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Abstract--Measurements have been made of the deposition rates of water droplets, typically 20 #m in 
diameter, from an air stream. A number of mass transfer processes can be postulated, including con- 
densation and the turbulent deposition of particles, but in addition we can estimate the influence of 
thermophor,:sis and diffusiophoresis on the movement of droplets through boundary layers. We first show 
rates of particle transport under adiabatic conditions, in which turbulence mechanisms prevail. These are 
at the upper limit of the wide range of results reported in the previous literature. We believe turbulence 
may well have been enhanced due to distortions in the test-section shape, necessary for the installation of 
instrumentation. Deposition rates are increased significantly in the presence of condensation. A phenom- 
enological rr odel, accounting for the influence ofthermo- and diffusiophoresis, underpredicts the additional 
particle deposition. Given observations of dropwise condensation, the associated roughening of the walls 
is thought to be responsible for the discrepancy, and is identified as an area for further development. 

Copyright © 1996 Elsevier Science Ltd. 

IINTRODUCTION 

This paper relates ~o the study of the deposition rates 
of water from a water-air  aerosol onto the walls of a 
pipe. The influence of (1) air turbulence and (2) the 
processes associated with condensation were of inter- 
est. Thus the aerosol was transported within a humid 
carrier gas, the test..section sides could be either cooled 
or made adiabatic. 

There are several studies of turbulence induced 
deposition in tubular  ducts, under  adiabatic 
conditions. Howe~er, Hanrat ty  and McCoy's review 
[1] shows large differences between the results of 
different workers. When made non-dimensional,  the 
reported deposition rates vary by as much as a factor 
of 100. 

Three deposition regimes have been identified [2, 
3]. The 'diffusion dominated regime' applies to sub- 
micron sized partic, les. Their motion through the tur- 
bulent boundary  layer is considered as Brownian. In 
the 'eddy diffusivity-impaction regime' a particle 
enters the turbulent  boundary  later from the bulk gas, 
and is assumed to travel part of the way to the wall 
under the influence of turbulence. However, it retains 
a significant amount  of momentum,  whereas close to 
the wall the eddy diffusivity is relatively small. Hence 
the final port ion of  the trajectory is said to be com- 
pleted by 'free flight'. This regime would typically 
apply to a size ran~;e of between 1 and 10 #m. Finally, 
in the ' impaction regime' particles are accelerated by 
turbulence in the bulk of the gas stream, such that 
they have sufficient inertia to pass through the bound- 
ary layer without undergoing a significant change in 
velocity. 

In practice, many engineering geometries are more 
complex than a simple tube- - for  instance there is 
recent interest in spray driers [4] and chemical vapour 
deposition [5]. 

A more longstanding concern has been in fast reac- 
tor systems [6], where natural  convection currents can 
transport  sodium-argon aerosols into the expansion 
gaps surrounding pumps and heat exchangers. In the 
latter case condensation and particle deposition occur 
simultaneously. A tube shape was chosen for our own 
experiments, because significant data for turbulence 
induced particle transport  were already available. 

APPARATUS 

A flowsheet of the apparatus is provided in Fig. 1. 
Three features can be identified : treatment of the air 
supply, the test-section itself and the associated instru- 
mentation. Pretreatment was required to ensure a 
supply of up to 3000 NI m i n -  1 of air, at temperatures 
between - 4 0 ° C  and +45°C and relative humidities 
between 0 and 100%. Air at 6 bar was taken from a 
ring main and dried to a dew point of - 7 0 ° C  by a 
proprietary pressure swing adsorption system (manu- 
facturer Pall U.K. Ltd). The supply could be cooled 
by a heat exchanger/two stage refrigeration assembly, 
and then heated electrically to within 0.5°C of a set- 
point. Moisture could be added in a column con- 
taining a packed bed plus integral water supply. 

The supply was passed through an aerosol gen- 
erator (Fig. 2). A port ion of the air supply was com- 
pressed to approximately 3 bar  and passed through 
a nozzle, drawing in water from either an integral 
reservoir or a graduated sight tube. The aerosol then 
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NOMENCLATURE 

A surface area of the test-section Re 

C mass concentration of aerosol particles T 
Cv vapour concentration u 
dg geometric mean diameter 0 
dm mean diameter on basis of particle U* 

mass v 
d v particle diameter Vf 
D diameter of the test-section 1/1 
Dv vapour diffusivity V~ 
f friction factor Vth 
F fractional deposition u', v' 
h heat transfer coefficient 
H latent heat of vaporization 
I mean free path of air molecules 
k thermal conductivity of air p= 
K m m a s s  transfer coefficient Pd 
M~ molecular mass (air) aw 
Mz molecular mass (moisture) ag 
Q rate of heat transfer /~ 
r distance from tube centre z 
R tube diameter z + 

Reynolds number 
air temperature 
radial component of velocity 
mean velocity 
friction velocity 
axial component of velocity 
volumetric flow rate 
deposition velocity 
terminal velocity 
velocity due to thermophoresis 
indicates a velocity fluctuation about a 
mean value. 

Greek symbols 
density of air 
density of a droplet 
shear stress at wall 
size distribution parameter 
gas viscosity 
relaxation time 
scaled relaxation time. 

flowed through a 1.5 m long entrance region, leading 
to the test-section. 

The test-section (Fig. 3) was built around a 3 m 
long, 0.073 m internal diameter aluminium cylinder. 
Seven pairs of apertures were extruded for optical 
access, and a heating/cooling jacket was then fitted 
around this inner tube. Provision was made for trav- 
ersing thermocouples along diameters at seven 
locations, and mounting thermocouples for surface 

® 

To test section 

@ 
Fig. 1. Pre-treatment section. (1) Compressed air supply at 
6 bar, (2) dryer, (3) regulating valve (to 1.1 bar), (4) 
rotameter, (5) heat exchanger (with by-pass), (6) glycol 
cooler (to -40°C), (7) electrical heater, (8) humidifying 
column (with by-pass), (9) electrical heater, (10) aerosol 

generator (see Fig. 2 for further details). 

temperature measurements (see Fig. 3 for locations). 
In addition, steel sample lines, leading to a dew point 
hygrometer, permitted determination of the air moist- 
ure content at inlet and outlet. A trap was milled into 
the base of the test section to collect deposit and 
condensate. (Note that throughout the rest of the 
paper, this position will be taken as the datum at 
which height = 0 m.) 

A laser based device was used for simultaneous 
velocimetry and particle sizing (see Bates et  al. [7]). 
This employed the principle of visibility for particle 
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® 
Fig. 2. Aerosol generator. (1) air supply, (2) electrical heater, 
(3) cooling coil (attached to glycol cooler), (4) three-way 
valve, (5) reciprocating compressor, (6) sight-tube, (7) needle 
valve, (8) nozzle, (9) tapered tube, (10) to test-section, (11) 

water reservoir. 
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5mm 

I .  70ram 
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Fig. 3. The test-section. Part (a) : cooling jacket seal plus 
optical window. Part (b) : general arrangement. Part (a): (1) 
inner wall, (2) duct for coolant, (3) outer wall, (4) window, 
(5) drain tube. Part (b) : X-location of thermocouple in inner 
wall. O-location of traversing probe. (6) entrance and datum 

position (height = 0 mm). 

sizing, where particle size was correlated against a 
parameter characterising the shape of the doppler 
signal. (It has to be admitted that more recent, pro- 
prietary devices now tend towards phase doppler 
methods [8].) 

A helium-neon laser and its associated optics pro- 
duced concentric blue and green fringe patterns, with 
a spacing of 63 mm for the larger green pattern. The 
photomultipliers were offset from the lateral position 
by 9 ° with a collection angle of 10 ° to give the opti- 
mum resolution of particle diameter against visibility. 
It was this configuration that predetermined the 
necessary window size for the test-section. 

PERFORMAIqCE OF THE TEST-SECTION 

The hydrodynamic performance of the test-section 
was checked durirLg a series of commissioning tests. 
This was in order to characterise the effects of the 
windows and the entrance region. We measured pro- 
files of velocity arid velocity fluctuation, wall shear 
stresses, and rates of heat transfer and condensation 
for comparison against correlations for developed 
flow in a smooth pipe. 

Velocities were measured with a commercially avail- 
able hot wire anemometry system, incorporating a 
Dantec type 55P53 cross wire probe. The alignment 
of the sensors was such that they were sensitive to 
v +  u and v - u  (v was the axial velocity component,  
and u the radial component).  The 5 #m diameter wires 
were sufficiently fine to resolve velocity fluctuations 
greater than 30 kHz in frequency. Signal analysis and 
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linearization was by analogue processing, to indicate 
mean values of u and v, and root mean square values 
of u', v', and u'v'. 

The probe was traversed through the access win- 
dows at 1510 and 2890 mm above the test-section 
entrance. Velocity profiles did not  extend significantly 
into the window recesses (see Fig. 4), and a second 
set of measurements with the probe held by hand 
confirmed that the values here were always less than 
2% of the maximum flow velocity. Figure 5 shows the 
corresponding profile of shear stress, found from the 
sum of Reynolds and viscous components.  

a = p u ' v ' + p d ~ / d r  (1) 

The point of zero stress is 3 mm from the centre line, 
indicating a slight skewness in the flow. 

The peaks in the measured stress near the positions 
flush with the tube walls were thought due to imper- 
fections in the linearization of the signal, evident at 
lower velocities. In inferring friction factors we con- 
sidered only measurements from positions more than 
4 mm from the tube wall. From the extrapolated wall 
stresses : 

f = 2 f f w / P g V  2 (2) 
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Table 1. Inferred friction factors 

Friction factor 

Flow rate/ 
[ lmin  ~] Re a t y =  - 3 6 . 5 m m  a t y =  +36.5mm 

Blasius 
Average equation 

Height = 1510 mm 
310 6250 8.49 × 1 0  - 3  9.77 X 10 - 3  

490 9720 9.14×10 3 6.73x10 3 
640 12 800 10.10 x 10  - 3  6.98 × 10  - 3  

910 18100 l l .80x10  3 5.79x10 -3 

Height = 2890 mm 
460 9090 9.24 X 1 0  - 3  7.00 x 10 3 
820 16360 12.00× 10 3 4.29x 10 -3 

9.13x 10 -3 8.88x 10 -3 
7.94 × 10 3 7.96 × 10  - 3  

8.54 x 10 3 7.43 × 1 0  - 3  

8.80× 10 -3 6.8X 10 -3 

8.12x10 3 8.09×10 3 
8.15 x 10 --3 6.98 × 1 0  - 3  

which could be compared  with values est imated f rom 
the Blasius equa t ion  for smooth  tubes (see Table  1). 

f - -  0 .079Re -°25 (2500 < Re < 105). (3) 

Fr ic t ion factors were higher  on  one side than  the 
other,  conf i rming an  asymmetry  in the flow. The aver- 
age values were similar to the accepted values for 
smooth  tubes, part icular ly at  the two lower flow rates. 

Profiles of  root  mean  square velocity f luctuat ion in 
the axial direct ion were also t raversed (Fig. 6). These 
indicated turbulence intensities typically 15-20% 
higher  than  classical values [9]. 

To assess the heat  t ransfer  characterist ics of  the 
tube dry air was passed th rough  the test-section with 
the side-walls cooled. Again,  radial  t empera ture  pro- 
files showed a small a m o u n t  of  skewness (Fig. 7). 

Area  weighted in tegra t ion of  measured  profiles of  
tempera ture  and  velocity yielded the heat  t ransfer  by 
advect ion up the tube. The difference between values 
at  the top and  b o t t o m  of  the test section was taken  as 
the rate of  heat  t ransfer  to the walls, Q. Using  the log 
mean  difference between mixing cup and  side wall 
temperatures ,  a heat  t ransfer  coefficient was esti- 
mated  : 

Q/A 
h - (4) 

(AT) ,m 

Nusselt  and  Reynolds  numbers ,  based on  tube 
diameter ,  are plot ted on  Fig. 8. Over  the na r row range 
of  condi t ions  studied they compare  modera te ly  well 
with the Di t tus -Boe l te r  corre la t ion  of  heat  transfer,  
super imposed on  the figure as a straight  line. 

Finally, the mass  flux to the wall was inferred by 
the a m o u n t  of  condensate  collected over a given time, 
and  scaled to give a Sherwood n u m b e r  (Fig. 9). There  
is reasonable  agreement  with  predict ions based on  
the Ch i l t e rn -Co lbu rn  analogy between heat  and  mass  
t ransfer  [10]. Note  tha t  dropwise ra ther  t han  filmwise 
condensa t ion  had  been observed : we assume tha t  air  
was in contac t  with  the wall, at  the same tempera ture  
as the wall and  sa tura ted  with vapour .  

To summarize  this section, we can state tha t  average 
quant i t ies  (condensa t ion  rate, heat  transfer,  shear 
stress) were, over the na r row range of  Reynolds  num- 
bers tested, reasonably  close to the values expected in 
a smooth  tube. There  was, however,  some skewness 
in measured  velocity and  tempera ture  profiles. In prin- 
ciple, this might  have been resolved by increasing the 

o From right-hand wall 
0 .4-  ,~ A F r o m  l e f t - h a n d  wall 

g 
• ~ 0.3 

0.2 

0.1 

,,~ I I I I 
3 6 9 12 

Distance from wall [mm] 

Fig. 6. Comparison of root mean square velocities (velocity fluctuations are in the usual direction). 
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length of  the entr~mce region between the test-section 
and aerosol generator. Apart  f rom the obvious impli- 
cation of  cost, this would have led to increased depo- 
sition within the entrance region. 

PARTICLE DEPOSITION UNDER ADIABATIC 
CONDITIONS 

Particle size distributions and deposition rates were 
measured over a variety of  flow rates. To ensure adia- 
batic conditions, the cooling jacket was drained and 
the side-walls insulated. The relative humidity of  the 
air component  was increased as far as could be 
achieved in the pre-treatment section, and typically to 
95%. 

Measurement  methods 
The laser sizing system could be employed only 

for small droplet concentrat ions--typically 1 g m -3. 
Denser aerosols would have saturated the measure- 
ment volume. 

The log-normal  distribution was used to describe 
samples o f  particle sizes, the appropriate parameters 
being the geometric mean diameter, dg, and a 
parameter,  ag, to represent the spread of  the distri- 
bution. 

d g =  exp(5:nl ln(di/Zn~) (5) 

ag = exp((5:(ln(di)-ln(dg)):/En~) 1/2. (6) 

Whilst dg is a useful term with which to specify the 
size distribution, i~L tends to lend undue importance to 
smaller particles. A more appropriate mean diameter 
is calculated from the total mass of  particles : 

d:~ = (En,d3~ /En,) '/3. (7) 

Deposit ion rates were assessed using a salt tracer. 
To allow sufficient particles to collect on the sides of  
the tube, a denser aerosol of  about  10 g m -3 was 
necessary. The reservoir for the aerosol generator con- 
tained a weak, uniformly mixed salt solution (about 
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2 g 1- t of  sodium chloride). The precise concentration 
was found by diluting a sampie 20 times, and com- 
paring its resistance against a calibration line (which 
was linear for concentrations less than 100 m g -  1). The 
rate of  aerosol production was recorded by plotting 
the measured level in the aerosol generator against 
time. 

At  30 min intervals the walls of  the test-section were 
washed with 100 ml of  distilled water, introduced at 
the top. On draining this would dissolve liquid present 
on the side walls, and collect in a trap at the test- 
section base. The salt content  of  the washings was 
inferred from their measured electrical conductivity. 
Thus the fractional depos i t ion- -or  the proport ion of  
droplets deposited in the duc t - -was  : 
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mass of salt occurring in the washings per unit time 
F =  

mass of salt supplied in the aerosol per unit time " 

(8) 

Scalin9 procedures 
It is desirable to report results in a scaled form, 

suitable for comparison against other reported work. 
We start with the definition of the 'relaxation time', z, 
of a particle as a function of individual particle diam- 
eter and density, and gas viscosity : 

r = ppd2/18p. (9) 

A non-dimensional  form of z is achieved with the 
friction velocity and kinematic viscosity : 

z + = zU*2/v (10) 

where U* is related to the friction factor by : 

U* = (f/2)'/2 U. (11) 

A deposition velocity is defined from the mass flux of 
particles from the gas stream to the side walls, and the 
mass concentration in the bulk : 

V] =jm/C. (12) 

1:1 can be deduced from the fractional deposition, 
using a differential component  mass balance on the 
particles. The result is : 

( -  Vf/A) 
V, - - -  (13) ln(1 -F)  

Scaling with the friction velocity gives : 

V + = VI/U*. (14) 

Results f o r  adiabatic conditions 
A typical size distribution (Fig. 10), measured on 

the axis of the test-section and 1520 mm above its 
base, was characterized as :dg = 17 #m, ag = 1.3, and 

X X X X X X 

I I I I I I 
-3O -20 -I0 0 I0 20 

Distance From Tube C.cntre 

nlin 

Fig. 11. Profile of mean droplet diameters. 
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3O 

dm = 20 #m. The radial variation in dg was small (Fig. 
11). 

Having established an estimate of particle diameter, 
plus a means of estimating deposition velocity, we 
were in a position to evaluate z + and V +. Note that 
in our work the relaxation time has been calculated 
from the mean diameter din, whereas most workers 
have used a monodisperse aerosol. 

Flows were varied between 400 and 920 1 min -1, 
and the corresponding scaled parameters found (Fig. 
12). The upper and lower limit's reported in Hanrat ty 
and McCoy's  review [1] are sketched for comparison. 

D&cussion o f  results f o r  adiabatic conditions 
The deposition rates are at the upper limit reported 

in Hanrat ty and McCoy's review [1]. We can suggest 
two reasons for this : imperfections in the test-section, 
and the influence of size distribution. 

Given the length of the entrance region (1.5 m or 
20 pipe diameters), the flow was not  fully developed 
in the lower part of  the test-section. Moreover, skew- 
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Fig. 10. A measured size distribution. 
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Fig. 12. Deposition rates for monodisperse particles. 
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ness in the flow pattern would have concentrated the 
particle deposition more on one side than the other. 

With respect tc, size distribution, it is noted that 
most workers haw, • used a near monodisperse aerosol, 
with ag no more than 1.1. For instance Lui and Agar- 
wal [11] could gu~.rantee the monodisperse condition 
by using a vibrating orifice particle generator. Within 
the eddy diffusivity-impaction regime (1 < z + < 10) 
their results correlate as : 

V + = 0.6 × 1 0 - 3 ( ' g + )  2 (1 < z + < 10). (15) 

On Fig. 13, the lower curve is found simply by 
substituting dm into the above equation. On the upper 
curve, a depositien velocity was estimated for each 
particle in the sample, and a weighted mean found : 

Vl ---- Z(n,d 3 V,.i)/E(n,d?). (16) 

The discrepancy between these two curves indicates 
the sensitivity of the predicted deposition rate to the 
nature of the size distribution. 

It was necessary to check the consistency of size 
distribution between sparse and dense aerosol con- 
ditions. Theoretical work shows the effects of droplet 
evaporation to be small, provided that relative 
humidities are maintained above 95% [17]. The rela- 
tive change in mean diameter is 4% for the sparse 
aerosol, and 2% figr the dense aerosol. 

PARTICLE DEPOSITION UNDER CONDENSATION 
CONDITIONS 

For these experiments, the duct side walls were 
cooled to about 5°C, and the aerosol supplied at a 
range of temperatures. An aerosol density of about 10 
g m-3 was supplied, with the relative humidity of the 
air component he]td at 95%. Results were compared 
against a phenomenological model. 

Measurement methods 
The particle size distribution was assumed to be 

that measured under adiabatic conditions. Again, the 
salt tracer method was used to infer the deposition 
velocity. However, the washing process was sup- 
plemented by typically 200 ml per hour of condensate. 
Preliminary tests, with the aerosol generator switched 
off, ensured that any condensate collected in the trap 
had a negligible electrical conductivity. 

Given that the air was laden with droplets, exact 
measurement of the relative humidity within the test 
section was difficult with the equipment available. 
(The droplets would have destroyed the accuracy of 
any dew point hygrometer measurement.) Hence the 
condensation rate, R, was used to infer a mean con- 
centration difference between the bulk air and the duct 
surface. 

R 
(mCv)lm = AKIn" (17) 

The mass transfer coefficient, Kin, was estimated from 
the Chiltern-Colburn analogy. 

The few available condensation measurements 
show the Chiltern~Colburn analogy to be good to 
within + 5 % on average, within the range of Reynolds 
number discussed. 

Prediction of  deposition velocities 
Predictions of deposition velocities were attempted 

with a calculation similar to that used by Byers and 
Calvert [12], who considered turbulence and thermo- 
phoresis effects for relatively small (~  2 mm diam- 
eter) particles. The overall deposition velocity was 
estimated by summing these contributions along with 
that of diffusiophoresis. 

The deposition velocities measured under adiabatic 
conditions were fitted to the following equation : 

V + = VI/U* = 0.00773(z+) °758. (18) 

In the presence of condensation there is a net move- 
ment of gas to a cooled surface, termed the 'Stefan 
flow'. For small mole fractions of vapour, this has a 
velocity : 

Vs =(M2/M1)'/2D(dCv/dr)/pg. (19) 

We have assumed that particles will achieve terminal 
velocity Vs in the diffusion sub-layers, at which pos- 
ition the gradient is, on average : 

dCv/dr = Km(ACv)]m/Dv. (20) 

Likewise, the greatest temperature difference is in the 
thermal boundary layers. For a Knudsen number less 
than 1, Davis [13] quotes the velocity due to thermo- 
phoresis as : 

2.656k( T, p) d T/dZ 
v,h - ( 2 1 )  pd. 

where 
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Fig. 14. Deposition rates under condensation conditions. 

dT/dZ = h(DT)~m/k. (22) 

Estimated and measured deposition velocities under 
condensation conditions 

For  a given flow rate, deposition velocities are 
clearly subject to concentration difference (Fig. 14). 
The trend is representative of  data in Table 2, which 
includes flow rates between 420 and 920 1 min -~. The 
crude calculation listed above underpredicted the 
enhancement in deposition rate. The estimated influ- 
ence of  diffusiophoresis was an order of  magnitude 
higher than thermophoresis (Table 3). 

Discussion o f  predicted results 
An application of  some interest is deposition from 

sodium-argon aerosols, where droplet diameters of  
typically 2 #m are observed [14]. Hattori  [15] has 
suggested that in this situation thermophoresis will 

Table 3. Calculated deposition velocities 

Component 

Deposition 
velocity 
[ms q 

Turbulence 0.5308 x 10- 3 
Thermophoresis 0.0249 x 10-3 
Diffusiophoresis 0.3735 x 10 3 
Total 0.9292 x 10 3 

Bulk temperature 30°C, wall temperature 5°C, droplet 
diameter 18 mm. 

dominate any diffusiophoresis effects. However,  we 
point out  that the Lewis number for gases is in the 
region of  one, with the result that concentration and 
thermal sub-layers, in which both phoresis phenom- 
ena are most significant, will have a similar thickness, 
and hence a similar interaction with turbulence. 

The straightforward addition of  contributions to 
deposition velocity is a simplistic model of  the inter- 
action between turbulence and phoresis effects. How- 
ever, we believe that a more complex analysis, 
accounting for transport through the full turbulence 
boundary layer, would not account fully for the large 
discrepancies between prediction and experiment. 

The likeliest explanation is associated with surface 
roughness. Dropwise condensation occurred on the 
inner walls of  the test-section, forming hemispheres 
of  approximately 1 mm diameter. These could have 
increased the intensity of  the air turbulence. In 
addition, they could have trapped aerosol, reducing 
the distance travelled through the boundary layers 
before the 'free flight' mechanism came into effect. 
Wood ' s  theoretical work [3] indicates that this second 
effect can be important,  even at roughnesses which 
would not  affect the air turbulence. 

Wood ' s  gives theoretical estimates for the influence 
of  roughness on a 'hydraulically smooth '  regime. This 

Table 2. Deposition rates measured under condensation conditions 

Fractional Deposition 
Flow (AC)~ m deposition velocity 
[1 min l] [g m 3] [%] [m s -1] -c+ V + 

400 0.00 7.5 0.000773 0.88 0.00748 
400 6.09 6.9 0.000692 0.88 0.00669 
400 10.30 9.1 0.000946 0.88 0.00915 
400 14.90 11.9 0.00125 0.88 0.0121 
400 24.40 22.8 0.00255 0.88 0.0247 

720 0.00 12.1 0.00229 2.46 0.0133 
720 3.22 6.4 0.00118 2.46 0.00857 
720 6.03 12.6 0.00239 2.46 0.0138 
720 12.7 11.5 0.00217 2.46 0.0125 
720 18.2 14.1 0.00272 2.46 0.0156 
720 22.9 18.8 0.00371 2.46 0.0215 

920 0.0 18.4 0.00462 3.78 0.0215 
920 6.7 18.0 0.00452 3.78 0.0210 
920 11.8 15.2 0.00376 3.78 0.0175 
920 32.5 29.1 0.00783 3.78 0.0365 
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is restricted to a dimensionless roughness k ÷ in the 
range 0-5, where : 

kU* 
k + = (23) 

V 

He explains the action of  this roughness as reducing 
the necessary trajectory of  particles under free flight. 
He gives curves for k-- up to 4.2 ; these give qualitative 
agreement with the data of  Montgomery  and Corn 
[16]. 

Study of  his predictions shows that at z + = 2.46, a 
value representative of  our data, even roughnesses 
within the hydraulically smooth regime ( k + =  4.2) 
lead to a six-fold deposition in turbulence effects. This 
alone would explain our discrepancy. 

For  a 1 mm droplet, we calculate k + = 22, a much 
greater value than, at first sight, is needed to explain 
our high deposition rates. However,  it is difficult to 
relate roughness on surfaces such as sandpaper (used 
in classical friction factor studies) to the more sparsely 
distributed droplel:s. 

What  is required is a facility capable of  'freezing' 
droplets in position for surface analysis. This would 
permit better coraparison of  droplet size vs con- 
densation rate, and permit further testing under adia- 
batic conditions. Such work is beyond the capabilities 
of  the present system, but is under consideration for 
future studies. 

Finally, we note that as particles were moved up 
the test-section, wtpour would have condensed onto 
them, enlarging them and increasing the deposition 
velocity. Separate, theoretical work [17] shows that 
the increase in diameter would be 15% at most. Whilst 
there would have been some effect on deposition rate, 
it would have been small compared to the observed 
enhancement. 

CONCLUSIONS 

This paper has described a test-section manu- 
factured for tests on the deposition rates of  water-air  
aerosols, under a variety of  thermal conditions. The 
hydrodynamics of' the test-section were tested over a 
narrow range of  Reynolds numbers, and some imper- 
fections found. Whilst average friction factors, heat 
transfer coefficients and mass transfer coefficients were 
as expected, the flow was found to be skewed. In 
practice, this is a result of  a compromise faced when 
first designing the experiment : too great an entrance 
region results in excess loss of  particles by deposition, 
too little leads to under-developed flow. 

The open literature reports wide variations in mea- 
sured deposition rates, although the work of  Lui and 
Agarwal [2] is most widely accepted. In applying a 

mean particle diameter to the analysis, our own results 
lie at the upper end of  the previously reported data. 
Some error may well be due to the hydrodynamics of  
our test-section, but  the influence of  standard devi- 
ation in particle size on calculations is significant. 

In the presence of  condensation, deposition rates 
are enhanced markedly. Indeed, we cannot account 
for this even with liberal estimates of  thermo- and 
diffusiophoresis effects. It is inferred that the rough- 
ening of  the surface by dropwise condensation is 
responsible. 
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