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Summary Particle loss augmentation in tucbulent flow was studied experimentally. Experiments were
performed in a 150 mm square ventilation duct. Small tracer particles of size ranging from 0.7-7.1 wm
were used to study deposition enhancement with streamwise-periodic disturbances mounted on one of
the principal walls, under turbulent flow. A new and highly sensitive analytical technique was adopted
to determine the spatial mass flux along the ribbed duct. On some surfaces, particle depcsition
enhancement as much as seven times higher than on smooth surfaces was observed. Periodic averages of
mass transfer coefficients for different particle sizes were evaluated. The friction factor was approximate-
ly three times the smooth duct value. Efficiency indexes, based or equal fan power, were determined for

all particle sizes.
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List of symbols

A Area(m?)

C_ Particle free stream concentration (particle m-3)
D, Hydraulic mean diameter (m)

F(n)Energy contribution from frequency n

Friction factor

Height of rib (m)

Particle transport per unit area per unit time, mass depo-
sition flux (particle m-2s-!)

Mass transfer coefficient (m s!)

Eddy length scale (m)

Distance between two pitot tubes (m)

Mass of particle (g)

Pitch length of ribbed surface (m)

Differential pressure loss (Pa)

Air flow through air samplers (m?)

Time (s)

Mean fluid velocity (m s™)

Density of fluid (kg m-3)

Efficiency index

Reynolds number
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Subscripts

r rough
s smooth

1 Introduction

In the urban environment, indoor air pollution has become
an issue of major concern over the past few decades. Humans
spend 70-90% of their time indoors and are subjected to
infiltrated outdoor air which is heavily polluted by vehicle
exhausts and by industrial emissions!®. For mechanically
ventilated buildings, the most common method for removing
particulate pollutants is by filtration at the air intake points.
This obviously incurs significant energy costs.

The enhancement of small-particle deposition along the
length of a ventilation duct may present an effective alterna-
tive to filtration, or may complement the current filtration
method, e.g. electrostatic air precipitation. Particle deposition
may be enhanced through roughening the duct surface. This

a strategy is widely adopted in heat flux transfer enhancement
(e.g. in gas turbine blade and nuclear reactor cooling designs).
Hence, the first logical step in studying the possible mecha-
nisms of small-particle deposition enhancement is to make
use of the well-established mechanisms of heat transfer
enhancement. One of the most popular and best established
methods for enhancing the heat transfer from a surface is to
roughen it by a pattern of repeated ribs.

Theoretical and experimental studies of small particle deposi-
tion on ribbed surfaces are rare. Li et al.® used computer sim-
ulation to predict the dispersion and deposition of particles in
a duct with large rectangular and trapezoidal obstructing
blocks. Their results show that large numbers of particles
deposit on the blocks due to impaction and interception.
Wells and Chamberlain measured the deposition velocity of
small particles on a small vertical tube with smooth and
rough surfaces (the rough surface being filter paper). Particle
deposition was enhanced by two orders of magnitude. Hahn
et al.® carried out experiments to measure the deposition of
sub-micrometre particles of size ranging from 0.04 t0 0.2 um
on a small ribbed pipe, for three values of rib separation. The
results correlated well with the heat transfer analogue.

Studies have shown that heat (mass) transfert is strongly
influenced by mean and turbulent flow parameters, and this
finding has relevance to the analogy: particle deposition.
However, there are obviously differences between heat (mass)
transfer and particle deposition processes: impaction and
interception may play substantial roles for super-micrometre
aerosol particle deposition, and these effects cannot be inves-
tigated by using heat (mass) transfer techniques.

The above discussion indicates that, to date, there are no
available experimental data for small-particle deposition
enhancement (at sizes ranging from sub- to super-microme-
tre) on ribbed surfaces in a turbulent flow regime. The objec-
tive of the current work is to study particle deposition
enhancement along a rib-roughened duct under turbulent
flow conditions, observing the spatial distributions of particle
deposition in order to gain more insight into the actual
enhancement processes. This is a key step in modifying cur-
rent filtration devices, such as the electrostatic air precipita-
tor, for mechanical ventilation ducts. Another objective is to
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$Mass transfer in this context refers to transfer of inertialess mass molecules
(or ions) and is different from particle transfer.
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evaluate the suitability (in terms of energy efficiency) of such
a surface for air cleaning.

2 Experimental apparatus, procedure and data reduction

2.1 Experimental set-up

The experimental ribbed duct system is shown schematically
in Figure 1. The square duct system comprises ten galvanised
and two Perspex channels. The internal cross sectional
dimensions of the channels are 150 X 150 mm and the length
of each section is approximately 500 mm. A typical arrange-
ment is Perspex square ribs of height H = 6 mm, placed
transversely into a duct of hydraulic diameter D, between
prescribed intervals of pitch length P = 60 mm.
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Figure 1 Schematic diagram of experimental system for rectangular ventila-
tion duct

Traditionally, two parameters are used to characterise the
ribbed duct, i.e. P/H and H/D,. Both parameters strongly
affect the heat/mass enhancement performance. Heat transfer
increases with increasing pressure drop of the fluid flow.
Research has shown that a P/H value around 10 optimises
performance, i.e. a high heat flux enhancement ratio with a
low pressure increment ratio®”, so P/H was fixed at 10 in the
present work.

The test section was located at the tenth galvanised channel
(Figure 1). It was not necessary to cover the whole duct sys-
tem with the ribbed elements to create a fully developed peri-
odic flow pattern. Liou et al.® have shown that the flow
reaches a fully developed state after the tenth ribs. In the pre-
sent work fourteen ribs were placed upstream of the measure-
ment section. Thin acetate sheets were fitted to cover three
pitch lengths (21 samples for each run). In order to determine
the deposition enhancement efficiency, particle deposition on
a smooth surface was also tested. Fifteen 13 X 25 mm thin
acetate sheets were cut and glued along the central line of a
plain Perspex plate.

Spatial distributions of the particle flux can be determined by
the following sampling arrangement. Separate thin acetate
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sheets with a thickness less than 0.1 mm were cut to fit the
frontal, top and backward regions of arib and fixed by remov-
able tape. Four more acetate sheets were cut and fitted onto
the smooth separation region between two successive ribs
(unribbed region). With the aid of this arrangement, seven
samples could be obtained for each pitch length for analysis.
Figure 2 depicts the arrangement of samples along a pitch of
ribbed duct.

Figure 2 Arrangement of two-dimensional rib elements along ventilation
duct. The shaded parts are thin acetate sheets glued onto the surfaces for spa-
tial analysis purposes.

2.2 Analytical method

Earlier researchers have used the fluorescence spectroscopy
method®-¥, However, this is a bulk analytical technique and
is not suitable for providing information on the spatial distri-
bution of deposited particles. Neutron activation analysis,
with tracer-labelled small particles, was employed to study
deposition on ribbed surfaces in turbulent flow conditions.
Details of the technique can be found elsewhere” and its
application here is described only briefly.

Neutron activation analysis (NAA) is the detection technique
used in this work. The Rare earth elements dysprosium 6Dy
and indium "“In were used as tracers. Both exist naturally in
a stable state but become unstable (i.e. radioactive) when
bombarded with neutrons. They decay to other stable nuclei
with characteristic half-lives (1.26 minutes for dysprosium
and 54 minutes for indium) emitting radiation of characteris-
tic energy (gamma rays of 108 keV for Dy and of 416 keV for
In). After a period of particle deposition in a test duct, irradia-
tion of tracer particle-bearing materials (such as air filter
papers or samples of thin acetate sheet), followed by gamma
spectrometry, allows a quantitative determination of the par-
ticle mass present. Since dysprosium and indium occur natu-
rally in low concentrations, the possibility of analytical inter-
ference from particle-bearing media is minimised. Also, both
elements are highly susceptible to neutrons excitation. A dys-
prosium mass of the order of 1 X 10-1° g can easily be mea-
sured after one minute’s irradiation in a neutron flux of
2 X 10" neutrons cm?s-!, hence the method is very sensitive
to the number of particles deposited.

Four tracer-labelled particle sizes were prepared for this
work: 0.7, 2.5 4.5 and 7.1 pem. The sizes span the diffusion-
dominated regime and the sedimentation-dominated regime.
The super-micrometre particles used were porous silica
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spheres. The particles were dispersed using a powder disper-
sion generator and were labelled with dysprosium. The sub-
micrometre particles were generated directly by nebulising a
solution of indium.

2.3 Expertmental procedure

Anti-static spray was applied to the samples immediately
before each experiment. In addition, in order to eliminate
particulate resuspension, a thin coating of liquid paraffin oil
was applied evenly to the sample surfaces. Air at room tem-
perature was drawn into the ductwork and the flow speed was
fixed, by a variable-speed controller, at an average of 4.4 m s-!
(Reynolds number = 44 000). Small particles were injected
into the upstream Perspex duct (marked as X in Figure 1).
Owing to the high detection sensitivity of NAA, each experi-
ment ran for only 15 to 20 minutes.

The Reynolds number and pressure drop for both smooth
and rough surfaces were calculated using pitot-static tube(s)
connected to a micromanometer. The pressure drop across
the smooth surface was measured by the static pressure differ-
ence across two Perspex channels, since in measuring the
total pressure difference an error would have resulted due to
the disturbance caused by velocity fluctuation. Similar mea-
suring procedures were employed for the rough surfaces, with
the ribbed elements in place. The Reynolds number was mea-
sured by locating a pitot-static tube in the central line of a
downstream Perspex channel.

2.4 Data reduction

The friction factor for both smooth and ribbed surfaces were
calculated by measuring the pressure difference across two
Perspex channels and can be written as

f=(D/HAP]'], pUAL o))

where p is the air density, U is the bulk mean velocity and
AP/AL is the pressure loss across the length by which the two
pitot tubes are separated. The measured result for the smooth
surface was compared with the Blasius empirical expression
which is given by

f=0.0791/Re®? )

The mass transfer coefficient 2 (m s-') is the key parameter to
be determined and is defined as

k=JIC, A3)

where ¥ is the particle flux to the surface per unit time and C_
is the particle free stream concentration.

As outlined in the previous section, neutron activation analy-
sis was used to determine the tracer particle mass on the air
and surface samples. 7 and C_ were evaluated as

‘7 = MacemJA acetate (4)
Ceo = Mﬁl[eJQ (5)
where M, ., M, are the particle masses detected on the

acetate and filter paper samples respectively. t is the sampling
time, A__ . is the area of the acetate sample and Q is the volu-
metric flow rate of the air samples.

Ignoring other minor error sources (errors in measurement of
t and Q were less than 0.5%), the principal errors arise from

scee A0d M, . The representative uncertainty for both is
5%, and the overall uncertainty estimated for the mass trans-
fer coefficient was less than 7% via the estimation method of

Kline and McClintock(?,
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3  Results and discussion

3.1 Reynolds number

Since only the flow velocity at the centre of the downstream
Perspex channel was measured, the average Reynolds number
was estimated. Ali"® measured the ratio of average to centre
velocity as 0.77 in his 150 mm square channel for Reynolds
number 3.42 X 10°. Based on that ratio, the average Re for the
present work was 4.4 X 10*, Although the Reynolds number
is about one order of magnitude higher than that used in this
work, it is believed that the ratio should be similar because
the two experiments were carried out in fully turbulent
regimes.

3.2 Friction factor

The friction factor for the smooth surface, f__ ., was mea-
sured as 5 X 10-3. The Blasius calculation was 5.48 X 10-3.
Many pressure-drop measurements have been made in chan-
nels with two ribbed surfaces*'> due to the wide practical
application of such channels. However, few measurements of
friction factor for a single ribbed surface, frough, with H/D,
P/H values and a Reynolds number range similar to that for
the present work are available. Chandra and Cook!'®’ mea-
sured the ratio fmugh/fs oo, fOT @ single ribbed surface with
parameters similar to those for this work; the ratio is 3.2 in
the present work and a value of approximately 3.4 was
deduced from a value in their paper. The friction factor calcu-
lated from the model®” for the present rib parameters and
flow speed gives an increment ratio of 3.0.

3.3 Mass transfer coefficient on smooth surfaces

Particle deposition velocities on smooth surfaces have been
reported widely in the literature. However, measurements in
a large channel are rare. Table 1 shows experimental aerosol
deposition velocity data for the bottom floor on a smooth sur-
face, and shows a comparison with the data of Sehmelt®
whose measurements were in a wind tunnel (0.6 X 0.6 m2).

Table 1 indicates that, apart from the data for 0.7 um parti-
cles, all the other data agree well with Sehmel’s measure-
ments. This discrepancy may be attributable to different
channel sizes and the flow speeds in the present work. The
average flow speed chosen for comparison is 2.2 m s~ and the
corresponding Re is 9.2 X 10%. The Prandtl eddy length scales
L for the present work and for the Sehmel’s work are 12 mm
and 48 mm respectively. A smaller eddy length scale aids the
transportation of aerosol particles closer to the surface and
hence results in greater deposition.

Table 1  Measured mass transfer coefficient on the horizontal surface of
smooth duct

Particle size (um) Mass transfer coefficient (m s-')

Measured From Reference 18
0.7 5.9 X 10+ 25X 107
2.5 8.8 X 10~ 30X 10+
4.5 5.0 X 1072 1.5X 103
7.1 8.8 X 1073 3.0Xx10?

The turbulent frequency spectrum provides a more detailed
view of the flow structure than a single number such as the
scale L. Dryden('¥ gave an equation for the eddy spectrum

UFn)/L = 4/[(1 + 4r*n¥(L/U%)] (6)
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where n is the frequency of the eddy and F(n) is the energy
contribution from the frequency n.

As the magnitude of L/U decreases, the probability of high
frequency oscillations increases rapidly. Therefore the per-
centage of small eddies also increases. In the configuration of
Sehmel®, L/U is about 0.022 whereas in the present work,
the L/U ratio is only 0.0027. This higher frequency oscillation
affects sub-micrometre particle deposition more readily than
super-micrometre particle deposition. This probably explains
the large difference for the 0.7 um particle measured in the
present work and in Sehmel’s work.

3.4 Mass transfer coefficient on a ribbed surface

Figure 3 shows the measured particle deposition enhance-
ment ratio, compared with the values for the smooth surface.
For 0.7 um particles, an enhancement ratio of approximately
6.5 is observed at the frontal surfaces; this reduces to two
along the smooth surfaces between ribs.
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Figure 3 Measured spatial distribution of relative aerosol deposition veloci-
ty along one pitch of ribbed surfaces

For 2.5 um particles, it can be seen that the enhancement
ratio reduces to four at the top surface. Another peak occurs
at surface e-f, due to the high turbulent intensity associated
with flow reattachment in this region. For the 4.5 um parti-
cles, the enhancement ratio reduces further to less than three
at the frontal surfaces.

It can be seen from Figure 3 that for 7.1 um particles direct
impaction (due to inertia) of particles at the frontal surface
makes the enhancement ratio close to eight. The deposition
of particle on the front surface of bluff body (like a rib) is
quite well understood®. When approaching the front sur-
face, due to its own inertia, the particle cannot follow the tra-

Table 2 Comparison of present results with those from heat/mass transfer studies

jectory of the fluid exactly, but tends to travel in a straight
line and strike onto the front surfaces. Experimental work@®
and computation® both demonstrated that particle deposi-
tion rate increasing rapidly after a certain range of particle
sizes.

It is interesting to compare the present results with those of
heat and mass transfer studies on similar ribbed surfaces.
Hahn et al® demonstrated that for the very small particles
they tested, the mass transfer coefficient showed good correla-
tion with the heat transfer analogue. In the present work, the
particle sizes tested were 7 to 170 times hat used by Hahn et
al. In the literature, various techniques have been used
employed to measure heat transfer coefficients. Liou and
Hwang®» measured the heat transfer coefficient by holo-
graphic interferometry. Kukreja et al?) measured the mass
transfer coefficient by naphthalene sublimation, whereas
Berger and Hau?? measured the coefficient by an electro-
chemical method. The results of these studies are compared
with those of the present work (0.7 and 7.1 um particles) in
Table 2.

The comparison shows that on ribbed surfaces, the small par-
ticle transfer process is very different to that of heat transfer.
Significantly higher enhancement ratios are found at the
frontal and top surfaces. The likely reason for this is particle
inertia. Along the smooth surfaces between ribs, the enhance-
ment ratios for 0.7 um particles agree quite well with the heat
(mass) transfer measurements, i.e. in all cases the peak value
is at position d—e which corresponds to the location of the
highest turbulent intensity. For 7.1 um particles, the highest
peak along smooth surfaces between the ribs is at f-g instead
of d—e; this may be due to a vortex formed by the presence of
the downstream rib, which enhances particle deposition.

In order to draw an effective analogy between heat and mass
transfers, the diffusivities of each should be of comparable
magnitude. In the case of particles in a gas stream, however,
the ratio of the Schmidt number to the Prandtl number can
be of the order of 10°. Under such circumstances, the analogy
should be applied with caution. In addition, each small parti-
cle, unlike naphthalene vapour, weighs more than ten thou-
sand times as much as an air molecule. It is to be anticipated
that the transfer mechanism will not be exactly the same,
especially for large particles, for which inertial effect
(impaction) plays an important role.

3.5 Efficiency ratio

The effectiveness with which a ribbed surface enhances parti-
cle deposition is coupled with a pressure drop across that sur-
face. There are several methods to evaluate the performance
of the ribbed surfaces by taking into account both mass flux
gain due to the enhanced particle transfer and the energy loss
due to the increase in friction factor. In this work the primary
objective is to evaluate the practical feasibility of the ribbed
duct. Therefore the efficiency index is chosen by comparing
the particle transfer coefficient between rough and smooth

Para- Refer- P/H H/D, Re Size  Front Top Back cd d-e e—f f-g
meter ence (um) (o-a) (a-b) (b—)

Heat 15t 10 0.081 10200 — 2.5 2.5 1.0 13 2.2 20 2.0
Mass 21t 10 0.0625 45000 — — — — | 24 22 24
Mass 22t 10 0.0364 32090 — - 32 — 20 3.1 2.6 2.5
Particle Present — e — 0.7 5.8 6.6 2.9 1.7 2.1 1.8 2.1
Particle Present — — — 7.1 8.0 3.2 1.0 1.5 2.8 2.6 3.1

1Estimated from literature values. Maximum errors are believed to be within +0.3.
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ducts under the same fan power. According to this criterion,
an efficiency index (at equal fan power) is defined as fol-
lows@;

g = (krough/ ksmoorh)/ (fx\)ug.h[fsmooth)l/3 (6)

where k  and k__  are the average mass transfer coeffi-
cient along one pitch of the ribbed surface and the smooth
surface respectively, f_ gh/fsmomh is the friction factor ratio of
rough to smooth surfaces and was measured as 3.2 in the pre-

sent work.

Figure 4 depicts the efficiency index calculated by equation 6.
The maximum efficiencies correspond to particle sizes of 0.7
and 7.1 um, for which turbulence or sedimentation are the
dominant deposition enhancement processes. Since the effi-
ciencies are all greater than unity, this suggests that the
ribbed surface is an energy efficient method of enhancing
particle deposition.

"

Efficiency Index/]-]
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Figure 4 Efficiency indexes of four particle sizes for ribbed surfaces

4 Conclusion

The motivation of this study was to investigate particle depo-
sition along a roughened surface, and how to modify or
improve the capture efficiency of current designs of some
common devices such as the electrostatic precipitator. It is
not intended to existing filters.

Particle deposition enhancement on ribbed surfaces was stud-
ied for a periodic fully developed turbulent flow field in a
channel with one surface (horizontal and upward facing)
roughened by ribs, using neutron-activatable tracer-labelled
particles. The key conclusions are as follows.

(@) Turbulence enhances sub-micrometre particle deposition
at the back surface of a rib. This effect was not observed
for super-micrometre particles.

(b) Particle deposition enhancement ratios for four particle
sizes were determined. For sub-micrometre particles, it is
found that turbulent intensity enhances deposition effec-
tively, especially for the frontal and top surfaces of the
rib. The ratios relative to the smooth surface values are
six and seven respectively. For the super-micrometre par-
ticles, impaction is found to be an effective mechanism to
enhance deposition.

(c) Relative to a smooth duct, the presence of repeated ribs
on a single surface causes a pressure increment of 3.2.
The average efficiency indices over one pitch for four
particle sizes vary from 1.4 to 1.9. The highest efficiency
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indices observed are for the smallest and largest particle
sizes studied.

(@ The measured results do not correlte well with heat
transfer measurements. High mass transfer coefficients
were found at the frontal surfaces of ribs. A plausible
explanation is particle inertia.

Further work will include experiments on those smaller par-
ticle sizes which are believed to affect human health adverse-
ly, and are difficult to remove by conventional devices.
Particle retention power on the ribbed surfaces will also be
addressed.
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