Effect of Diffusiophoresis and Thermophoresis on the
Overall Particle Collection Efficiency of

Spray Droplet Scrubbers
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University of Washington

‘the overall particle collection efficiencies of spray scrubbers using
monodisperse droplets of 100, 500, and 1000 mictens diametor were
calculated for the cases of evaporating and condensing droplets. The
properties of the gas at the Infet to the spray scrubber were main-
talned constant at 150°F, 100% relative humidiy, and 1 atmosphere
pressure. Al the liquld entrance 1o the spray scrubber, the water
droplet temperature was 50°F for the condensing case and 180°F
for the evaporating case. The iiquid to gas flow rate ratlo for all the
calculations was held constant at 4 9al/ 1000 act. The gas velocily
In the co-current spray tower was 1 ft/sec in the downwind direction.
The calculation resulls show that for the particles in the 0.01 {c 10
um diameter range, the overall spray scrubber particle ccllection
eiflciency is greater with the cooler 50°F water (condensing case)
than with the warmer 180°F water {evaporating case). The effect
of diffustophoresis and thermophoresis Is noticeable for all the water
droplet sizes considered, bul Is more significant for the larger water
droplets. This greater effect for the larger water droplets compared
to the smaller droplets is due 1o the longer existence of the temper-
alure and water vapor concentration gradients between the water
droplets and the surrounding gas.

Nomenclalure

A Surface area across which heat and mass transfer
takes place

Cy Vapor concentration at the droplet surface

C, Vapor concentration in gas

Cei Gas vapor concentration at section inlet

Ceo Gas vapor concentration at section outlet

Cp Specific heat of gas

AC, Change in gas vapor concentration in section dz

dz Section height of tower across which simultaneous

heat and mass transfer calculations are done

Sy

Py
Hg

Droplet diameter

Diffusion coefficient of water vapor molecules
Single droplet collection efficiency
Fraction of gas swept by the droplets

(Gas flow rate

Liguid flow rate

Mass transfer coefficient

Distance droplet travels with respect to gas
Thermal conductivity of gas

Heat transfer cosfficient

Latent heat of vaporization

Maass of water droplets at section inlet
Mass of water droplets at section outlet
Mass transfer rate

No. of droplets coming out of nozzle per second
Overall collection efficiency for a given droplet and
particle size

No. of droplets per unit length of tower
Prandtl’s number

Sensible heat transfer rate

Latent heat transfer rate

Total heat transfer rate

Reynolds number of the droplet

Schmidt’s number for water vapor

Droplet temperature

Drop temperature at section inlet

Drop temperature at section outlet

Gas temperature

Change of droplet temperature in section dz
Change of gas temperature in section dz

Gas temperature at section inlet

Gas temperature at section outlet

Drop velocity with respect to the scrubber tower
wall

(Gas velocity

Greek Lotlers

(Gas density
Gas viscosity
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Figure 1, Caloulated particie collection efficiencies of a single
100 pm diameter droplet at 30 em/sec velocity, 150°F air
temperature, and various water droplet temperatures.

Conventional wet serubbers such as spray towers, venturi
scrubbers, sieve plate scrubbers, etc. usually have lower par-
ticle collection efficiencies in the 0.01 to 2.0 um diameter
range. This lower particle collection efficiency in fine particle
size range is because conventional wet serubbers utilize the
particle collection mechanisms of primarily inertial impaction
(large particle collection) and secondarily Brownian diffusion
{small particle collection). In order to increase the fine particle
collection efficiency of conventional wet scrubbers depending
upon the inertial impaction mechanism, it is necessary to in-
crease the energy input (i.e. increase the gas pressure drop
across a venturi scrubber). For the high efficiency collection
of submicron particles at moderate gas and liquid pressure
drops, one must apply some particle collection force that is
not dependent upon increasing the relative velocity difference
between the water droplets and the gas. Such particle collec-
tion forces include diffusiophoresis and thermophoresis.
These forces exist when there is a temperature and/or water
vapaor pressure gradient between the water droplets and the
gas. This paper presents the computation method and cal-
culation results for the overall particle collection efficiencies
of a spray droplet scrubber including the particle collection
mechanisms of inertial impaction, Brownian diffusion, dif-
fusiophoresis, and thermophoresis.

Sparks and Pilat! reported calculated particle collection
efficiencies for single droplets considering inertial impaction,
Brownian diffusion and diffusiophoresis and showed that
positive diffusiophoresis (condensation) could substantially
improve the collection efficiency. Slinn and Hales? reported
that thermophoresis was an important collection mechanism
for submicron particles in below-cloud scavenging. Based on
extensive theoretical and experimental work on sieve plate
scrubbers, Calvert, et al.? reported that when diffusiophoresis
and thermophoresis are present in a sieve plate scrubber, they
significantly affect the particle collection efficiency.

Patticle Collection Efficiency of Single Dropiets
The single droplet collection efficiencies for particles were
calculated using a Runge-Kutta numerical solution for the
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particle equation of motion. The collection mechanisms
considered were inertial impaction, Brownian diffusion, dif-
fusiophoresis and thermophoresis. Pilat and Prem* presented
the complete mathematics for these caleulations of the particle
collection efficiency of single droplets including these fore-
es.

The singie droplet collection efficiencies were caleulated
for 100, 500, and 1000 um diameter droplets with droplet
sedimentation velocities of 30, 210, and 385 cm/sec, respec-
tively. For all calculations, the inlet gas conditions were held
constant at 150°F and 100% relative humidity. The external
forces of Brownian diffusion, diffusiophoresis and thermo-
phoresis are the result of gradients of aerosol particle con-
centration, water vapor concentration, and gas temperature,
These gradients were assumed to be linear and to exist only
within the boundary layer surrounding the water droplet. The
linear gradients were assumed to be symmetrical around the
droplet and thus the external forces acted radizlly towards or
away from the droplet center. The thickness of the boundary
layer surrounding the droplet is dependent upon the gas ve-
locity, diameter of the droplet, properties of gas and diffusing
species, and the temperature of the droplet. From the calcn-
lations it was found that the boundary layer thicknesseés due
to diffusiophoresis and thermophoresis were nearly equal in
magnitude. For a droplet temperature of 50°F, the boundary
layer thicknesses due to diffusiophoresis and thermophoresis
for the 100, 500, and 1000 pm diameter droplets were about
37, 88, and 110 pm, respectively.

Calculated particle collection efficiencies of single droplet
of 100, 500, and 1000 microns diameter are shown in Figures
1--3. Curves for water droplet temperatures of 500, 100°, 120°,
1407, 150°, and 180°F are presented in each figure. The results
indicate that the phoretic forces of diffusiophoresis and
thermophoresis do affect particle collection efficiencies of
single droplets. The particle collection efficiencies were in-
creased when these phoretic forces were positive {condensing
case) and decreased when the phoretic forces were negative
(evaporating case).

From Figures 1-3 it can be seen that the smaller the water
droplets, the greater the influence of diffusiophoresis and
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Figure 2. Calculated particle collection efficiencies of a single
500 um diamater droplet at 210 om/sec veloclty, 150°F air
temperature, and various droplet temperatures.
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Table 1. Spray tower calculation parameters for 100 micron
droplets.

Distance droplet

Length of tower Height of travels with  Fraction of gas
drop travels in section, Az Tespect to gas, swept by
section, z {cm) {cm} H {cm) droplets, 7

0.0 to 0.1 0.1 0.0515 0.00414
0.1 to  0.25 0.15 00773 0.00621
0250 05 0.25 0.1288 0.01035
05 to LO 0.5 0.2576 0.6206%
1.0 to 11 10.0 51529 0.41385
11 to 111 100 51.5287 4.13852
111 to 304.8 i93.8 99.8626 8.02046

thermophoresis on the particle collection efficiencies. This
is caused by the lower water droplet sedimentation velocities
of the smaller droplets. With the lower droplet sedimentation
velocities, the aerosol particles remain Jonger in the boundary
layer surrounding the droplets (where the phoretic forces are
present}. The result is that the forces of thermophoresis and
diffusiophoresis act on the particles for a longer time, thereby
having a greater effect on the particle collection efficien-
cies.

Particle Collection Efficiency of Spray Tower
Calcuiation Procedure

The overall particle collection efficiencies of a co-current
spray scrubber were caleulated for both the condensing (water
entered at 50°F) and the evaporating case (water entered at
180°F) with gases entering at 150°F and 100% saturated with
water vapor. The liquid to gas flow rate ratio for all the cal-
culations was 4 gal/1000 acf. The liquid and gas both entered
in the top of the spray tower: The gas velocity was 1 ft/sec in
the downward directions. The height at the section Z where
the water spray contacted the gases was 10 ft.

The overall particle collection efficiency was calculated by
using the Kleinschmidi5 equation:

Nc."—" 1—~efE (1)

where N is the overall collection efficiency for a given particle
and droplet size, E the particle collection efficiency of a single
droplet, and f the fraction of the gas swept by the drops.
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where H is the distance the droplet travels with respect to gas
(ft}, Fr. the liquid flow rate (gal/min), Fg the gas flow rate
(cfm) and D the droplet diameter in pm.

With a temperature and water vapor concentration existing
between the water droplets and the gas at the spray tower inlet
in both the condensing and evaporating cases, there is heat
and mass transfer between the droplets and the gas cccurring
down the tower. These resulting changes in the water droplet
temperature, gas temperature, and water vapor concentration
in gas were taken into account when caleulating the overall
particle collection efficiency of the spray tower. This was done
by dividing the spray tower into a number of sections (Az)} in
relation to the height and calculating the overall particle
collection efficiency for each scrubber section for a given water
droplet size, particle size, liguid/gas flow rate ratie, gas and
liquid temperatures, and water vapor concentration in the gas.
The number of tower sections used depended on the magni-
tude of the water vapor concentration and the temperature
gradients down the tower. These gradients were obtained by
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performing simultaneous heat and mass transfer calculation
d;an the tower (the results are presented in Figures 4 through
7.

The fraction of gas swept by the water droplets f is a func-
tion of H, F./Fg and I as is shown by Eq. 2. The liquid to gas
flow rate ratio Fr/Fo was constant at 4 gal/1000 acf for our
calculations. The droplet diameter D is nearly constant as the
droplet diameter change due to evaporation or condensation
is negligible (less than 10% change in diameter). Thus f is only
a function of H, the distance the droplet travels with respect
to the gas. H is a function of the gas velocity, droplet sedi-
mentation velocity, and the height of the tower section. Be-
cause the gas velocity and the droplet sedimentation velocities
are constant, H is only a function of the height of the tower
section under consideration.
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Figura 3.  Caleulatad particle collection efficlencles of a single
1000 um diameter droplet at 385 omi/sec velocity, 150°F air
temperature, and various droplet temperatures.

For 100 um diameter water droplets at 50°F at the spray
tower top, Tahble T presents the magnitudes of the section
height, Az; distance section is from the tower top, z; distance
the droplet travels with respect to the gas in that section, H;
and the fraction of gas swept in that section, .

For a given droplet and particle size, the overall collection
efficiency for a section Az was calculated as follows. From the
heat and mass transfer calculations, the mean temperatures
of water droplet and gas and the water vapor concentration
of the gas were obtained providing the mean temperature and
water vapor concentration gradients, between the droplet and
the gas for the section dz being considered. These values of AP
and AT can be obtained from Figures 4 through 7. Knowing
the temperature and water vapor concentration gradients
between the droplet and the gas, the single droplet collection
efficiency for a given particle and droplet size was obtained,
from the single droplet collection efficiency curves (Figures
1 through 3).

It should be noted that the single droplet collection effi-
ciency curves are drawn for a constant gas temperature of
150°F whereas the gas temperature changes down the tower.
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Figure 4. Temperature gradient betwean water droplet and gas down the
scrubber for condensing case.

The change in gas temperature is only dependent on the
temperature of water droplets at inlet in our calculations. The
maximum change in gas temperature would occur when the
temperature of the water droplets at inlet to the scrubber is
50°F. Based on the calculations it was found that the maxi-
mum change in gas temperature was around 7.5°F (from 150
to 142.5°F). With a change in gas temperature, the gas prop-
erties such as density and viscosity will change, thereby af-
fecting the magnitude of the single droplet collection effi-
ciency. In order to determine what effect this maximum 7.5°F
change in gas temperature would have on the single droplet
collection efficiencies, calculations were done for 0.1 and 1.0
um diameter particles considering a 100 um diameter droplet
at gas temperatures of 150° and 157.5°F (the phoretic forces
were assumed to be zero). For the (L1 ym diameter droplet, the
single droplet collection efficiency increased from 0.014911
to 0.015102 when the gas temperature was increased from 150°
and 157.5°F. For the 0.1 um diameter particle, the single
draplet collection efficiency remained constant at 0.003604
for both gas temperatures, Based on the results, it was as-
sumed that the change in gas properties down the tower due
to change in gas temperatures is insignificant. Even though
Figures 1 through 3 were based on a gas temperature of 150°F,
a little change in the gas temperature would not alter the
eurves significantly (less than 1.5% change in single droplet
collection efficiency).
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Figure 5. Temperature gradient between water droplet and gas down the
sorubber for evaporating case,
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Knowing the single droplet collection efficiencies, liquid
and gas flow rates, droplet diameters, and the distance droplet
travels with respect to gas in the section Az, the overall col-
lection efficiency for each tower section was calculated using

Eq.1and 2.

Temperature and Water Vapor Concentration Profiies In Spray
Tower

Calculation Assumptions. The temperature and water
vapor concentration profiles down the spray tower were ob-
tained by performing simultaneous heat and mass transfer
balance between the water droplets and the gas. The major
assumptions made were as follows:

1. Steady state operation.

2. Water droplets were evenly distributed across the spray

tower,

3. Water droplets were monodisperse in size.

4. Water droplets attained their terminal sedimentation ve-
locity upon release from the spray nozzles.

. Water droplets did not hit the tower wall,

. No coalescence between the water droplets,

. No heat transfer through the spray tower walls.

. The temperature and water vapor concentration were
constant in each tower section, dz.
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Figure 8. Water vapor concentration gradisnt between water dropiet and gas
down the scrubber for condensing case.

i=1

The temperature and water vapor concentration of the
water droplets and the gas were obtained by dividing the tower
into sections dz and performing simultaneous heat and mass
transfer calculations. The heat and mass balance was done at
the end of each tower section. The size of the tower section dz
depended upon the magnitude of the temperature and water
vapor gradients. In the top of the tower where the gradients
were large, the tower sections were the smallest. In the cal-
culations, the tower section height was 0.01 cm for the first 50
sections, 0.1 em for the next 50 sections, and 0.25 cm for the
remaining sections {total spray tower height was 10 ft or 304.8
cm).

Mass Transfer. The mass transfer dm/dt of water between
the droplets and the gas in the tower section was given by

dm

T A(Cy ~Cp) 3)

where h, is the mass transfer coefficient, A water droplet
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Figure 7. Water vapor concentration gradient betweoen water droplet and gas
down the scrubber for avaporating case.

surface area, Cy and C, the water vapor concentrations at the
droplet surface and in the bulk gas, respectively. Knowing the
butk gas temperature, the water droplet temperature, and the
gas relative humidity, C; and C, were calculated. The droplet
surface area A was calculated from the liguid flow rate.

A= NL‘R"D2 dz (4)

where N is the number of droplets per unit length of
tower.

Np = N/U, 5

where N is the number of droplets emitted per second from
the nozzles and Uy is the droplet velocity with respect to the
spray tower wall.
N = 6Fp/=D3
(6)
where Fy, is the liquid flow rate.

The mass transfer coefficient was calculated by using the
empirical equation given by Rowe, et ¢l.¢ for the Sherwood
number ag a function of Reynolds number of the drop and
Schmidts number. Substituting for hy, equation (3) was re-
duced to

%’-;-‘- = (D,A/D)(Cy - Cp)[2 + 069 Re28es)  (7)
where D, is the diffusion coefficient of water vapor molecules
in cm?/sec, I is the diameter of droplet in cm, A the surface
area of droplets in section dz, C; and C, the concentrations
of water vapor at drop surface and gas in g/em? D, was as-
sumed to be constant in the boundary layer and its magnitude
was dependent on the mean temperature of the droplet and
gas. The Reynolds number of the drop Re and Sc the
Schmidts number for water vapoer are given by:

Re:ME& (8)
Ky

S H_EL g

c oeDe 9)

where Uy is the drop velocity with respect to the scrubber wall
in em/sec, U, the gas velocity in em/sec, p, the density of gas
in g/em® and , the viscosity of gas in g/em-sec.

Heat Transfer. The total heat transfer rate dq/dt between
the water droplets and the gas is the sum of the sensible heat
transfer rate dgu/dt and the latent heat transfer rate dq;/
dt.

dg/dt = dgo/dt + dg,/dt (10)
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The latent heat transfer is given by

dm
dt = [, e i1
dg1/) W 1y
where L is the latent heat of vaporation, The sensible heat
transfer rate between the droplets and the gas is given by

dga/dt = keA(Ty = T,) (12)

where k, is the heat transfer ceefficient, 4 the droplet surface
area, and Ty and T, are the droplet and gas temperatures,
respectively. The droplet surface area was calculated from the
droplet number concentration and droplet diameter using Fq.
8. The heat transfer coefficient k, was calculated using an
empirical equation reported by Rowe, et al.6 for the Nusselt
number as a function of the droplet Reynolds number and
Prandit number. Substituting for k;, Eq. (12) was reduced
to

dgo/dt = (KA/DH(Ty = Tp)[2 + 0.69 ReV2Pr13] (18)

where K is the thermal conductivity of the gas in cal/sec.
cm*°C, Pr the Prandt] number is given by

Pr =4, C,/K (14)
where C,, is the heat capacity of the gas in eal/gm-°C.
Knowing the heat and mass transfer rates down the
scrubber section dz, the change in the gas temperature and
vapor concentration, drop temperature and vapor concen-
tration, and droplet size in the section dz were calculated. This
was done by performing heat and mass balances at the end of
section dz (the procedures for these calculations are presented
in the following sections).

1 ; N s

@ 1.0 N i 6rog3’|ét diameter = iOO mi;:r;x;sj 2
8 0.7 1 Gas termperature = 150°F C
§ 0.5 - Gas relative humidity=100% -
& 3 Droplet free fall velocity =30 ¢m/sec -
> 0.3 Water temp. at scrubber inlet=TW

o

£ 02

2

T

E 0.1 -
8007 1 Tw=180°F

5005 -
2 ]

2 0.03

20,02 -

'

So.01 ; - ——rrrr

0.0} 005 01 05 1.0 5 10
Particle diameter {microns)

Figure 8. Calculated overall particle collection efficlencies for 100 um di-

ameter droplet.

Changes in Gas Temperature. 'The changes in the gas
temperature down the section were obtained by a heat balance
on the section

dqy/dt = (gas flow rate) C, - AT, (15)

T, the temperature of the gas at the outlet of section dz, is
given hy

T{) = T;‘ + ATg (16)

where T is the gas temperature at the top (inlet) of the section

dz and AT, is the change in the gas temperature from the inlet

to outlet of the section.
Change in Water Vapor Concentration of Gas. A water
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vapor balance for the gas at the outlet of a tower section pro-
vides

dm/dt = (gas flow rate) AC, amn

Cyo, the water vapor concentration at the section outlet is
given by

Coo = Coi + AC, (18)

where C,; is the water vapor concentration of the inlet to the
section and AC; is the change in the water vapor concentration
for the inlet to the outlet of the section.
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Figure 8. Calculated overall particle collection efficiencles
for 506 pm diameter droplst.

Change in the Water Droplet Temperature. The water
droplet temperature at the section outlet, T4 18 provided

by
dq/dt = (liquid flow rate) Cpy,0ATy {198)
Tao=Tyi + ATy (20}

Change in Droplet Size. A mass balance on the water
droplets provided the change in the droplet size

Rate of mass q .

transfer per - {am ) 21
droplet in ( dt (number of droplets in dz) @)
section dz

The number of droplets in the section dz was calculated
knowing the liquid and gas flow rates, droplet size, and droplet
and gaa velocities.

dm = (

%m?) {time droplet spends in section d2) (22)

mp = M; dm (23)
The droplet diameter was calculated from the droplet mass
at the end of each section dz.

Temperature and Vapor Concentration Gradient between
the Droplets and Gas In a Scrubbing Tower

Figures 4 and 5 present the temperature gradient profiles
down the spray tower between the droplet and gas for the
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condensing and evaporating cases, respectively. Figures 6 and
7 show the water vapor concentration gradient profiles across
the scrubbing tower between the droplet and gas for con-
densing and evaporating cases respectively. For the con-
densing case, the droplet temperature at entrance was 50°F
and for the evaporating case the temperature was 180°F. For
all the calculations, the temperature and relative humidity
of gas at the spray tower inlet was 150°F and 100%, respec-
tively.

From the figures it can be seen that the droplet and the gas
come to equilibrium rapidly (in about 2 em) when the droplets
are small {100 um diameter). The time that the gas and droplet
take to come into equilibrium is directly proportional to the
size of the droplet and the temperature and vapor concen-
tration difference between them. For constant liquid and gas
flow rates, the smaller droplets have a larger surface area
across which heat and mass transfer can take place, thereby
smaller droplets come to equilibrium more rapidly. The larger
droplets having a lower surface area to mass ratio take a longer
time {o come to equilibrium with the gas. The result of this is
that when small droplets are used in a scrubbing tower the
temperature and vapor concentration gradients exist only in
the top part of the tower. When the larger 1000 ym diameter
droplets are used in the tower, the temperature and vapor
coneentration gradients exist down a greater distance (about
5 £t or 150 e¢m).

Overall Particie Collection Efficlency

The ealculated overall particle collection efficiencies for
dreplet diameters of 100, 500, and 1000 um for both evapo-
rating (droplet temperature at scrubber entrance—180°F)
and condensing {droplet temperature at serubber entrance—
50°F) cases are shown in Figures 8 through 10, respectively.
The particle diameter ranges from 0.01 to 10 um diameter. The
results indicate that the overall collection efficiency of the
particle is affected by diffusiophoresis and thermophoresis.
The overall collection efficiencies are higher when positive
diffusiophoresis and thermophoresis are present in the
scrubber (condensing case).

From Figures 8 through 10 it is seen that for the large par-
ticle sizes where the inertial impaction is the dominant particle
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collection mechanism, the effect of diffusiophoresis and
thermophoresis on overall collection efficiency is negligible.
It is also seen that the effect of phoretic forces on overall col-
lection efficiency becomes greater as the droplet size is in-
creased. This is because for large droplets the rate of heat and
mass transfer in the scrubber is slow resulting in the existence
of the temperature and vapor pressure gradients between the
droplets and gas for a substantial height of the tower. The
result is that the phoretic forces are active for a longer dura-
tion when large droplets are used in the scrubber.

Comparing the single droplet and overall collection effi-
ciency of the particles for 100, 500, and 1000 pm diameter
droplets it is seen that if the single droplet collection efficiency
for a particle is very high, it does not necessarily follow that
the overall collection efficiency will also be high, For example,
referring to Figure 2, the single droplet collection efficiency
for a 0.01 pm diameter particle with a droplet diameter of 100
um at 50°F is 2.7 whereas the overall particle collection effi-
eiency is only 0.48. This is so because the phoretic forces are
active only in a small portion of the scrubber, and in this
portion of the tower the collection efficiency is very high. But
once the droplets are in equilibrium with the gas the collection
efficiency decreases sharply (to the case where the water
temperature is 160°F),

Conclusions

Calculated overall collection efficiencies for 100, 500, and
1000 um diameter droplets indicate that the overall collection
efficiency can be significantly affected by diffusiophoresis and
thermophoresis. It is seen that the overall particle collection
efficiency for the 100 um droplet is largest for all the particle
sizes considered followed by the 500 um diameter droplet. The
overali collection efficiencies for a 1000 um droplet are the
smaliest. The effect of diffusiophoresis and thermophoresis
on the overall particle collection efficiency is most significant
for the 1000 ym droplet followed by the 500 um droplet, but
for these larger droplets the overall particle collection ef-
ficiencies are small even when diffusiophoresis and thermo-
phoresis are assisting with the particle collection. For example,
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with the 1000 um diameter droplet, the calculated overall
scrubber particle collection efficiencies for particles smaller
than 2 gm diameter were in all cases less than 5%.
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