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Preface to the
Seventh Edition

Perry’s has been an important source for chemical engineering information since 1934. The signif-
icant contributions of the editors who have guided preparation of the previous editions is acknowl-
edged. These include John H. Perry (first to third editions), Robert H. Perry (fourth to sixth
editions), Cecil H. Chilton (fourth and fifth editions), and Sidney D. Kirkpatrick (fourth edition).
Ray Genereaux (DuPont) contributed to each of the first six editions, and Shelby Miller (Argonne
National Lab) worked on the second through the seventh. The current editors directed both the
sixth and seventh editions. Advances in the technology of chemical engineering have continued as
we have moved toward the twenty-first century, and this edition will carry us into that century.

The Handbook has been reorganized. The first group of sections focuses on chemical and physi-
cal property data and the fundamentals of chemical engineering. The second and largest group of
sections deals with processes, generally divided as heat transfer operations, distillation, kinetics,
liquid-liquid, liquid-solid, and so on. The last group treats auxiliary information such as materials of
construction, process machinery drives, waste management, and process safety. All sections have
been revised and updated, and several sections are entirely new or have been extensively revised.
Examples of these sections are mathematics, mass transfer, reaction kinetics, process control, trans-
port and storage of fluids, alternative separation processes, heat-transfer equipment, chemical reac-
tions, liquid-solid operations and equipment, process safety, and analysis of plant performance.
Significant new information has also been included in the physical and chemical data sections.

Several section editors and contributors worked on this seventh edition, and these persons and
their affiliations are listed as a part of the front material. Approximately one-half of the section edi-
tors are fellows of the AIChE. In addition, the following chemical engineering students at the Uni-
versity of Kansas assisted in the preparation of the index: Jason Canter, Pau Ying Chong, Mei Ling
Chuah, Li Phoon Hor, Siew Pouy Ng, Francis J. Orzulak, Scott C. Renze, Page B. Surbaugh, and
Stephen F. Weller. Shari L. Gladman and Sarah Smith provided extensive secretarial assistance.

Much of Bob Perry’s work carries over into this edition and his influence is both recognized and
remembered.

DON W. GREEN
JAMES O. MALONEY
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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 in
vapor condensation from inadvertent cooling or liquid entrainment
from a film. Regardless of the origin, it is usually desirable or neces-
sary ultimately to separate gas-liquid dispersions. While separation
will 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 liquid particles in gases are dis-
cussed. Since gas-borne particulates include both liquid and solid par-
ticles, many devices useg for dry-dust collection (discussed i

[Lunder “Gas-Solids Separation’) can be adapted to liquid-particle sep-
aration. Also, the basic subject of particle mechanics is covered in @

ﬂ Separation of liquid particulates is frequently desirable in chemical
processes such as in countercurrent-stage contacting because liquid
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 regula-
tory compliance.

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. Stern, 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 and 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-
Butterworth, 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. 525-587.

R-5.  Methods of Air Sampling and Analysis, 2d Ed., American Public Health
Assoc., Washington, 1977.

R-6. Stockham and Fochtman, Particle Size Analysis, Ann Arbor Science
Pubs., Ann Arbor, Michigan, 1977.

R-7. Ref. G-2, Ch. 31, pp. 785-832.

R-8. Ref. G-8, Ch. 2, pp. 39-79.

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

R-10. Calvert, J. Air Pollut. Control Assoc. 24, 929 (1974).

R-11. Calvert, Chem. Eng., 84(18), 54 (1977).

R-12. Calvert, Yung, and Leung, NTIS Publ. PB-248050, 1975.

R-13. Calvert and Lundgren, J. 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. Air Pollut. Control Assoc., 27, 348,
(1977).

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

R-17. York and Poppele, Chem. Eng. Prog., 59(6), 45 (1963).
R-18. York, Chem. Eng. Prog., 50, 421 (1954).

R-19. Ref. G-2, Ch. 10, pp. 215-248.

References with the notation (R- ) are cited in the text.

Definitions: Mist and Spray Little standardization has been
adopted in defining gas-borne liquid particles, and this frequently
leads to confusion in the selection, design, and operation of collection
equipment. Aerosol applies to suspended particulate, either solid or
liquid, which is slow to settle by gravity an(fj to particles from the sub-
micrometer range up to 10 to 20 pm. Mists are fine suspended liquid
dispersions usually resulting from condensation and ranging upward
in particle size from around 0.1 pm. 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 particles pro-
duced up to a particle whose terminal settling velocity is equal to the
entraining gas velocity if some settling 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 liquids, and entrain-
ment from boiling liquids. Entrainment size distribution from sieve
trays has been given by Cheng and Teller [Am. Inst. Chem. Eng. |.,
7(2), 282 (1961)] and evaporator spray by Garner et al. [Trans. Inst.
Chem. Eng., 32,222 (1954)]. In general, spray can range downward in
particle size from 5000 pm. There can be overlapping in size between
the coarsest mist particles and the finest spray particles, but some
authorities have found it convenient arbitrarily to set a boundary of 10
pm between the two. Actually, considerable overlap exists in the
region of 5 to 40 pm. lists typical ranges of particle size
created by different mechanisms. The sizes actually entrained can be
influenced by the local gas velocity. compares the
approximate size range of liquid particles with other particulate mate-
rial and the approximate applicable size range of collection devices.
gives an expanded chart by Lapple for solid particles.
Mist and fog formation has been discussed previously.

Gas Sampling The sampling of gases containing mists and sprays
may be necessary to obtain data for collection-device design, in which
case particle-size distribution, total mass loading, and gas volume,
temperature, pressure, and composition may all be needed. Other
reasons for sampling may be to determine equipment performance,
measure yield loss, or 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 one por-
tion of a duct may be severalfold greater than in another portion as
affected by flow patterns. Therefore, the stream should be sampled at
anumber of points. The U.S. Environmental Protection Agency (R-1)
has speciﬁedP 8 points for ducts between 0.3 and 0.6 m (12 and 24 in)
and 12 points for larger ducts, provided there are no flow disturbances
for eight pipe diameters upstream and two downstream from the sam-
pling point. When only particles smaller than 3 um are to be sampled,
location and number of sample points are less critical since such par-
ticles remain reasonably well dispersed by brownian motion. How-
ever, some gravity settling of such particles and even gases of high
density have been observed in long horizontal breeching. Tsokinetic
sampling (velocity at the probe inlet is equal to local duct velocity) is
required to get a representative sample of particles larger than 3 pm
(error is small for 4- to 5-pm particles). Sampling methods and proce-
dures for mass loading have been developed (R-1 through R-8).

TABLE 14-18 Particle Sizes Produced by Various Mechanisms

Mechanism or process

Particle-size range, {m

Liquid pressure spray nozzle 100-5000
Gas-atomizing spray nozzle 1-100

Gas bubbling through liquid or boiling liquid 20-1000
Condensation processes with fogging 0.1-30
Annular two-phase flow in pipe or duct 10-2000
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FIG. 14-105 Particle classification and useful collection equipment versus
particle size.

Equipment used for particle removal

Particle-Size Analysis Many particle-size-analysis methods suit-
able for dry-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
Ranz and Wong [Ind. Eng. Chem., 44,1371 (1952)] and Gillespie and
Johnstone [Chem. Eng. Prog., 51, 75F (1955)]. The Andersen, Sierra,
and University of Washington impactors may be used if the sampling
period is kept short 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. Eng. Symp. Ser.,
70(137), 333 (1974)].

Collection Mechanisms Mechanisms which may be used for
separating liquid particles from gases are (1) gravity settling, (2) iner-
tial (including centrifugal) impaction, (3) flow-line interception, (4)
diffusional (brownian) deposition, (5) electrostatic attraction, (6) ther-
mal precipitation, (7) flux forces (thermophoresis, diffusiophoresis,
Stefan flow), and (8) particle agglomeration (nucleation) techniques.
Equations and parameters for these mechanisms are given inm

Most collection devices rarely operate solely with a single mech-
anism, although one mechanism may so predominate that it may be
referred to, for instance, as an inertial-impaction device.

After collection, liquid particles coalesce and must be drained from
the unit, preferably without reentrainment. Calvert (R-12) has studied
the mechanism of reentrainment 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 with increasing gas velocity.
Unfortunately, in devices collecting primarily by centrifugal and
inertial impaction, primary collection efficiency increases with gas
velocity; thus overall]’) efficiency may go through a maximum as reen-
trainment overtakes the incremental increase in efficiency. Prediction
of collection efficiency must consider both primary collection and
reentrainment.

GAS ABSORPTION AND GAS-LIQUID SYSTEM DESIGN

Procedures for Design and Selection of Collection Devices
Calvert and coworkers (R-9 to R-12 and R-19) have suggested useful
design and selection procedures for particulate-collection devices in
which direct impingement and inertial impaction are the most signifi-
cant mechanisms. The concept is based on the premise that the mass
median aerodynamic particle diameter d, is a significant measure of
the difficulty of collection of the liquid particles and that the collection
device cut size d, (defined as the aerodynamic particle diameter col-
lected with 50 percent efficiency) is a significant measure of the capa-
bility of the collection device. The aerodynamic diameter for a particle
is the diameter of a spherical particle (with an arbitrarily assigned den-
sity of 1 g/em®) which behaves in an air stream in the same fashion as
the actual particle. For real spherical particles of diameter d,, the
equivalent aerodynamic diameter d,,, can be obtained from the equa-
tion d,,, = dp(p,C")"*, where p, is the apparent particle density (mass/
volume) and C' is the Stokes-Cunningham correction factor for the
particle size, all in consistent units. If particle diameters are expressed
in micrometers, P, can be in grams per cubic centimeter and C' can be
approximated by C' = 1+ A.(2A/D,), where A, is a constant dependent
upon gas composition, temperature, and pressure (A, = 0.88 for atmos-
pheric air at 20°C) and A is the 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, = 1.257 + 0.4 exp [-1.1 (d,/2))] and
A = 1, /0.499p, x W, (where |, is the gas viscosity, kg/m; p, is gas
density, g/cm?; and W, is the mean molecular speed, m/s. u,, = [8R,T/
TM]’, where R, is the universal gas constant, 8.315 kJ/kghholK; T is
the gas absolute temperature, K; and M is the molar mass or equiva-
lent molecular weight of the gas. (Ttis the usual geometric constant.)
For test purposes (air at 25°C and 1 atm), p, = 1.183 kg/m, 1, =0.0666
kg/m(A, A = 0.067 pm, and u,, =467 m/s. For airborne liquid particles,
the assumption of spherical shape is reasonably accurate, and p, 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 um, so that often the actual liquid particle
diameter and the equivalent aerodynamic diameter are identical.

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 the distribution can be rep-
resented or approximated by a log-normal distribution (a straight line
ona lo%l-log plot of cumulative mass percent of particles versus diam-
eter) which can be characterized by the mass median particle diame-
ter d,5 and the standard statistical deviation of particles from the
median 0,. 0, can be obtained from the log-log plot by 0, = D,,.50/D,.
at 15.87 percent = D,,, at 84.13 percent/D,,s.

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

P, = ¢l-0mb) (14-224)
where A, and B are functions of the collection device. Calvert (R-12)
has determined that for many devices in which the primary 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, the
value of B is approximately 2.0. For cyclonic collectors, the value of B
is approximately 0.67. The overall integrated penetration P, for a
device handling a distribution of particle sizes can be obtained by

W
— AW
7= (£2)p
[ L(W) ‘

where (dW/W) is the mass of particles in a given narrow size distribu-
tion and P, is the average penetration for that size range. When the
particles to be collected are log-normally distributed and the collec-
tion device efficiency can be expressed by the required
overall integrated collection efficiency P, can be related to the ratio of
the device aerodynamic cut size D, to the mass median aerodynamic
particle size D,s. This required ratio for a given distribution and

(14-225)
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collection is designated R and these relationships are illustrated
graphically in Elé 14-106] For the many devices for which B is
approximately 2.0, a simplified plot is obtained. From
these figures, by knowing the desired overall collection efficiency and
particle distribution, the value of R,;, can be read. Substituting the
mass median particle diameter gives the aerodynamic cut size
required from the 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 settling velocities (see Bec. 6] above the gas
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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.)
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FIG. 14-107 Overall integrated penetration as a function of particle-size dis-
tribution and collector cut diameter when B =2 in (Cﬂlvert, Gold-
shmid, Leith, and Mehta, NTIS Publ. PB-213016, 213017, 1972.)
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velocity will eventually settle. Increasing vessel cross section in the
settling zone is helpful. Terminal velocities for particles smaller than
50 pm 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 settle is another effective means of employing

ravity. Design equations are given in Sec. 17 unde
Settler pressure drop is very low, usually being limited to
entrance and exit losses.

Centrifugal Separation Centrifugal force can be utilized to
enhance Particle collection to several hundredfold that of gravity. The
design of cyclone separators for dust removal is treated in detail in
Bec. 17 under “Gas-Solids Separations, | and typical cyclone designs
are shown in Fig. 17-43] Dimension ratios for one family of cyclones
are given in Cyclones, if carefully designed, can be more
efficient on liquids 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 pm 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 liquid film from the
walls, and (3) vortex pickup from accumulated 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 conical skirt which pro-
vides a point from which the liquid can drip without being caught in
the outlet gas. The skirt should be slightly shorter than the gas outlet
pipe but extend below the bottom of the gas inlet. The cyclone inlet
gas should not impinge on this skirt. Often the bottom edge of the
skirt is V-notched 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
liquid Reynolds number on the wall of the cyclone, Ny, = 4Q,/hv;,
where Qy, is the volumetric liquid flow rate, cm%s; I; is the cyclone
inlet height, cm; and vy, is the kinematic liquid viscosity, cm™s. He
finds that the onset of entrainment occurs at a cyclone inlet gas veloc-
ity V., m/s, in accordance with the relationship in V,; = 6.516 - 0.2865
n Ny

Reentrainment from the bottom of the cyclone can be prevented in
several ways. If a typical long-cone dry cyclone is used and liquid is
kept continually drained, vortex entrainment is unlikely. However, a
vortex 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 walls may be

-7

—> Skirt

(b)

FIG. 14-108 (a) Liquid entrainment from the bottom of a vessel by centrifu-
gal flow. (Rietema and Verver, Cyclones in Industry, Elsevier, Amsterdam, 1961.)

(b) Gas-outlet skirt for liquid cyclones. (Stern et al., Cyclone Dust Collectors,
American Petroleum Institute, New York, 1955.)
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FIG. 14-109 Typical separators using impingement in addition to centrifugal force. (a) Hi-eF
purifier. (V. D. Anderson Co.) (b) Flick separator. (Wurster & Sanger, Inc.) (c) Type RA line sep-

arator.

(Centrifix Corp., Bull. 220.)

beneficial. Often liquid cyclones are built without cones and have
dished bottoms. The modifications described earlier are definitely
needed in such situations. Stern, Caplan, and 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
although many have been published. A part of the problem is
t dt there is no standard cyclone geometry Calvert (R-12) expenmen—
tally obtained AP = 0. 000513 PO /W)X (2.8haw,/d?), where AP is in
em of water; p, is the gas density, g/em’; Qh is the gas volumetric flow
rate, cm®/s; b, and w; are cyclone inlet height and width respectively,
cm; and d, is the gas ontlet diameter, cm. This equation is in the same
form as that proposed by Shepherd and Lapple [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
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 drop%)ets and
dust particles aids collection, and adequate irrigation can eliminate
problems of wall buildup and fouling. The most effective operation is
obtained by spraying countercurrently to the gas flow in 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 Many of these were originally
developed as steam separators to remove entrained condensate. In
some designs, impingement on swirl baffles aids separation.

Impingement Separation Impingement separation employs
direct impact and inertial forces between particles, the gas stream-
lines, and target bodies 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 provision must
be made for drainage without reentrainment. Calvert (R-12) has stud-
ied droplet collection by impingement on targets consisting of bdnks
of tubes, zigzag baffles, and packed and mesh beds.
illustrates some other types ofplmplngement 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 efficienc the gas velocity
may be increased by forming the end into a nozzle Par-
ticle collection as a function of size md be estimate y using the tar-
%et efficiency correlation in 9| Since target efficiency will be
ow for systems with separation numbers below 5 to 10 (small parti-
cles, low gas velocities), the mist will frequently be subjected to a

number of targets in series as in [Fig. 14-110c, d, 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 (%esign 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
energy 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
14-110b) made up of 90° formed arcs with an 11.1-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
s stem and collection efhc1ency for seven waves are shown in[Fig]
. Katz used the Souders-Brown expression to define a dengn
\felo(:lty for the gas between the waves:

U=KVp=p,)/p, (14-226)

Kis 0.12 to give U in ms™ (0.4 for ft/s), and p, and p, 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 hke-
The baffles may have spaces between the changes in direc-
thIl or be connected as shown. He found close to 100 per collection
for water droplets of 10 pm and larger. Some designs had high effi-
ciencies down to 5 or 8 pm. 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 water. 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:

[_ u,,nW0 }
P 57.3U,b tan 6

where 1 is the fractional primary collection efficiency; u,, is the drop
terminal centrifugal velocity in the normal direction, cm/s; U, is the
superficial gas velocity, em/s; n is the number of rows of baffles or
bends; 8 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 (Ng. p <

n=1-ex (14-227)
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FIG. 14-110 Typical impingement separators. (a) Jet impactor. (b) Wave plate. (¢) Staggered channels. (Blaw-Knox Food & Chemical Equip-
ment, Inc.) (d) Vane-type mist extractor. (Maloney-Crawford Tank and Mfg. Co.) (e) Peerless line separator. (Peerless Mfg. Co.) (f) Strong sep-
arator. (Strong Carlisle and Hammond.) (g) Karbate line separator. (Union Carbide Corporation) (h) Type E horizontal separator.
(Wright-Austin Co.) (i) PL separator. (Ingersoll Rand.) (j) Wire-mesh demister. (Otto H. York Co.)

(h

0.1) where Stokes’ law applies, Calvert obtains the value for drop ter-
minal centrifugal velocity of u,. =d} p,a/18 W,, where d, and p, are the
drop particle diameter, cm, and particle density, g/cm®, respectively;
W, is the gas viscosity, P; and a is the acceleration due to centrifugal
force. It is defined by the equation a = 2U; sin 8/W cos® 8. For situa-

tions in which Stokes’ law does not apply, Calvert recommends substi-
tution in the derivation of [Eq. (14-227) for u of drag coefficients from

drag-coefficient data of Foust et al. (Principles of Unit Operations,
Toppan Co., Tokyo, 1959).

Calvert found that reentrainment 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 Horizontal baffles gave the poorest drainage
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FIG. 14-111 Pressure drop and collection efficiency of a wave-plate separator. (@) Pressure drop. (b) Efficiency

Dy = clearance between sheets. (Katz, M.S. thesis, Pennsylvania State University, 1958.)
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and the highest reentra.mment vmth inclined baffles intermediate in
performance. )| developed by Calvert, predicts pres-
sure drop across mgzag vaffles. The indicated summation must be
made over the number of rows of baffles prcscnt

i=n

AP=3"1.02x107 f,)p
i=1 4
AP is the pressure drop, cm of water; p, is the gas den51ty g/em®; A is
the total prOJected area of an entire row of baffles in the dnectlon of
inlet gas flow, cm? and A, is the duct cross-sectional area, cm?. The

(14-228)

value f;, is a drag coefficient for gas flow past inclined flat pldtes taken
from [ig. 14-113] while U, is the actual gas velocity, cm/s, which is

related to the superficial gas velocity U, by U; = U,/cos 6. Tt must be
noted that the angle of incidence 6 for the second and successive rows
of baffles is twice the angle of incidence for the first row. Most of
Calvert’s work was with 30° baffles, but the method correlates well
with other data on 45° baffles.

The Karbate line separator is composed of several
layers of teardrop-shaped target rods of Karbate. A design flow con-
stant K in 0f 0.035 m/s (1.0 ft/s) is recommended by the
manufacturer. Pressure drop is said to be 5% velocity heads on the
basis of the superficial gas velocity. This value would Probably
increase at high liquid loads. 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
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FIG. 14-112 Safe operating region to prevent reentrainment from vertical
zigzag baffles with horizontal gas flow. (Calvert, Yung, and Leung, NTIS Publ.
PB-248050, 1975.)
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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 em water gauge. (Union Carbide Corporation Cat. Sec. S-6900, 1960.)

closely packed tubes follows equations for rectangular jet impaction
which can be obtained graphically from by using a dimen-
sional parameter 3 which is based on the tube geometry; B = 21,/b,
where b is the open distance between adjacent tubes in the row (ori-
fice width) and [; 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 K,, is
plotted to the one-half power iI and that the radius of the
droplet is used rather than the diameter. Collection efficiency overall
for a given size of particle is predicted for the entire tube bank by

n=1-01-n)" (14-229)

where 1, is the collection efficiency for a given size of particle in one
stage of a rectangular jet impactor 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 n, can be calculated
from or from the impaction data of Golovin and Putnam
[Ind. Eng. Chem. Fundam., 1,264 (1962)]. The efficiency of the over-
all tube banks for a specific particle size can then be calculated from
the equation N =1 - (1 = n,a'/A)", where @' 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.
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FIG. 14-115 Experimental collection efficiencies of rectangular impactors.
C' is the Stokes-Cunningham correction factor; p,, particle density, g/cm?; U,,
superficial gas velocity, approaching the impactor openings, cm/s; and {,, gas
viscosity, P. [Calvert, Yung, and Leung, NTIS Publ. PB-248050; based on Mercer
and Chow, J. Coll. Interface Sci., 27, 75 (1968).]
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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 =848 x 10°np,U}2 (14-230)

where AP is cm of water; n is the number of rows of tubes; p, is the gas
density, g/em®; and Uy is the actual gas velocity between tubes in a row,
cm/s. Calvert did find an increase in pressure drop of about 80 to 85
percent above that predicted by 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 tu%e banks can be pre-
dicted from Reentrainment occurred at much lower
velocities in vertical upflow than in horizontal gas flow through verti-
cal tube banks. While the top of the cross-hatched line of
Fredicts reentrainment above gas velocities of 3 m/s (9.8 ft/s) at high
iquid 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 remove
entrained liquids through impaction and filtration. Separators using
natural materials are not available as standard commercial 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 have now 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 fuel-oil-mist particles in beds of Y-in
glass spheres, Raschig rings, and Berl and Intalox saddles. The mist
had a mass median particle diameter of 6 pim and a standard deviation
of 2.0. The collection efficiency as a function of particle size and gas
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velocity in a 355-mm- (14-in-) diameter by 152-mm- (6-in-) thick bed
of Intalox saddles is given in This and additional work
have been generalized by Calvert (R-12) to predict collection efficien-
cies of liquid particles in any packed bed. Assumptions in the theoret-
ical development are that the drag force on the drop is given by
Stokes” law and that the number of semicircular bends to which the
gas is subjected, Ny, is related to the length of the bed, Z (cm), in the
direction of gas flow, the packing diameter, d, (cm), and the gas-flow
channel width, b (cm), such that n, = Z/(d, + b). The gas velocity
through the channels, Uy, (cm/s), is inversely proportional to the bed
free volume for gas flow such that U, = U, [1/(¢ —Ez,)], where U, is the
%as superficial velocity, cm/s, approaching the bed, € is the bed void
raction, and /, is the fraction o? 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
fraction j of the diameter of the packing elements, such that b = jd,.
These assumptions (as modified by G. E. Goltz, personal communica-
tion) lead to an equation for predicting the penetration of a given size
of liquid particle through a packed bed:

-Tt 7
P=exp|— 0 [£) K, 14-231
or [2<j+f><s—hb><d‘,> ] 14230
2
where K, = pé’d”;]g (14-232)
Hd.

Values of p, and d, are droplet density, g/cm?, and droplet diameter,
cmy; W, is the gas viscosity, P. All other terms were defined previously.
gives values of j calculated from experimental data of
Jackson and Calvert. 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 for
coke may be due to the porosity of the coke itself.

Calvert (R-12) has tested the correlation in cross-flow packed beds,
which tend to give better drainage than countercurrent beds, and has
found the effect of gas-flow orientation insignificant. However, the
onset of reentrainment was somewhat lower in a bed of 2.5-cm
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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 Publ. PB-248050.)
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FIG. 14-117 Experimental collection efficiency. Y4-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 cubic foot, multiply by 62.43. [Jackson and Calvert, Am. Inst.
Chem. Eng. |., 12, 1975 (1968).]

(1.0-in) pall rings with gas upflow [6 m/s (20 {t/s)] than with horizontal
cross-flow of gas. The onset of reentrainment was independent of lig-
uid loading (all beds were nonirrigated), and entrainment occurred at
values somewhat above the flood point for packed beds as predlcted
by conventional correlations. In beds with more than 3 cm (1.2 in) of
water pressure drop, the experimental drop with both vertical and
horizontal gas flow was somewhat less than predicted by generalized
packed-bed pressure-drop correlations. However, Calvert recom-
mends these correlations for design as conservative.

Calvert’s 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 pm but have low efficiency on finer mist par-
ticles. Frequently, irrigated packed towers and 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-pm 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.
Eng. J., 37,79 (1941); and p. 18-87, 5th ed. of the H(mdboak] Hes-
keth (. Air Pollut. Control Assoc., 24, 942 (1974)] has reported up to
50 percent improvement in collectlon efficiency in venturi scrubbers
on fine pdrtidcs with the addition of only 0.10 percent of a low-
foaming nonionic surfactant to the scrubbing liquid, and others have
experienced similar results in other gas-liquid-contacting devices.
Calvert (R-9 and R-10) has reported on the efficiency of various gas-
liquid-contacting devices for fine partldes gives the
particle aerodynamic cut size for a single-sieve- plate gas scrubber asa
function of sieve hole size d;, cm; hole gas velouty uy, m/s; and froth
or foam density on the plate F, g/cm This curve is based on standard
air and water propertles and wettable (hydrophilic) particles. The cut
diameter decreases with an increase in froth density, which must be
redicted from corlelations for sieve-plate behavior (see
) can be used to calculate generalized dengn curves
for collcctlon in packcd columns in the same fashion by finding para-
meters of packing size, bed length, and gas velocity which give collec-
tion_efficiencies of 50 percent for various size particles. [Figure
9) illustrates such a plot for three gas velocities and two sizes o

pac ing.

TABLE 14-19 Experimental Values for j, Channel Width
in Packing as a Fraction of Packing Diameter

Packing size

cm in Type of packing j
1.27 0.5 Berl and Intalox saddles, marbles, Raschig rings 0.192
2.54 1.0 Berl and Intalox saddles, pall rings 0.190
3.8 1.5 Berl and Intalox saddles, pall rings 0.165
7.6-12.7 3-5 Coke 0.03

Aerodynamic cut diameter, dgc, pLm

05

Uy, hole velocity, m/s

FIG. 14-118 Aerodynumic cut diameter for a single-sieve-plate scrubber as a
function of 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, multlply by 62 43. [Calvert, ]. Air
Pollut. Control Assoc., 24, 929 (1974).]

Wire-Mesh Mist Collectors Knitted mesh of varying density and
voidage is widely used for entrainment separators. Its advantage is
close to 100 percent removal of drops larger than 5 pm at superficial
gas velocities from about 0.2 ms/s (0.6 ft/s) to 5 m/s (16.4 ft/s), depend-
ing somewhat on the design of the mesh. Pressure drop is usually no
more than 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. Stainless-steel and plastic fibers are most
common, but other metals 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
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—==~D,=50¢cm
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Aerodynamic cut diometer, dgc, fLm
o
!

Gas-flow pocking 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. Air Pollut. Control Assoc., 24, 929 (1974).]
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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
occasionally 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/em® (9.4 1b/ft). A lower mesh density
may be produced with standard wire to give 10 to 20 percent higher
flow rates.

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. Mech. Eng./Yorkshire Br. Inst. Chem. Eng.,
1969, pp. 24-25) for primary efficiency in mesh separators:

n=1-exp(-2/3)muin;) (14-232)

where 1 is the overall collection efficiency for a given-size particle; [ 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, cm*cm?; and n;,
the target collection efficiency for cylindrical wire, can be calculated
from Eg 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. ]., 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 areaa is
not available, it can be calculated from the mesh void area € and the
mesh wire diameter d,, in cm, a =4(1 — €)/d,,..

York and Poppele (R-17) have stated that factors governing maxi-
mum allowable gas velocity through the mesh are (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 application of the Souders-Brown
equation for correlation of maximum allowable gas
velocity with values of K for most cases of 0.1067 m/s to give U in m/s
(0.35 for ft/s). When liquid viscosity or inlet loading is high or the lig-
uid is dirty, the value of K must be reduced. Schroeder (M.S. thesis,
Newark College of EnF'neering, 1962) found lower values for K nec-
essary when liquid surface tension is reduced such as by the presence
of surfactants in water. Ludwig (Applied Process Design for Chemical
and Petrochemical Plants, 2d ed., vol. T, 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
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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.
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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
friction factor (see [Fig. 14-121] for [Eq. (14-233] giving dry pressure
drop.

APy, = flap,U2/981 € (14-233)
where AP is in cm of water; fis from Fig. (14-121)] p, is the gas den-

sity, g/em®; U, is the superficial gas velocity, cm/s; and € is the mesh

orosity or void fraction; [ and @ are as defined in
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 incremental pressure drop, AP; in cm of
water, are shown in or parameters of liquid velocity L/A,
defined as liquid volumetric flow rate, cm*min per unit of mesh cross-
sectional area in cm?; liquid density py, is in g/em®.

York generally recommends_the installation of the mesh horizon-
tally with upflow of gas as in 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 efficiency to follow the predictions of up
to 4 m/s (13 ft/s) with air and water. Some reentrainment was encoun-
tered at higher velocities, but it did not appear 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 and the safe operating area recommended by
Calvert. Measurements of dry pressure drop by Calvert gave values
only about one-third of those predicted from He found
the pressure drop to be highly affected by liquid load. The pressure
drop of wet meslll?could be correlated as a function of U, and para-
meters of liquid loading L/A, as shown in

As indicated previously, mesh efficiency drops rapidly as particles
decrease in size below 5 pm. An alternative is to use two mesh pads in
series. The first mesh is made of fine wires and is operated beyond the
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FIG. 14-121 Value of friction factor f 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
crimped in the same direction. Data of Bradie and Dickson ( Joint Symp. Proc.
Inst. Mech. Eng./Yorkshire Br: Inst. Chem. Eng., 1969, pp. 24-25) are given in
curve 3 for layered mesh and curve 4 for spiral-wound 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.)
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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 (b) 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, Yung, and Leung, NTIS

Publ. PB-248050, 1975.)

flood point. 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 c¢m (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,
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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. To 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, Yung, and Leung, NTIS Publ.
PB-248050, 1975.)

scrubbers of the types discussed in and illustrated in
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.
able 20-4]| [Chemical Engineers” Handbook, 5th ed.)], showing
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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. (Calvert, Yung, and Leung, NTIS Publ. PB-248050, 1975.)
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17-28 GAS-SOLID OPERATIONS AND EQUIPMENT
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FIG. 17-37 Variation of tangential velocity and radial velocity at different
points in a cyclone. [Ter Linden, Inst. Mech. Eng. ]., 160, 235 (1949).]

equated with the number of spirals the solids make in the cyclone bar-
rel. gives the number of spirals N, as a function of the
maximum velocity in the cyclone. The maximum velocity may be seen
either at the inlet or outlet depending on design.

The equation for Dy, the theoretical size particle removed by the

cyclone, is
/ 9, B,
Dpﬂv = D
T[N\.Dm(Pp -py)

When consistent units are used, the particle size will either be in
meters or feet. The equation contains effects of cyclone size, velocity,
viscosity, and density of solids. In practice, a design curve as given in
uses Dy, as the size at which 50 percent of solids of a given
size are collected Li)y the cyclone. The material entering the cyclone is
divided into fractional sizes, and the collection efficiency for each size
is determined. The total efficiency of collection is the sum of the col-
lection efficiencies of the cuts.

The above applies for very dilute systems, usually on the order of
1 grain/ft’, or 2.3 g/m® where a grain equals 1/7000 of a pound. When
an appreciable amount of solids are present, the efficiency increases
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By the Gas Within the Body of a Cycione
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FIG. 17-38 N, versus velocity—where the larger of either the inlet or outlet
velocity is used.
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FIG. 17-39 Single particle collection efficiency curve. (Courtesy of PSRI,
Chicago.)

dramatically. This may be due to the coarse particles colliding with
fines as they settle, which takes the fines to the wall more quickly.
Other explanations are that the solids have a lower drag coefficient or
tend to flocculate in multiparticle environments. At very high load-
ings, it is believed the gas simply cannot hold that much solid material
in suspension at high gravities, and the bulk of the solids simply “con-
denses” out of the gas stream.

The phenomenon is represented by [Figs. 17-40 and [[7-4]] for
Geldart-type A and B solids, respectively (see beginning of Sec. 17).
The initial efficiency of a particle size cut is found on the chart, and the
parametric line is followed to the proper overall solids loading. The
efficiency for that cut size is then read from the graph.

Pressure Drop Pressure drop is first determined by summing
five flow losses associated with the cyclone.

1. Inlet contraction,

AP = 0.5p,(03 = 0% + Kvil)
where K is taken from [[able 17-3| Using ST units gives the pressure
drop in Pa. In English units, the factor of 32.2 for g must be included.
This loss is primarily associated with cyclones inside a vessel. If the

cyclone is connected outside a vessel, the dp tap may measure accel-
eration, and this term should not be used for total dp.

TABLE 17-3 K versus Area Ratio

Area ratio K
0 .50
0.1 AT
0.2 43
0.3 395
0.4 .35

2. Particle acceleration,
AP = Loy, (0pin = Opessel)

For small particles, the velocity is taken as equal to the gas velocity
and L is the loading, kg/m®.
3. Barrel friction. The inlet diameter d,, is taken as 4 x (inlet area)/
inlet perimeter. Then,
2fp T, N,
AP = [P 0RTD, N

in
where the Reynolds number for determining the friction factor f is
based on the inlet area.
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