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Abstract

High Schmidt number mass transfer in a fully developed turbulent flow is examined using a near wall coherent
structure model. The computational approach relies on specification of idealized boundary conditions in the form of a
two eddy structure imposed at a distance of y* = 40 away from the wall. The parameters describing the spatial and
temporal eddy behavior are obtained from a combination of experimental observation, analysis and computer trials as
described by D.R. Chapman, G.D. Kuhn (AIAA Paper 81-1024 (1981) 306-316). Among these parameters, those
describing the root mean square (rms) velocities in normal and spanwise directions are found to have significant in-
fluence on mass transfer at the wall. A correlation relating the mass transfer rate and the rms velocities is obtained. The
effects of turbulence intensity on eddy viscosity and eddy diffusivity are also determined. © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Electrochemical deposition and/or etching for the
fabrication of magnetic and MEMS devices, metallic
mechanical structures and more recently for copper
metallization technology is frequently carried out under
turbulent flow conditions. In general the transport of
reactants, which can be charged, is carried out by three
different mechanisms: convection, diffusion and electri-
cal migration. The limiting case where the migration
term is negligible (when a supporting electrolyte is
present) and the concentration term at the electrode
becomes zero (when operating at the mass transfer
limited current plateau) is nevertheless important. Un-
der these limiting conditions the transport equations
reduce to a high Schmidt number convection—diffusion
problem. This limit remains a valuable idealization since
it permits the examination of fluid flow effects in elec-
trochemical systems. In advanced electronics applica-
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tions in particular, an understanding of these effects is
important for achieving feature-scale (sub-micron to
tens of microns) deposition uniformity in reactor sys-
tems that need to accommodate wafers as large as 0.30
m. The reactor scale flow is frequently turbulent, e.g., in
a fountain plater with impinging jets of ~10~2 m nozzle
diameter and nozzle exit velocities of ~1 m/s, the Rey-
nolds numbers are O(10%).

In modeling turbulent flows the contribution of eddy
viscosity to the total (eddy plus molecular) viscosity is
found to be negligible at distances from the wall that are
less than about 4-5 in wall units [2]. Heat transfer at
Pr ~ O(1) shows similar behavior, where the contribu-
tion of the turbulent eddy thermal diffusivity to the total
diffusivity also becomes negligible within such a distance
from the wall. Hence, the presence of roughness el-
ements or structures within this region does not lead to
deviations from flush surface analysis. At high Schmidt
numbers of O(10%), however, the contributions of tur-
bulence to the total diffusivity do not become negligible
(say 10%) until a distance of about y* = 0.4-0.5 from
the wall is reached (estimated using pipe wall data [3]).
This distance corresponds to O(1 um) in a Re ~ O(10%)
turbulent flow with liquid water properties. Since feature
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Nomenclature

¢ dimensionless concentration of chemical
species

D diffusion coefficient, m?/s

D, eddy diffusivity, m?/s

F body force associated with the global pressure
gradient, N

1 turbulence intensity in pipe flow

k mass transfer coefficient, m/s

Kt dimensionless mass transfer coefficient,
Kt =k/u,

n frequency, 1/s

ny dimensionless frequency of the SSE in
Eq. (2)

nh dimensionless frequency of the LSE in
Eq. (2)

p pressure, N/m?

Sc Schmidt number, Sc = v/D
Se, turbulent Schmidt number, defined in Eq. (8)

t time, s

T maximum dimensionless period of the LSE,
defined as T = 4n/n/,

u velocity in x-direction, m/s

u, friction velocity on the wall defined as /7y /p,
m/s

v velocity in y-direction, m/s

w velocity in z-direction, m/s

X streamwise distance, m

y vertical or normal distance, m

z spanwise distance, m

Greek symbols

o dimensionless rms velocity in the x-direction
at y* =7

o constant in Eq. (2), oy = 0.45x

p dimensionless rms velocity in the y-direction
at y* =7

y dimensionless rms velocity in the z-direction at
=y

{ dimensionless spanwise distance in Eq. (2),
{=2nzt )z

v kinematic viscosity, m?/s

vl turbulent eddy viscosity, m?/s

0 density, kg/m?

Ty shear stress on the wall, N/m?

¢,  phase angle in Eq. (2)
Oy phase angle in Eq. (2)
¢,, phase angle in Eq. (2)

Subscripts

e edge of the near wall region (y© =40 in the
present computations)

t turbulent

w wall

Superscripts

+ wall unit

— mean

! fluctuation

sizes of interest are of this order, if one is interested in
the spatial distribution of mass transfer over such a
feature it would be necessary to account for the inter-
action of these features with the flow in order to estimate
the contribution of the species eddy diffusivity. It would
seem then that only a complete direct numerical simu-
lation (DNS) over a computational domain consisting of
the entire reactor that resolves all the scales from the
feature to the reactor scale would be required. Compu-
tationally however, DNS is feasible only at moderate Re
and moderate Sc since the number of mesh points nee-
ded would be of the order of ScRe”*. This estimate is
based on an estimate of O(Re”*) points for the fluid flow
[4] and the fact that the concentration layer is thinner
than the hydrodynamic layer by O(Sc'/3).

An alternate approach is adopted here where analysis
is restricted to a region near the wall. In this region the
turbulent flow displays a combination of organized co-
herent structures and apparently disorganized struc-
tures. In this wall region corresponding to y™ <40,
coherent structures account for over 8§0% of the energy
in the turbulent fluctuations [5]. Moreover at high

Schmidt numbers, the concentration changes are well
within this wall region for boundary layer flows.

It is generally accepted that the Reynolds stress and
production of turbulence in the wall region are associ-
ated with quasi-periodic eddies, elongated in the flow
direction and occurring in counter-rotating pairs sep-
arated by a distance of about 50 wall units. A schematic
diagram of flow in the near wall region is shown in Fig.
1(a). Several investigators have carried out laboratory
measurements of turbulent flow in the wall region. These
measurements include, velocity gradients at the wall
[6,7], scaling of wall region eddies [8,9], streamwise
velocity field [10,11], spanwise velocity field [12], and
temporal phase relations [13].

The early effort in computing the flow field in the
near wall region using experimentally observed stream-
wise eddies to describe the boundary conditions at the
edge of the wall region dates back to 1970s. Studies by
Fortuna [14], Sirkar and Hanratty [15] and Hatziav-
ramidis and Hanratty [16] rely on the specification of a
time-dependent velocity field at the edge of the near wall
region (y* =30-40). The time-dependent Navier—
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Fig. 1. (a) Schematic diagram of flow in the near wall region; (b) computational domain in present simulations.

Stokes equation in the wall region (y* = 30-40) is
solved assuming that the flow is homogeneous in the
streamwise direction and hence the momentum equation
in the streamwise direction can be uncoupled with the
normal and spanwise directions. The computed velocity
fluctuations did show qualitative agreement with ex-
perimental data [17]. To obtain better quantitative
agreement two separate studies by Chapman and Kuhn
[1] and Nikolaides [18] reexamined the boundary con-
dition at the edge of the wall region. Nikolaides refor-
mulated the boundary condition to represent the flow
due to two eddies of different spanwise scales (z/,, = 100
and 400). An alternate formulation by Chapman and
Kuhn [1] (designated CK81 here) used small-scale-eddies
(SSE) of spanwise scale z© = 100 and large-scale eddies
(LSE) that are z-direction independent. Their compu-
tational results of mean velocities, turbulence fluctua-
tions and Reynolds stress showed very good agreement
with experimental data. Hanratty [19] gave a detailed
review of the studies mentioned above. Chapman and
Kuhn [20] proposed two additional models that intro-
duced intermediate-scale-eddies (MSE) in addition to
SSE and LSE at the top boundary but without any
demonstrated improvement over the earlier two-eddy
model in CKS81.

In the present study the CK81 model is employed to
describe the near wall (y© < 40) flow field. This flow
field provides the basis to compute high Schmidt number
mass transfer in the presence of features (roughly
y' < 4) or on a flush surface since the concentration
boundary layer lies well within this wall region. In the
present paper mass transfer computations are carried
out for the flush wall case where the streamwise velocity
computation is decoupled from the equations for the
normal and spanwise velocities, rendering the problem
two-dimensional. The presence of features would ne-
cessitate a three-dimensional calculation making the
problem computationally intensive but otherwise a
straightforward extension of the present analysis. The
fact that such a calculation would be restricted to the

wall region would however make it tractable with ex-
isting parallel computers today, unlike a calculation
encompassing the entire reactor domain with resolution
down to the feature scale.

The study allows the examination of the effect of
Schmidt number and turbulence intensity on mass
transfer. The effect of turbulence intensity on eddy vis-
cosity and eddy diffusivity is also determined. The mo-
tivation for examining the effect of turbulence intensity
comes from earlier studies that report significant heat/
mass transfer rate enhancement with turbulence inten-
sity. Simonich and Bradshaw [21] conducted heat
transfer measurements in an air boundary layer and
found that heat transfer rate increases with increasing
free-stream turbulence, by about five percent for each
percent of rms intensity. Other studies that report en-
hanced mass transfer with turbulence intensity increase
are those by Kestin and Wood [22], Kataoka et al. [23]
and Subbaiah et al. [24]. In the present paper a quanti-
tative determination of the effect of turbulence intensity
for high Schmidt number mass transfer is carried out. A
correlation relating the mass transfer rate and rms tur-
bulence velocities is obtained based on the numerical
simulations.

2. Methodology

In the present paper the two-eddy model described in
CKS8I1 forms the basis of determining the flow in the wall
region. The parameters describing the spatial and tem-
poral eddy behavior were obtained from a combination
of experimental observation, analysis and computer
trials. The following normalization is used to obtain
dimensionless variables:

2 )
v Tw Tw u; (1)
LU 4 Xl
ui =, Xl- = 5
U, \
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where u;, is the friction velocity. The subscript i = 1,2,3
corresponds to the velocities (u,v,w) and co-ordinates
(x,¥,2).

Due to the fact that the length of the quasi-stream-
wise vortices is an order of magnitude larger than their
diameter, the variation in streamwise direction is small
and neglected in the calculation. The simulation is
conducted in a plane normal to the streamwise flow as
shown in Fig. 1(b) in a rectangular region 0<y* <y
and 0<z" <z} with yt =40 and z} = 100. In the
spanwise direction, at z© =0 and z* =z} , periodic
boundary conditions are specified. At the wall y* =0,
no-slip conditions are imposed. At y* =y, boundary
conditions representing the two coherent harmonic
components of motion, the SSE and LSE, and the mean
flow are specified

Component 1 (SSE)

uf =2 sin(nf t*)sin{
vl =—=2psin(n{ t)sin{
wi =2Bsin(n{ "+, )cosl +[2(7 — 7)) sin(intt + o)

Component 2 (LSE)
202 =) sin(mt +¢0) Ul

(2)

The base case parameter values are taken from CK81 to
be:uf =14, 0=2, =1, y=1.3, oy = 0450, ¢,, =0,
by =1/2, o =21/3, nj =nf, =0.044, and { = 2nz"/
zi ... The above set of parameters represents a local de-
scription of the flow in this near wall model. This de-
scription consists of the mean flow, turbulent
fluctuations, their phase relationships, their dominant
frequencies and length scales. Since the parameters have
been normalized by friction velocity, local shear is a
parameter as well. Here o, f, and 7y represent the
dimensionless root mean square (rms) velocities at y™ =

vio @) ()2, and (wi?)'?, respectively. The
streamwise mean velocity u] is derived from the com-
monly believed law of the wall. The phase angle ¢,, is
obtained from the continuity equation whereas ¢, is
determined by computer trial to obtain as good a match
as possible with the law of wall. The angle ¢, is set to be
zero since the solution is found to be insensitive to this
parameter.

Among the above parameters, the rms velocities
(o, B,7) may vary with geometry, flow conditions, un-
steadiness, and surface roughness, etc. The mean fre-
quency n, of LSE is dependent on the turbulent
boundary layer thickness whereas the SSE frequency n{
is experimentally observed to be relatively invariant.
Changes of these parameters may have significant effects
on the mass transfer rate. In the present calculations,
effects of the rms velocities and eddy frequencies on
mass transfer are investigated. Effect of the rms veloci-
ties is examined for five values of f (0.5, 0.75, 1.0, 1.25,
and 1.5) with the values of « and y equaling 2 and 1.3.
To examine sensitivity to eddy frequencies the frequen-
cies of LSE and SSE are assumed to be equal for the

purpose of simplicity. Two sets of frequency values
ny =nl, =0.044 and 0.044 x 4 are chosen for compu-
tations. While some investigators [19] have suggested the
importance of the length scale of turbulence, the effect of
variation of the spanwise length scale z!  is not exam-
ined in the present study.

Based on the dimensionless variables in Eq. (1),
the continuity and Navier—Stokes equations take the
form

oo n owt
oyt ozt
Ou, LO0uf L Ouf
o T e Y )
opt  op*" e Qfub )
:—@—E‘Fﬁ (l )+ay+2+@.

Note that the calculation of u™ is de-coupled from the
calculation of v™ and w* in this formulation and hence
the u™ component can be solved as a scalar once vt and
w' are obtained. In the above equations F;* is a body
force corresponding to a global pressure gradient as-
sociated with the LSE and is defined as, F"(r") =
Qub/ort, B (r7) = 0, F; (¢7) = 0w, /or". The quantities
uty and w, are the LSE (Component 2 in Eq. (2))
velocity components in x- and z-direction at y* = y}.
Once the fluid flow is obtained, the concentration
field can be obtained by solving the unsteady mass
transfer equation. An order-of-magnitude analysis per-
formed by Sirkar and Hanratty [15] concluded that,
compared to the spanwise direction, the convective and
diffusive mass transfer in streamwise direction have little
effect on the fully developed high Schmidt number mass
transfer rate and hence is neglected in the present cal-
culations. The mass transfer equation is
dc dc | ( ’c ¢ >

_ +t I —
6t++v 6y++w ozt Sc ay”_‘—ﬁz+2

)

The computational domain is the same as that for fluid
flow. At zt =0 and z* =z, periodic boundary con-
ditions are specified. At the wall y* = 0, the concentra-
tion is set to zero and at y* = y", the bulk concentration
(¢ =1) is assumed to prevail.

A 2-D time dependent SIMPLER algorithm [25]
based code is utilized to carry out the fluid flow calcu-
lation. The mean pressure p is assumed to be function of
x alone. Since the mean pressure gradient (0p*/0x") has
only a negligible effect on sublayer turbulence [1], it is set
to be zero in all the present computations. A 2-D time
dependent concentration solver is developed to solve
mass transfer with given fluid flow. The time period in
the computation is chosen to be the maximum cycle of
the LSE (T = 4n/n},).

The fluid flow calculation is carried out using a mesh
size of 40 x 40 (in y- and z-direction) using 200 time
steps per period. Due to the high Schmidt number, the
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mass transfer calculation needs much finer grids than
that for fluid flow. A mesh size of 150 x 90 (in y- and z-
direction) is used for the mass transfer computation with
the same time step as that for the flow. With a stretching
factor of 1.05 in the normal direction the distance of the
first point away from the wall for the mass transfer
calculation is about twenty times smaller than that for
the fluid flow calculation. Uniform mesh is used in the
spanwise direction.

As the simulation progresses, the effect of initial
conditions is found to gradually decay. Once a quasi-
steady periodic solution is obtained, calculations are
continued for two more periods to obtain fluid flow
statistics. Once the fluid flow is obtained the known
temporal velocity fields are stored and used to solve the
mass transfer problem. Once the concentration field
becomes periodic in the spanwise direction, data re-
duction in carried out by continuing the simulation for
two time periods. One complete fluid flow calculation
on a 40 x 40 grid (requiring about 2800 time steps to
achieve quasi-steady periodic solution) needs about six
hours and one case of mass transfer calculation on
150 x 90 grid (requiring about 4600 time steps to
achieve quasi-steady periodic solution) needs about
half an hour on a Pentium IIT 800 MHz with 512 MB
of RAM.

The average velocities, rms velocities, Reynolds
stress, and turbulent Schmidt number are calculated as
follows:

— 11 EE

u /:NMZIZIujm’ (5)

()" : XN:XM:("”—“* )y (6)
/ NM —1 I

where N is the sampling rate in time period 7, M is the
sampling rate in spanwise direction and the subscript j is
the index in y-direction. 7 is the maximum period of
LSE (T =4n/n},). The averaged concentration ¢ and
—v'*¢’ can be computed similarly.

Computations with a finer grid (60 x 50) for the flow
using 250 time steps per period are also carried out to
verify adequacy of grid resolution. No observable dif-
ference is found between the simulation results using the
two sets of grids and the results faithfully reproduce the
7, (u’_z)l/z, (v’_z)l/z, (w’_z)l/z, and —u/v’ distributions given
in CK81. Hence only the streamwise mean velocity
distribution in the normal direction is reported in this
paper and is shown in Fig. 2. As noted in CKS81, the

16 -

Present simulation
(mesh: 40x40)

— — Present simulation

12+ (mesh: 60x50)

o Hussain & Reynolds [26]
o Ueda & Hinze [27]

o Laufer [17]

Y

Fig. 2. Variation of streamwise mean velocity with normal
distance from the wall.

simulation results show good agreement with exper-
iments [26,27].

To verify adequacy of grid resolution for the mass
transfer calculations, the turbulent Schmidt number
distribution in the wall-normal direction is obtained
using three different grids (90 x 60, 150 x 90, 200x 120).
The corresponding time step per period for the three
grids is 150, 200 and 250, respectively. The results are
shown in Fig. 3. While the maximum relative error be-
tween the two finest grids is 7%, this discrepancy is
limited to y* < 0.5. Everywhere else the agreement of Sc,
is considerably better.

3. Results and discussion

The variation of mean concentration ¢ versus the
wall-normal distance from the wall is plotted in Fig. 4
for Schmidt numbers of 900 and 2140. Experimental
data of Flender and Hiby [28] and Lin et al. [29] are also
shown in the figure. Note that in the region near the wall
the experimental data are steeper than the present sim-
ulations approaching the bulk concentration at lower y™
values. The concentration is seen to reach the bulk
concentration value by y* = 5, well within the compu-
tational domain because of the high Schmidt numbers.

While it is generally accepted that the near wall be-
havior of turbulent eddy diffusivity is ~O(y™) there has
been considerable debate in the literature about the va-
lue of the exponent m, in particular whether it is 3 or 4
or perhaps an empirical value in between [30-32]. Shaw
[33] obtained D, /v = 0.000463y+338 for mass transfer at
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Fig. 3. Variation of turbulent Schmidt number with distance
from the wall for three different mesh sizes (Sc = 900).
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Fig. 4. Variation of the near-wall concentration with distance

from the wall. Experimental data of Flender and Hiby [28] and

Lin et al. [29] are also shown.

high Schmidt numbers. Recently Na and Hanratty [32]
calculated D,/v for high Schmidt number mass transfer
using the Lagrangian calculation results of concentra-
tion field by Papavassiliou and Hanratty [34,35]. The
present simulation results of D;/v versus the normal
distance are shown in Fig. 5 along with Na and Han-
ratty’s calculated results and the prediction using Shaw’s

10! T T /
100 L Present simulation (Sc=2400) / 4
—_ . Shaw [33]
o Na & Hanratty [32] /

ol (Sc=2400) . |

102] 7 ]
2 s
&

103L |

1044 o 4

105 o/ ]

106 . .

0.1 1 10
+
y

Fig. 5. Variation of D,/v with distance from the wall. Results
by Shaw [33] and Na and Hanratty [32] are also shown.

correlation. These results lie in the same region espe-
cially for the region 0.2 < y* < 1. For y* > 1 the present
simulation result is less than the other two.

For fully developed flow and mass transfer, the mass
flux becomes constant and a dimensionless mass transfer
coefficient, K+ can be calculated as follows:

1 [ de
o | =
k=g 5] ©)

The mass transfer coefficient K is shown as a function
of Schmidt number in Fig. 6 along with the experiment-

0.001

Present simulation
o  Flender & Hiby [28]
o Linetal [29]

—— Correlation K"=0.08898¢ """

(Shaw & Hanratty [36])

0.0001

1000 10000
Sc

Fig. 6. Variation of mass transfer coefficient K™ with Schmidt
number along with experimental data [28,29] and correlation by
Shaw and Hanratty [36].
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based correlation by Shaw and Hanratty [36]
(K* = 0.0889Sc~%4) and experimental data of Flender
and Hiby [28] and Lin et al. [29]. The experimental data
of Flender and Hiby [28] were obtained at two different
Reynolds numbers: 5000 and 10000. The Reynolds
numbers in Lin et al. [29] study range from 4000 to
12400. The experimental data lie between the results of
the present simulation and Shaw and Hanratty’s corre-
lation, which is generally higher than the present simu-
lation results. The Schmidt number dependence of the
mass transfer coefficient is K+ ~ Sc=%%! in the present
simulations.

Most Reynolds Averaged Navier—Stokes or RANS
based turbulence modeling efforts rely on a turbulent
Schmidt number when solving the time-averaged mass
transfer equation. The turbulent Schmidt numbers ex-
tracted from the present solutions using Eq. (8) are
shown in Fig. 7 for Sc = 900-10000. Available experi-
mental data [37] and an algebraic formula for Sc, [37] are
also shown. For y* > 6, the present simulation results
for high Sc are in the same range as the experimental
data and predictions using the formula. Closer to the
wall (y* < 5), however, the simulation results for Sc, are
much higher showing a peak around y* =~ 3, followed by
a rapid drop off to a value of about 2 at the wall, which
is roughly the same as that from Kays and Crawford’s
formula. The present simulations show that the peak
value of Sc; increases with the Schmidt numbers,
whereas Sc, at the wall slightly decreases with Schmidt
number. If one were to obtain dc/dy from the exper-

Present ~— = 5¢=900

i ion: Sc=2000

51mulanon._ T 304000
— — Sc=10,000

Sc=0.7
— — Sc=7

—.— Sc=900

Experiments: o  Sc=0.7 [37] ]

o Se=7[37]

Formula [37]:

Fig. 7. Variation of turbulent Schmidt number with the dis-
tance from the wall for Sc =900-10000 along with exper-
imental data and a suggested formula by Kays and Crawford
[37].

imental data shown in Fig. 4 and assume all other
quantities in Eq. (8) to remain the same as in the present
simulations, then the sharp peak in S¢, around y*© = 3 is
no longer observed. Lacking any other means to validate
the simulations for Sc¢, in this region, further study
would be needed to make definitive conclusions.

In the existing literature there is a clear indication
that rms turbulent intensity or velocity fluctuations do
play a role in determining mass transfer even though
there is no established quantitative relationship between
the two. Heat transfer measurements by Simonich and
Bradshaw [21] in an air boundary layer reveal that one
percent increase of rms intensity can increase the heat
transfer by about five percent. Kataoka et al. [23] ex-
perimentally studied high Schmidt number (Sc = 1800)
mass transfer to a flat plate in an axisymmetric im-
pinging turbulent jet flow. They compared their experi-
mental mass transfer rates with their theoretical results
obtained under turbulence-free conditions (free-stream
turbulence intensity is zero), and found that the mass
transfer to the plate was greatly enhanced owing to the
existence of turbulent fluctuations in the wall region.
Subbaiah et al. [24] in a study of mass transfer in an
electrochemical cell observed that the presence of tur-
bulence promoters increased the mass transfer rate by
110% in forced circulation flow in the range of pro-
moters considered.

The two-eddy near wall model utilized in the present
study provides a test-bed to examine the effect on mass
transfer rate of the turbulence velocity fluctuations
(or, B, 7) at the edge of the near wall region. Computa-
tions were carried out for five different values of f (0.5,
0.75, 1.0, 1.25, and 1.5) where f = vps/u, and vy is
the dimensional y-direction rms velocity at y* = y'.
Both o and y were also proportionally altered accord-
ing to «a=2.0 and y=1.38. Note however that
changes in o do not alter fully developed mass transfer
as seen from Eq. (4). All the other parameters are the
same as the base case parameter values taken from
CKS8]1. Variation of the mass transfer rate at the wall
with f is shown in Fig. 8. In this figure the mass
transfer coefficient K* is normalized by Sc=*¢! based on
the simulations shown in Fig. 6. It is seen from Fig. 8
that higher values of f can lead to significant en-
hancement in mass transfer. A correlation obtained
from the simulation results relating the mass transfer
rate to the rms velocity f is given by

K* = (—0.00828% + 0.0342f + 0.0097)Sc "' (10)

As observed earlier f§ represents the normalized rms
velocity at y* =y} in the wall-normal direction. In or-
der to obtain some insight into the parameter f, we
consider a fully developed pipe flow at a Reynolds
number Re = 10* based on pipe diameter and average
pipe flow velocity. The commonly used turbulence in-
tensity / is defined as follows:
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Fig. 8. Effect of normalized y-direction rms velocity / on mass
transfer coefficient.
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where U,, is the streamwise average velocity in the pipe
flow and s, Uims, and wyy are x-, y-, and z-direction
rms velocities at y© =40. If « and y are assumed to
change with f according to « =2.0f and y = 1.3f, an
increase in f§ from 1.07 to 1.50 corresponds to an in-
crease in / from 10% to 14%. Over such an increase in
turbulence intensity 7, the present results indicate a 15%
increase in mass transfer.

The effect of changes in eddy frequencies (n],n};) is
examined using a four-fold increase in the two values,
ie., nj =n/, =0.044 and nf =n}, =0.044 x 4. Note
that the SSE frequency ] and the LSE frequency n, are
set to be the same in order to simplify the computation.
The other parameters were maintained the same as those
in the base case. The numerical mass transfer rate at the
wall (not shown here) was found to be insensitive to
changes of eddy frequency (n],n},).

The turbulent eddy viscosity v; and eddy diffusivity
D, are two important quantities in traditional turbulence
modeling approaches that utilize Reynolds averaged
Navier-Stokes and concentration equations. Effects of 8
on v;/v and Dy/v are also studied in the present paper
and the results are shown in Figs. 9 and 10, respectively.
Increasing f§ generally increases both the turbulent eddy
viscosity and eddy diffusivity. From Fig. 9 it can be seen
that, the turbulence eddy viscosity v, is less than ten
percent of the molecular viscosity v when y* < 5. The
turbulence eddy diffusivity D, (as seen in Fig. 10 for
Sc =900) is not negligible compared to the molecular
diffusivity D (D,/D < 10% or D,/v< 107 for Sc ~ 900)
until y* < 0.5. This suggests that for high Schmidt
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Fig. 9. Effect of normalized y-direction rms velocity  on the
variation of v /v with y* (« = 2f, y = 1.3 are assumed).
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Fig. 10. Effect of normalized y-direction rms velocity § on the
variation of D,/v with y* (y = 1.3 is assumed).

number mass transfer simulations the first grid point
near the wall should be at least within y* < 0.5.
4. Conclusion

Using the two-eddy model of CK81, fully developed
turbulent flow and high Schmidt number mass transfer
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near a wall are simulated. These idealizations permit the
use of two-dimensional simulations. This modeling ap-
proach can however be easily extended to a three-
dimensional simulation, which would be necessary in the
presence of features on the surface. The present two-
dimensional simulations could be utilized to provide the
upstream “‘fully-developed” flow boundary condition
for the three-dimensional simulation. Although it is
difficult to carry out such a three-dimensional calcula-
tion using a single CPU personal computer as was
utilized in the present study, the existing parallel com-
puters today can make this problem feasible due to the
fact that such a calculation would be restricted to the
wall region. Thus the approach presented here would
make viable calculations that would otherwise be diffi-
cult with a full Direct Numerical Simulations approach.
Even though the low-order model adopted here utilizes
only two harmonic perturbations to simulate the near-
wall turbulent coherent structure, the results show that
we can reasonably retrieve some of the key statistics of
turbulence critical to turbulent transport as well as mass
transport, something that is very difficult with tra-
ditional turbulence modeling (k—& or k—w turbulence
model).

The effect of turbulent velocity fluctuations on mass
transfer rate K" is examined in the present paper. It is
found that an increase in wall-normal turbulent velocity
fluctuations (and an associated increase in the spanwise
direction fluctuations) can considerably enhance the
mass transfer rate. A correlation that relates K™ to
the normal direction rms velocity f is obtained from the
numerical simulation results. Effects of the turbulent
velocity fluctuations on the eddy viscosity and eddy
diffusivity are also determined. A sensitivity study shows
that the mass transfer rate is insensitive to the change in
eddy frequencies.

The present approach allows the examination of the
turbulent Schmidt number distribution in the region
vyt <5 considerably closer to the wall than other nu-
merical or experimental studies. The computed results
show unusually high turbulent Schmidt numbers in this
region. Further study is warranted to establish the va-
lidity of this behavior.
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