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Abstract—Laboratory measurements were made of local mass transfer from a cylinder, which is placed in
a pulsating free stream, U = Uy(1 + A, cos 27rf,1). Low turbulence-intensity wind tunnel experiments were
conducted for small and moderate Reynolds numbers, 4500 << Rey < 12450. Pulsation was generated by
means of an acoustic speaker. Mass transfer rates were measured by employing the naphthalene sublimation
technique. The present results for non-pulsating flows (4, = 0.0) were shown to be consistent with the
published data. For pulsating approach flows, plots were constructed to illustrate the distribution of the
Sherwood number, S#4, as a function of the azimuthal angle # measured from the front stagnation point.
In the zone of attached boundary layer, the effect of pulsation on Sh is meager. Sk decreases monotonically
from the maximum value at the front stagnation point to the minimum value near the separation point
0 =~ 80-90°. In general, Sk increases appreciably with increasing 8, after passing the separation point. The
curve of S/ contains a secondary minimum point at around € = 130-150°. The general magnitude of Sk
increases, as 4, increases. The augmentation of mass transfer is more pronounced for large f,, such that the
flow lock-on phenomenon takes place. At large Rey, the relative influence of pulsation on Sk weakens.

1. INTRODUCTION In contrast to the proliferation of interest on the

. . flow characteristics, published accounts on heat
FLOwW CHARACTERISTICS around a circular cylinder,

which is placed normal to the approach stream, con-
stitute a classical problem. The flow separation from
the body and the wake structure are important topics
from the standpoint of fundamental research as well
as in technological applications. If the Reynolds num-
ber of the free stream is large, the unsteady shedding
in the wake poses a prominent subject. There is a large
body of technical literature [1-3] revealing the salient
flow characteristics when the approach free stream is
steady and uniform at Uj.

Recently, considerable attention has been given to
the case when the free stream is time-dependent. In
actual applications, the unsteadiness of the free stream
may stem from the externally-generated turbulence or
organized pulsations. For precise dynamic modeling,
studies have delineated the essential features of flow
around the cylinder when the free stream contains a
well-defined single-frequency pulsation. These inves-
tigations looked into the vortex shedding patterns,
especially when the pulsation frequency f, of the
approach stream is close to or above the natural shed-
ding frequency f,, of the system. Among others, the
lock-on phenomenon, in which the vortex-shedding
frequency f; is intimately linked to f,, occupied the
center stage. Many issues pertinent to the interactions
of flow with a fixed cylinder have been dealt with by
prior investigations [4—6].

and/or mass transfer properties from the cylinder to
the pulsating approach stream are relatively scarce,
and the results tend to be incomplete [7-9]. In a related
work, Andraka and Diller [8] experimentally exam-
ined the effects of sinusoidal flow pulsation on heat
transfer from a cylinder placed in a turbulent pulsating
free stream, which was assumed to be expressible as
U = Uy(1 + Ay cos 2nf,1). The pulsation amplitudes A,
of up to 25% and pulsation frequencies f, both above
and below the natural shedding frequency f, were
encompassed. These experiments registered no sig-
nificant increase of time-averaged local heat transfer
from the cylinder due to the pulsation. Gundappa and.
Diller [9] performed experiments by carefully dis-
tinguishing the effects between three-dimensional tur-
bulence and one-dimensional organized sinusoidal
pulsation. The results also indicated no measurable
impact of the pulsation on heat transfer. It should
be mentioned that, in these studies, the range of the
Reynolds number was relatively high, Re, = 35000
164 000, although the majority of data presented were
for a single value of Rey = 50000. Clearly, more sys-
tematic parametric studies would be helpful to disclose
the details of local behavior of transfer properties
from the cylinder surface.

The aim of the present paper is to explore the local
mass transfer from the cylinder surface when the free
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NOMENCLATURE

A, pulsating amplitude At naphthalene sublimation thickness
d diameter of the cylinder T temperature
D¢ mass diffusion coefficient for U freestream velocity

naphthalene vapor in air Us freestream mean velocity.
FEu power spectrum of velocity

fluctuations
/o pulsating frequency Greek symbols
s shedding frequency v kinematic viscosity
feo natural shedding frequency e circumferential angle from the front
b local mass transfer coefficient stagnation point
" local naphthalene mass transfer rate Ps density of solid naphthalene

per unit area of the cylinder surface Pyw density of naphthalene at the wall
P, vapor pressure of naphthalene Pow vapor density of naphthalene in
R universal gas constant freestream
Rey  Reynolds number (Rey = Ud/v) At exposure time
Sh Sherwood number T measurement time.

stream contains a well-defined single-frequency pul-
sation. Emphasis is placed on documenting the local
mass transfer characteristics over low and moderate
Reynolds numbers, i.e. 4500 << Rey < 13 500. In par-
ticular, the study is focused on the circumferential
variation of the Sherwood number, S%. The primary
parameters of pulsation, namely, the pulsation ampli-
tude 4, and frequency f,, are allowed to have wider
variations than in the studies of Andraks and Diller
[8] and Gundappa and Diller [9]. Of interest are the
situations in which f, increases beyond the natural
shedding frequency f,,. The transfer properties in the
forward stagnation zone and in the separation region
will be described in detail.

In the present experiments, measurements of mass
transfer were obtained by employing the weli-estab-
lished naphthalene sublimation technique in a spe-
cially-designed wind tunnel. This method has been
successfully utilized in various types of mass transfer
resecarch [10-12], and it proves to be a viable exper-
imental tool for the present problem.

2. EXPERIMENTAL APPARATUS AND
PROCEDURE

An open-circuit blower-type wind tunnel was used
for the experiment. The air speed at the test section
(250 x 250 mm) was varied from 1.5 to 22.0 m s~ ',
and the turbulence intensity of free stream in the test
section was less than 0.3%. The diameter of the cylin-
der, which was made of steel, was 25.0 mm. This gives
a blockage factor of 0.1.

The pulsation of the free stream was achieved by
placing a speaker in the settling chamber. The sinu-
soidal signal was produced by means of a function
generator. This signal was passed through an audio
amplifier, and it then was sent to the speaker. It is of
interest that, in the experiment of Andraka and Diller

[8], the flow pulsation was created mechanically, i.e.
by mounting six rotating shutters on parallel shafts in
the settling chamber. It is believed that the method
of producing pulsation by acoustic means, as in the
present work, leads to a simple and straightfoerward
experimental design [4].

The mean velocity distributions in the test section
were measured by using a standard Pitot tube. In
order to monitor the turbulent intensity as well as the
pulsation amplitude and frequency of free stream, an
I-type hot wire was utilized.

Care was exercised in dealing with the naphthalene
sublimation technique, which formed the heart of the
present mass transfer experiments. Two pieces of cop-
per mold, 80.0 mm long and 25.0 mm thick, were
fabricated. The cylinder was inserted inside the mold.
The molten naphthalene was poured into the bottom
side of the two injection holes. The portion of the
cylinder, which was naphthalene-cast, was finished to
ensure that it had the same diameter as the steel part.
In order to measure the sublimated naphthalene, an
automated data acquisition system was installed. The
main components were a depth gauge with a signal
conditioner, a digital voltmeter connected to a GPIB
interface, a positioning apparatus driven by stepper
motors and an IBM-486 personal computer. The cir-
cumferential variation of the naphthalene sublimation
thickness was determined by employing a depth
gauge. Prior to each reading, the gauge was allowed a
0.5-s stabilization period. The measurement of the
naphthalene surface profile was performed at constant
room temperature, which would alleviate possible
errors caused by natural convection.

The spanwise variations of flow and mass transfer
properties were checked, and they were found to be
very small, within 1.0%. Therefore, all the measure-
ments were taken in the central symmetry plane of the
cylinder, and the two-dimensionality was taken to be
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F1G. 1. Schematic view of the flow configuration.

an adequate approximation. A schema of the flow
geometry is shown in Fig. 1.

The naphthalene sublimation technique has been
refined for precise measurements of mass transfer,
and the full implications of this method have been
thoroughly documented [11, 12]. The mass transfer
coefficient A, can be derived as:

fom = pAAL/ATY /Py (D

in which p; and p,, denote, respectively, the density
of naphthalene (p, = 0.975 kg m~? at 25°C) and the
naphthalene vapor concentration at the wall. Here A¢
represents the thickness of the naphthalene sub-
limation during the time period Art. It then follows
that the Sherwood number Sh is given as:

Sh = hy,dfD; 2

in which d is the cylinder diameter and D; the diffu-
sivity of naphthalene. Explicit details, including the
relationship between p, ., and the local temperature 7,
are available (e.g. Sung er al. [12]).

Experimental uncertainties in the present pro-
cedures can be estimated. Possible elemental sources
of uncertainties are the determination of the material
properties (approximately 4%) and the measurement
errors. The bulk of the errors stems from the res-
olution limitation of the positioning of the apparatus.
In accordance with the error predictions of Sung et
al. [12], the uncertainties in the total sublimation
depth are appraised to be approximately 5% for an
exposure time of about 100 min. The combined error
analysis concludes that the overall uncertainty in the
evaluation of 4., is approximately 10%.

3. RESULTS AND DISCUSSION

The first task was to assess the quality of the
pulsation superimposed on the uniform free
stream. To this end, the power spectrum of the
free stream velocity field data obtained by the
I-type hot wire was analysed. Based on extensive
surveys of the free stream velocity fields, the oncoming
velocity has been found, to a reasonable degree of
accuracy, to have a sinusoidal pulsation, i.e. ex-

pressible by U = U,(1+ A, cos 2znf,1). Figure 2 illus-
trates the exemplary velocity signals and their power
spectra. These results indicate that the present acous-
tic method is a viable technique to produce high-
quality pulsations in the free stream. The turbulence
intensity in the oncoming stream was measured to be
smaller than 0.3%. For the wind-tunnel test rig of
the present study, the majority of experiments were
carried out in the ranges of f, =~ 10.0-40.0 Hz,
Ay =~ 0.08-0.23.

Preliminary analyses were conducted to examine
the major features of the wake flow. Figures 3 and 4
are presented to demonstrate the lock-on phenom-
enon and the influence in relevant parameters. As
displayed in Fig. 3a, if the approach flow is non-
puisating (A4, = 0.0), the vortex shedding patterns in
the wake are characterized by the natural shedding
frequency, f,, (=~21.0 Hz). Since vortex shedding is
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Fi1G. 2. Exemplary plots of the measured velocity of free
stream, ¥/, and its power spectrum, Fu.
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F1G. 4. Power specira of the measured velocity in the wake: (a) A, = 0.0, conditions for (b), (¢), (d), ()
are A, = 0.165, Reg = 4150 and f,, = 21.0 Hz.

caused primarily by alternating rolling-up of the
separated shear layer, the influence of pulsation is
appreciable. When f, is much smalier than f,, the
dominant frequency of vortex shedding is still at f,,
but a subharmonic frequency is also discernible for
the wake flows (see Fig. 3b). However, when f, exceeds
S0, the shedding patterns show additional complexi-
ties. As illustrated in Fig. 3d, the power spectrum of
the wake flows contains two peak frequencies, one at
J» and the other near 0.5 f,. If f, is much greater than
S+, the celebrated lock-on phenomenon is evident in
Fig. 3e. Much of the vortex shedding in the wake is

characterized by a single frequency f;, which is 0.5
/5. This salient feature of lock-on, i.e. the shedding
frequency is locked-on to 0.5/, has been disclosed in
a number of unsteady fluid dynamics research [5, 6].
The observations of Fig. 3 are supportive of these well-
established contentions of lock-on, and the results also
lend credence to the viability of the present exper-
iments. Similar trends are also visible in Fig. 4, but
with a slightly increased value of 4, (4, = 0.165). It
is noticeable in Fig. 4 that the peaks in the power
spectrum are more distinct than in Fig. 3. In other
words, as 4, increases, the relative magnitudes of the



Mass transfer from a circular cylinder

general noise levels of the spectrum are reduced. The
above findings serve to reconfirm the much-discussed
features of unsteady flow past a cylinder [5-7].

The mass (and/or heat) transfer properties from a
circular cylinder to a non-pulsating uniform crossflow
{4, = 0.0) have long been investigated by many
authors [10, 11, 13-16]. In the case of laminar flow,
the flow separation is known to take place somewhere
less than # = 90° measured from the front stagnation
point. The Sherwood number S$% takes a maximum
value in the front stagnation zone, and S4 gradually
decreases along the downstream circumferential direc-
tion, as the boundary-iayer thickens along the way. As
the flow reaches the separation region, the thickness of

the boundary-layer becomes appreciable, and the .

mass transfer is reduced accordingly. After passing
the separation region, .S/ increases slightly as the flow
tends to the rear stagnating point. These are attributed
to the generation of secondary flow, which is accom-
panied by augmented mixing by recirculating flows.

In the actual experiments, the mass transfer data
were acqupired at a 0.72° interval in the circumferential
direction. This circumferential resolution is com-
parable to or higher than the previous laboratory data
of mass transfer experiments for a non-pulsating flow
[10, 16]).

Figure 5 exhibits the diagrams of S% vs the
circumferential angle 6 for non-pulsating flows
(Ay = 0.0). These are designed to validate the present
measurements by checking them against the existing

O 19,000 Present study Ds.
A& 19,000 Ref. [11] a}

O 122,000 Ref. [16] 8o
——  Frossling curve
Q.0 T T T T T T T T
o 30 0O 80 90

0.0 T T T T T T T T
0 60

180

F1G. 5. Local mass transfer measurements for a non-pul-
sating flow (4, = 0.0).
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data. In accordance with the theoretical prediction by
Frossling and other laboratory observations [11, 16],
the ordinate is shown in Sk/Re}’?. Figure 5a illustrates
the behavior in the forward portions of the cylinder.
Near the separation region around 8 = 90°, mass
transfer reaches a minimum. As is conspicuous in Fig.
5a, the present experiments are consistent with the
existing laboratory data. Also shown in the figure is
the theoretical prediction of Frossling (shown in solid
line), which is derived for the region of attached
boundary-layer before arriving at the separation zone.
Minor discrepancies between the measurement sets
are attributable to the differences in turbulent inten-
sity and in the tunnel blockage effects and other exper-
imental conditions [10]. Figure 5b exhibits that mass
transfer increases in the rear portions of the cylinder
after passing the separation zone. The intensification
of mass transfer in this region (90° < 8 < 180°), with
the increase of Re,, is clearly captured in Fig. 5b.
These trends are consistent with the results of heat
transfer measurements of Andraka and Diller [8].
Now, the mass transfer properties for a pulsating
crossflow are scrutinized in Figs. 6-8. Firstly, the
impact of £, is exemplified in Fig. 6. For this set of
parameter values, the natural shedding frequency is
found to be approximately f,, = 21.0 Hz. The effect
of pulsation on the mass transfer rate is seen to be
very small in the region of attached boundary-layer,
say, 0.0 < 8 << 90°. In related studies on heat transfer
characteristics [8, 17], the influence of pulsation on
heat transfer in this region was also found to be
meager, which is in qualitative accord with the present
observations. One plausible argument is that, in the
region of attached laminar boundary layer, the lowest-
order time-averaged net effect of pulsation tends to be
very small. However, a drastically different picture
emerges on the region downstream of the separation
zone. As is apparent in the plots, mass transfer is

- augmented in this region by pulsation. The mass trans-

fer enhancement is more pronounced, as f, increases,
especially when £, is beyond f,,. Also, as easily antici-
pated, mass transfer augmentation by pulsation is
more vigorous as A, increases.

A closer inspection of Fig. 6 discloses that the SA-
curves may be divided into three qualitatively distinct
regions: (i) the region of attached boundary layer,
which extends from the front stagnation point to the
separation zone (minimum point of Sh); (ii) the
region between the separation zone and the zone of a
milder secondary minimum of the Sh-curves, typically
around ¢, = 140.0°; (ii1) the region that extends from
0, to the rear stagnation point, 4, < 6 < 180°. The
above classification was originally introduced by
Boulos and Pei [18] for turbulent heat transport from
a cylinder. However, a qualitatively similar descrip-
tion is applicable to the present mass transfer measure-
ments. As expounded by Boulos and Pei, region (ii)
corresponds to the cylinder surface arca whereby the
small secondary vortices are active (see Fig. 1). These
small vortices are entrained by the free shear layer,
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FiG. 6. Local mass transfer measurements for pulsating
flows: (a) f, = 10.0 Hz; (b) f, = 20.0 Hz; (c) f, = 25 Hz,

Rey = 4150 and f,, = 21.0 Hz (* indicates lock-on).

and they coalesce with the main vortex behind the
cylinder. The demarcation lines of region (ii) oscillate
over the cylinder surface, in tune with the shedding
frequency f,. Region (iii) represents the cylinder sur-
face which subtends the main vortex, as sketched in
Fig. 1. This overall qualitative depiction of the prin-
cipal flow features is useful for physical charac-
terizations of the present mass transfer data.

It is evident in Fig. 6 that the invigoration of mass
transfer is more effective in region (iii} than in region
(ii). This suggests that pulsation causes faster mixings
of vortices in the rear end of cylinder. Furthermore,
this phenomenon is more prominent at high values of
/o at which lock-on takes place.

Replotting the data for easier inspection, the effect
of Ay is explicitly shown in Fig. 7. These measurements
clearly demonstrate that the pulsation of the free flow
gives rise to an increase in Shin the region downstream
of the separation zone. Comparison of Fig. 7a and
b suggests that, as 4, increases, the position of the
secondary minimum point of §% moves to a slighily
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Ay = 0.165, fyo = 21.0 Hz.

further downstream location. Boulos and Pei [18]
stated that the demarcation between region (ii) and
region (iii) oscillates at the shedding frequency f;
around 8 = 130-150°. When A, is large (see Fig. 7b),
the enhancement of mass transfer is seen to be sub-
stantial in region (iii), and this is pronounced for lock-
on pulsating frequencies (f, = 20.0 Hz).

The general relationship between the shedding fre-
quency f;, and the pulsation frequency f,, is well docu-
mented. This is illustrated in Fig. 8, which is based on
the results of Barbi er al. [5]. In the section A—B of
Fig. 8, when f, is reasonably smnall, not much variation
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of f, is seen from the value f,,, which corresponds to
the shedding frequency for a non-pulsating oncoming
flow. In the intermediate range of f,, shown in B—C in
Fig. 8, lock-on occurs. This is characterized by a well-
established relation, f, = 0.5f,. In this range, as f,
increases, the shedding frequency increases in pro-
portion to f,. As emphasized by Barbi ez al. [5], when
lock-on takes place, vortices in the rear portions of
the cylinder tend to get more attached to the cylinder
surface as they form and grow. The fundamental flow
structure was explained in detail by Barbi ef al. This
phenomenon becomes more intensified at higher
values £, in the range of lock-on. This is reflected in
enhanced mass transfer, which leads to higher values

of S#. However, when f, increases beyond the range

of the lock-on regime (C—D-E in Fig. 8), the behavior
of f, shows a smooth transition toward the value f
[5]. In this range of very large f, (D-FE in Fig. 8),
f. returns to the natural shedding frequency. Con-
sequently, Sk is thought to decrease from its maximum
value exhibited at the value of f, corresponding to
point Cin Fig. 8. In the present experiment, the upper
limit of the pulsation frequency was imposed by prac-
tical laboratory constraints. Therefore, no exper-
imental data of §% were produced in the present exper-
iment when f, is larger than the upper limit of the
lock-on range.

Figure 9 exhibits the effect of the Reynolds number.
It is noted that the relative impact of the pulsation
decreases as Re; increases. As revealed in Fig. 9c,
at large Rey, the Sh-curves remain substantially un-
changed by the addition of pulsation. This could
be attributed to the fact that the vortex shedding in
the wake is little influenced by the pulsating com-
ponents, if the overall Reynolds number of the on-
coming flow is very large. Alternatively speaking,
when Re, is large, the natural shedding frequency
fw is much larger than the values of f, used in the
experiments. This implies that there would be few
interactions between the pulsation components and
the vortices in the wake.

4. CONCLUSION

Detailed measurements of local mass transfer from
a cylinder were obtained by exploiting the naph-
thalene sublimation technique. The oncoming free
stream contains a well-defined single-frequency pul-
sation. .

For non-pulsating free streams (4, = 0.0), the
Frossling number, Shf/Re'’? decreases monotonically
from the peak value at the front stagnation point to
the minimum value in the separation zone. Further
downstream past the separation zone, mass transfer
increases appreciably, and this increase is more pro-
nounced at high Re,.

For a pulsating free stream, three qualitatively dis-
tinct regions are identified. The effect of pulsation
is weak in region (i), which extends from the front
stagnation point to the separation zone. In region (ii),
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in which the secondary vortices are active, $% increases
appreciably. Further increases in Sh are noted in
region (iii} of the cylinder surface, which subtends the
zone of main vortex. The SA-curve has the primary
minimum in the separation zone, approximately at
f =~ 90°, and a mild secondary minimum at the border
between region (ii) and region (iii), 0 =~ 130-150°.
The impact of the flow pulsation is seen to enhance
mass transfer in the downstream locations after the
separation. This enhancement of Sh is more effective
as A, increases. Also, Sh is augmented as f,, increases ;
the increases in Sk are more pronounced for high f,
such that the flow lock-on phenomenon takes place.
The relative influence of pulsation on Sh tends to
decrease as Re, becomes large. When Re, is very high,
the natural shedding frequency f; is much larger than
Jo used in the experiment. Consequently, the effect of
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pulsation on Sh is minor for such very high values of
Re,.
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