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Abstract

The effect of free stream turbulence on local mass transfer from a circular cylinder is experimentally investigated for
free stream Reynolds number from 3.0 x 10* to 8.3 x 10%, turbulence intensity from 0.2% to 23.7% and integral length
scale from 0.8 to 6.3 cm. The pattern of mass transfer distribution changes considerably with free stream turbulence.
The effect of a splitter plate on local mass transfer is also studied. Information on the flow field near the surface is
obtained from flow visualization using an oil/lampblack mixture. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Heat and mass transfer from a circular cylinder have
been extensively studied (cf. [1]). In many applications
such as heat exchanger design, detailed information re-
garding the circumferential and longitudinal variation of
heat transfer to a cylinder is required. The major
parameters that affect the heat (mass) transfer coefficient
are the Reynolds number, the Prandtl (Schmidt) number,
surface roughness, turbulence intensity and length scale.

Experiments have shown that heat transfer is often
augmented by the free stream turbulence. Giedt [2]
measured the local heat transfer coefficients on a circular
cylinder placed normal to an air stream. He observed a
larger rate of heat transfer in the laminar boundary layer
on the front part of the cylinder with increased free
stream turbulence. Bollen [3] and Zapp [4] reported that
increasing free stream turbulence lowers the critical
Reynolds number (from Re, ~ 2 x 103, Morkovin [5]) at
which transition occurs in the boundary layer flow
producing a later (larger 0) flow separation. Seban [6],
Kestin and Maeder [7] and Kestin et al. [8] found larger
turbulence intensity produces higher heat transfer coef-
ficients (at different locations on a cylinder) through a
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direct increase in heat transfer to the laminar boundary
layer, through an earlier transition to turbulence or
through substantial changes in the characteristics of the
separated flow. Over a range of Reynolds number near
the critical value (Re.), the effects of turbulence on heat
transfer in air and water flow were investigated by
Zukauskas et al. [9]. They found that the turbulence
effects depend on Prandtl number in water and are
smaller than in air.

Recently, Lee et al. [10], using naphthalene mass
transfer, reported that at low turbulence intensity the
local Sherwood number (Sh) distribution qualitatively
shows the trend of the typical subcritical flow with no
turbulence, but at higher turbulence level the distribu-
tion of Sherwood number changes drastically. Two
minima in Sh vs. position (0) around the cylinder were
found, similar to those observed in the supercritical flow
regime (Re > 3.5 x 10°, Morkovin [5]). Scholten and
Murray [11] measured the instantaneous and time-
averaged heat flux around a circular cylinder. The fluc-
tuation and the auto spectra of the heat flux under high
free stream turbulence were examined.

Heat transfer from a circular cylinder can be affected
by the integral length scale (L,). Zijnen [12] found a
maximum increase in heat transfer at L, /d ~ 1.6. Yardi
and Sukhatme [13] found a greater increase in the heat
transfer coefficient at the front stagnation point for
smaller values of L,/d than for larger values of L,/d at
the same value of the turbulence parameter Tu Re'/>.
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Nomenclature

A, total (metal or wood) blocked area on
the grid turbulence generator, m?

A cross-sectional area of the test section,
m>

AR open area ratio (4,/4,) of turbulence
generators

cp specific heat, J/(kg K)

Dya binary diffusion coefficient of naphtha-
lene in air (Eq. (6)), m?%/s

d diameter of circular cylinder (d =50
mm in present study), m

E, one-dimensional energy spectrum (Eq.
(11)), m?/s

f frequency (Eq. (11)), 1/s

h heat transfer coefficient (Eq. (17)), W/
(m* K)

/™ naphthalene mass transfer coefficient
(Eq. (1)), m/s

k thermal conductivity of air, W/(m K)

L, longitudinal integral length scale (Eq.
(13)), m

/ cylinder length (/ =275 mm in present
study), m

7] mass transfer rate per unit area (Eq. (2)),
kg/(m? s)

n power index used in Eq. (17)

Nu Nusselt number, Nu = hd/k

P atmospheric pressure, Pa

Piw naphthalene saturated vapor pressure at
the surface (Eq. (4)) (P»@28°C~=
16.67 Pa)

Pr Prandtl number, Pr = uc,/k

R autocorrelation coefficient (Eq. (10))

Ry longitudinal correlation of «'-fluctuation
(Eq. (14))

R, gas constant for naphthalene
(R, = 64.87 Nm/kg K)

Re Reynolds number, Re = Ud /v

Re. critical Reynolds number, Re, ~ 2 x 10°

Sc Schmidt number, Sc¢ = v/Dy, ~ 2.28

Sh Sherwood number, Sk = hy,d/D,,

Shavg average Sherwood number

Sho—o Sherwood number at front stagnation
line

Sho—150 Sherwood number at rear stagnation
line

dynamic temperature, K

naphthalene surface temperature, K
recovery temperature, K

free stream temperature, K

turbulence intensity, 7u = Vur /U
local average velocity, m/s

average velocity at x/d =0, y/d =0
and z/d = 4.57, m/s

inlet velocity, m/s

longitudinal velocity, m/s

fluctuation of longitudinal velocity, m/s
width and height of the test section
(W =457 mm in present study, cf.
Fig. 1), m

X distance in  streamwise direction
measured from cylinder axis, m
position vector (Eq. (10))

distance in cross-stream direction
measured from cylinder axis, (tunnel
walls at y/d = £4.57), m

distance in spanwise direction measured
from bottom wall, (tunnel walls at z/d =
0,9.14), m

28 sapposs
=

=l

<

3]

Greek symbols

A(Sh/+/Re) difference in Sherwood number between
low and high free stream turbulence
flow,

o (sn/VRe) = [((sn/VERe)
- <Shn4:0.2/\/ Rem:oz) )/
(ShTuZO.Z/\/ Rem:o,z)}

ot duration of exposing naphthalene to
flow, s

ot net naphthalene sublimed depth, m

0 angle around the cylinder, 0 =0° at
front stagnation line

u dynamic viscosity of air, kg/(m s)

v kinematic viscosity of air, m?/s

Paw concentration of naphthalene vapor at a
wall, kg/m’

Prco concentration of naphthalene vapor in
the approaching flow, kg/m’

05 density of solid naphthalene, p, = 1450
kg/m’

T time, s

The heat transfer coefficient at the rear stagnation point
was unaffected by the free stream turbulence. Length
scale generally has been found to have a small effect on
the average heat transfer coefficient. However, Torii and
Yang [14] found that the Nusselt number at the rear

stagnation point varies with the relative scale L,/d. At
the same Reynolds number, the laminar-to-turbulent
transition in the separated shear layer moves down-
stream with increasing relative scale L, /d. Recently, Van
Fossen et al. [15] studied the effects of free stream tur-
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Fig. 1. Test cylinder and test section (dimension in mm).

bulence intensity, length scale, Reynolds number and
leading-edge velocity gradient on the front stagnation
region heat transfer. They found that heat transfer in the
front stagnation region increases with decreasing length
scale.

Some empirical correlations for heat transfer near the
front stagnation point have been proposed by Smith and
Kuethe [16] and Ames [17]. Van Fossen et al. [15] pro-
posed a correlation for the front stagnation heat transfer
for isotropic turbulence as a function of TuRe*®(L./
4y,

For high free stream turbulence levels, the results
from many studies show considerable discrepancies be-
lieved to come from several sources, such as differences
in the decay rate of turbulence even at the same turbu-
lence intensity and in the integral length scale of tur-
bulence. Few researchers (cf. Van Fossen et al. [15]) have
studied the effect of both high free stream turbulence
(Tu > 15%) and large longitudinal integral length scale

(Ly/d > 0.5) on local heat (mass) transfer from a circular
cylinder.

The present study provides information on the effect
of the turbulence intensity and length scale on local mass
transfer. The investigation includes measurements with
and without a splitter plate at the rear stagnation line of
the cylinder. The naphthalene sublimation technique is
used to measure local mass transfer coefficients. Flow
visualization provides some understanding of the flow
field around the cylinder.

The combined effect of turbulence intensity and
longitudinal integral length scale on local mass transfer
is investigated over a limited Reynolds number
3.0 x 10* < Re < 8.3 x 10* for 0.2% < Tu < 23.7% and
0.8cm < L, <63cm. An oil/lampblack technique
provides flow visualization results at Reynolds number
of 6 x 10%,

2. Experimental apparatus and instrumentation

The experiments are conducted in a blowing-type
wind tunnel. The inlet to the test section has an area
contraction ratio of 6.25. The exit velocity from the
contraction, in the absence of a turbulence generator
and the test cylinder, is about 40 m/s with turbulence
intensity of about 0.2%. With the cylinder present the
free stream velocity was 19.4 m/s for Re of 6.0 x 10*.
The turbulence generator section placed downstream of
the contraction nozzle has a cross section of 45.7 cm by
45.7 cm. The test section follows and has the same cross
section and a 30 cm length.

The wind tunnel test section and a cylindrical naph-
thalene test piece are shown in Fig. 1. The cylinder is
aluminum with a diameter of 50 mm, and a total length
of 275 mm. Except in the region near the ends, a recess 2
mm deep and 250 mm long is machined on the outer
surface of the test cylinder. Molten naphthalene is cast
in this recess. Thermocouples installed in the naphtha-
lene measure the temperature near the outer surface.
Two metal rims at the ends of the cylinder are used as
bounding surfaces in the casting process and as reference
locations in the surface profile measurement. The test
cylinder, with an extension cylinder (white derlin, 50 mm
in diameter and 194.9 mm long) on top, is placed ver-
tically in the middle of the test section during its ex-
posure to the air stream. The blockage ratio (d/W)is0.11.

Four turbulence generators are used. Three are grids
shown in Fig. 2. The other is a combustor-like turbu-
lence generator described by Wang [18].

3. Experimental technique

Analyzed Reagent Grade naphthalene (C;,Hg) pow-
der (0.0008% residue after ignition) manufactured by
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Fig. 2. Turbulence generators.

Baker Chemical Co. is used as the subliming material.
Molten naphthalene poured in the recess through the
naphthalene-filling hole in the casting system flows out
with air through the air vent hole. After the naphthalene
solidifies, the mold is separated and the metal rims are
cleaned. The technique produces a smooth and clean
surface.

The naphthalene surface profile before and after ex-
posure in the wind tunnel is measured using an automated
data acquisition system. The sublimation depth is calcu-
lated from the differences in the two profiles. A Linear
Variable Differential Transformer depth gauge (Schaevitz
PCA-200-010 LVDT) moves across the surface using an
automated traversing system. The test cylinder is in an
enclosure saturated with naphthalene vapor to reduce
natural convection sublimation. The rotary table (6-table)
rotates the cylinder to the desired angle. The depth gauge
is fixed to the linear-axis table (y-table) which moves along
the axis of the cylinder. The rate of measurement is above
3000 points per hour. Reference lines between points on
the metal rims are defined. The differences in elevation
relative to the reference lines are measured at the same
locations before and after the wind tunnel run, which give
the naphthalene loss by sublimation.

The Sherwood number, S/ is determined from the
naphthalene loss. The boundary condition is analogous
to a constant temperature surface in a heat transfer ex-
periment because the saturated vapor pressure of
naphthalene at the surface is essentially constant.

The local mass transfer coefficient, 4,,, is defined as:
m

Iy = ——.
(pn,w - pnoc)

(1)

The mass transfer rate per unit area is determined from
the net sublimation loss of naphthalene during exposure
to the flow:

. pot
m = 5t

(2)

The net sublimation is the difference in depth between
the first and the second profile measurements, corrected
by the loss from natural convection sublimation which is
experimentally determined.

Since the incoming air has no naphthalene vapor,
Puoo 1s zero and Eq. (1) reduces to

s (01/00)

o 3)

The vapor density of naphthalene at the wall is deter-
mined using the ideal gas law
P

C Re Ty’

Pow )
where P,,, ~ 16.67 N/m’, R, = 64.87 Nm/kg K. At the
largest Re (Re~ 8.3 x10%, U, =~27m/s and Ty =~
0.35°C) the variation in recovery temperature (7))
around the cylinder has a small impact on the properties
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of naphthalene. This primarily affects the results in the
rear of the cylinder (120° < 0 < 180°). Correction for
this at the highest velocity increases the Sh by a maxi-
mum of 3%.

Using the local mass transfer coefficient, the cylinder
size, the properties of naphthalene, the local Sherwood
number is calculated,

hpd

Sh
Dna ’

()

where D,, is calculated using Eq. (6) recommended in
(19]

(6)

1.93 s
D.. = 681 x 10_6( Ty ) 1.01325 x 10 .

298.15 Piim

Uncertainty in this experiment is analyzed using the
method described by Coleman and Steele [20]. It is
evaluated based on the 95% confidence level. The un-
certainty in mass transfer coefficient is 4.5% and in
Sherwood number is 6.8%.

4. Flow field measurement

The turbulent flow velocity includes an average
velocity and a fluctuating velocity,

ul@ ) =UR) +u(%1). (7)
Turbulence intensity is defined as

Vi

Tu = T (8)
where
_ 1/ 12
Vu?= <lim 7/ u”? dt) . 9)
=0 T Jq

The autocorrelation determined using a single hot-wire
probe is defined as

W (X, Du' (¥t + 1)

RX (t+1)—1) = =
u

: (10)
where the average is taken with respect to time 7.

The correlation function and the energy density
spectrum are Fourier cosine transforms. The correlation
function can be obtained from the energy density spec-
trum and vice versa [18],

E\(f) = 4?/30R(1) cos(2nft)dr, (11)
R(2) :% /0 " Ey(f) cos(2nf7) . (12)

The turbulence is assumed to be homogeneous and
isotropic. Taylor’s hypothesis is applied to obtain the

length scale. In this experiment all turbulence par-
ameters are calculated under this assumption. By the
definition of correlation functions, the longitudinal in-
tegral length scale of u'-fluctuation (correlated in x-di-
rection of u#'-component) can be computed as follows
[18]:

L, = /OOR“(x)dx _UR©O)

4u”?

; (13)

where R, is longitudinal correlation of u'-fluctuation
defined as:

Ru((r+x1) —xy) = Wt x) gy

V@) @e )

For isotropic and homogeneous turbulence, the relation
between R(t) and Ry (x) is

R(t) 22 Ry1 (x),_yr- (15)

The flow field is measured using a single-sensor constant
temperature boundary layer probe, TSI model 1218-
T1.5. The constant wire temperature of 250°C is main-
tained using a two channel hot-wire anemometer, TSI
model IFA-100. The hot wire signal is amplified and
filtered by a signal conditioner, TSI model 157. In a
typical run, a low pass filter is set at 5 kHz and high pass
filter is set at 10 Hz. The offset and gain are set at 1 and
10, respectively.

The velocity and the turbulence intensity for each
of the four turbulence generators are shown in Fig. 3.
The velocity is quite uniform. The dimensionless power
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spectra are shown in Fig. 4. If there are no continuous
external sources of the energy for turbulent motion,
turbulence decays by viscosity effects, which converts
kinetic energy into internal energy. Viscosity also makes
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Fig. 5. Distribution of turbulence intensity and length scale in
streamwise direction (v/d =0, z/d = 4.57).

Table 1

Turbulence parameters at x/d =0, y/d =0, z/d = 4.57
Turbulence generator AR Tu L,

(de/4) (%) (cm)

No turbulence generator - 0.2 -
Expanded metal sheet 1 0.57 4.0 0.8
Expanded metal sheet 2 0.62 6.0 1.0
Bar grid 0.61 10.0 3.0
High turbulence gener- - 23.0 6.2
ator

turbulence more homogeneous and less dependent on
direction.

As shown in Fig. 5, the turbulence intensity decays
somewhat in the streamwise direction but the longitu-
dinal length scale increases. The turbulence intensity and
longitudinal length scale (measured in the absence of the
cylinder) at the position where the cylinder is placed
(x/d =0, y/d =0, and z/d = 4.57) are summarized in
Table 1.

5. Results and discussion
5.1. Flow visualization

Flow visualization using an oil/lampblack mixture
brushed on the cylinder surface indicates the flow field
near the surface. In areas where the shear stress is
strong, streaks are formed on the surface (gray region),
while a streak-free black region is formed in areas where
the shear stress is weak. Additionally, the flow pattern is
observed using threads placed on the cylinder. All
visualization tests are conducted at a Reynolds number
of 6 x 10%.

Flow visualization and Sherwood number distribution
for Re = 6 x 10* are presented in Fig. 6(a) for Tu = 0.2%
and Fig. 6(b) for Tu = 6%. A vertical black band at 0 = 0°
indicates the shear stress is small in this region.

At Tu = 0.2%, the boundary layer separates at the
end of the gray band (0 ~ 85°). The Sherwood number
gradually decreases from the front stagnation point until
it reaches a minimum value near the laminar separation
point. A black band from 0 ~ 85° to 0 ~ 150° corre-
sponds to the hump in the mass transfer results. As re-
ported by Scholten and Murray [11], a slight hump in
the mass transfer coefficient distribution on the cylinder
in the wake region indicates that there are secondary
vortices in the reverse flow region. After the black band
(from 0 = 150°), a second gray band appears due to the
high shear stress caused by the irregular vortex shedding
and the unsteady flow in the wake. A small gray band at
0 =~ 90° may be caused by stationary vortices.

At Tu = 6.0%, separation occurs at 6 ~ 90° where the
wall shear stress is very small and the black band starts.
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Fig. 6. Flow visualization at Tu = 0.2% and Tu = 6%, Re = 60,000.

A minimum in Sherwood number occurs near this sep-
aration point. Downstream of the separation location a
black band appears followed by a small gray band. This
small gray band corresponds to the reattachment of the
flow and high shear force. Mass transfer results show a
peak at this location. The flow becomes unsteady and
finally an apparently turbulent boundary layer separates
at about 150° where the second gray band starts and the
second minimum Sherwood number occurs. After the
second separation point, the wall shear stress increases
corresponding to the rear gray band.

5.2. Effect of Reynolds number at low free stream
turbulence

Fig. 7 shows circumferential Sherwood number dis-
tributions for Tu = 0.2% at different Reynolds numbers.
High values of Sherwood number occur at the front

and rear stagnation points, 6 = 0° and 0 = 180°, re-
spectively. As 0 increases from zero, the Sherwood
number decreases gradually since the boundary layer
thickens. Near the separation point, the local mass
transfer drops sharply because of changes in the
velocity profile in the boundary layer. The Sherwood
number reaches a minimum value near where the
laminar boundary layer separates. After separation,
mass transfer increases monotonically to 6 = 180°. The
increasing mass transfer in the rear part of the cylinder
is due to the increased eddy effects in the wake region
of the cylinder.

As expected, with an increase at the Reynolds num-
ber, the mass transfer increases. Over the range of
Reynolds number studied the separation angle changes
slightly, from 87° at Re = 2.9 x 10* to 83° at Re = 8.3x
10* due to the increasing inertial effects. In the region
from 6 =0° to &6 = 70° near the minima, the curves
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Fig. 7. Sherwood number and Sh/Re" distributions for
Tu = 0.2%.

collapse on to one line when plotting Sk/Re'/?, indicat-
ing a laminar boundary layer. Over most of the rear part
of the cylinder, the Sherwood number appears to be
proportional to Re®”.

5.3. Effect of free stream turbulence

In the range of Reynolds number investigated — all
subcritical — the mass transfer changes significantly with
free stream turbulence. Increases of Sherwood number
at the front and rear stagnation point and average values
are summarized in Table 2. As free stream turbulence
increases, generally the mass transfer increases at the
front stagnation point, but decreases at the rear stag-
nation point because of a weaker and smaller wake-
width caused by the delay of separation. The pattern of
the Sherwood number distribution changes considerably
with free stream turbulence, a trend similar that found in
the supercritical flow regime [21].

At Re = 3 x 10%, the mass transfer increases when the
free stream turbulence increases as shown in Fig. 8. On
the front part of the cylinder from 0° to 85° free stream
turbulence clearly increases mass transfer in the “lami-
nar”’ flow region. The boundary layer separates at about
85°. After separation, the free stream turbulence influ-
ence on the mass transfer depends on 6. The Sherwood
numbers steeply increase after separation and reach a
peak at 115° for Tu = 11.7%. Turbulent mixing is the
probable cause of this change. This peak, as indicated by
the flow visualization shown in Fig. 6, is related to a
reattachment of the flow. Fresh free stream fluid is
drawn closer to the cylinder when flow reattaches
causing high mass transfer. The boundary layer re-
develops after the reattachment and becomes turbulent

Table 2
Change of Sherwood number at the front and rear stagnation point and average Sherwood number by the free stream turbulence effect

Re Tu (‘VO) L‘x (cm) Sh():() Sh():180 Shavg
31.2 x 10° 0.3 - 265.1 299.1 205.2
46.7 x 10°? 0.2 - 323.2 402.7 265.6
59.3 x 10° 0.2 - 362.2 496.1 308.1
82.2 x 103 0.2 - 425.0 570.2 369.8
Re Tit (%) L, (cm) n(sh/VRe) (%) 0=0  s(Sh/VRe) (%) 0=180  n(Sh/VERe) (%) ave.
30.2 x 103 3.9 0.77 14 -1 5
47.7 x 103 3.8 0.77 23 -4 14
60.2 x 103 3.7 0.80 25 -8 18
79.3 x 10° 3.6 0.80 47 6 43
30.2 x 103 5.7 0.96 12 10 11
47.4 x 10° 5.6 0.96 26 -3 23
58.8 x 103 5.5 0.97 29 -12 25
80.7 x 10° 5.3 1.00 47 -5 40
324 x 103 11.7 3.38 30 8 31
47.4 x 10° 10.9 3.32 39 -2 36
62.7 x 10° 10.5 3.40 44 -8 38
79.9 x 10° 10.0 3.41 54 -9 40
31.1 x 103 23.7 6.32 39 0 41
45.6 x 10° 23.4 6.21 43 -7 41
64.0 x 10° 23.1 6.26 56 -10 47
71.2 x 10° 22.4 6.32 61 -4 49
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as indicated by threads placed on the cylinder. The
boundary layer keeps growing after reattachment and
separates again at 0 ~ 150° where the second minimum
in Sherwood number and the second gray band from
flow visualization (shown in Fig. 6) occur. The turbulent
wake increases the Sherwood numbers, but this wake is
weaker and has smaller width than that generated with
low free stream turbulence due to the larger angle
(0 = 150°) at which this separation takes place. In the
region after the first separation (85° < 6 < 150°), a small
increase of the Sherwood number can be observed for
Tu =~ 4%. This indicates that, in this separated flow re-
gion, the change in flow characteristics depends on the
level of free stream turbulence. There is no observable
effect of free stream turbulence on mass transfer after
150° at this Re (Fig. 8). The turbulence generated by the
eddies effect dominates the free stream turbulence.

On the front part of the cylinder, where the flow is
laminar, free stream turbulence considerably influences
the mass transfer rate, but in the region after the laminar
separation (0 ~ 85°), only high free stream turbulence
(Tu > 6%) has a significant effect on mass transfer (Fig.
8). Present results show agreement with the results from
Lee et al. [10] who found that for turbulence intensity
less than 5% at Re = 4.9 x 10* the distribution of Sher-
wood number has a similar trend as with low turbulence
intensity. For Tu = 3.9% the Sherwood number shows a
hump after the laminar separation point. This hump,
also found by Scholten and Murray [11], is apparently
caused by a secondary vortex in the flow.

The Sherwood number distribution at Re ~ 6 x 10* s
shown in Fig. 9. At this higher Reynolds number, the
presence of a peak after laminar separation occurs even
at a moderate Tu of 4%. The laminar separation location
moves downstream about 3°. A pronounced peak after

—@— Re=59300, Tu=0.2%
34 H—A— Re=60200,Tu=3.7%

32 —>— Re=58800, Tu=55%
g Re = 62700, Tu = 10.5%
3 i Re = 64000, Tu = 23.1%

Sh/Re™”
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0 30 60 90 120 150 180

Fig. 9. Sh/Re'/? distribution at Re = 60,000.

the laminar separation is found. Reattachment occurs at
0 ~ 110°. The free stream turbulence effect is reversed
after 145° where the highest mass transfer occurs for the
base (lowest Tu =~ 0.2%) flow.

We expect that flow patterns around a circular cyl-
inder at Tu from ~4% to ~23% are similar at
Re = 6 x 10* because they have similar mass transfer
distribution. On the front part of the cylinder mass
transfer generally increases as turbulence intensity in-
creases. Turbulence intensity still plays an important
role in mass transfer in this region even when the length
scale becomes large. It is noteworthy that the Sherwood
number distributions on the rear part of the cylinder at
Tu ~ 23% are lower than those at Tu ~ 10%. It would be
expected that the integral length scale may play a role in
this result because the integral length scale (L, =~ 6.5 cm
for Tu~23%) is larger than the cylinder diameter
(L./d =~ 1.3). At Re = 6.0 x 10*,0.2% < Tu < 23.7% and
0.8 cm < L, < 6.3 cm the laminar separation location
shifts downstream from 0= 85° to 0=93°. It is
reasonable to expect a delay at the separation point since
the momentum near the wall in a ‘“‘turbulent-type”
boundary layer is greater than in a laminar boundary
layer.

5.4. Effect of Reynolds number at high free stream
turbulence

Free stream turbulence has a stronger effect on mass
transfer at higher Reynolds number due to the thinner
boundary layer and a greater tendency for transition. As
the turbulence intensity is increased from 0.2% to 4%,
the mass transfer pattern (at Re ~ 3.0 x 10*) in the rear
part of the cylinder does not change significantly (Fig.
10). No peak is present at Tu ~ 4% for this Re though
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there are peaks in mass transfer in the rear part of the
cylinder for larger Re. It is expected that mass transfer is
strongly affected by the separation eddies around the
cylinder at this Reynolds number. On the other hand, at
low Reynolds number (Re ~ 3 x 10%) free stream tur-
bulence strongly affects flow separation, if Tu is high
enough. Such trends are apparent in Fig. 11 for
Tu ~ 11%.

Variation in mass transfer at the front stagnation
point is shown in Fig. 12. The front stagnation point
mass transfer is correlated with the parameter
TuRe(Ly/d) "> which is similar to the parameter used in
[15]. The correlation for the front stagnation point mass
transfer can be written as

—5— Re=29100, Tu=0.3%
3.4 F|—A—— Re=46300, Tu=0.2%
32 —&— Re=59300, Tu=0.2%
- —<7— Re=83000, Tu=0.2%
3 || —®— Re=30200,Tu=3.9%
—A— Re=48800, Tu=3.8%
—@— Re=60200, Tu=3.7%
—%— Re=81900, Tu=3.6%
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>
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Fig. 10. Sherwood number distribution for 7u =~ 0.2% and 4%.
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Fig. 11. Sherwood number distribution for 7u ~ 0.2% and
10%.
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Fig. 12. Sh/Re'? at front stagnation points at various free
stream turbulence levels.

+1.526. (16)

Sho—o _ L\
o = 0.000067 [TuRe(d)

5.5. Comparison with other heat and mass transfer results

The low free stream turbulence (7u = 0.2%) Sher-
wood number distributions in this study are compared
with results from earlier studies in Fig. 13. Analytical
solutions for laminar heat transfer are given by Eckert
[22] and Frossling [23]. These solutions only apply to the
front part of the cylinder, up to 6 = 60°. Some effects
such as turbulence, even small level, and blockage make
the present results somewhat higher than the theoretical
predictions.

By the analogy between heat and mass transfer,
Sh = Nu if Pr= Sc. For Pr# Sc we assume Nu < P,
Sh o< S¢” and

Sh Sc1”
S H , (17)
where n = 1/3 for laminar flow. For naphthalene sub-
limation, Sc ~ 2.28 and for air Pr ~ 0.71 in the studies
considered. The mass transfer results are converted to
equivalent heat transfer results using Eq. (17).

On the front part of the cylinder the present results
show good agreement with the heat transfer results from
[24] and [21]. There are large discrepancies with the
measurements of Zukauskas and Ziugzda [25].

The mass transfer results of [10,26-28] are also pre-
sented in Fig. 13. Good agreement is observed in the
comparison of the mass transfer results on the front part
of the cylinder before the separation point. On the rear
part of the cylinder, both heat and mass transfer results
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Fig. 13. Comparison with other results from heat and mass
transfer measurements.

show considerable differences. In the region after the
separation point, from 85° to 120° the present results
disagree with the heat transfer results from Achenbach
[21]. The present results and the results from Chen [28],
Lee et al. [10], Kestin and Wood [26] clearly show a
small hump occurring in this region. This indicates that
there may be secondary vortices in the reverse flow re-
gion.

5.6. Effect of a splitter plate on local mass transfer

The flow in the wake region after separation is un-
steady. If the separation vortices are reduced, the mass
transfer on the rear part of the cylinder should decrease.
This can be accomplished by placing a splitter plate
behind the test cylinder. Tests were performed with an 8
mm thick and 20 cm long splitter plate placed behind the
rear stagnation line of the cylinder. The gap between the
naphthalene surface of the cylinder and the splitter plate
is 1 mm.

Results with and without a splitter plate are pre-
sented in Fig. 14. On the front part of the cylinder, the
values of the Sherwood numbers are similar when
Tu = 0.2%; the splitter plate does not affect the mass
transfer in the laminar flow region. From the separa-
tion point, 0 = 85° to 6 =~ 105°, the mass transfer with
the splitter plate increases. The mass transfer drops
from Sh/Re'/? 0.7 to Sh/Re'* ~ 0.4 at 6 ~ 115° and
gradually increases toward the rear stagnation point.
The smaller mass transfer is due to a reduction of the
separation vortices. From 60~ 170° to 6 ~ 180°, the
mass transfer decreases again because of the weak flow
caused by the splitter plate which covers that surface
area. At higher free stream turbulence, Tu ~ 6%, gen-

3.6
| —<S—— Re =46300, Tu = 0.2% w/o splitter plate
——@—— Re =46700, Tu = 0.2% with splitter plate
32 —~—— Re=66400, Tu = 0.2% with splitter plate
B —H3—— Re =58800, Tu = 6.0% w/o splitter plate
——aA—— Re =56500, Tu = 6.0% with splitter plate

0 | | - TR IR R ST

0 30 60 90 120 150 180

Fig. 14. Comparison between Sh/Re'/? distribution with and
without a splitter plate.

erally, the distributions of the Sherwood number with
and without a splitter plate are similar. The splitter
plate has a small effect on mass transfer only after the
reattachment point (0 = 90°). Mass transfer is pri-
marily affected by the free stream turbulence. At
0 > 150° the physical presence of the splitter plate re-
sults in a peak at 0 ~ 170° due to a strong local vortex
near the corner between the cylinder and the splitter
plate.

6. Summary and conclusions

The present investigation provides information
about the effects of high free stream turbulence on local
mass transfer from a circular cylinder. Flow visualiza-
tion using an oil/lampblack mixture gives information
on the local wall shear stress. Local mass transfer is
obtained using the naphthalene sublimation technique.
The effect of a splitter plate on local mass transfer is
also investigated. The following conclusions can be
drawn.

1. The front stagnation line Sherwood number increases
as free stream turbulence increases. In the experimen-
tal range studied, the stagnation point Sherwood
number increases about 60% as free stream turbu-
lence intensity increases at the highest Re studied
from 0.2% to 23%. In contrast, the rear stagnation
point mass transfer is only slightly affected by the free
stream turbulence and is generally reduced by the free
stream turbulence.

2. In the laminar boundary-layer region, increased free
stream turbulence increases the mass transfer rate.
The amount of the increase decreases as 6 and the
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boundary layer thickness increase. A small increase is
found near the laminar separation point.

3. Free stream turbulence strongly affects the flow
around a cylinder. The characteristics of subcritical
flow with high free stream turbulence appear similar
to those with supercritical flow. It is expected that
the transition Reynolds number is essentially reduced
to a lower value. However, at low Reynolds number,
higher levels of free stream turbulence are needed to
alter the flow characteristics.

4. After the laminar separation point, there is a peak in
the distribution of Sherwood number when high free
stream turbulence is present. Mass transfer increases
because of the onset of a turbulent boundary layer
and reaches a maximum value near the location
where the flow reattaches to the cylinder. The lami-
nar separation location moves downstream as the
level of free stream turbulence increases. In the
range of Reynolds number from 3.0 x 10* to
8.3 x 10* and Tu from 0.2% to 23.7% the laminar
separation location shifts downstream from 6 = 85°
to 6 =~ 93°.

5. Mass transfer in the region downstream of the reat-
tachment point for Tu=22% is less than for
Tu = 10%. It is expected that, at a particular Rey-
nolds number, the length scale may play an impor-
tant role in the mass transfer in this regime. A
lower mass transfer rate at high free stream turbu-
lence than at low turbulence level can be observed
downstream of the second minimum in Sherwood
number. The vortex strength and wake width in that
region decrease perhaps due to the turbulent separa-
tion at high free stream turbulence.

6. A splitter plate strongly affects the local mass transfer
downstream of the separation point at low free
stream turbulence. Mass transfer is reduced in that
region due to the elimination of the alternating sep-
aration vortices. There is little or no effect of a splitter
plate on mass transfer if the free stream turbulence is
high; then the mass transfer distribution depends on
the level of free stream turbulence.
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