction enhancement coefficient (fr/fs) is de-

fined as the mass transfer efficiency index [4,15,25],

which is analysed in a power form, as follows:

Shr=Shs
fr=fs

¼ a1ðeþÞa2 ð8Þ

The mass transfer efficiency index is given in Fig. 6 as a

function of roughness Reynolds number, but only for

the turbulent region wherein experimental frictional

data were available. The data points are merged to each

other with a small distinction between the pipe R60

(smoother) and the pipe R40 (rougher). Obviously, the

smoother pipe points (R60) stand below the rougher

pipe points (R40) in Fig. 6. Either separately or as an en-

tire set, the data points in Fig. 6 are well correlated by

Eq. (8). The results are put in Table 3, which shows that

the Schmidt number determines the power exponent

‘‘a2’’ as of being about ‘‘�1/4’’ for Sc = 2780, and

‘‘�1/3’’ for Sc = 8520.

For the type of rough surfaces used in this research,

Fig. 6 demonstrates that the maximum efficiency (equal

to two) is for e+ = 1 (Re = 3000). Beyond such values,

the mass transfer efficiency index decreases but keeping

values higher than one. Further than e+ = 10 (Re =

30,000), the mass transfer efficiency index keeps decreas-

ing but beginning to bear values less than one. That is,

the gain in mass transfer enhancement is positive versus

the friction development only in the Reynolds number

range of 3000–30000 (e+ = 1–10). Reconfirming what is

said before, the reason for decreasing mass transfer effi-

ciency index with the increase of Reynolds number is

that the flowing system is going towards a fully turbu-

lent regime with enough kinetic energy not to be dis-

turbed by the type of roughness used in this research.

This means that the roughness effect onto flowing

parameters, such as turbulence degree or the viscous

sub-layer thickness, keep decreasing.
4. Conclusions

It is clear that the coarser the surface, the smaller the

Reynolds number where the friction factor starts to turn

aside upwards from the course of Blazius model. The

fact that the recorded friction factor curves stay lower
than that of Nikuradse indicates that the fabricated

rough surfaces of this research had roughness elements

with sharper edges than those of Nikuradse. The shape

of friction similarity function curves points out that

the transition towards fully developed regime of flow

on the considered rough surfaces is not straightforward

and smooth. It is adequate to use friction factor behav-

iour alone for characterising a rough surface. Plots of

mass transfer similarity function indicates that the gen-

eral form of the similarity function depends on size,

shape and spacing of the roughness elements, flow

geometry, and solution conditions. Each specific rough

surface displays its own characteristic profiles, and irreg-

ular surfaces gives irregular response.

It is shown that mass transfer is increased with the

Reynolds number, the surface roughness and Schmidt

number. With the increase of Reynolds number, the

mass transfer enhancement is less affected by undistin-

guished parameters, more affected by flow turbulence,

and less affected by fluid characteristics. For Re >

30,000 or e+ > 10, the mass transfer enhancement ex-

pressed by the mass transfer similarity function con-

verges to an average value of 1.34. The correlative

results for the mass transfer efficiency index versus

Reynolds number or roughness Reynolds number may

be used as an excellent predictive criterion for similar

cases. The mass transfer improvement versus friction

development is acceptable only for Re = 3000–30,000

or e+ = 1–10.

A more powerful pump is required to complete the

surface behaviour data in very high Reynolds number.

Further experiments can also be conducted to cover

wider ranges of Fe3+ concentration, cell voltage, Rey-

nolds number, and solution temperature. Correlations

developed in the laminar and turbulent regions for such

distributions may give more insight into convective or

diffusive mass transfer mechanisms. In the future, more

surfaces of variable mass transfer areas can be created

employing the technique used in this research. An ana-

lytical solution for given boundary conditions will lead

to theoretical results to be compared with experimental

results, and will give a fundamental understanding as

to how different surfaces affect the mass transfer rate.

Data availability for frictional, mass transfer, and heat

transfer enhancements will provide knowledge on heat-

mass-transfer analogies. With such essential knowledge

for predicting the equipment performance, heat and

mass exchangers with rough surface in the fluid-solid

interface can be designed.
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