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Gas Absorption and Gas-Liquid 
System Design*
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GAS ABSORPTION AND GAS-LIQUID SYSTEM DESIGN 14-3

Nomenclature

fl. Effective interfacial area mW
A Cross sectional area
Ay Fractional open area -/- -/-
A Absorption factor -/- -/-
A„A' Effective absorption factor (Edmister) -/- -/-
c Concentration" kg-moles/m^ Ib-mol/ff
c' Stokes-Cunningham correction factor

for terminal settling velocity -/- -/-
Flooding coefficient m/s ft/s

C, Discharge coefficient -/- -/-
d ' Diameter m ft
d. Bubble diameter m ft
d, Hole diameter m ft
do Orifice diameter m ft

Cut size of a particle collected in
a device, 50% mass efficiency gm ft

^sd Mass median size particle in tne
pollutant gas (im ft

<^p<i50 Aerodynamic diameter of a real median
size particle pm ft

D Diffusion coefficient mVs fft/s
^32 Sauter mean diameter m ft

Volume mean diameter m ft
e ' Entrainment, mass liquid/mass gas kgd<g , Ib/lb
E Plate or stage efficiency, fractional -/- -/-
E
Eo

Power dissipation per mass 
Murphree plate efficiency, with

w btu/lb

entrainment, gas concentrations.
fractional -/- -/-

Point efficiency, gas phase only. -/- -/-
fractional

Eoo Overall column efficiency, fractional -/- -/-
Eoi Overall point efficiency, gas

concentrations, fractional -/- -/-
Em. ' Murphree plate efficiency, gas

concentrations, fractional -/- -/-
f Fractional approach to flood -/- -/-
F- F-factor for gas loading m/sfkg/nV')''’ ft/sdb/ft’)'’-®
Flg Flow parameter -/- -/-
g Gravitational constant m/s^ ft/s^
gc ‘ Conversion factor 1.0 (kg-m/N-s^) 32.2(Ib-ft)/

(Ibfs^)
G Gas phase mass-velocity kgZs-m^ Ib/hr-fft
Gm Gas phase molar velocity kg-moles/s-m“ Ib-mol/hr-ft^
h Pressure head mm ft
hf Height of froth m ft
hf Height of contacting m ft '
H Henry’s law constant
H' Heng’s law constant
H Heignt of a transfer unit m -ft

Height of a gas phase transfer unit m ft
Ho, Height of an overall transfer unit.

gas phase concentrations m ft
Hol Height of an overall transfer unit.

liquid phase concentrations m ft
Hl Height of a liquid phase transgfer unit m ft
H' Henry’s law coefficient kPa/mole atm/mole

fraction fraction
HETP Height equivalent to a theoretical m ft

plate or stage
First order reaction velocity constant l/s 1/sec

^2 Second order reaction velocity constant mV(s-kmol) ft’/(h-lb-mol)
il Individual phase mass transfer

coefficient m/s ft/sec
kc gas phase mass transfer coefficient m/s ft/sec
h liquid phase fnass transfer coefficient m/s ft/sec
K Vapor-liquid equilibrium ratio -/- -/-
Eog> Overall mass transfer coefficient.

gas concentrations m/s ft/sec
Kol Overall mass transfer coefficient, hquid •

concentrations m/s ft/sec
L Liquid mass velocity kf/m^-s Ib/fft-s
^M Liquid molar mass velocity kmoles/m^-s Ib-mol/fft-s

f'U) Weir length m ft
m Slope of equilibrium curve = dyVdx -/- -/-
M Molecular weight kg/kmol Ib/lb-mol
nA Rate of solute transfer kmol/s Ib-mol/s
P Partial pressure kPa atm
P.Pt Total pressure kPa • atm
9 Volumetric flow rate of liquid mVs ffi/s

• Q Volumetric flow rate of gas or vapor mVs ffi/s
R Gas constant
Rh Hydrauhc radius m ft
s Length of corrugation side, 

structured pacrang m ft
s Stripping factor -/- -/-
So. S' Effective stripping factor (Edmister) -/- -/-
T Absolute temperature K °F
TS Tray or plate spacing - m ft
U Linear velocity of gas m/s ft/s
Ua Velocity of gas through active area m/s ft/s
u„ Velocity of gas through net area m/s ft/s
U, 
X

Superficial velocity of gas 
Mole fraction, liquid phase

m/s 
-/-.

ft/s 
-/-

X* Liquid mole fraction, equilibrium
condition -/- -/-

y Mole fraction, gas or vapaor phase 
G-as mole fraction, equilibrium

-/- -/-
y’

condition
z Height, plate spacing m ft

Greek symbols

a Relative volatihty -/- -/- •
P Aeration factor -/- -/-
e Void fraction .-/- -/-
<)> Relative froth density -/- -/-

Activity coefficient ' -/- -/-
r Flow rate per length kg/(s-m) lb/(s-ft)
5 Effective film thickness m ft
n Collection eficiency, fractional -/- -/-
X' Stripping factor = m/fLy/GM) 

Absolute viscosity
-/- -/-

fl Pa-S-’ lb/(ft-s)
pm Microns m ft
V Kinematic viscosity i mVs fft/s
n 3,1416.... -/- -/-
e Residence time s s
p Density kg/m® Ib/ft^
CT Surface tension mN/m dyn/cm
V Fractional entrainment -/- -/-

Subscripts

A Species A
AB Species A diffusing through 

species B • '

B Species B
e
i

Effective value
Interface value

G Gas or vapor
L Liquid
P Particle
w water
1 Tower bottom
2 Tower top

Dimensionless Groups

Npr Froude number = (Ul'l/l.Sg) -

NRe. Reynolds number = (SC7g,pG)/(liG)
Nso Schmidt number = p/(pD)
Nvio Weber number = (l7Lpi.S)/(CTgc)
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PHASE SEPARATION 14-81

PHASE SEPARATION

Gases and liquids may be intentionally contacted as in absorption and 
distillation, or a mixture of phases may occur unintentionally as ;n 
vapor condensation from inadvertent cooling or liquid,entrainment 
from a’film. . Regardless of the origin, it is usually desirable or neces- 
S ultimately to separate gas-liquid dispersions. While separation 

usually occur naturally, the rate is often economically intolerable 
and separation processes are employed to accelerate the step. ,

GAS-PHASE CONTINUOUS SYSTEMS
Practical separation techniques for hquid particles in gases are dis­
cussed. Since gas-bome particulates include both liquid and soUd par­
ticles, many devices usea for dry-dust collection (discussed in Sec. 17 
under “Gas-Solids Separation”) can be adapted to liquid-particle sep­
aration. Also, the basic subject of particle mechanics is covered in Sec. 
6. Separation of hquid particulates is frequently desirable in chemical 
processes such as fin countercurrent-stage'contacting because hquid 
entrainment with the gas partially reduces true countercurrency. Sep-* 
aration before entering another process step may be needed to pre­
vent corrosion, to prevent yield loss, or to prevent equipment damage 
or. malfunction. Separation before the atmospheric release of gases 
may be necessary to prevent environmental problems and for regular 
tory comphance. . ■' ■

General References
G-1. Buonicore and Davis, eds., Air Pollution Engineering Manual, Van Nos­

trand Reinhold, New York, 1992,
G-2. , Calvert and Englund, eds., Handbook of Air Pollution Technology, Wiley, 

New York, 1984. ,
G-3. Cheremisinoff, ed., Encyclopedia 'of Environmental Control Technology, 

vol. 2, Gulf Pub., Houston, 1989. '
G-4. McKetta, Unit Operations Handbook, vol. 1—2, Dekker, New York, 1992.
G-5. Wark and Warner, Air Pollution: Its Origin and Control,' 2d ed., Harper & 

Row, New .York, 1981. ■ . ’ ,
G-6. Hesketh, Air Pollution Control, 1979; Fine Particles in Gaseous Media, 

Ann Arbor Science Pubs., Ann Arbor, MI, 1977.
G-7. Stem, Air Pollution, 3d ed., vols. 3-5, Academic, Orlando, FL, 1976-77. 
G-8. Strauss, Industrial Gas Cleaning, 2d ed., Pergamon, New York) 1975.
G-9. Theodore and Buonicore, Air Pollution Control Equipment; Selection,

' ' Design, Operation dnd Maintenance, Prentice Hall, Englewood Cliffs, 
NJ, 1982. . ' ’

G-10. -Wang and Pereira, eds.. Handbook of Environmental Engineering, vol. 1, 
, Humana, Clifton, NJ 1979. ', ' ,. , .

G-11. Cheremisinoff and Young, Air Pollution Control and Design Handbook, 
, parts 1-2, Dekker, New York. 1977.

G-12. Nonhebel, Gas Purification Processes for Air Pollution Control, Newnes- 
BdtterwOrth, London, 1972. . '

Sampling ' ■ - ’ '
R-1. Code of Federal Regulations, 40 (CFR 40), subchapter C—Air Programs; 

parts 50-99, Office of the Federal Register, Washington.. , .
R-2. Ref. G-11, part 1, pp. 65-121.
R-3. Cooper and Rossano, Source Testing for Air Pollution Control, Environ­

mental Science Services, Wilton, Connecticut, 1970. ,
R-4. Ref. G-7, vol. 3, pp. 525^87. ' ’ . , ,
R-5. Methods of Air Sampling and Analysis,.2d Ed., American Public Health

Assoc., Washington, 1977. ' '
R-6. Stockham and 'Fochtman, Particle Size Analysis, Anri Arbor 'Science 

' Pubs., Ann Arbor, Michigan, 1977. , >. • i ■
R-7. Ref. G-2, Ch. 31, pp. 785-832.
R-8. Ref G-8, Ch. 2, pp. 39-79.

R-9. Calvert, Goldchmid, Leith, and Mehta, NTIS Publ. PB-213016, 213017, 
1972.

R-10. Calvert,/. AirPollut. Control Assoc'. 24,929 (1974).
R-11. Calvert, Chem. Eng., 84(18), 54 (1977). . . ‘
R-12. Calvert, Yung, apd Leung, NTIS Publ. PB-248050,1975. ,. ,
R-13. Calvert and Lundgren,/. Air Pollut. Control Assoc., 18, 677 (1968).
R-14. Calvert, Lundgren, and Mehta, J. Air Pollut;. Control Assoc., 22, 529

(1972). . ' . • , ,
R-15. Yung, Barbarika, and Calvert, J. Aii^ Pollut. Control Assoc., 27, '348, 

R-16. Katz, M.S. thesis, Pennsylvania State University, 1958.

R-17. York and Poppele, Chem. Eng. Prog., SdlG), 45 (1963).
R-18. York, Chem. Eng. Prog., 50,421 (1954). , . , . _ >
R-19. Ref. G-2, Ch. 10, pp. 215-248. . •
References with die notation (R-) are cited in the text.

Definitions: Mist and Spray .Little standardization has been 
adopted in defining gas-bome hquid particles, and this frequency 
leads to confusion in me selection, design, and operation of collection 
equipment. Aerosol’ apphes to suspended particulate, either sohd or 
liquid, which is slow to settle by gravity and to pafticles'from the sub­
micrometer range up to 10 to 20 Jim. Mists ard fine suspended liquid 
dispersions iisually resulting from condensation and ranging upward 
in particle size from around 0.1 Jim. Spray refers to entrained liquid 
droplets. The droplets may be entrained from atomizing processes 
previously discussed under “Liquid-in-Gas Dispersions” in this sec­
tion. In such instances, size will range from the finest particlps pro­
duced up to a particle whose terminal setthng velocity is equal to the 
entraining gas velocity , if some setthng volume is provided. Process 
spray is often created unintentionally such as by the condensation of 
vapors on cold duct walls and its subsequent reentrainment, or from 
two-phase flow in pipes, gas bubbling through hquids, and entrain­
ment from boiling liquids. Entrainment size distribution from sieve 
trays has been given by Cheng and Teller [Am. Inst. Chem. Eng. 'J., 
7(2), 282 (1961)] and evaporator spray by Gamer et al. [Trans. '.Inst. 
Chem. Eng., 32,222 (1954)]. In general, spray can range downwardin 
particle size from 5000 Jim. There can be overlapping in size betwefen 
the coarsest mist particles and the finest spray particles, but some 
authorities have found it convenient arbitrarily to set a boundary of 10 
Jim between the" two. Actually, considerable overlap exists in the 
region of 5 to 40 pm. Table 14-18 lists typical ranges of particle size 
created by different mechanisms. The sizes actually entrained can be 
influenced by the local gas velocity. Figure 14-105 compares the 
approximate size range of liquid particles with other particulate mate­
rial and the 'approximate applicable size range of collection devices. 
Figure 17-34 gives ah expanded chart by Lappie for solid particles. 
Mist and fog formation has been discussed previously. ,

Gas Sampling The sampling of gases containing mists 'and sprays 
ihaybe necessary to obtain data for collection-deyice design, in which 
case prirticle-size distributionl, total,tnass loading,'and gas vblurne, 
temperature,, pressure, and composition may all be nebded. Omer 
reasoiis for sampling may be to determine equipment performance, 
hieasure yield loss, of determine compliance with regulations.

Location of a sample' 'probe in the process stream is critical espe­
cially when larger-particles must be' sampled. Mass loading in orie por­
tion of a duct may be severalfold greater than in another portion aS 
effected by flow patterns. Therefore, the stream should be sampled at 
a number of points. The U.S.'Erivirohihental Protection Agency (R-1) 
has specifieo 8 poiritS for ducts between 0.3 and 0.6 m (12 and 24'in) 
arid 12 points for larger ducts, provided there are no flow disturbances 
for eight pipe diameters upstream and two downstream from the saih- 
pling point; When only particles smaller than 3 Jim are to be sampled, 
location and number of sample points are less critical since su'ch par­
ticles reihain reasonably well dispersed by brownian 'ihotion. How­
ever,' some gravity setthng of such particle^ and even gases, of'high 
density have been observed in long horizontal breeching. ‘Isokinetic 
sampling (velocity at the probe inlet is etjual to local duct velocity) is 
required'to get a representative sample of particles' larger than'3 jXm 
(error is'small fo'rfi- to 5-pm particle^. Sampling methods aiid proce­
dures for m'ass loading have been developed (R-1 through R-8).

TABLE 14-18 Rtirticle .Sizes Produced by Various Mechaniiims

, 1 Mechanism or process Particle-size range, Jim

Liquid pressure spray nozzle ’ ’ '100-5000 '
Gas-atomizing spray nozzle • ' ■ • ■1-100
Gas bubbling through liquid or boiling hquid • 20-1000
Condensation processes with fogging 0.1-30
Annular two-phase flow in pipe or duct 10-2000 ■
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Particle-Size Analysis Many particle-size-analysis methods suit­
able for diy-dust measurement are unsuitable for liquids because of 
coalescence and drainage after collection. Measurement’ of particle 
sizes in the flowing aerosol stream by using a cascade impactor is one 
of the better means. The impacting principle has been described by 
Rahz and Wong [Ind. Eng. Chem.-, 44,1371 (1952)] and Gillespie and 
Johnstope [Chem. Eng. Prog., 51, 75F (1955)]. The Andersen, Sierra, 
and University of Wallington impactors may be used if the sampling 
period is kept shorty so as not to saturate the collection substrate. An 
impactor designed specifically for collecting liquids has been de­
scribed by Brink, Kennedy, and Yu [Am. Inst. Chem. Ens.. St/rnn. Ser., 
70(137), 333 (1974)]. , ,

Collection Mechanism.s Mechanisms yyhiqh may be used for 
separating liquid particles from gases are (1) gravity settling, (2) iner­
tial, (including centrifugal) impaction, ’(3) .flow-line interception, '(4') 
diffusiqnal (brownian) deposition, (5) electrostatic attraction, (6) .ther­
mal precipitation, (7) flux .forces (thermophoresis, diffusiophoresis, 
Stefan flow), and (§) particle agglomeration (nucleation) techniques. 
Equations and parameters for these mechanisms are given in Table 
17-2.. Most collection devices rarely operate solely with a single mech­
anism, dthough one mechanism may so predominate that it may be 
referred to, for instance, as an inertial-impaction device.

After coUection, liquid particles coalesce apd must be drained from 
the unit, preferably without reentrainment. Calvert (R-12) has.studied 
the mechanism of repntrafnm^ht in a number of liquid-particle col­
lectors. Four types of reentrainment were typically observed:. (1) tran­
sition from separated flow of gas and liquid to a two-phase region of 
separated-entrained flow, (2) rupture of bubbles, (3) liquid creep on 
the separator surface, and (4) shattering of liquid droplets and splash­
ing. Generally, reentrainment increased wife increasing gas velocity. 
Unfortunately, in devices collecting primarily by centrifugal and 
inertial impaction, primaiy collection efficiency increases wife gas 
velocity; feus overall efficiency may go through a maximum as reen­
trainment overtakes the incremental increase in efficiency. Prediction 
of collection' efficiency must consider both primaiy collection and 
reentrainment.

Procedures for Design and Selection of Collection Devices 
Calvert and coworkers (R-9 to R-12 and R-19) have suggested useful 
desim and selection procedures for particulate-collection devices in 
whidi direct impingement and inertial impaction are fee most .signifi- 
cant mechanisms.’The concept is based on the premise that the mass 
mfedian aerodynamic particle diameter dpso is a significant measure of 
fee difficulty of collection of the liquid particles ami-feat fee collection 
device cut size (defined ds fee aerodynamic particle diameter col­
lected wife 50 percent efficiency) is a significant measure of fee capa­
bility of fee collection device. The aero'c^amic diameter for a particle 
is fee diameter of a spherical particle (wife an arbitrarily assigned den­
sity of 1 g/cm'^) which behaves in an air stream in the same fashion as 
fee actud particle. For real spherical particles of diameter dp, fee 
equivalent aerodynamic diameter dpa can be obtained from the equa­
tion dpa = dp[ppC')^, where Pp is fee apparent particle density (mass/ 
volume) and C' is the Stokes-Gunningham correction factor for fee 
particle size, all in consistent units. If particle diameters are expressed 
in micrometers, pp can be in grams per cubic centimeter and C’can be 
dpproximated by C' = 1 -I- Ac(2X/Dp), where is a constant dependent 
upon gas composition, temperature, and pressure (A^ = 0.88 for atmos­
pheric air at 20°C) and A. is fee mean free path of the gas molecules 
(A, = 0.10 pm for 20°C atmospheric air). For other temperatures or 
pressures, or gases other than air, calculations using these more pre­
cise equations may be made: A, = L257 + 0.4 exp [-1.1 (dp/2A,)] and 
A. = Pg/0.499pg (where Pg is fee gas viscosity, kg/m-h; pg is gas 
densi^, g/cmq and p,„ is fee mean molecular speed, m/s. u„ = [8R„T/ 
kM]® , where is the universal gas constant, 8.315 kJ/kg-mol-K; T is 
fee gas absolute temperature, K; and M is fee molar mass or equiva­
lent molecular weight of fee gas. (n is fee usual geometric constant.) 
For test purposes (air at 25°G and 1 atm), pg = 1.18.3 kg/ni, = 0.0666 
kg/m-h. A, = 0.067 pm, and = 467 m/s. For airborne liquid particles, 
fee assumption of spherical shape is reasonably accurate, and Pp is 
approximately unity for dilute aqueous particles at ambient tempera­
tures. C' is approximately Unity at'ambient conditions for such parti­
cles larger than 1 to 5 pm, so that often fee actual liquid particle 
diameter and the equivalent aerodynamic diameter are ioentical.

When a distribution of particle sizes which must be collected is 
present, the actual size distribution must be converted to a mass dis­
tribution by aerodynamic size. Frequently fee distribution can be rep­
resented or approximated by a log-normal distribution (a straight line 
on a log-log plot of cumulative mass percent of particles versus diam­
eter) which can be characterized by fee mass median particle diamo- 
ter d^sQ and fee standard-statistical deviation of particles fro'm fee 
median Og. Og can be obtained from fee log-log plot by Og = Dpaso/Dp^ 
at 15.87 percent = Dp^ at 84.13 percent/Dp^so.

The grade efficiency T) of most collectors can be expressed as a 
function of the aerodynamic particle size in fee form of an exponential 
equation. It is simpler to write fee equation in terms of fee particle 
penetration P, (those particles not collected), where fee fractional 
penetration P( = 1 - r|, when p is fee fractional efficiency. The .typical 
collection equation is

‘ g(-A.DpaB) ► (14-224)

where A^ and B are functions of fee collection device. Calvert (R-12) 
has determined that for many devices in which fee primaiy collection 
mechanism is direct interception and inertial impaction, such as 
packed beds, knitted-mesh collectors, zigzag baffles, target collectors 
such as tube banks, sieve-plate columns, and venturi scrubbers, fee 
value of B is approximately 2.0. For cyclonic collectors, the vakie of B 
is approximately 0.67. The overall integrated penetration Pj for a 
device handling a distribution of particle sizes can be obtained by

(M-225) 

where (dW/W) is fee mass of particles in a given narrow size distribu­
tion and Pt is fee average penetration for feat size range. When the 
particles to be collected are log-normally distributed and fee collec­
tion device efficiency can be expressed_by Eq. (14-224), fee required 
overall integrated collection efficiency P, can he related to fee ratio of 
the device aerodynamic cut size Dp^ to fee mass median aerodynamic 
particle size Dp^o. This required-ratio for a given distribution and
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collection is designated Rr^ and these relationships are illustrated 
graphically in Fig. 14-106. For the many devices for which B is 
approximately 2.0, a simplified plot (Fig. 14-107) is obtained. From ', 
these figures, by knowing the desired overall collection efficiency and 
particle distribution, the value of Rtl can be read. Substituting the 
mass median particle diameter gives the, aerodynamic cut size 
required from tiie collection device being considered. Therefore, an 
experimental plot of aerodynamic cut size for each collection device 
versus operating parameters can be used to determine the device suit- 
ability.

Collection Equipment
Gravity Settlers Gravity can act to remove larger droplets.’Set- 

tling or disengaging space above aerated or boiling liquids in a tank or 
spray zone in a tower can be very useful. If gas velocity is kept low, all 
particles with terminal setthng velocities (see Sec. 6) above the gas

FIG. 14-106 Overall integrated penetration as a function of particle-size dis­
tribution and collector parameters. {Calvert, Yung, and Leung, NTIS Publ. PB- 
248050,1975.)

FIG. 14-107 Overall integrated penetration as a function of particle-size dis­
tribution and collector cut diameter when B = 2 in Eq. (14-224). {Calvert, Gold- 
shmid, Leith, and Mehta, NTIS Publ. PB-213016, 213017,1972.'j

velocity will eventually settle. Increasing vessel cross section in the 
settling zone is helpful. Terminal velocities for particles smaller than 
50 |im are very low and generally not attractive for particle removal. 
Laminar flow of gas in long horizontal paths between trays or shelves 
on which the droplets settie is another effective means of employing 
gravity. Design equations are given in Sec. 17 under “Gas-Solids Sep­
arations.” Settler pressure drop is very low, usually being limited to 
entrance and exit losses.

Centrifugal Separation Gentrifugal force can be utflized to 
enhance particle collection to seyeral hundredfold that of gravity. The 
design or cyclone separators for dust removal is treated in detail in 
Sec., 17 under “Gas-SoUds Separations,” and typical cyclone designs 
are shown in Fig. 17-43. Dimension ratios for one family of cyclones 
are given in Fig. 17-36. Gyclones; if carefully designed, can be more 
efficient on hquids than on solids since liquids coalesce on capture 
and are easy to drain from the unit. However, some precautions not 
needed for solid cyclones are necessary to prevent reentrainment.

Tests by Calvert (R-12) show high primary collection efficiency on 
droplets down to 10 |lm and in accordance with the efficiency equa­
tions of Leith and Licht [Am. Inst. Chem. Eng. Symp. Ser., 68(126), 
196-206 (1972)] for the specific cyclone geometry tested if entrain­
ment is avoided. Typical entrainment points are (1) creep along the 
gas outlet pipe, (2) entrainment by shearing of the fiquid film from the 
walls, and (3) vortex pickup from accumrflated liquid in the bottom 
(Fig. 14-108a). Reentrainment from creep of liquid along the top of 
the cyclone and down the outlet pipe can be prevented by providing 
the outlet pipe with a flared conicm skirt (Fig. 14-108h), which pro­
vides a point from which the liquid can drip without being caught in 
the outlet gqs. The skirt should be slightly snorter than the gas outlet 
pipe but extend below the bottom ofthe gas inlet. The cyclone inlet 
gas should .not irnpinge on this skirt. Often the bottom edge of the 
skirt is V-notfched or serrated.

Reentrainment is generally reduced by lower inlet gas velocities. 
Calvert (R-12) reviewed the literature on predicting the onset of 
entrainment and found that of Chien and Ibele (ASME 'Pap. 62- 
WA170) to be the most reliable. Calvert applies their correlation to a 
hquid Reynolds number on the wall of the cyclone, 2VRe,L = ^QL^hiVi,, 
where Ql is the volumetric liquid.flow rate, cmVs; hj is,the cyclone 
inlet height, cm; and is the kinematic hquid viscosity, cmVs. He 
finds that the onset of entrainment occurs at a cyclone inlet gas veloc­
ity Vd, ni/s, in accordance vyith the relationship in 6.516 - 0.2865 
In Nne_L. ■ . '

Reentrainment from the bottom of the cyclone can be prevented in 
several ways. If a typical long-cone dry cyclone is used and hquid is 
kept continually drained, vortex entrainment is unhkely. However, a 
yortex breaker baffle in the outlet is desirable, and perhaps a flat disk 
on top extending to within 2 to 5 cm (0.8 to 2 in) of the waUs may be

FIG. 14-108 (fl) Liquid entrainment from the bottom of a vessel by centrifu­
gal flow. (Rietema andVerver, Cyclones in Industry, Elsevier, Amst'erdafn, 1961.) 
{b) Gas-outlet skirt for liquid cyclones. {Stem et al., Gycloiie Dust Collectors, 
American Petroleum Institute, New Tork„1955.)
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FIG. 14-109 Typical separators using impingement in addition to centrifugal force, (a) Hi-eF 
purifier. (V D. Andersgn Qo.) (b) Flick separator. {Wurster & SanP6r, Inc.) (c) Type RA line sep- ' 
aratdr. {Centrifix CQrp., Bull.'220.)

beneficial. Often liquid cyclones are built without cones 'and have 
dished bottoms. The inoifications described earlier are’ definitely 
needed in such situations. Stem, Caplan, arid Bush {Cyclone Dust 
Collectors, American Petroleum Institute’, New York, 1955) and 
Rietema and Verver (in Tengbergen, Cyclones in Industry, Elsevier, 
Amsterdam, 1961, chap. 7) have discussed liquid-collecting cyclones.'

As with'dust cyclones, no reliable presSure-drop equations exist (see 
Sec. 17), although many have been published. A part of the problem'Is 
that there is no standard cyclone geometry. Calvert (R-12) experimen­
tally obtained'^ = 0.000513 Pg(.Qg/htWt)\2.8htWi/d^, where AP is in 
cm of water; Pg is the gas density, g/cm'’’; Qg is the gas volumetric flow 
rate; cmVs; Zij and Wj are cyclone inlet height and width respectively, 
cm; and d^ is the gas outlet diameter, cm. This'equation is iri the same 
form as that proposed by Shepherd and Lappie [Ind. Eng. Chem.; 31; 
1246 (1940)] but gives only 37 percent as much pressure drop. ’

Liquid cyclone efficiency can be improved somewhat by introduc­
ing a coarse spray of liquid in the cyclone inlet. Large droplets which 
are easily collected collide with finer particles as they sweep the gas 
stream in their travel to the wall. (See subsection “Wet Scrubbers” 
regarding optimum spray size.) Cyclones may also be operated wet to 
improve their operation on dry dust. Efficiency can be improved 
through reduction' in entrainment' losses/since the dust particles 
become trapped in the water film. Collision between droplets and 
dust particles aids collection, and adequate irrigation can eliminate 
problems of wall buildup and fouling. Tne most effective operation is 
obtained by spraying counte'rcurrently to the gas flow iri the cyclone 
inlet duct at liquid rates of 0.7 to 2.0 L/m^ of gas. There are also many 
proprietary designs of liquid separators using centrifugal force, some 
of which are illustrated in Fig. 14-109. Many of these were originally 
developed as steam separators to remove entrained condensate. In 
some designs; impingement on s'wirl baffles aids separation. ; -

Impingement Separation Impingement separation employs 
direct impact and inertial forces between particles, ttie gas stream­
lines, and target fiodies to provide capture. The mechanism is dis­
cussed in Sec.' 17 under “Gas-Solids Separations.” With .liquids, 
droplet coalescence occurs on the target surface, and pro'visipn must 
be made for drainage without reentrainment. Calvert (R-12) has stud­
ied droplet collection by impingement on targets consisting of banks 
of tubes, zigzag baffles, and packed and mesh beds. Figure 14-110 
illustrates some other types of impingement-separator designs.

In its simplest form, an impingement separator may be nothing 
more than a target placed in front of a flow channel such as a disk at 
the end of a tube. To improve collection efficiency, the gas velocity 
may be incre^ed by forming the end into a nozzle (Fig. 14-llOa). Par­
ticle collection as a function of size may be estimated by using the tar­
get-efficiency correlation in Fig. 17-39. Since target efficiency will be 
low for systems with separation numbers belpw.S to 10 (smallpartL 
cles, low gas velocities), the mist will frequently.be subjected to a 
number of targets in series as in Fig. 14-110c, fZ, and g.

The overall droplet penetration is the product of penetration for 

each set of targets in series. Obviously, for a distribution of particle 
sizes, an integration procedure is required to give overall collection 
efficiency. This target-efficiency method is suitable for predicting effi­
ciency when the design effectively prevents the bypassing or short- 
circuiting of targets by the gas stream and provides adequate time to 
accelerate the liquid droplets to gas velocity. Katz (R-16) investigated 
a jet and target-plate entrainment separator design and found the 
pressure drop less than would be expected to supply the kinetic 
enerw both for droplet Acceleration and gas friction. An estimate 
based on his results indicates'that the liquid particles on the average 
were being accelerated .to only about 60 percent of the gas velocity. 
The largest droplets, which are the easiest to collect, ■will be acceler­
ated less than the smaller particles. This factor has a leveling effect on 
collection efficiency as a function of particle size so that experimental 
results on such devices may not show as sharp a decrease in efficiency 
with.particle size as predicted by calculation. Such results indicate 
that in many cases our lack of predicting ability results, not from 
imperfections in the theoretical treatment, but from our lack of 
knowledge of velocity distributions within the system.

Katz (R-16) also studied wave-plate impingement separators (Fig. 
14-llOh) made up of 90° formed arcs with an ll.l-mm (0,44-in) 
radius and a 3.8-mm (0.15-in) clearance between sheets. The pressure 
drop is a function of system geometry. The pressure drop for Katz’s 
system and collection efficiency for seven waves are shown in Fig. 
14-111. Katz used the Souders-Brown expression to define a design 
velocity for the gas between the waves:

'• - (7 = KVp,-pg)/pg ; (14-226)
K is 0.12 to give U in ms’’ (0.4 for ft/s), and P; and pg are liquid and gas 
densities, in any consistent set of units. KatZ found no change in effi­
ciency at gas velocities from one-half to 3 times that given by the equa­
tion.' '

Calvert (R-12) investigated zigzag baffles of a design more like Fig. 
14-llOe. The baffles may have spaces between the changes in direc­
tion or be connefcted as shown. He found close to 100 per collection 
for water droplets of 10 gm and larger. Some designs had high effi­
ciencies do5Vn to 5 or 8 gm. Desirable gas velocities were 2 to 3.5 m/s 
(6.6 to 11.5 ft/s), with a pressure drop for a six-pass baffle of 2 to 2.5 
cm (0.8 to 1.0 in) of ■yvater. On the basis of turbulent mixing, an equa­
tion was developed for predicting primary collection efficiency as a 
function of particle size and collector geometry:

' ' 1 r M^nWO "I ,
fl = > - exp A (14-227).

- - . L 57.3t7gO tan 0J
where q is the fractional primary collection efficiency; u,^ Is die drop 
terminal centrifugal velocity in the normal direction, errris; U„ is the 
superficial gas velocity, cm/s; ri is the number of rows of baffles or 
bends; 6' is the angle of inclination of the baffle to the flow path, °; 
W is the width of the baffle, cm; and b is the spacing between baffles 
in the same row, cm. For conditions of low Reynolds number {NRe,D <
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FIG. 14-110 Typical impingement separators, (a) Jet impactor, (fo) Wave plate, (c) Staggered channels. (Blaw-Knox Food& Chejmcal Equip- 
nwnt Inc.') (d) Vane-type mist extractor. {Maloney-Crawford Tank and Mfg. Co.} (e) Pe^ess line separator. (Peerless Co.) (/) Strong sep­
arator. {Strong Carlisle and Hammond.') {g) Karbate line separator. {Union Carbide Corporation} {h} Type E horizontal^ separator. 
{Wright^Austin Co. )fi} Ebseparator. {Ingersoll Rand:} {j}( Wire-mesh demister. {Otto H. York Co,}

quid- 
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section

Outlet

Flow-*-

(e) .

0.1) wKere Stokes’ law applies, Calvert obtains the value fof drop ter­
minal centrifugal velocity of Ute = dp Pptr/lS p.g, where t/p and Pp are the 
drop particle diameter, cm, and’ particle density, g/cm^, respectively; 
Pg is me gas viscosity, Pj and a is the acceleration due to centrifugal 
force. It is defined by the equation a = 2Ul sin O/W cos® 0. For situa­
tions in which Stokes’ law does not apply, Calvert recommends substi­
tution in the derivation of Eq. (1'4^22711 for u of drag coefficients from

drag-coefficient data of Foust et al. '{Principles of Unit Operations, 
Toppan Co., Tokyo, 1959). ' . > X
' Calvert found that feentrainnient from the baffles was affected‘by 
the gas velocity, the liquid-to-gas ratio, and the orientation of the baf­
fles. Horizontal gas flow past vertical baffles provided the best drainage 
and lowest reentrainment. Safe operating regions with vertical baffles 
are shown in Fig. 14-I12:’Horizohtal baffles’gave the poorest drainage

Reynolds number = DeV^//i . Particle diameter,,Dp,,p.m
(a) ' ’ .(b)

FIG. J4-111 Pressure drop and collection efficiency of a wave-plate separator.'(a) Pressure, drop, {b} Efficiency
De = clearance between sheets. {Katz, M.S. thesis, Pennsylvania State University, IQ58.} , -
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14-86 GAS ABSORPTION AND GAS-LIQUID SYSTEM DESIGN

and the highest reentrainment, with inclined baffles intermediate in 
performance. Equation (14-228), developed by Calvert, predicts pres­
sure drop across zigzag baffles. The indicated summation must be 
made over the number of rows of baffles present.

. AP=,2 I.02xl0-3/oPg-^ ■ (14-228)
, (=1 I 2A( * .

AP is the pressure drop, cm of water; Pg is the gas density, g/cm®; Ap is 
the total projected afea of an entire row'of baffles in the direction of 
inlet gas flow, cud;, and At is the duct cross-sectional area, cm^. The 
value/o is a drag coefficient for gds flow past inclined flat plates taken 
from Fig. 14-113, while C7g is the actual gas velocity, cm/s, which is 
related to the superficial gas velocity by I7g'= U^/cos 0. It must be 
noted that the-angle-of incidence 0 for the second and successive rows 
of baffles is. twice the angle of incidence for the first row. Most of 
Calverts work was with 30° baffles, but the method correlates well 
with other data on 45° baffles.

The Karbate line separator (Fig. 14-110g) is composed of several 
layers of teardrop-shaped target rods of Karbate. A design flow con­
stant K in Eq. (14-226) pf 0.035 m/s (1.0 ft/s) is recommended by the 
manufacturer. Pressure drop is-said to be 5iA velocity heads on' the 
basis of the superficial gas velocity. This value would probably 
increase at high liquid loads. Figure 1’4-114 gives the manufacturer s 
reported grade efficiency curve at the design air velocity.

The use of multiple tube banks as a droplet collector has also been 
studied by Calvert (R-12). He reports that collection efficiency for

Superficial gas velocity, m/s ,

FIG. 14-112 Safe operating region to prevent reentrainment from vertical 
zigzag baffles with horizontal gas flow. {Calvert, Yurw, and Leunp, NTIS Publ 
PB-2480S0,1975.} - ' ■

1.2

FIG. 14-114 Collection efficiency of Karbate line separator, based on particles 
with a specific gravity of 1.0 suspended in atmospheric air with a pressure drop of

* . 2.5 cm water gauge. {Union Carbide Corporation Cat. Sec. S-6900, I960.}

- closely packed tubes follows equations for rectangular jet impaction 
which can be obtained graphically from Fig. 14-115 by using a dimen- 
sional parameter which is based on the tube geometry; = 21,/b, 
where b is the open distance between adjacent tubes in the row (ori­
fice width) and I, is the impaction length (distance between orifice and 
impingement plane), or approximately the distance between center­
lines of successive tube rows. Note that the impaction parameter Kp is 
plotted to the one-half power in Fig. 14-115 and that the radius of the

, droplet is used rather tnan the diameter. Collection efficiency overall 
for a given size of particle is predicted for the entire tube bank by

■ * • T| = 1 - (1 - Tifc)^ (14-229)
where tIj is the collection efficiency for a given size of particle in one 
stage of a rectangular jet impactor (Fig. 14-115) and N is the number 

, of stages in the tube bank (equal to one less than the number of rows).
for widely spaced tubes, the target efficiency Tig can be calculated 
from Fig. 17-39 or from the impaction data of Golovin and Putnam

- [Ipd. Ens. Chem. Fundam., 1,264 (1962)]. The efficiency of the over- 
o all tube banks for a specific particle size can then be calculated from

the equation T1 = 1 — (1 — rha'/A}", where a' is the cross-sectional area 
of all tubes in one row, A is the total flow area, and n is the number of

■ rows of tubes.. ,

FIG. 14-115 Experimental collection efficiencies of rectangular impactors. 
C is the Stokes-Cunningham correction factor; Pp, particle density, g/cm^; Ug, 
superficial gas velocity, approaching the impactor openings, cm/s; and |ig, gas 
viscosity, P. [Calvert, Yung, and Leung, NTIS Publ. PB-248050; based on Mercer 
and Chow, J. Coll. Interface Sd., 27, 75 {1968}.]

Angle of incidence, °

FIG. 14-113 Drag coefficient for flow past inclined flat plates for use in Eq. 
(14-228). {Crdvert, ^un^ and Leung, NTIS Publ. PB-248050; based on Page and 
Johansen, Proc. B. Soc. {London), 116A, 170 (1927).] , , , •

SCOUT and CHEVRON EXHIBIT 1020 
Page 11



PHASE SEPARATION 14-87

Calvert reports pressure drop through tube banks to be largely 
unaffected by liquid loading and indicates that Grimison s correlations 
in Sec. 6 (“Tube Banks”) for gas flow normal to tube banks or data for 
gas flow through heat-exchanger bundles can be used. However, the 
following equation is suggested;

AP = 8.48 X lO-^npgH'^ ' (14-230)
whfere AP is cm of water; n is the number of rows of tubes; Pg is the gas 
density, g/cm’; and U'^ is the actual gas velocity between tube? in a row, 
cm/s. Covert did find an increase in pressure drop of about 80 to 85 
percent above that predicted by Eq. (14-230) in vertical upflow of gas 
through tube banks due to liquid holdup at gas velocities above 
4 m/s. The onset of liquid reentrainment from tube banks can be pre­
dicted from Fig. 14-116. Reentrainment occurred at much lower 
velocities in vertical upflow than in horizontal gas flow through verti­
caltube banks. While the top of the cross-hatched fine of Fig. 14-116(2 
predicts reentrainment above gas velocities of 3 m/s (9.8 ft/s) at high 
liquid loading, most of the entrainment settled to the bottom of the 
duct in 1 to 2 m (3.3 to 6.6 ft),-and entrainment did not carry signifi­
cant distances until the gas velocity exceeded 7 m/s (23 ft/s).

Packed^Bed Collectors Many different materials, including coal,' 
coke, broken solids of various types such as brick, tile, rock, and stone, 
as well as normal types of tower-packing rings; saddles, and special 
plastic shapes, have been used over the years in packed beds to rernove 
entrained liquids through impaction and filtration. Separators using 
natural materials are not available as standard commercim units but are 
designed for specific applications. Coke boxes were used extensively in 
the years 1920 to 1940 as sulfuric acid entrainment separators (see 
Chemical Engineers’ Handbook, 5th ed.-, p. 18-87) but havqnow been 
largely superseded by more sophisticated and efficient devices.

Jackson and Calvert [Am. Inst. Chem. Eng. J., 12, 1075 (1966)] 
studied the collection of fine fupl-oil-mist particles in beds of lA-in 
glass spheres, Raschig rings, and Berl and Intalox saddles. The mist 
had a .mass median particle diameter of 6 pm and a standard deviation 
of 2.0. The collection efficiency as a funqtion of particle size and gas

velocity in a 355-rnm- (14-in-) diameter by 152-mm- (6-in-) thick bed 
of Intalox saddles is giveh in Fig. 14-117. This and additional work 
have been generalized by Calvert (R-12) to predict collection efficien­
cies of liquid partiqles in any packed bed. Assumptions in the theoret­
ical development arOthat the-drag force op me drop is given by 
Stokes’ law and that the number of semicircular bends to vuiich the 
gas is subjected, Ri, is related to the length of the bed, Z (cm), in the 
direction of gas flow, the packing diameter, (cm), and the gas-flow 
channel width, b (cm), such that TJi = Z/(dc + h). The gas velocity 
through the channels, (cm/s), is inversely proportional to the bed 
free volume for gas flow such that Ugh = Hg [l/(e - hi,)], where I/g is the 
gas superficial velocity, cm/s, approaching the bed, e is the bed void 
fraction, and hb is the fraction of the total bed. volume taken up with 
liquid which can be obtained from data on liquid holdup in packed 
beds. The width of the semicircular, channels b can be expressed as a 
fraction7 of the diameter of the packing elements, such that b =jd^. 
These assumptions (as modified by G. E. Goltz, persopal communica­
tion) lead to an equation for predicting the penetration of a given size 
of liquid particle through a packed bed: ' <

fi = exp|' (14-231)
[_2[j+j^)(z-hb) \dj J

where, = ‘ (14-232)
,,

Values of Pp and dj, are droplet deiisity, g/cm^, apd droplet diameter, 
cm;-Pg is the gas viscosity, P. All other terms were defined previously. 
Table 14-19 gives values of j calculated from experimental data of 
Jackson and Galvert. Values of j for most manufactured packing 
appear to fall in the,range from 0.16 to 0.19. The low value of 0.03 fo? 
coke may be due to the porosity of the coke itself.

Calyert (R-12) has tested the correlation in cross-flow packed beds, 
which tend to give better drainage than countercurrent bed?, and has 
found the effect of gas-flow orientation insignificant. However, the 
onset of reentrainment was somewhat lower ip a bed of 2.5-cm

Gas velocity, m/s
■(o) • . , (b)'

FIG. 14-116 Experimental results showing effect of gas velocity and liquid load on entrainment from (a) ver­
tical tube banks with horizontal gas flow and (b) horizontal tube banks with upflow. To convert meters per sec­
ond to feet per second, multiply by 3.281. (Calvert, Yung, and Leung, NTIS Puhi. PB-248050.)
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14-88 GAS ABSORPTION AND GAS-LIQUID SYSTEM DESIGN

0.3 0.4 0.6 0.8'-'1- ' 2' 3 4 6 ‘ 8' 10 15 ‘20 ,
' Diameter,'

FIG. 14-117 • Experimental collection efficiency. '/4-in Intalox saddles. To con­
vert feet per. second to meters per second, multiply by 0.3048; to convert cen­
timeters to inches, multiply by 0.394; and to convert grams per,cubic centimeter 
to pounds per cubjc foot, .multiply by 62.43. [Zacfcson and Calvert, A.m. Inst. 
Chem. Eng. ]., 12,1975;(i968).I
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(1.0-in) pall rings with gas upflow [6 m/s (20 ft/s)] than with horizontal 
cross-flow of gas. The onset of reeiitraininent was independent of liq­
uid loading (dl beds were nonirrigated), and entrainment occurred at 
values somewhat above the flood point for packed beds as predicted 
by coiiventional correlations. In beds \Vith more than 3 cm (1.2 ih/wf 
water'pres^re drop; the experimental drop‘With both vertical'and 
horizontal &as flow was somewhat le.ss than predicted by generalized 
packed-bed pressure-drop correlations. However, Calvert ■ recom­
mends thejp torrelations for design as conservative.

Calverts' data indicate that packed beds irrigated only with the col­
lected liquid can have collection efficiencies of 80 to '90 percent on 
mist particles down to 3 |Im but haVe low efficiency on finer mist par­
ticles. Frequently, irrigated packed towers arid towers with internals 
will be used with liquid having a wetting capability for the fine mist 
which must be collected. Tennessee Valley Authority (TVA) experi; 
ments with the collection of 1.0-|J,m mass median phosphoric acid 
mist in packed towers have shown that the strength of the circulating 
phosphoric acid is highly important [see Baskerville, Am. Inst. Chem. 
Enp. J., 37, 79 (1941); and p. 18-87, Sth ed. of the Handbook]. Hbs- 
keth (J. Air Pollut. Control Assocr-, 24, 942 (1974)] has reported up to 
so percent improvement in collection efficiency in venturi scrubbers 
on fine particles with the addition of only 0.10 percent of a low- 
foaming nonionic surfactant to the scrubbing liquia, and others have 
experienced similar results in other gas-fiquid-contacting devices. 
Calvert (R-9 and R-10) has reported on the efficiency of various gas­
liquid-contacting devices for fine particles. Figure 14-118 gives the 
particle aerodynamic cut size for single-sieve-plate gas scrubber as a 
function of sieve hole size dj,, cm; hole gas velocity «/., m/s; and froth 
or foam density on the jflate F, g/cm^. This curve is based on standard 
air and water properties and wettable (hydrophilic) particles. The cut 
diameter decreases with an increase in froth density, which must! be 
predicted from correlations for sieve-plate behavior (see Fig. 14-32). 
Equation (14-231) can be used to calculate generaUzed design curves 
for collection in packed columns in the same fashion by fining para­
meters of packing size, bed length, and gas velocity which give collec­
tion efficiencies of 50,percent for various size, particles. Figure 
(14-119) illustrates such 'a plot for three gas velocities and two sizes of 
packing.

TABLE 14-19 Experimental Values for p Channel Width 
in Packing as a Fraction of Packing Dipmeter

Packing size

Type of packing jcm in

1.27 0.5 Berl and Intalox saddles, marbles, Raschig rings 0.192
2.54 1.0 Berl and Intalo? saddles, pa)l rings ; 0.190,
3.8 1.5 Berl and Intalox saddles, pall rings . , ' 0.165
7.6-12.7 *3~“5 Coke 0.03

FIG. 14-1,18 Aerodynamic cut diameter for a single-sieve-plate scrubber.as a 
function pf hole size, hole-gas velocity, and froth density, F, g/cm’. To convert 
meters per second to feet per second, multiply by 3.281; to convert grams per 
cubic centimeter' to pounds per cubic foot, multiply by 62.43. [Calvert^ J. Air 
Pollut. Control Assoc., 24,92911974).]

Wire-Mesh Mist Collectors Knitted mesh of varying density and 
yoidage is widely used for entrainment separators. Its advantage is 
close to 100 percent removal of drops larger than 5 gm' at superficial 
gas velocities from about 0.2 ms/s (0.6 ft/s) to 5 m/s (16.4 ft/s), deperid­
ing somewhat on the design of the mesh. Pressure drop is usually no 
more tlian 2.5 cm (1 in) of water. A major disadvantage is the ease with 
which tars and insoluble solids plug the mesh. The separator can be 
made to fit vessels of any shape and can be made of any material which 
can be drawn into a wire. Stairiless-steel and plastic fibers are most 
common, but other metis are sometimes used. Generally three basic 
types of mesh are used: (1) layers with a crimp in the same direction 
(each layer is actually a nested double layer); (2) layers with a crimp in

Gas-flow packing depth, Z, m

FIG. 14-119 Aerodynamic cut diameter for a typical packed-bed entrainment 
separator as a function of packing size, bed depth, and three gas velocities: curve 
1-1.5 m/s,' curve 2-3.0 m/s, and curve 3-4.5 m/s. To convert meters to feet, mul­
tiply by 3.281; to convert centimeters to inches, multiply by 0.394. [Calvert, 
J. AirPollut. Control Assoc., 24,929 [1974).] - i
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' ' PHASE SEPARATION 14-89

alternate directions, which increases voidage, reduces sheltering and 
increases target efficiency per layer, and gives a lower pressure'drop 
per unit length; and (3) spiral-wound layers which reduce pressure 
drop by one-third, but fluid creep may lead to higher entrainment. 
Some small manufacturers of plastic meshes may offer other weaves 
claimed to be superior. The filament size can vary from about 0.15 
mm (0.006 in) for fine-wire pads to 3.8 mm (0.15 in) for some plastic 
fibers. Typical pad thickness varies from 100 to 150 mm (4 to 6 in), but 
occasion^y pads up to 300 mm (12-in) thick are used. A typical wire 
diameter for standard stainless mesh is 0.28 mm (0.011 in), with'a fin- 
ished mesh density of 0.15 g/cm^ (9.4 Ib/ft’). A lower mesh density 
may be produced with standard wire to give 10 to 20 percent higher 
flow rates.

Figure 14-120 presents an early-calculated estimate of mesh effi­
ciency as a fraction of mist-particle size. Experiments by Calvert 
(R-12) confirm the accuracy of the equation of Bradie and Dickson 
(Joint Symp. Proc. Inst. Meeh. Eng./Yorkshire Br. Inst. Chem. jEng., 
1969, pp. 24r-25) for primary efficiency in mesh separators: '

Ti = 1 - exp(-2/3)7taZT|i) (14-232)
where Tj is the overall collection efficiency for a given-size particle; I is 
the thickness of the mesh, cm, in the direction of gas flow; a is the sur­
face area of the wires per unit volume of mesh pad, emVem^; aijd T],, 
the target collection efficiency for cylindrical wire, can-be calculated 
from Fig. 17-39 or the impaction data of Golovin and Putnam [Ind. 
Eng. Chem., 1, 264 (1962)]. The factor 2/3, introduced by Carpenter 
and Othmer [Am. Inst. Chem. Eng. J.,1,549 (1955)], corrects for the 
fact that not all the wires are perpendicular to the gas flow and gives 
the projected perpendicular area. If the specific mesh surface area a is 
not available, it can be calculated from the mesh void area £ and the*' 
mesh wire diameter c/,0 in crti, a = 4(1 - e)/(iu^. ■

York and Poppele (R-17) have stated that factors governing maxi­
mum allowable gas velocity thrqugh the mesh ate (1) gas and liquid 
density, (2) liquid surface tension, (3) liquid viscosity, (4) specific wire 
surface area, (5) entering-liquid loading, and (6) suspended-solids 
content. York (R-18) has proposed appheation of the Souders-Brown 
equation [Eq. (14-226)] for correlation of maximum allowable gas 
velocity'with values of K for most cases of 0.1067 m/s to give 17 in m/s 
(0.35 for ft/s). When liquid viscosity or inlet loading is high or the liq­
uid is dirty, the value of K must be reduced. Schroeder (M.S. thesis, 
Newark College of Engineering, 1962) found lower values for K nec­
essary when liquid surface tension is reduced such as by the presence 
of surfactants inwater.'Ludwig (Applied Process Design for Chemical 
and Petrochemical Plants, 2d ed., vol. I, Gulf,*Houston, 1977, p. 157) 
recommends reduced K values of (0.061 m/s) under vacuum at an 
absolute pressure of 6.77 kPa (0.98 Ibf/in^) and K=0.082 m/s at 54 kPa 
(7.83 Ibf/in^,) absolute. Most manufacturers suggest setting the design 
velocity at three-fourths of the maximum velocity to allow for surges in 
gas flow. , . ]

York and Poppele (R-17) have suggested that total pressure drop 
through the mesh is equal to the sum of the mesh dry pressure drop

FIG. 14-120 Collection efficiency of wire-mesh separator; 6-in thickness, 98.6 
percent free space, 0.006-in-diameter wire used for experiment points. Curves 
calculated for target area equal to 2 and 3 times the solids volume of packing. To 
convert inches to millimeters, multiply by 25.4. •. . ,,

plus an increment due to the presence of liquid. They considered the 
mesh to be equivalent to numerous small circular channels and used 
the D’Arcy formula with a modified Reynolds number to correlate 
Jfriction factor (see Fig. 14-121) for Eq. (14-233) giving dry pressure 
drop.
' APd.y=/lapgl7|/981e3 (14-233)
where z\P is in cm ofwater;/is from Fig. (14-121); Pg is the gas den­
sity, g/cm^; C/g is the superficial gas velocity, cm/s; and £ is the mesh 
porosity or void fraction; I and a are as defined in Eq. (14-232). Figure 
;14-121 gives data of York and Poppele' for mesh crimped in the same 
■and alternating directions and also includes the data of Satsangee, of 
Schuring, and of Bradie and Dickson.

The incremental .pressure drop for wet mesh is not available for all 
operating conditions or for mesh of different'styles. The data of York 
'and Poppele for wet-mesh increment^, pressure drop, AP/, in cm of 
water, are shown in Fig. 14-122 or parameters of liquid velocity L/A, 
'defined as liquid volumetric flow rate, cmVmin per unit of mesh cross- 
sectional area in cm^; liquid density Pz, is in g/cm®.
, York generally recommends the installation of the mesh horizon­
tally with upflow of gas as in Fig. 14-110/]- Calvert (R-12) tested the 
■mesh horizontally -with upflow and vertically with horizontal gas flow. 
[He reports better drainage with the mesh vertical and somewhat 
higher permissible gas velocities -without reentrainment, which is con­
trary to past practice. With horizontal flow through vertical mesh, he 
found collection efficienty to follow the predictions of Eq. 14-232 up 
to 4 m/s (13 ft/s) with air and water. Some reentrainment was encoun­
tered at higher velocities, but it did not ^pear serious until velocities 
exceeded 6.0 m/s (20 ft/s). With vertical upflow of gas, entrainment 
was encountered at velocities above and below 4.0 m/s (13 ft/s), 
depending on inlet liquid quantity (see Fig. 14-123). Figure 14-124 

’ illustrates the onset of entrainment from mesh as a function of liquid 
loading and gas velocity arid the safe operating area recommended by 
Calvert. Measurements of dry pressure drop by Calvert gave values 
only about one-third of those ptedicted from Eq. (14-233). He'found 
the pressure drop to be, highly affected by liquid load. The pressure 
drop of wet mesh could be correlated as a function of (7^,,and para­
meters of liquid loading L/A, as shown in Fig. 14-125.

As indicated previously, mesh efficiency drops rapidly as particles 
decrease in size oelow 5 gm. An alternative is to use twb mesh pads in 
series. The first mesh is made of fine wires and is operated beyond the

FIG. 14-121 'Value of friction factor/for dry knitted mesh for Eq. (14-233). 
Values of York and Poppele [Chem. Eng. Prog., 50, 421 (1954)] are given in 
curve 1 for mesh crimped in the alternating direction and curve 2 for mesh 
primped in the same direction. Data of Bradie and Dickson {Joint'Symp. Proc: 
Inst. Meeh. Eng./Yorkshire Br. Inst. Chem. Eng., 1969, pp. 24-2.5) are given in 
curve 3 for layered mesh and curve 4 for spiral--sYOund .mesh. Curve 5, iS’data 
of Satsangee (M.S. thesis, Brooklyn Polytechnic Institute, 1948) and Schurig 
(D.Ch.E. dissertation, Brooklyn Polytechnic Institute, 1946). [From Calvert, 
Yung, and Leung, NTIS Publ. PB-248050,1975.) ' ' s
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14-90 GAS ABSORPTION AND GAS-LIQUID SYSTEM DESIGN

(a) ■ . . ' (b)
FIG. 14-122 Incremental pressure drop in knitted mesh due' to the presence of liquid (a) with the mesh crimps 
in the same direction and (o) with crimps in the alternating direction, based on the data of York and Poppele 
[Chem. Eng. Prog., 50, 421 {1954)]. To convert centimeters per minute to feet per minute,-multiply by 0.0328; 
to'convert centimeters per Second to feet per second, multiply by 0.0328. {From Calvert, Yunp, and Leuns. NTIS 
Publ. PB-2480S0,1975.)

flood ppint. It results in droplet coalescence, and the second mesh, 
using standard wire and operated below flooding, catches entrain­
ment from the first mesh. Coalescence and flooding in the first mesh 
may be assisted with water sprays or irrigation. Massey [Chem. Eng. 
Prog., 53(5), 114 (1959)] and Coykendall et al. [/. Air Pollut. Control 
Assoc., 18, 315 (1968)] have discussed such applications. Calvert 
(R-12) presents data on the particle size of entrained drops from mesh 
as a function of gas velocity which can be used for sizing the secondary 
collector. A major disadvantage of this approach is high pressure drop, 
which can be in the.range from 25 cm (10 in) of water to as high as 
85 cm (33 in) of water if the mist is mainly submicrometer.

Wet Scrubbers Scrubbers have not been widely used for the col­
lection of purely liquid particulate, probably because they are gener­
ally more complex and expensive than impaction-devices of the types 
previously discussed. Further, scrubbers are no more efficient than 
the former devices for the same energy consumption. However,

' Gos velocity, m/s

FIG. 14-123 ■Experimental data of Calvert with air and water in mesh with 
vertical upflow^ showing the effect of liquid loading on efficiency and reentrain­
ment. lb convert meters per second to feet’per second, multiply by 3.281; to 
convert cubic centimeters per square centimeter-minute to cubic feet per 
square foot-minute, multiply by 0.0328. {Calvert, yuns, and Leung, NTIS Publ. 
PB-248050,1975.)

scrubbers of the types discussed in Sec. 17 and illustrated in Figs. 
17-48 to 17-55 can be used to capture liquid particles efficiently. Their 
use is primarily indicated when it is desired to accomplish simultane­
ously another task such as gas absorption or the collection of solid and 
liquid particulate mixtures.

Table 20-41 [Chemical Engineers’ Handbook, .5th ed.)], showing

Gas velocity, m/s

FIG. 14-124 Effect of gas and'liquid rates on onset of mesh reentrainment 
and safe operating regions. To convert meters per second to feet per second, 
multiply by 3.281. {Cdvert, Tung, and Leung, NTIS Publ. PB-248050,1975.) '
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FIG. 14-125 Experimental pressure measured by Calvert as a function of gas 
velocity and liquid loading for (a) horizontal gas flow through vertical mesh and 
(h) gas upflow through horizontal mesh. Mesh thickness was 10 cm with 2.8-mm 
wire ancl voidfraction of 98.2 percent, crimped in alternating directions. To con­
vert meters per second to feet per secona, multiply by 3.281; to convert cen­
timeters to inches, multiply by 0.394. (Calvert, Yung, and Leung, NTIS Publ. 
PB-248050,197S.)

the minimum size of particles collectible in different types of scrub­
bers at reasonably high efficiencies, is a good selection guide. Cyclonic 
spray towers (Fig. 17-52) can effectively remove liquid particles down 
to around 2 to 3 pm. Figures 20-112 and 20-113 (Chemical Engineers’ 
Handbook, Sth ed.), giving target efficiency between spray drop size 
and particle size as calculated by Stairrpand or Johnstone and Roberts, 
shomd be considered in selecting spray atomization for the most effi­
cient tower operation. Figure 14-126,gives calculated particle cut size 
as a function of tower height (or length) for vertical countercurrent 
spray towers and for horizontal-gas-flow, vertical-liquid-flow cross­
current spray towers with parameters for liquid drop size. These 
curves are based on physical properties of standard air and water and 
should be used under conditions in which these are reasonable 

^proximations. Lack of uniform liquid distribution or liquid flowing 
down the walls can affect the performance, requiring empirical cor­
rection factors. Calvert (R-10) suggests that a correction factor of 0.2 
be used in small-diameter scrubbers to account for the hquid on the 
walls, i.e., let Qt/Qg = 0.2 (Qi,/Qg)actuai- Many more complicated wet 
scrubbers employ a combination of sprays or liquid atomization, 
cyclonic action, baffles, and targets. These combinations are not likely 
to be more efficient” than similar devices previously discussed that 
operate at equivalent press'iire’ drop'. The vast majority of wet scrub­
bers operate at moderate pressure drop [8 to 15 cm (3 to 6 in) of water 
or 18 to 30 cm (7 to 12 in) of water] and cannot be expected to have 
high efficiency on particles smaller than 10 [Xm or 3 to 5 pm respec­
tively. Fine and submicrometer, particles can be captured efficiently 
only in wet scrubbers having high energy input such as venturi scrub­
bers, two-phase eductor scrubbers, and flux-force-condensation 
scn,ibbers.

Venturi Scrubbers One type of venturi scrubber is illustrated in 
Fig. 17-48. Venturi scrubbers have been used extensively for collect­
ing fine and submicrometer solid particulate, condensing tars and 
mists,-and mixtures of liquids and solids. To a lesser extent, they have 
also been used for simultaneous gas absorption, although Lundy [Ind 
Eng. Chem., 50, 293 (1958)] indicates that they are generally limited 
to uiree transfer units. They have been used to collect submicrometer 
chemical incinerator fume and mist as well as sulfuric and phosphoric 
acid mists. The collection efficiency of a venturi scrubber is nighly 
dependent on the throat velocity or pressure drop, the liquid-to-gas 
ratio, and the chemical nature of wettability of the particulate. Throat 
velocities may range from 60 to 150 m/s (200 to 500 ft/s). Liquid injec­
tion rates are typically 0.67 to 1.4 m'VlOOO nr’ of gas. A hquid rate of 
1.0 m® per 1000 m® of gas is usually close to optimum, but liquid rates 
as high as 2.7 m’’ (95 ft®) have been used. Efficiency improves with 
increased liquid rate but only at the expense of higher pressure drop 
and energy consumption. Pressure-drop predictions for a given effi­
ciency are hazardous without determining the nature of the particu­
late and the liquid-to-gas ratio. In general, particles coarser than 1 |Xm 
can be collected efficiently with pressure drops of 25 to 50 cm of 
water. For appreciable collection of submicrometer particles, pres­
sure drops of 75 to 100 cm (30 to 40 in) of water are usually required. 
When particles are appreciably finer than 0.5 pm, pressure drops of 
175 to 250 cm,(70 to 100 in) of water have been used.

< One of the problems in predicting efficiency and required pressure 
drop of a venturi is the chemical nature or wettabflity of th© particu­
late, which on O.fi-pm-size particles can make up to a threefold differ­
ence in required pressure drop for its,efficient collection. Calvert 

FIG. 14-126 Predicted spray-tower cut diameter as a function of sprayed length and spray droplet size for (a) vertical­
countercurrent towers and (h) horizontal-cross-flow'towers per Calvert [J. Air Poflut. Control Assoc., 24, 929 (1974)]. Curve 
1 is for 200-pin spray droplets, curve 2 for ,500-u.in spray, and curve 3 for 1000-pm spray. Qi.iQc is the volumetric liquid-to-gas 
ratio, L liquid/m® gas, andUg is the superficial gas velocity in the tower. To convert liters per cubic meter to cubic feet per cubic 
foot, multiply by 10*®.
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14-92 GAS ABSORPTION AND GAS-LIQUID SYSTEM DESIGN

Throat liquid-to-gas volumetric'ratio, QL/QQ.L/m’ '

FIG. 14-127 Prediction of venturi-scrubber cut diameter for hydrOphobic 
particles as functions of operating parameters as measured by Calvert [Calvert, 
Goldshmid, Leith, and Mehta, NTIS Publ. 'PB-213016, 213017, 1972; and 
Calvert, J, Mr Pollut. Control Assoc., 24,929 (1974).] Uq is the superficial thrgat 
velocity, an^ is the pressure drop from converging to diverging section. 'To 
convert meters per second to feet per second, multiplyby 3.281; to convert liters 
per cubic meter ,to cubic feet per cpbic foot, multiply by 10*®; and to convert 
centimeters to inches, mhltiply by 0.394'. , ' * '

(R-9, R-10)-has represented this effect by an empirical factor/, which 
is based on the hydrophobic (f = 0.25) or hydrophihc (f = 0.50) nature 
of the particles. Figure 14-127 gives the cut diameter of h venturi 
scrubber as" a function of its operating parameters (throat velocity, 
pressure drop, and liquid-to-gas ratio) lor hydrophobic particles. Fig­
ure 14-129 compares cut diameter as a function of pressure drop for 
an otherwise identically operating venturi 'On hydrophobic and 
hydrophilic particles. Calvert (R-9) gives equations which can be used 
for constructing-cut-size curves similar to those of Fig. 14-127 for 
other values of the empirical factor/ Most real particles are neither 
completely hydrophobic nor completely hydrophilic .but have/values 
lying betweeii the two extremes. Phosphoric acid mist, on the basis of. 
data of Brink and Contant [Ind. Eng. Chem., 5Q, 1157 (1958)] appears 
to have a value of/ = 0.46. Unfortunately no chemical-test methods 
have yet been devised for determining appropriate/values for a par­
ticulate in the laboratory. ' ,

Pressure drop in a venturi scrubber is controlled by throat velocity. 
While some venturis have fixed throats, many are designed with vari­
able louvers to change throat dimensions and control performapce for 
changes in gas flow. Pressure-drop equations have been developed by 
Calvert (R-13, R-14, R-15), Boll [Ind. Eng. Chem.* Fundam., 12, 40 
(1973)], and Hesketh [J. Air Pollut. Control Assoc.,•'24, 939 (1974)]. 
Hollands and Goel [Ind. Eng. Chem. Fundam., 14, 16 (1975)] have 
developed a generalized pressure-drOp equation.

The Hesketh equation is empirical and is based upon a regression 
analysis of data froth a njunber of industrial venturi scrubbers:' *

AP=U^PgA“/®®L‘’-™/1270 ' ' " (|4-234)

where AP is the pressure drop, in of water; Ugt is the gas velocity in the 
throat, ft/s; Pg is the'gasyiensity, Ib/ft’; A, is the throat area, ft^; and L is 
the hquid-to-gas ratio, gal/1000 acf.

Calvert (R-15) critiqued the many pressure-drop equations and 
suggested the following simphfied equation as accurate to ±10 per­
cent:

■ (14.235)
fifiigc \Qg/

where x = (3Z(CDiPg/16cZ;pi) + 1 (14-236) 

AP-is-the pressure drop, cm of water; Pf and Pg are the .density of the 
scrubbing liquid and gas respectively g/cm^; Ug is the velocity of the 
gas at the throat inlet, cm/s; QdQg is the volumetric ratio of liquid to 
gds at the throat inlet, dimensionless; It is the length of the throat, cm; 
Cpi is the drag coefficient, dimensionless, for the mean liquid diame­
ter, evaluated at the throat inlet; and dr is the Sauter mean diameter, 
cm, for the atomized hquid. The atomized-hquid mean diameter must 
be evaluated by the Nukiyama and Tanasawa [Trans. Soc. Meeh Eng. 
(Japan*), 4, 5' 6 (1937-1940)] equation:

, '(14-237)
. , [Zg \pj • L(<J€p€)

where Oe is the hquid surface tension, dyn/cm; and Pf is the liquid vis­
cosity; P. The drag coefficient Cot should-be evaluated by the Dickin­
son and Marshall [Am. Inst. Chem. Eng. J., 14,541 (1968)] correlation 
Cpi = 0.22 + (24/NRe<)(l + 0.15 Nr^). The Reynolds number, is 
evaluated at the throat inlet considerations as d^Gg/pg.

All venturi scrubbers must be followed by an entrainmeilt collector 
for the hquid spray. -These collectors 'are usually centrifugal and will 
have an addition^ pressure drop of several centimeters of water, 
which must be added to that of the venturi itself.

Other Scrubbers A hquid-ejector venturi (Fig. 17-53), in which 
high-pressure water from a jet induces the flow of gas, has been used 
to collect mist particles in tire-1- to 2-pm range, but submicrometer 
particles will generally pass through an eductor. Power costs for hquid 
pumping are high if appreciable motive force must be imparted to the 
gas because jet-pump efficiency is usually less than 10 percent. Harris 
[Chem. Eng. Prog., 42(4), 55 (1966)] has described their application. 
Two-phase eductors have been considerably more successful on cap­
ture of submicrometer mist particles and could be attractive in situa­
tions in which large quantities of waste thermal energy are available. 
However, the equivalent energy consumption is equal to'that required 
for high-energy venturi scrubbers, and such devices are likely to he no 
more attractive than venturi scrubbers when the thermal energy is 
priced at its proper value-. Sparks [J. Air Pollut. Control Assoc., 24^ 
958 (1974)] has discussed steam ejectors giving.99 percent collection 
of particles fi.S to 10 |Xm. Energy requirements were 311,000 
J/m®(8.25 Btu/sef). Gardenier [J. Air Pollut. Control Assoc., 24,. 954 
(1974)] operated a liquid eductor with high-pressure (6900- to 27,600- 
kPa) (1000- to 4000-lbfiin^) hot water heated to 200°G (392°F) which 
flashed info two phases as it issued from the jet. He obtained 95 to 99 
percent collection of submicrometer partiotilate. Figure 14-128 shows 
the water-to-gas ratio required as a function of particle size to achieve 
99 percent collection. i > • ... ■ •

Effect of Gas Saturation in Scrubbing If hot unsaturated gas is 
introduced into a wet scrubber, spray particles will evaporate to cool 
and saturate the gas. The evaporating liquid molecules moving away 
fropi the target droplets will repel particles which might collide with 
them. This results in the forces of diffusiophoresis opposing particle

FIG. 14-128 Superheated high-pressure hot-water requirements for 99 per­
cent collection as a function of particle size in a two-phase eductor jet scrubber. 
To convert gallons per 1000 cubic feet to cubic meters per 1000 cubic meters, 
multiply by 0.134. [Gardenier, J. Air Pollut. Control Assoc., 24,954 (1974).]
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collection. Seinrau and Witham (Air Pollut. Control Assoc. Prepr. 75- .
30.1) investigated temperature parameters in wet scrubbing and 
found a definite decrease in the efficiency of evaporative’ scrubbers 
and an enhancement'of efficiency when a hot saturated gas is 
scrubbed with cold water* rather than recirculated hot water. Little 
improvement was experienced in cooling a hot saturated gas below a 
50°C dew point.

Energy Requirements for Inertial-Ifnpaction Efficiency 
Semrau [J. Air Pollut. Control Assoc.,' 13, 587 (1963)] proposed a 
“contacting-power”' principle which states that the collecting effi­
ciency of a given size of particle is proportional, to the power expended 
and that the smaller the particle, the greater the power required. 
Mathematically expressed, Nj- =«« Pt, where Nt is the number of par­
ticulate transfer units achieved and Pt is the total energy expended 
within the collection device, including gas and liquid pressure drop 
and thermal and mechanical energy adddd in atomizers. Nt is further 
defined as Nr = In [1/(1 - T|)], where p is the overall fractional collec­
tion efficiency. This was intended as a universal principle, but the con­
stants 0= and Y have been found to be functions of the chemical nature 
of the system and the design of the control device. Others have 
pointed out that the principle is applicable only when the primary 
collection mechanism is impaction and direct interception. Calvert 
(R-10, R-12) has found that plotting particle cut size versus pressure 
drop (or power expended) as-in Fig. 18-129 is a more suitable way 
to develop a generalized energy-requirement curve for impaction 
devices. Tne various curves fall close together and outline an imagi­
nary curve that indicates the magnitude of pressure drop required as 
particle size decreases bound by the two limits of hydropqilic and 
hydrophobic particles. By calculating the required cut size for a given 
collection efficiency. Fig. 14-129. can also be used as a guide to decid­
ing between different collection devices. , ,

Subsequently, Calvert (R-19, p. 228) has combined mathematical 
modeling with performance tests on a variety of industri^ scrubbers 
and has obtained a refinement of the power-input/cut-size relation­
ship as shown in Fig. 14-130.' He considers these relationships suffi­
ciently reliable to use this data as a tool for selection of scrubber type 
and performance prediction. The power'input for this figure is based 
solely on gas pressure drop across the device.-

FIG. 14-129 Typical cut diameter as a function of pressure drop for various 
liquid-particle collectors. Curves la and b are single-sieve plates with froth den­
sity of 0.4 la has sieve holes.of 0.5 cm ana lb holes of 0.3 cm. Curves 2a. 
and b are mx a venturi scrubber with hydrophobic particles (2a)'and hydrophihc 
particles (2h). Curve 3 is an impingement pate, and curve 4 is a packed column 
with 2.5-cm-diameter packing. Curve 5 is a zigzag baffle collector with six baf­
fles at 0 = 30°. Curve 7 is for six rows of staggered tubes with 1-cm spacing 
between adjacent tube walls in a row. Curve 8 is similar, except that tube-wall 
spacing in the row is 0.3 cm. Curve 9 is for wire-mesh pads. To convert grams 
per cubic centimeter to pounds per cubic foot, multiply by 62.43; to convert 
centimeters to inches, multiply by 0.394. [Calvert, J. Air Pollut. Control Assoc., 
24,929 (1974); and Calvert, Yung, and Leung, NTIS Publ. PB-248050,1975.]

' Gas pressure drop, cm of water 
across wet scrubber collection device ’

FIG. 14-130 Calvert s refined particle cut-size/powei' relationship for particle 
inertial impaction wet collectors. Ref. (R-19) by permission.

Collection of Fine Mists Inertial-impaction deyicss'pf'eviously 
discussed give high .efficiency on particles above 5 gm in Size ^nd 
often reasonable efficiency on particles down, to 3 |Xm in size at mod­
erate pressure drops. However, this mechanism become^ .ineffective 
for particles smaller than 3 jxm because of the particle gaajke, mobil­
ity. Only impaction devices having extremely high energy input such 
as venturi scrubbers and a flooded mesh pad (the pad interstices really 
become miniature veptiiri scrubbers in parallel, and in, series) can give 
high collectiori efficiency on fine particles, defined as 2.^ or 3 pm and 
smaller, including the submicrometer range. Fine particles, are sub­
jected to brownian motion in gases, and diffusional deposition can be 
employed for their collecjiqn. Diffusional depositipn becomes highly 
efficient as particles become smaller, especially below 0.2 toD.3 prn. 
Table 14-20 shows typical 'displacement velocity, of particles. Ran­
domly oriented fiber beds having ‘tortuqus and narrow ga^' passages 
are suitable devices for utilizing this collection inechaiusih. (Tfie mf; 
fusional collection mechanism is .dfscus.sed in 8ec. 17 ^ider “Gas- 
Solids Separations.”) Other collection mechanisms which are efficient 
for fine particles ape electrostatic forces and,flux forces such ^,thpr- 
mopboresjs and.diffusiophoresis, ^article,,growth and, nucleation 
methods ^e also' applicable. Efficient collection of, fine particles is 
important,because particles i'n the range of 2.0,to ground 0.2 pm ye 
the .ones which, penetrate and are deposited ,in,the lung most effi­
ciently. Hence,' particles in this range constitute the largest health 
hazard.

; J Fiber Mist Eliminator.S .These devices are produced in. various 
' configurations. Generally, randomly oriented glass or polypropylene 

fibers are densely packed between, reinforcing screens, producing 
fiber beds varying in thickness usually from 25 to 75 mm (1 to 3 in), 
although thicker beds can be produced. Units with efficiencies as high 

' as 99;9 percent on fine particles have been developed (see Chemical 
Engineers’ Handbook, 5th ed., p. 18-88). A combination of ttiechay 
nisms interacts to provide high overall collection efficiency. Particles 
larger'than 2 to 3 pm are collected on the fibers by inertial impaction
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“Brink, Can. J. Chem. Eng., 41, 134 (1963). Based on spherical water parti­
cles in air at 21°C and 1 atm.

TABLE 14-20 Brownian Movement, of Particles*.
Particle diameter, gm Brownian displacement of particle, gm/s

0.1 29.4 . . .
0.25 14i’
0.5 8.92

, 1-0 5.91
2.5 3.58
5.0 ' . , -• '2.49 ■ '

10.0 1.75

' *1- ,

and direct interceptionf 'while small particles are collected by brown­
ian diffugidh- When the deyicp is designed to use this latter mecha­
nism as ^e primary means, efficiency turndown problems, are 
eliminated as collection efficiency by diffusion increases with resi- 
den'ce time. Pressure drop through the beds increases with velocity to 
the first power since the gas flow is laminar. This leads to design capa- 
bUity trade-offs. As pressure drop is reduced and energy is conserved, 
capital increases because more filtering area is required for the same 
efficiency. * ,

Thtee series of fiber mist eliminators are typically available. A 
spray-catcher series is designed primarily for essentially 100 percent 
capture of droplets larger than 3 pm. The high-velocity type is 
designed to give moderately high efficiency on particles down to 
1.0 pm as^eU. Both of these types are usually produced in the form 
of fiat panels of 25- to_50-mm (1- to 2-in) thickness. The high- 
efficiency type is illustrated in Fig. 14-131. As mist particles are col­
lected, they coalesce into a liquid film which wets the fibers. Liquid is 
moved lioiffentallY through the bed by the ga$, drag force and down­
ward by gravity. It drains down the downstream retaining screen to 
the bottom of the element and is returned to the process through a 
liquid seal. Table 14-21 gives typical operating characteristics of the 
three types of collectors. The apphcation of these devices to sulfuric 
acid plants and other process gases has been discussed by Brink (see 
Chemical Engineers’ Handbo(A, Sth ed., pp. 18-89,18-90).

Solid particulates are captured as'readily'as hquids in fiber beds’ but 
can rapidly plug the bed if they are insoluble. Fiber beds have fre­
quently been used for mixtures of liquids and soluble solids and with 
spluble solids in condensing situations. Sufficient solvent (usually 
v^ater) is atomized into the gas stream entering the collector to irrigate 
the fiber elements and dissolve the collected particulate. Such fiber 
beds have been used to collect fine fumes such as ammonium nitrate 
and ammofiium chloride smokes, and oil mists'from compressed air.

.Electrostatic Precipitators 'The principles and operation of 
electrical precipitators are discussed' in Sec. 17 under ’“Gas-Solids 
Separations.” Precipitators are admirably suited to the collection of 
fine mists and ‘mixtures of mists and solid particulates. Tube-type pre­
cipitators have been used for many years for the collection of acid 
mists and the removal of tar from coke-oven gas. The first practical 
ingtallation of a precipitator by Cottrell was made on sulfuric ^cid mist 
in 1907. Most older installations of precipitators were tube-type rather 
than plate-type. However, recently two plate-type wet precipitatprs 
employing water sprays or overflowing weirs have been introduced by 
Mikropul Combination [Bakke,/. Air Pollut. Control Assoc., 25,T63 
(1975)] and by Eluid'Iphics. Such precipitators operate'orf the princi­
ple of making'all particles conductive wien possible, which increases 
thfe particle migration'velocity and collection efficiency. Under these 
copditioris, particle dielectric strength'becomes a much more impor-

Support plate ,

Concentric .screens.

Liquid seal pot

FIG. 14-131 Monsanto high-efficiency fibef-mist-eliminator element. {Mon­
santo Company.) ■

, Retairrer lugSx,^ ' Clean gas out ^Retainer plate’''

Tvib lifting ' 
lugs eq. sb

Gasket-yi

Gas flow’ ^ Liquid
• I - '
. age K^„.--7-"F’iber packing

Cap screws

Halt coupling

tant variable, and particles with a low dielectric constant such as con­
densed hydrocarbon mists become much more difficult to collect than 
wajter-wettable particles. Bakke (U.S.-U.S.S.R. Joint 'Work. Group 
Symp.:' Fine Particle Control, San Francisco, 1974) has developed 
equatibiis for particle charge and relative collection efficiency in wet 
precipitators mat show the effect of dielectric constant. Wet precipi­
tators can also be used to absorb soluble gases simultaneously ny 
adjusting the pH or the chemical composition of the liquid spray. The 
presence of the electric field appears to enhance absorption. Wet pre­
cipitators have found their greatest usefulness to date in handUng mix­
tures of gaseous pollutants and submicrometer particulate (either 
hquid or solid; or both) such as fumes from aluminum-pot lines, 
carbon anode baking, fiberglass-fume control, coke-oven and metal­
lurgical operations, chemical incineration, and phosphkte-fertilizer 
operations. Two-stage precipitators are used increasingly for moder­
ate-volume gas streams containing nonconductive Hquid mists which 
■will drain from the collecting plates. Their application on hydrocarbon 
mists has been quite successful, but careful attention must be given to 
fire and explosion hazards.

Electrically Augmented Collectors - A new area-for enhancing 
collection efficiency and lowering cost is the combining of electrosta­
tic forces ■with devices" using other collecting mechanisms such ,as 
impaction and diffusion. Cooper (Air Pollut. Control Assoc. Prepr. 75- 
02.1) evaluated the magnitude of’forces operating between charged 
and uncharged particles and concluded .that electrostatic attraction is 
the strongest collecting force operating on particles finer than 2 gm. 
Nielsen and Hill [Ind. Eng. Chem. Fundam., 15, 149 (1976)] have 
quantified these, relationships, and a number of practical device^ have 
been demonstrated. -Pilat and Meyer (NTIS Publ. PB-252653, 1976) 
have demonsjtrated up to 99 percent collection of fine particles in a 
two-stage spray tower in which the inlet particles and water spray are 
charged with opposite polarity. The principle has been applied to 
retrofitting existing spray towers to enhance collection. ,

Klugman and Sheppard (Air Pollut. Control Assoc. Prepr. 75-30.3) 
have developed an ionizing wet scrubber in which the charged mist 
particles are collected in. a grounded, irrigated cross-flow bed of 
Tellerette packing. Particles smaller than 1 gm have been collected 

“Brink, •Burggrabe,'and Greenwell, Chem. Eng. Prog., 64(11), 82 (1968). To convert centimeters to inches, multiply by 0.394. . ’

TABLE 14-21 Operating Characteristics of Various TypeS of Fiber Mist Eliminators as Used on Sulfuric Acid Plants*
’ High efficiency High velocity Spray catcher

Controlling mechanism for mist collection . - 
Superficial velqcity, m/s
Efficiency,on particles greater than 3 gm, % 
Efficiency on particles 3 gm ant) smaller, % 
Pressure drop, cm HjO ,

, , Brownian movement '
‘ y. 0.075-0.20 '

' , Essentially 100
95-99+

’ 12-38 ; " , '

Impaction '
■ ■ 2.0-2.5

Essentially 100 
90-98 
15-20

Impaction
’ ' 2.0-2.5

Essentially 100
/ T5-30

1.0-2.5 '
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with 98 percent efficiency by using two units tn series. Dembinsky and 
Vicard (Air Pollut. Control Assoc. Prepr. 78-17.6) have used an elec­
trically augmented low-pressure [5 to 10 cm (2 to 4 in) of water] 
venturi scrubber to give 95 to 98 percent collection efficiency on sub­
micrometer particles.

Particle Growth and Nucleation Fine particles may be sub­
jected to conditions favoring the growth of particles either through 
condensation or through coalescence. Saturation of a hot gas stream 
with water, followed by condensation on the particles acting as nuclei 
when the gas is cooled, can increase particle size and ease of collec­
tion. Addition of steam can produce the same results. Scrubbing of 
the humid gas with a cold liquid can bring diffusiophoresis into play. 
The introduction of cold liquid drops causes a reduction in water­
vapor pressure at the surface of the cold drop. The resulting vapor­
pressure gradient causes a hydrodynamic flow toward the drop known 
as Stefan flow which enhances the movement of mist particles toward 
the spray drop. If the molecular mass of the diffusing vapor is differ­
ent from the carrier gas, this density difference also produces a driv­
ing force, and the sum of these forces is known as diffusiophoresis. A 
mathematical description of these forces has been presented by 
Calvert (R-9) and by Sparks and Pilat [Atmos. Environ., 4, 651 
(1970)]. Thermal differences between the carrier gas and the cold 
scrubbing droplets can further enhance collection through ther­
mophoresis. Calvert and Jhaseri [J. Air Pollut. Control Assoc., 24,946 
(1974)]; and NTIS Publ. PB-227307, 1973)] have investigated con­
densation scrubbing in multiple-sieve plate towers.

Submicrometer droplets can be coagulated through brownian dif­
fusion if given ample time. The introduction of particles 50 to 100 
times larger in diameter can enhance coagulation, out the addition of 
a broad range of particle sizes is discouraged. Increasing turbulence 
will aid coagulation, so fans to stir the gas or narrow, tortuous passages 
such as those of a packed bed can be beneficial. Sonic energy can also 
produce coagulation, especially the production of standing waves in 
the confines of long, narrow tubes. Addition of water and oil mists can 
sometimes aid sonic coagulation. Sulfuric acid mist [Danser, Chem. 
Eng., 57(5), 158 (1950)] and carbon black [Stokes, Chem. Eng. Prog., 
46, 423 (1950)] have been successfully agglomerated with sonic 
energy. Frequently sonic agglomeration has been unsuccessful 
because of the high energy requirement. Most sonic generators have 
very poor energy-transformation efficiency. Wegrzyn et al. (U.S. EPA 
Publ. EPA-600/7-79-004C, '.1979, p. 233) have reviewed acoustic 
agglomerators. Mednikov (U.S.S.R. Akad. Soc. Moscow, 1963) sug­
gested that the incorporation of sonic agglomeration with electrostatic 
precipitation could greatly reduce precipitator size.

Other. Collectors Tarry particulates and other difficult-to- 
handle liquids have been collected on a dry, expendable phenol 
formaldehyde-bonded glass-fiber, mat (Goldfield, J. Air Pollut. Con­
trol Assoc., 20, 466 (1970)] in roll form which is advanced intermit­
tently into a filter frame. Superficial gas velocities are 2.5 to 3.5 m/s 
(8.2 to 11.5 ft/s), and pressure drop is typically 41 to 46 cm (16 to 
18 in) of 'water. Collection efficiencies of' 99 percent have been 
obtained on submicrometer 'particles. Brady [Chem. Eng. Prog., 
73(8), 45 (1977)] has discussed a cleanable modification of this 
approach in which the gas is passed through a reticulated foam filter 
that is slowly rotated and solvent-cleaned.

In collecting very fine (mainly submicron) mists of a hazardous 
nature where one of the collectors previously discussed has been used 
as the primary one (fiber-mist eliminators of the Brownian diffusion 
type and electrically augmented collectors are primarily recom­
mended), there is the chance that the effluent concentration may still 
be too high for atmospheric release when residual concentration must 
be in the range of 1-2 pm.- In such situations, secondary treatment 
may be needed. Probably removal of the residual mist by adsorption 
will be in order. See “Adsorption,” Sec. 16. Another possibility might 
be treatment of the remaining gas by membrane separation. A separa­
tor having a gas-permeable membrane that is essentially nonliquid- 
permeable could be useful. However, if the gas-flow volumes are 
appreciable, the device could be expensive. Most membranes have 
low capacity (requiring high membrane surface area) to handle high 
gas-permeation edacity. See “Membrane Processes, Sec. 22.
. Continuous Phase Uncertain Some situations exist such as in

two-phase gas-liquid flow where the volume, of the-hquid’phase'may 
approach being equal to the volume of the vapor phase, and 'where it 
may be difficult to be sure which phase is the continuous phase. 
Svreek and Monnery [Chem. Eng. Prog., 89(10), 53-60 (Oct. 1993)] 
have discussed the design of two-phase separation in a tank ■with gas- 
liquid separation in the middle, mist elimination in the top, and 
entrained gas-bubble removal from the hquid in the bottom. Monnery 
and Svreek [Chem. Eng. .Prog., 90(9), 29-40 (Sept. 1994')] have 
expanded the separation to include multiphase flow, where the com­
ponents are a vapor and two immiscible liquids and these are also 
separated in a tank. A design approach for sizing the gas-hquid disen­
gaging space in the vessel is given using a tangential tank inlet nozzle, 
foflowed by a wire mesh mist eliminator in the top of the vessel-for 
final separation of entrained mist from the vapor. Design approaches 
and equations are also given for sizing the lower portion of the vessel 
for separation of the two immiscible hquid phases by settling and sep­
aration of discontinuous liquid droplets from the continuous liquid 
ph&se.’ , ' ■ . ,

LIQUID-PHASE CONTINUOUS SYSTEMS

Practical separation techniques for gases dispersed in liquids are dis­
cussed. Processes and methods for dispersing gas in hquid have Been 
discussed earher in this section, together with information for predict­
ing the bubble size produced. Gas-in-liquid dispersions aj-e also proi 
duced in chemical reactions and electrochemical cells iiiAvliich a gas 
is liberated. Such dispersions are hkely to be much finer than those 
produced by the dispersion of a gas. Dispersions may also be ‘uninten­
tionally created in the vaporization of a liquid.

General References: ' Adamson, Ph,y.sical Chemistry of Surfaces, 4th ed., 
Wiley, New York, T982. Akers, Foams, Academic, New York, 1976. Bikerman; 
Foams, Springer-Verlag, New York, 1973. Bikerman, et al.. Foams: Theory and 
Industrial Applications, Reinhold, New York, 1953. Cheremisinoff, ed.,.Ency­
clopedia of Fluid Mechanics, vol. '3, Gulf Publishing, Houston, 1986. Kerner, 
Foam Control Agents, Noyes Data Corp, Park Ridge, NJ, 1976. Rubel, 
Anttfoaming and Defoaming Agents, Noyes Data Corp., Park Ridge, NT, 1972: 
Rosen,’ Surfactants and Interfacial Phenomena, 2d ed., Wiley, Ne^Xork, 1989! 
Sonntag and Strenge, Coagulation and Stability of Disperse Systems, Halsted.- 
Wiley, New York, 1972’. Wilson, ed.. Foams: Physics, Chemistry and Structure. 
Springer-Verlag, London, 1989. “Defoamers” and “Foams”, Encyclopedia of 
Chemical Technology, 4th ed., vols. 7,11, Wiley, New York, 1993—1994.

Types of Gas-in-Liquid Dispersions Two types of dispersions 
exist. In one, gas bubbles produce an unstable dispersion which sepa­
rates readily under the influence of gravity once the mixture has been 
removed from the influence of the dispersing force. Gas-hquid con­
tacting means such as bubble towers and gas-dispersirig agitators are 
typical example's of equipment producing such dispersions. More dif­
ficulties may result in separation when the gas is dispersed in the form 
of bubbles only a few micrometers in size. An example is the evolution 
of gas from a liquid in which it has been dissolved or releasecLthrough 
chemical reaction such as electrolysis. Coalescence 6f the dispersed ‘ 
phase can be helpful.in such circumstances. ,

The second type is a stable dispersion, or foam. Separate-can be 
extremely difficiut in some cases. A pure two-component system of 
gas and hquid cannot produce dispersions of the second type. Stable 
foams canoe produced only when an additional substance is adsorbed 
at the liquid-surface interface. The substance adsorbed may be in' true 
solution but ■with a chemical tendency to concentrate in the interface 
such as that.of a surface-active'agent, or it may be a finely divided solid 
which concentrates in the interface because it is only poorly wetted by 
the hquid; Surfactants and proteins are examples of soluble materials, 
while dust particles and extraneous dirt including traces of nonmisci- 
ble liquids can be examples of poorly wetted materials.

Separation of gases and hquids always involves coalescence, but 
enhancement of the rate of coalescence may be required only in diffi­
cult separations.

Separation of Unstable Systems The buoyancy of bubbles sus­
pended in hquid can frequently be depended upon, to cause the bub- 
mes to rise to the surface and separate. This is a special case of gravity 
setthng. The mixture is allowed to stand at rest or is moved along a
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7''"Calculated from Stokes’ law. To convert millimeters per second to feet per second,

TABLE 14-22 Terminal’Velocify of Standard Air Bubbles Rising in Water at 20°C*
' Bubble diameter, gm 10 , • ^0 ' 50 100, '200 ■'300

■Terminal velocity, mm/s, 0.061 . • . , 0.488 ’■ ■' 1.433 5.486 . 21.95 49.38

/. II.U’. • ■ , , ■ , ■ ■

flow path Irilaminar flow until the bubbles have surfaced. Table 14-22 
shows the calculated rate of rise of air bubbles at atmospheric pres­
sure in water at 20°C ‘(68°F) as a function of diameter. It wm .be 
observed that the velocity of rise for 10-jim bubbles is very low, 'so that 
long'separating times would be required for gas which is more finely 
dispersed. : . , . i ’ >
<• For’liquids other than water, the rise velocity can be approximated 
from TabJ^14-22 by multiplying by the hquid’s specific gravity and the 
recip'roca^f its'Viscosity'(in centipoises). For bubbles larger than 100 
pm, this procedure is erroneous, but the error is less than 15 percent 

.for bubb|es up to 1000 pm. More serious is the underlying assumption 
of Table 1'4-22 that the bubbles are rigid spheres. Circulation within 
the bubble causes notable increases in velocity in the range of 100 pm 
to 1 mm, and the flaftenirig* of‘bubbles 1 cm and larger appreciably 
decrease^ their velocity. However, in this latter size range the, velocity 
is so high as to make separation a trivial problem.

In design of separating chambers, static vessels or continuous-flow 
tanks may, be used. Care must be taken to protect the flow from tur­
bulence, yhich could cause back mixing of partially separated fluids or 
which coul4 cafiy'unseparated, hquids rapidly to the sepafated-liquid 
outlet. Vertiqal baffles to protect rising butjble.s from flow currents are 
sometimes employed. Unseparated fluids should be distributed to the 
separating region as uniformly and with as Httle velocity as possible. 
When, the t^ble rise velocity is quite low, shallow tank, or .flow chan- 
nelspshquld be used to minimize the residence time required. .
' . Quite low velocity rise of bubbles due either to smallbubb)© size or 
to high liquid viscosity can cause difficult Situations. With low-viscosity 
liquids, sepkration-enhancing possibilities in addition to those previ­
ously enumerated,are to sparge the liquid with large-diameter gas 
bubbles' or fo atomize the mixture as a spray into a tower. Large gas 
bubbles rising rapidly through the liquid collide with small bubbles 
and aid their coalescence through capture. Atomizing of the continu­
ous phase reduces the distance that small gas bubbles must travel to 
reach a gas interface. Evacuation of the spray space can also be bene­
ficial in prompting small-bubble growth and especially in promoting 
gas evolutioh when the gas has appreciable liquid solubility. Liquia 
heating will also reduce solubility.

Surfaces in the settling zone for bubble'coalescence such as closely 
spaced vertical or inclined plates or tubes are beneficial', When clean 
low-viscosity fluids are involved, passage of the undegassed liquid 
through a tightly packed pad of mesh or fine fibers at low velocity will 
result in efficient bubble coalescence. Problems have been experi­
enced 'in degassing a water-based .organic solution that has' been 
passed through an electrolytic cell for chemical reaction in which 
extremely fine bubbles of hydrogen gas are produced in the liquid 
within the cell. Near-total removal of hydrogen gas from the liquid is 
needed for process safety. This is extremely difficult to achieve' by 
gravity settling alone because of the fine bubble size and the need for 
a coalescing surface. Utilization of a fine fiber media is strongly rec- 
bmmehded in such situations. A low-forward liquid flow through the 
media is desireable to provide time for the bubbles to attach them­
selves to the fiber media through Brownian diffusion. Spielman and 
Goren [Ind. Eng. Chem., 62(10), (1970)] reviewed the hterature'on 
coalescence with porous .media and reported their owri.experimental 
rdsults-[/nd. ‘Eng. Chem. Fundam., 11(1),r73 (1972)] on the.coales­
cence of oil-water liquid emulsions. The principles are applicable to a 
gas-in-liquid system. Glass-fiber mats'composed of 3.5-, 6-, or 12'-pm 
diameter fibers, vaoying in thickness from 1.3 to 3.3 mm, successfully 
coalesced and separated I;-, to 7-p,m'oil droplets at superficial bed 
velocities of 0.02 to 1.5 cm/s (0.00067 to 0.049 ft/s).

In the deaeration of high-viscosity fluids such as polymers,’ the 
material is flowed in thin sheets along solid surfaces. Vacuum is 
applied to increase bubble size and hasten separation. The Versator 
(Cornell Machine Co.) degasses viscous hquids 'by spreading them 

multiply by 0.003281.

into a thip film by centrifugal action as the hquids flow through an 
evacuated rotating bowl.

Separation of Foam Foam is a colloidal system containing rela­
tively large volumes of dispersed gas in a relatively small volume'of hq- 
uid. Feiarns are thermodynamically unstable with respect to separation 
into their components of gas and vapor, and appreciable surface 
energy is released in the bursting of foam buttiles. Foams are 
dynamic tystems in which a third component produces a surface layer 
that is different in composition from the bulk of the liquid phase. The 
stabihzing effect of such components (often present only in trace 
amounts) can produce foams of troubhng persistence in many opera­
tions. (Foams which have lasted for years when left undisturbed nave 
been-produced.) Bendure [TAPPI, 58(2), 83 (1975)], Keszthelyi [J. 
Paint Technol.; 46(11), 31 (1974)], Ahmad [Sra. Sci. 10, 649 (1975)], 
and Shedlovsky (“Foams,” Encyclopedia of Chemical Technology, 2d 
ed., Wiley, New York, 1966) have presented concise articles on the 
characteristics and properties of foams in addition to the general ref­
erences cited at the beginning of this subsection.

Foams can be a severe problem in chemical-processing steps 
involving gas-liquid interaction such as distillation, absorption, evapo­
ration, chemical reaction, and particle separation and settling. It can 
also be k major problem in pulp and paper manufacture, oil-well 
drilling fluids, production of water-based paints, utilization of lubri­
cants and hydraulic fluids, dyeing and sizing of textiles, operation of 
steam boilers, fermentation operations, polymerization, wet-process 
phosphoric acid concentration, adhesive production, and foam control 
in products such as' detergents, waxes, printing inks, instant coffee, 
and glycol antifreeze.

Foams, as freshly generated, are gas emulsions -with spherical bub­
bles separated by liquid films up to a few millimeters in thickness. 
They age rapidly by liquid drainage and form polyhedrals' in which 
three bubbles intersect at comers with angles of approximately 120°, 
During drainage, the lamellae become increasingly minner, especially 
in the center (only a few micrometers thickness), and more brittle. 
This feature indicates that with'so rhe foams if a foam layer can be tol­
erated,- it may be self-limiting, as fresh foam is added to the bottom of 
the layer with drained foam collapsing^on the top. (A quick-breaking 
foam may reach its maximum 'life cycle in 6 s. A moderately stable 
foam can persist for 140 s.) During drainage; gas from small foam'bub­
bles, which is at a high pressure, will diffuse into large bubbles so that 
foam micelles increase with time. As drainage proceeds, weak areas in 
the lamella may develop. However, the presence of a higher concen­
tration of surfactants in the surface produces a lower Surface tension. 
As the lamella starts to fail, exposing bulk liquid -with higher surface 
tension, the surface is renewed-and healed. This is knowh as the 
Marangoni effect. If drainage can occur faster than Marangoni heal­
ing, a hole may develop i'n the lamella..The forces involved are such 
that collapse \^1 occur in miUiseconds \Vithout concern for rupture 
propagation. However, in very' stable foams, electrostatic surface 
forces (zeta potential) prevent complete drainage and collapse. In 
some cases, stable lamella thicknesses of only t two molecules have 
been measured.'

Drainage rate is influenced by surface ■viscosity, which is very tem­
perature-sensitive. At a critical temperature, which is a function of the 
system, a temperature change of only'a few degrees can change a 
slow-draining foam to 'a fast-draining foam. This change in drainage 
rate can be a factor of 100 or more; thus increasing the temperature of 
foam can cause its destruction.' An increase in temperature may also 
cause hquid evaporation and lamella thinning. As the lamellae 
become minner, they become more brittle and fragile. Thus, mechan-: 
ical deformation or pressure changes, which cause a. change in gas­
bubble volume, can also cause rupture. i

Bendure indicates 10 ways to increase foam stability: (1) increase 
bulk liquid viscosity, (2) increase surface viscosity, (3) maintain thick'
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walls (higher liquid-to-gas ratio), (4) reduce liquid ^surface tension, 
(5) increase surface elasticity, (6) increase surface concentration, 
(7) reduce surfactant-adsorption rate, (8)‘prevent liquid evaporation, 
(9) avoid mechanical stresses; and (10) eliminate foam’ inhibitors. 
Obviously, the reverse of each of these actions, when possible,.is a way 
to control and'break foam. • ■ ' ■ • ' i

Physical Defoaming Techniques T^ical physical defoaming 
techniques include mechanical ijiethods for producing foam stress, 
thermal methods involving heating or cooUng,' and'electrical methodi 
Combinations of these methods may also be employed, or they may be 
used in conjunction with chemical defoamers. Some methods are only 
moderately successful when conditions ate'present to reform the 
foam such as breaking foam on the surface of boiling liquids. 'In’some 
cases it may be desirable to draw the foam off and treat'it separately. 
Foam can always be stopped by removing.the energy'source creating 
it, but this is often impractical. ' '
- Thermal Methods • Heating is often a suitable means of.destroy- 
ing foam. As indicated previously, raising.the foam above a critical 
temperature (which must be’ determined experimentally) can greatly 
decrease the surface viscosity of the film and change the foam from a 
slow-draining to a fast-draining foam. Coupling such heating with a 
mechanical force such as a revolving paddle to cause foam defor-ma- 
tion is frequently successful. Other effects of heating are'expansion of 
the gas in the foam bubbles, -which increases strain on the lamella 
walls as well as requiring their movement and flexing. Evaporation of 
solvent may occur causing thinning of the walls. At sufficiently high 
temperatures, desorption or decompositioii of stabilizing substances 
may occur. Placing a nigh-temperaturfe bank of steam coils at the max­
imum foam level is one control method. As the foam' ^approaches of 
touches the coil, it. collapses. The designer should consider the fact 
that the coil will frequently become coated with'solute. ’ .•

Application of radiant .heat to a foarh surface is. also practiced. 
Depending oh the situation^ the radiant source may be electric lamps, 
Glowbaf units, or gas-fired-radiant'burners. Hot gases from burners 
will enhance film drying of the foam. Heat may also be applied by jet­
ting or spraying hot water on the foam. This is a combination of meth­
ods since the jetting produces mechanical shear, and the water itself 
provides dilution and change in foam-film composition. Newer 
approaches might include foam heating with the application of 
focused microwaves. This could be coupled with continuous or inter­
mittent pressure fluctuations to stress lamella walls as the foam ages.

Cooling can also destroy foam if it is carried to the point of freezing 
since the formation of solvent crystals destroys the foam structure. 
Less drastic cooling such as spraying a hot foam with’ cold water may 
be effective. Cooling will reduce the gas'pressure m'the foam bubbles 
and may cause thein to shrink. This is coupled with the effects of shear 
and dilution mentioned earher. In general, moderate cooling will be 
less effective than heating since the surface viscosity is being modified 
in the direction of a more stable foam. ; .. ;

Mechanical Methods Static or rotating breaker bar’s or slowly 
revolving paddles are sometim'es successful. Their appfication in con­
junction with other methods is frequently better. As indidated in the 
theory of foams, they will work better if installed at a level at which the 
foam has had some time to age and drain. A rotating breaker works by 
deforming the foam, which causes rupture' of the lamella walls. 
Rapidly moving slingers will throw the foam against foe vessel wall 
and may cause impact on other foam outside foe envelope of foe 
slinger. In some instances, stationary bars or closely spaced plates .will, 
limit the rise of foam. The action here is primarily one of providing* 
surface for coalescence of foe foam. Wettability of foe surface, 
whether moving or stationary, is frequently important. Us.ually a sur­
face not wetted by foe liquid, is superior, just as is frequently the case 
of porous media for foam coalescence. However, iij both cases there 
are exceptions for which wettable surfaces are preferred. Shkodin 
[KoUoidn. Zh., 14, 213 (1952)] found molasses foam to be destroyed 
by contact with a wax-coated rod and unaffected by a clean glass rod.

Goldberg and Rubin [Ind. Eng. Chem. Process Des. Dev., 6 195 
(1967)] showed in tests with a disk spinning vertically to foe foam layer 
that most mechanical procedures, whether centrifugation, mixing, or 
blowing through nozzles, consist basically of foe appfication of shear 
stress. Subjecting foam to an air-jet impact can also provide a source
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of drying and evaporation from foe film, especially if the air is heated. 
Other effective means of destroying bubbles are. to lower a frame of 
metal points periodically into foe foam* or'to foower foe foam with 
falliilg solid particles. . ; . , :

’• Pressure and. Acoustic Vibrations These methods for ruptur­
ing foam are really special forms of mechanical treatment. Change in 
pressure in foe vessel containing the foam stresses foe lamelld walls by 
expanding or contracfing the gas inside foe foam bubbles. .Oscillation 
or foe vessel pres'sure subjects the foam to repeated film flexing. Par- 
low [Zucker; 3,468.(1950)] controlled foam in sugar-sirup evaporators 
with high-frequency air pulses. It is by mo mpans certain that high- 
frequency pulsing is necessary in all cases. ’Lower frequency and 
higher amplitude could be equally beneficial. Acoustic.vibration is a 
similar phenomenon causing localized pressure ’oscillation by using 
sound waves.’Impulses at 6 kHz have been found to break froth from 
coal flotation [Sun, Min.' Eng., 3, 865 (1958)]L Sonntag and Strehge 
[Coagulation and Stability of Disperse Systems, Halsfed-Wiley,' New 
York, 1972, p. 121) report foam suppression .with high-intensity'sound 
waves ('ll kHz, 150 dB) blit indicate that foe procedure is too expend 
sive for'large-scale appfication. The Sontrifuge (Teknika Ind., a sub­
sidiary of Cheihineer, Inc.), is ”a commercially available low-speed 
centrifuge employing sonic energy to break foe foam. 'Walsh [Gnem. 
Process., 29, 91 (1966)], Carlson [Pap. Trade}.; 151, 38 (1967)], and 
Thorhildsen and Rich [TAPPI, 49,' 95A (1966)] have described foe 
unit. ' . >.''•> J

. Elecirieal Methods As colloids, most foams typically have elec­
trical double.layer.s of charged ions which contribute to foam stability. 
Accordingly- foams can be broken by foe influence of an external elec­
tric field. While few commercial applications have been developed, 
Sonntag and Strenge'(op. cit., p. 114) indicate that foams can be bro­
ken by passage through devices much like .electrostatic precipitators 
for dusts.' Devices similar to'two-stage precipitators having closely 
spaced plates of opposite polarity should be especially useful. Sonntag 
and Strenge, in experiments with liquid-liquid emulsions, indicate 
that the colloid structure can be broken at a field strength of the order 
of 8 to 9 X10® V/cm. ' ' . . ‘ ■ ’ >• ’

Chemical Defoaming Techniques Sonntag and Strenge :lop. 
cit., p. Ill) indicate two chemical methods for foam breakihg. One 
method is causing foe stabilizing substances to be desorbed from foe 
interface, such as by displacemenf-wifo other more surface-active but 
nonstabilizing compounds. Heat may also cause desorption. The sec­
ond method is to carry on .chemi,cal changes in the adsorption layer, 
leading to a new structure. Some defoamers may act purely by 
mechanical means but will be discussed in this subsection since their 
action is generally considered to be chemical in nature. Often chemi­
cal defoapiers act in'to’ore than one, way. '

Chemical Defoamers The'addition of chemical foam breakers is 
foe most elegant way to break a foarri.' Effective defoamers cause very 
rapid disintegration of foe fciarn and frequently need be present only 
in parts per million. The great diversity of compounds used for 

• defoamers and foe many different systems in which they .ar© applied* 
make, a brief and orderly discussion of their selection difficult. Comi 
pounds needed to break aqueous foams may be differenf foom 'those 
needed for aqueous-free systems. 'The majority of detainers are 

'insoluble or nonmiscible in the foam continuous phase) but some 
work best because of their rea^y solubility. Lichtman [Defoamers, 3d 
ed., Wiley, New York, 1979) has presented a concise summary of the 
application and use of defoamers. Rubel [Antifoaming and Defoaming 
Agents, Noyes Data Corp*., Park Ridge, N.J., 1972) has reviewed the 
extensive patent literature on'defoamers. Defoamers are also dis­
cussed ertehsively in foe general references at foe beginning of this 
subsection.

Ond useful mefood of aquepus defoaming is to add a nQnfoaifi ^ta- 
jbilizing surfactant xyhicfi is more surface-active than foe stabilizing 
substance in foe foam. Thus, a foam stabilized -with an ionic surfactant 
can be broken by foe addition of a very surface-active but nonstabiliz­
ing silicone oil. The silicone displaces foe foam stabilizer from|foe 
interface by virtue of its insolubility. However, it does not stabilize foe 
foam because its foam films have poor elasticity and rupture easily.

A major requirement for a defoamer is cost-effectiveness. Accord­
ingly, some useful characteristics are low volatility (to prevent strip-
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Sing from the system before it is dispersed and does its work), ease of 
ispersion and strong spreading power, and. surface attraction^ 

orientation. Chemical deroamers must also be selected in regard.to 
their possible effect on product quality and their environmental and 
health suitability. For instance, silicone antifoam agents, are effective 
in textile jet dyeing but reduce the fire retardancy of the fabric. Min­
eral-oil defoamers in sugar evaporation have been replaced by specif­
ically approved materials. The tendencv is no longer to use a single 
defoamer compound but to use a formulation specially tailored for me 
application comprising carriers, secondary antifoam agents, einulsi- 
fiers, and stabilizing agents in addition to the primary defoamer. Car­
riers, usually hydrocarbon oils or water, serve as the vehicle to support 
the release and spread of the primary defoamer. Secondary defoamers 
may provide a synergistic effect for the primary defoamer or modify 
its proper^s such: as spreadability or solubility. Emulsifiers may 
enhance iW speed of dispersion, while stabilizing agents may enhance 
defoamer^^tability or shelf life.
A* Hydrophobic'Silica defoamers work-on a basis which may not be 

’chemical^at all. They are basically finely divided solid silica particles 
dispersed in a hydrocarbon or silicone oil which serves as a spreading 
vehicle. Kulkami [Ind. Eng. Chem. Fundam., 16, 472 (1977)] theo­
rizes that this mixture defoams by the penetration of the silica particle 
into the bubble and the rupture of the wall. Table 14-23 lists major 
types of defoamers and typical applications.

Other Chemical Methods These methods rely chiefly on 
destroying the foam stabilizer or neutralizing its effect through meth­
ods other than displacement and are applicable when the process will 
permit changing the chemical environment; Forms stabilized with 
alkali esters can be broken by acidification since the equivalent free 
acids do not stabilize foam. Foams containing sulfated and sulfonated 
ionic deter^ts can be broken with the -addition of fatty-acid soaps 
and dalciunr^lts. Several theories have been proposed. One suggests 
that the surfactant is tied, up in the foam as double calcium salts of 
both the sulfonate and the soap. Another suggests that calcium soaps 
oriented in the film render it inelastic.

Ionic surfactants adsorb at the foam interface and orient with the

table 14-23 Major Types and Applications of Defoamers
Classification

Silicones '*
/

Aliphatic acids or esters

Alcohols

Sulfates or sulfonates

Amines or amides

Halogenated compounds

Natural products

Fatty-acid soaps *•

Inorganic comptJunds ■■

Phosphates

Hydrophobic silica 
Sulfides of thio derivatives

charged group immersed in the lamellae and their uncharged tails 
pointed into the gas stream. As the film drains, the charged groups, 
which repel each other, tend to be moved more closely together. Tne 
repulsiVe force between like charges hinders drainage and stabilizes 
the film. Addition of a salt or an,electrolyte to the roam screens the 
repulsive effect, permits additional drainage, and can reduce foam 
stability. . ' • ;

Foam Prevention' Chemical prevention of foam differs from 
defoaming only in that compounds or mixtures are added to a stream 
prior to processing to prevent the formation of foam either during 
processing or during customer use. Such additives, sometimes distin­
guished as antifoam agents, are usually in the same chemical class of 
materials as defoam'ers. However, they are usually specifically formu­
lated for the application. Typical examples of products formulated 
with antifoam agents are laundry detergents (to control excess foam­
ing), automotive antifreeze, instant coffee, and jet-aircraft fuel. 
Foaming in some chemical processes such as distillatiofa or evapora­
tion may be due to trace impurities such as surface-active agents. An 
alternative to antifoam agents is their removal before processing such 
as by treatment with activated carbon [Pool, Chem. Process. 21(9) 
56(1958)].,

Automatic Foam Control In processing materials when foam 
can accumulate, it is often desirable to measure the height of the 
foam layer’ continuously and to dispense, defoamer automatically as 
required to control the.foam. -Other corrective -action can also be 
taken automatically. Methods of sensing the foam level have included 
electrodes in which the electrical circuit is completed when the foam 
touches the electrode [Nelson, Ind. Eng. Chem., 48,2183 (1956); and 
Browne, U.S. Patent 2,981,693,1961], floats designed to rise in a foam 
layer (Carter, U.S. Patent 3,154,577,1964), and change in power input 
required to turn a foam-brealdng impeller as the foam level rises 
(Yamashita, U.S. Patent 3,317,435,1967). Timers to control the dura­
tion of defoamer addition have also been used. Browne has suggested 
automatic addition of defoamer through a porous wick when the foam 
level reaches the level of the wick. Foam control has also been dis­
cussed by Kroll [Ind. Eng. Chem., 48,2190 (1956)].

■ Examples

Dimethyl silicone, trialkyl ‘and 'tetraalkyl silanes

Mostly high-molecular-weight compounds; diethyl 
phthalate; lauric acid

Moderate- to high-molecular-weight,monohydric and 
polyhydric alcohols; octyl alcohol; C-12 to C-20 alcohols; 
lauryl alcohol ' " ,

Alkali metal salts of sulfated alcohols, sulfonic acid salts; 
alkyl-aryl sulfonates; sodium lauryl sulfate

Alkyl amines (undecyloctyl and diamyl methyl amine); 
polyamides (acyl derivatives of piperazine)

Fluochloro ,hydrocarbons with 5 to 50 C atoms; chlorinated 
hydrocarbons , ■

Vegetable oils; waxes, mineral oils plus their sulfated 
derivatives (including those of animal oils and fats)

Alkali, alkaline earth, and other metal soaps; sodium 
stearate; aluminum stearate

Monosodium phosphate mixed with boric acid and ethyl 
carbonate, disodium phosphate; sodium aluminate, 
bentonite and other solids

Alkyl-alkalene diphosphates; tributyl phosphate in 
isopropanol

Finely divided silica in polydimethyl siloxane
Metallic derivatives of thio ethers' and disulfides, usually 
mixed with organic phosphite esters; long-chain alkyl 
thienyl ketones

___ ___________________  Applications

Lubricating oils; distillation; fermentation; jam and wine
- making; food processing
Papermaking; wood-pulp suspensions; water-based paints; 
food processing i .

Distillation; fermentation; papermaking; glues and adhesives

Nonaqueous systems; mixed aqueous and nonaqueous 
systems; oil-well drilling muds; spent H3SO4 recovery; 
deep-fat frying

Boiler foam; sewage foam; fermentation; dye baths

Lubrication-oil and grease distillation; vegetable-protein glues 

Sugar extraction; glue manufacture; cutting oils 

Gear oils; paper stock; paper sizing; glue solutions 

Distillation; instant coffee; boiler feedwater; sugar extraction

Petroleum-oil systems; foam control in soap solutions 

Aqueous foaming systems
Lubricating oils; boiler water
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