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Preface

The increasing challenges of climate change and a pandemic have brought a sense of urgency to find-
ing solutions, many of which have a separations component. The continued development of industries
such as biotechnology, nanotechnology, solar and wind power; the recognition that plastics need to be
controlled; the increased importance of removing traces of compounds; the impressively rapid devel-
opment of vaccines; and the need to reduce carbon dioxide emissions have brought new separations
to the fore. Chemical engineers must understand and design new separation processes such as mem-
brane separations, adsorption, and chromatography in addition to designing distillation, absorption,
and extraction with more attention to reducing energy use.

The title of this book has evolved through its five editions. It began as Equilibrium-Staged
Separations, but because membrane separations, adsorption, chromatography, and ion exchange
were added, I changed the title of the second edition to Separation Process Engineering to reflect this
broader coverage. The new title has been retained for the third, fourth, and fifth editions that featured
a subtitle, Includes Mass Transfer Analysis, to reflect the new content in Chapter 15. The second edition
was unavoidably longer than the first, the third edition was longer than the second, the fourth longer
than the third, and, of course, the fifth edition is still longer. The most significant addition to the fifth
edition is Chapter 18,“Melt Crystallization,” an important topic that has been essentially ignored in the
United States. In addition to solid-liquid phase equilibrium, this chapter covers suspension, static layer,
and falling-film layer melt crystallization and includes 33 questions and problems—27 of them new.

Additional extensive changes include the following:

e Chapter 2: New binary VLE equations and revision of material on simultaneous solutions

e Chapters 3 and 10: New sections on safety and fire hazards plus comments on dangerous chemi-
cals throughout the problem sections

e Chapter 7: A new, more accurate correlation for the Gilliland correlation

e Chapter 8: New material on steam distillation

e Chapter 9: Three new examples, including new material on simple multicomponent batch distil-
lation and residue curve analysis

e Chapter 10: Significant increase in coverage of tray efficiencies and packed column design

e Chapter 11: New equipment costs and increased discussion of energy reduction methods for
distillation

e Chapter 13: Discussion of two additional hybrid processes with distillation plus application of
the Kremser equation to fractional extraction with an example

e Chapter 14: A revised example of continuous washing, a new batch washing section, and cover-
age of the Shanks system for percolation leaching

e Chapter 15: An example of sublimination

e Chapter 17: New sections on deicing with eutectic systems, eutectic freeze concentration, and
scaleup

e Chapter 19: New sections on forward osmosis and microfiltration

Xxiii
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In addition, the previous single chapter on adsorption and ion exchange now comprises two
chapters—20 and 21 —with most of the new material in Chapter 21. Hybrid separations are extensively
covered in Chapters 8,12, 13,17 18, 19, and 20.

The more than 300 new questions and problems help students develop their problem-solving skills
and discover new applications of theories and separation methods. Many of the problems were created
and solved as I continued to teach this material, so a Solutions Manual is available to professors who
adopt this textbook for their courses. A number of spreadsheet problems have been added, and the
answers are provided in the Solutions Manual.

Because process simulators are used extensively in commercial practice, I have continued to
include process simulation labs and homework problems in the chapter appendices. I taught the
required three-credit, junior-level separations course at Purdue University as two lectures and a 2-hour
computer lab every week. The computer lab included a lab test to assess the ability of the students to
use the simulator. Although I use Aspen Plus as the simulator, any process simulator can be used. All
the Aspen Plus labs have been updated to Version 12.1. The appendices to Chapters 2,4, 5, 8,9, 15, 17,
and 19 have Excel spreadsheets, some of which use Visual Basic programs. I chose to use spreadsheets
instead of a higher-level mathematical program because spreadsheets are universally available. The
appendix to Chapter 21 includes tested instructions for eight labs delineating the operation of the
commercial Aspen Chromatography simulator and all updated to Version 12.1. This new version is
significantly more stable than version 8.8 used in the fourth edition.

The material in the fifth edition has been extensively tested in the required junior-level courses on
separations and in a graduate-level elective at Purdue. Chapters 1 to 14 can be taught to sophomores,
and all the material is suitable for seniors. The book is too long to cover in one semester, but more
complete coverage is feasible in two quarters. If mass transfer is included, this text could easily be used
for a two-semester sequence. If a single, three-credit semester course is available for separations, top-
ics must be selected. One option is to use most of Chapters 1 to 14 and selected parts of Chapters 17,
19, or 20 for the required course and Chapters 15 to 21, including the Aspen Chromatography labs, for
a senior-graduate-level elective course. Several course outlines are included in the Solutions Manual.
Instructors may register at www.pearsonhighered.com for access to this book’s Solutions Manual.

Register your copy of Separation Process Engineering, Fifth Edition, on the InformIT site for
convenient access to updates and/or corrections as they become available. To start the registra-
tion process, go to informit.com/register and log in or create an account. Enter the product ISBN
(9780137468041) and click Submit. Look on the Registered Products tab for an Access Bonus
Content link next to this product, and follow that link to access any available bonus materials. If
you would like to be notified of exclusive offers on new editions and updates, please check the
box to receive email from us.

Preface
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Nomenclature

Chapters 1 through 16

Note: Chapter 13 also has specialized nomenclature, see Table 13-1

interfacial area per volume, ft%/ft3 or m*/m3
constant in Eq. (2-11) and Table 2-4
interfacial area for heat transfer on stage j, m?

a eddy diffusion parameters, Egs. (15-61)

surface area/volume, m*m?>
ag, constants in Eq. (2-28) and Table 2-5

LLE, solute, material being extracted

area, m?
A,B constants in Eq. (10-8b) to calculate pure component viscosities
A,B,C constants in Antoine Eq. (2-9)
A,B,C,D constants in matrix form of mass balances, Egs. (6-6), (6-9), (6-12),

(6-13), (12-46), and (12-48)
A,B,C,D,E constants in Eq. (2-59a)
Ap, B, C, Dy constants in matrix form of energy balances, Egs. (6-28), (6-29a,
b, ¢), (12-55a, b, ¢), (12-57), and (12-58)
active area of tray, ft> or m?
cross-sectional area of column, ft?> or m?
downcomer area, ft?> or m?
flow area under downcomer apron, Eq. (10-28), ft?
area for flow, m?
area of holes in sieve plate, ft?
interfacial area between two phases, ft? or m?
cross-sectional area of mixer, m?
area for mass transfer, m?
net area available for vapor flow, Eq. (10-13), ft> or m?
total area in horizontal drum, ft> or m?
area of valve in valve trays, ft*, Eq. (10-35)
area for vapor flow in horizontal drum, ft> or m?
£ dx
Area = J'
Xfin y=x

b constant in Eq. (2-11) and Table 2-4
b equilibrium constant for linear equilibrium, y = mx + b, Eq. (12-9)
b eddy diffusion parameters, Egs. (15-61) and (15-62)
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bottoms flow rate, kmol/h or Ibmol/h

solute

number of components

flow rate of direct cooling, kmol/h, Ibmol/s, etc. Figure in

Problem 3.D3

condensed material flow rate caused by subcooled inlet to column,
kmol/h, Ibmol/s, etc. Figure in Example 4-5

valve coefficient in valve trays

bare module cost, Egs. (11-8) to (11-10)

concentration of solute in continuous phase, kmol/m? continuous
phase

concentration of solute in continuous phase in equilibrium with Cp,
kmol/m?

concentration of solute in dispersed phase, kmol/m? dispersed
phase

vapor load coefficient, Eq. (16-38) and Figure 16-7

molar concentrations, of A, B, and C = total concentration of
mixture, kmol/m?

orifice coefficient, Egs. (10-24) and (10-25)

heat capacity, Btu/(Ib-°F), Btu/(Ibmol-°F), J/(g-°C), J/(mol-°C), etc.

base purchase cost as variable in Eq. (11-4) using values in

Table 11-2

water heat capacity

packing size factor, Table 10-5

capacity factor at flood, Eq. (10-48)

capacity factor at flood, Egs. (10-9a) and (10-10) and Figure 10-15
hydraulic diameter for continuous phase flow, Eq. (13-58), m
impeller diameter, m

diameter sieve tray holes, in.

drop diameter, m

characteristic drop diameter, Eq. (16-97b), m

packing diameter, m or ft

diameter of horizontal settler, m

tube diameter, m

damping factor,df < 1

diffusivity, Fickian, m%/s or ft*¥h

infinite dilution Fickian diffusivity, m?/s

diffusivity, Maxwell-Stefan, m?/s or ft*h

infinite dilution Maxwell-Stefan diffusivity, m?/s or ft?h
distillate flow rate, kmol/h or kg/h

diluent, chemical solute is dissolved in the feed
amount of distillate, kmol (Chapter 9)

diameter of sphere, m (Chapter 15)

diameter of column, ft or m

column diameter, see Table 16-2, ft

distillate flow rate in batch distillation, kmol/h, Eq. (9-30a)
eddy diffusivity, Egs. (16-111a) and (16-111b), m/s
minimum diameter horizontal flash drum, Eq. (2-64b)
distillate flow rate, kmol/h (Chapter 9)

total amount of distillate (Chapter 9), kg, 1b, kmol, Ibmol, etc.
vapor diffusivity, Section 16.8, cm?/s, m?/s

absolute entrainment, mol/h

Nomenclature
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Fp, pressure vessels
F o reboilers and condensers

[Fold]
F

q
F.F
F

solv
solid

weir

Nomenclature

vaporization efficiency for batch steam distillation, Eq. (9-19),
dimensionless
extract flow rate (Chapters 13 and 14), kg/h

extract flow rate in bottom half of extractor with center feed, kg/h

mass extract in batch extraction, kg

energy transfer rate on stage j from bulk liquid to bulk vapor, J/s,

Eq. (16-106b)
value of energy function for trial k, Eq. (2-48)

Murphree dispersed phase efficiency in extraction, Egs. (13-51) and

(16-84)

Murphree liquid and vapor efficiencies, Egs. (4-58) and (4-59)
activation energy, Kcal/mol

overall efficiency, Egs. (4-57) and (10-1)

point efficiency, Eq. (10-4¢) or Egs. (16-76a)

holdup extract phase in tank plus settler, kg

energy balance function, essentially Eq. (6-28)

friction factor

friction coefficient between molecules A and B

fraction condensed per mol subcooled reflux, Eq. (4-62)
fraction vaporized or fraction of feed that is vapor
fractional approach to flooding

equilibrium function for y (Chapter 9)

Rachford-Rice function for trial K, Egs. (2-41) to (2-43)
packing factor, Tables 10-3 and 10-4, Eq. (10-39)
degrees of freedom, Eq. (2-4)

charge to still pot (Chapter 9), kg, b, kmol, Ibmol, etc.
mass of feed in batch extraction, kg

feed flow rate, kmol/h, Ibmol/h, kg/h, etc.

diluent flow rate (Chapter 13), kg/h

& PL _ E PL flow parameter
Wy \py  G'\pv

material factor for cost, Table 11-5

pressure factor for cost, Eq. (11-7) and Table 11-4
pressure factor, Eq. (11-4) and Table 11-2

combined matrix of all functions, Eq. (6-40)

quantity factor for cost, Eq. (11-4) and Table 11-2

flow rate solvent (Chapters 13 and 14), kg solvent/h
solids flow rate in leaching (Chapter 14), kg insoluble solid/h
weir modification factor, Eq. (10-26) and Figure 10-21
fractional recovery of A in distillate, Egs. (3-5)
fractional recovery of B in bottoms, Egs. (3-5)

gap from downcomer apron to tray, Eq. (10-28), ft
acceleration due to gravity, 32.2 ft/s?, 9.81 m/s?
conversion factor in English units, 32.2 ft - Ibm/(Ibf - s?)
flow rate insoluble carrier gas, kmol/h or kg/h, Eq. (12-41a)
gas flux, Ib/(s ft?) for Eq. (10-40b)

pressure drop in head of clear liquid, in. liquid

height of liquid on stage (Chapter 16), ft

total height of packing in a section, m or ft, Eq. (16-4)
height of liquid in mixer, m

length of horizontal flash drum, m or ft, Eq. (2-65)
liquid enthalpy, kcal/kg, kJ/kmol, Btu/lbmol, etc.
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increment size in Euler’s method = At, Egs. (9-A2) and (9-A3)
interval in Gaussian quadrature formula, Eq. (9-12b)

pure component enthalpy, kcal/kg, kJ/kmol, Btu/lbmol, etc.

reflux enthalpy, kcal/kg, kJ/kmol, Btu/Ilbmol, etc.

enthalpy of bottoms product, kcal/kg, kJ/kmol, Btu/lbmol, etc.
calculated height of clear liquid on tray, Eq. (16-107c)

height of liquid crest over weir, in., Eq. (10-26)

enthalpy of distillate product, kcal/kg, kJ/kmol, Btu/lbmol, etc.
head of clear liquid in downcomer, Eq. (10-23), in.

frictional loss for flow liquid under downcomer, in. clear liquid,
Eq. (10-27)

enthalpy of liquid leaving feed stage, kcal/kg, kJ/kmol, Btu/Ibmol,
etc.

feed enthalpy (liquid, vapor, or two phase), kcal/kg, kJ/kmol, Btu/
Ibmol, etc.

heat transfer coefficient, kW/(K-m?), BTU/(h-ft>-°F)

clear liquid height on stage, m or cm

molar holdup of liquid on tray

hole diameter for sieve plates, in.

packing height, ft or m

height of flash drum, ft or m

height of weir, in.

head loss in inches clear liquid for valve trays, Eq. (10-34a)
volatility form of Henry’s law constant, Egs. (8-5), (8-6), (12-1),
(12-3), (12-4) and (12-37)

height of staged column, ft, m, Eq. (11-17a)

Henry’s law constant for organic in water phase

Henry’s law constant for water in organic phase

solubility form of Henry’s law constant, Egs. (12-5) and (12-37)
vapor enthalpy, kcal/kg, kJ/kmol, Btu/Ilbmol, etc.

partial molar enthalpy of component i in vapor on stage j, kJ/kmol,
BTU/Ibmol, etc.

height of tank, m, ft

height of vapor space above liquid in tank, m, ft

height equivalent to a theoretical plate, ft or m, Eq. (10-36)
HETP value including height taken by distribution equipment,
Eq. (10-47a)

equivalent HETP for trays, Eq. (10-47b)

overall height of transfer unit, driving force in concentration units,
Eq. (16-83a analog), ft or m

= height of gas-phase transfer unit, ft or m, Eq. (16-6a, b)
kyaA,

Hg Oi H; in the enriching section
- kyaA,
= (Qp/A ke (P/MWL)/(K pa), LLE, height overall dispersed
phase transfer unit, m, Eq. (16-83a)

height of liquid-phase transfer unit, ft or m, Eq. (16-11a)

height of overall gas-phase transfer unit, ft or m,

T K,aA,
Eq. (1622a)
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= height of overall liquid-phase transfer unit, ft or m,

K aA,
Eq. (16-25a)
=(Q,/A)(p, /MW /(K. _.a), height overall raffinate transfer
unit, m, Eq. (16-82b)
height of a transfer unit, ft or m
Chilton-Colburn analogy j-functions, Egs. (15-63b)
molar flux in direction with respect to molar average velocity of
fluid, mole A/(s'm?)
Botzmann’s constant, J/k (see Appendix C)
mass transfer coefficient with concentration driving force, m/s,
Eq. (15-24b), Table 16-1
thermal conductivity, J/(m-s-K)
individual mass transfer coefficients in liquid and vapor phases, see
Table 16-1
mass transfer coefficient in concentrated solutions, Eq. (15-32f)
individual mass transfer coefficient in molar units
individual mass transfer coefficients in continuous and dispersed
phases, kg/(s - m3), Ibm/(s-ft*), kmol/(s - m?), or Ibmol/(s-ft?)
individual mass transfer coefficients in continuous and dispersed
phases with driving force in concentration units, m/s
individual liquid and vapor mass transfer coefficients, distillation,
Egs. (16-108) to (16-110), m/s
mass transfer coefficient in Maxwell-Stefan analysis, B/Az, m/s
K =Cyy; (2"_0)0-2 Eq. (10-9a)
y/x, distribution coefficient for dilute extraction, Eq. (13-1a) and
Table 13-3
y/X,, equilibrium vapor-liquid ratio
vapor K values for three-phase system, Egs. (2-54a) and (2-54b)
liquid-liquid distribution coefficient for three-phase system,
Eq. (2-54¢)
parameter to calculate u  for flash drums, E (2-61)
K, for a horizontal drum, Eq. (2-64d)
K, for a vertical drum, Eq. (2-62a)
parameters for head loss in valve trays, Egs. (10-34a) and (10-34b)
overall mass transfer coefficient, liquid and vapor, Egs. (1-5),
(15-29), and (15-31), Ibmol/(ft>-h), or kmol/(h-m?)
overall mass transfer coefficient dispersed phase in concentration
units, Eq. (16-80b analog), m/s
overall dispersed phase LLE mass transfer coefficient, Eq. (16-80a),
kg/(s m?), kmol/(s m?)
overall raffinate LLE mass transfer coefficient, Eq. (16-82b), kmol/
(s m?)
Factors from Table 11-2 for Eq. (11-4)
¢,; =x;; L, liquid component flow rate component i, stage j, kmol/h,

drum

ll;mol/h, etc., Eq. (6-3)

weir length, ft, m

lateral coordinate across tray, Figure 16-10, ft or m
length, ft or m

liquid flow rate, kmol/h or Ibmol/h

liquid flux, 1b/(s ft?) for Eq. (10-40b)
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liquid flow rate in gal/min (Chapter 10)

liquid flow rate of feed, kmol/h, Ibmol/h, etc.

minimum liquid flow rate in enriching section, kmol/h, Ibmol/h, etc.
external reflux ratio, dimensionless

linear equilibrium constant,y = mx + b

local slope of equilibrium curve, Egs. (10-4b) and (15-30b)

LLE: slope of equilibrium curve in mass or mole fractions,

Eq. (16-80c)

LLE:slope of equilibrium curve in concentration units, Eq. (16-80c
analog)

flow rate of mixed stream (Chapters 8 and 13), kg/h

multiplier times (L/D)_. (Chapter 7)

ratio HETP  .../HETP Eq. (10-47a); random: M = 1.1;
structured: M = 1.2

molecular weight

average molecular weight

exponent in Eq. (11-5) relating equipment cost to size.

moles

number of drops

packing®

YAout
; d
= J —A number gas-phase transfer units, distillation and
vi, YAITYA

dilute absorption, Eq. (16-7)

number gas-phase transfer units for concentrated absorbers,
Eq. (16-52)

X poIn

=]

XA,oul

dx Lo e
A number liquid-phase transfer units, distillation and

XA ~XAlL

dilute absorption, Eq. (16-11a)

number overall extraction transfer units in dispersed and
continuous phases, Eq. (16-81a); (see also Eq. (16-83b)

Yaout
J *A number overall gas-phase transfer units, distillation
Yam JA YA
and dilute absorption, Eq. (16-23)

X Aout
; dx . .
= —A _ number overall liquid-phase transfer units,

X Ain XA —XA
distillation and dilute absorption, Eq. (16-26)
moles organic in vapor in steam distillation
moles water in vapor in steam distillation
impeller revolutions per second
number of stages
molar flux of A, Ibmol/(h-ft?) or kmol/(h-m?)
feed stage
transfer to liquid from vapor on stage j, mol component i/s
transfer to vapor from liquid on stage j, mol component i/s
number of stages at total reflux
estimated feed stage location at total reflux
power number, Eq. (13-46)
LLE, number of overall transfer units, driving force in
concentration units, Eq. (16-81a analog)
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Nomenclature

Nusselt number, Eq. (15-46g)

number of transfer units

total overflow rate in washing, kg/h

amount of overflow liquid in batch washing, kg

pitch of sieve plate holes, m

pressure, atm, kPa, psi, bar, etc.

critical pressure, atm, kPa, psi, bar, etc.

drum pressure, atm, kPa, psi, bar, etc.

partial pressure, atm, kPa, psi, bar, etc.

number of phases, Eq. (2-4)

power, W, kW

dimensionless Peclet number in terms of molecular diffusivity,
Eq. (15-46¢)

dimensionless Peclet number in terms of eddy diffusivity,

Eq. (16-111a)

flow perimeter, Figure 13-33B, m

= NC /K o dueriviry: dimensionless Prandt number, Eq. (15-46f)

L. /F =(L — L)/F, feed quality

volumetric flow rate/plate width, m?/s

amount of energy transferred, Btu/h, kcal/h, J/s, W, etc.
condenser heat load, Btu/h, kcal/h, J/s, etc.

volumetric flow rate continuous phase, m3/s

heat loss from distillation column, Btu/h, kcal/h, J/s, etc. Adiabatic
has Q_ = 0.

volumetric flow rate dispersed phase, m3/s

heat loss from flash drum, Btu/h, kcal/h, J/s, etc. Adiabatic has
Qﬂash = O

intermediate reboiler heat load, Btu/h, kcal/h, J/s, etc.
volumetric flow rate of liquid, m%/s

reboiler heat load, Btu/h, kcal/h, J/s, W, etc.

LLE = superficial velocity of raffinate in the column, m/s, ft/h, etc.,
Eq. (16-82b)

heat flux in z direction, J/(m?s)

radius of column, ft or m

reaction component i on stage j, Eq. (8-32)

gas constant, 1.9859 cal/(mol - K) or 8.314 m*Pa/(mol - K), Appendix C
raffinate flow rate (Chapters 13 and 14), kg/h

raffinate flow rate in bottom section of extractor with center feed,
kg/h

reagent in reactive absorption, Egs (12-60a, b) and Figures 12-15
and 12-16B

solute radius, m

mass raffinate in batch extraction, kg

holdup raffinate phase in tank plus settler, kg

dimensionless Reynolds number, Eq. (15-46b)

= (pdu/p,) where u, is the terminal velocity, Eq. (16-98c)
Reynolds number for settler, Eq. (13-56a)

solvent, in Chapters 12, 13, and 14 separating agent added for
separation

steam flow rate into distillation column, kmol/s, kmol/h, Ibmol/s, etc.
Figure in Problem 3.D2.

flow rate nonvolatile solvent, kmol/h or Ibmol/h
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(kmol/h nonvolatile solvent)/(kmol/h insoluble carrier gas)
solvent flow rate, kg/h

kg dry solids/h, Eq. (14-5)

tray spacing, in., Eq. (10-47b)

moles second solvent in constant-level batch distillation

size factor from Table 11-2 for Eq. (11-4) or size factor from Table
11-3 for Eq. (11-5)

mass of solvent in batch extraction, kg

separating power of cascade, Eq. (13-18c)

flow rates of liquid and vapor sidestreams, kmol/h

Schmidt number for liquid or vapor = p/(pD)

dimensionless Sherwood numbers, Egs. (15-46a) and (16-98)
dimensionless Stanton numbers, Eq. (15-46d)

time, s, min, or h

period for batch distillation, Eq. (9-30a)

down time in batch distillation

residence time in extractor for 95.0% extraction, Eq. (16-104), s
average residence time per pass for liquid and vapor, s

liquid residence time, Eq. (16-111c), s

residence time of dispersed phase in settler, s

operating time in batch distillation

residence time in downcomer, Eq. (10-30), s, Table 10-2

tray thickness, in.

temperature, °C, °F, K, or °R

time to fill drum with liquid, Eq. (2-69)

bubble point temperature, °C, °F, K, or °R

dew point temperature, °C, °F, K, or °R

liquid and vapor temperatures on stage j at the interface, °C, °F, K,
or °R

reference temperature, °C, °F, K, or °R

total annual cost, $/y, Eq. (11-22)

vapor velocity, cm/s or ft/s

flooding velocity, cm/s or ft/s, Eq. (10-8)

operating velocity, cm/s or ft/s, Eq. (10-11)

permissible vapor velocity, cm/s or ft/s, Eq. (2-58)

hindered settling velocity, cm/s or ft/s, Eq. (13-54)

Stokes law terminal velocity, cm/s or ft/s, Eq. (13-53)
underflow liquid rate, Eq. (14-5d), kg/h

amount underflow liquid in batch washing, Eq. (14-12), kg
overall heat transfer coefficient, kW/(K-m?), BTU/(h-ft>°F), values
Table 11-7

superficial vapor velocity in active area of tray, m/s

= U, 4 Figure 10-15, ft/s or cm/s

Unknowns solved for by Thomas algorithm, Table 6-1
superficial vapor velocity, ft/s

continuous- and dispersed-phase flooding velocities, m/s
vapor velocity through holes, Eq. (10-19), ft/s

velocity where valve in valve tray is balanced, Eq. (10-36)
component transfer velocities, m/s, Egs. (15-15¢) and (15-15f)
v;; = V¥;; V;» vapor component flow rate, component i, stage j, kmol/h,
Ibmol/h, etc.

reference or basis velocity, m/s, Egs. (15-15¢) and (15-15d)
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Nomenclature

ref,mass’ Vref,mol’ Vref,vol

D2avg’

reference velocities in different units, m/s, Egs. (15-17c1) to
(15-17¢3)

vertical velocity, m/s

vapor flow rate, kmol/s, kmol/h, Ibmol/s, Ibmol/h, etc.

stripping section vapor flow rate, kmol/s, kmol/h, Ibmol/s,
Ibmol/h, etc.

boilup ratio, dimensionless

molal volume, m3/mol, Table 13-4

molar volume solute at normal boiling point, m*/kmol

vapor flow rate of feed, kmol/h, Ibmol/h, etc.

volume of liquid in drum or tank, m?

maximum vapor flow rate, kmol/h or Ibmol/h

minimum vapor flow rate in enriching section, kmol/h, Ibmol/h, etc.
minimum vapor flow rate in stripping section, kmol/h, Ibmol/h, etc.
volume of liquid in mixing tank, m?

volume settler, m?

volume tank, m?

surge volume in flash drum, Eq. (2-62), ft3

intermediate variables in Thomas algorithm, Table 6-1

vapor pressure, same units as p

plate width, m

charge in still pot of batch distillation, kg, Ib, kmol, Ibmol, etc.
(Chapter 9)

charge remaining in still pot at end of batch distillation, kg, 1b, kmol,
Ibmol, etc., Chapter 9

liquid flow rate, kg/h or Ib/h

liquid mass flux, Ib/s ft?> or Ib/h ft> (Chapter 16)

vapor flow rate, kg/h or 1b/h

valve weight, Ib

weight or mole fraction in liquid

LLE raffinate or feed weight fractions (see Table 13-1)

weight fraction in underflow in washing (Chapter 14)
equilibrium mole fraction in liquid

mole fractions binary azeotrope, Table 2-4 and Egs. (2-10a) and
(2-10b)

coordinates of difference or delta point, Egs. (13-39a, b)
coordinates of mixed stream, Egs. (13-31a, b) or (13-37a, b)
mole fraction MVC in bottoms product

mole fraction MVC in distillate

average mole fraction MVC in distillate at end of batch

mole fractions of distillate collected

LLE: weight or mole fraction of solute A in the dispersed phase
fraction that would be in equilibrium with continuous-phase
fraction A, Eq. (16-80a)

final mole fraction MVC in still pot at end of batch

trials for integration, Eq. (9-A4)

intersection point of top and bottom operating lines, Eq. (4-38a)
interfacial mole fraction in liquid

liquid mole fraction in equilibrium with inlet gas, Eq. (12-35)
mid-point in Gaussian quadrature formula, Eq. (9-12¢)

liquid mole fraction in equilibrium with outlet gas, Egs. (12-35) and
(16-35b)
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liquid mole fraction of organic in organic phase

liquid mole fraction of organic in water phase

mole fraction organic in still pot in batch steam distillation
liquid mole fraction of water in organic phase

liquid mole fraction of water in water phase

liquid mole fraction of first solvent in still pot for constant-mole
batch distillation, Eq. (9-16¢)

mole fraction of MVC in sidestream

LLE weight ratio solute in immiscible diluent, Eq. (13-23)

mol solute in liquid/(mol pure solvent S)

[L/D — (L/D)_. J/(L/D + 1.0) Gilliland’s correlation, Eq. (7-34b)
kg solute/kg insoluble solid (Chapter 14)

weight or mole fraction in vapor

weight fraction in overflow in washing (Chapter 14)

vapor mole fraction of first solvent withdrawn in constant-mole
batch distillation, Eq. (9-16c)

LLE extract or solvent stream weight fractions (see Table 13-1)
fractions to calculate velocity of center of total flux, Eq. (15-17d, e)
vapor mole fraction MVC in distillate

intersection point of top and bottom operating lines, Eq. (4-38b)
volume fraction in vapor

equilibrium mole fraction in vapor

vapor mole fraction in equilibrium with outlet liquid in
countercurrent system, Eq. (12-27)

vapor mole fraction in equilibrium with inlet liquid in
countercurrent system, Egs. (12-27) and (16-35a), or in equilibrium
with outlet liquid in cocurrent contactor, Eq. (16-70b)

log mean difference, Egs. (15-32d) and (16-44)

interfacial mole fraction in vapor

mole fraction MVC in entering steam

mole fraction MVC in side stream

average vapor mole fraction leaving stage below

LLE, weight ratio solute in immiscible solvent, Eq. (13-23)
(moles solute in gas)/(moles noncondensible carrier gas)

=[N - N_. J/[N + 1], Gilliland’s correlation, Eq. (7-34a)

kg solute/kg solvent (Chapters 13 and 14)

weight or mole fraction in feed

axial distance in bed (Chapters 15 and 16)

distance from downcomer exit to weir, m

(Ib solution)/(Ib oil-free solids) in underflow (Chapter 14)

parameters for pressure drop equation in randomly packed
columns, Eq. (10-40b), Table 10-3

Greek lowercase letter alpha, K, /Ky, relative volatility

modified relative volatility, x,, = 0 to x Eq. (2-10a) and Table 2-4
modified relative volatility, x; = 0 to X, , ,, Eq. (2-10b) and Table 2-4
relative volatility calculated at reboiler

LLE, separation factor, Egs. (13-1b) and (13-1c)

thermal diffusivity = k. g.ci0n/(PC,)- m?/s

Greek lowercase letter beta, A, | /A

AAZ°

active

Nomenclature
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Greek lowercase letter gamma, activity coefficient

surface tension, dynes/cm

Greek lowercase letter delta, thickness of mass transfer film or
thickness of falling film, m

characteristic dimension of packing, in., Eq. (10-39)

solubility parameter, Egs. (13-2) and Table 13-4

weighted average value of §; Eq. (13-2b)

Greek capital letter delta, change in variable or difference operator
difference flow rate, Egs. (13-38a) or (13-42) and (14-15b)
difference point

difference point corresponding to minimum S/F, Figure 13-29
steady-state height of dispersion band in settler Figure 13-33B, cm, m
pressure drop inches water/ft packing, Eq. (10-40b)

temperature changes for matrix energy balance in absorbers and
strippers, Eq. (12-58)

log mean temperature difference for heat exchangers, Eq. (11-14)
change in vapor flow rate at feed stage at minimum reflux, Egs. (7-
28) and (7-29)

Greek lowercase letter epsilon, limit for convergence

porosity or void fraction, Eq. (14-4a)

limit for energy convergence, Eq. (2-52)

limit for temperature convergence, Eq. (6-19)

Lennard-Jones interaction energies, Table 15-2 and Eq. (15-21d)
Greek lowercase letter zeta, dimensionless distance, Eq. (15-14a)
Greek lowercase letter eta, fraction column cross-sectional area
available for vapor flow, dimensionless

parameter in series solution for liquid falling-film mass transfer,
Eq. (15-55b)

Greek lowercase letter theta, angle of downcomer, Figure 10-19B
Greek lowercase letter iota

Greek lowercase letter kappa

Greek lowercase letter lambda, latent heat of vaporization, kcal/kg,
Btu/lb, Btu/Ibmol, etc.

= L/lV parameter for packed bed estimation of HETP, Egs.

(10-37) and (16-36)

Greek lowercase letter mu, viscosity, cp or Pa - s = kg/(m-s)
viscosity of continuous and dispersed phases, Pa - s

viscosity of heavy and light phases, Pa - s

liquid viscosity, cp, Egs. (10-5) and (10-7)

mixture viscosity, Egs. (10-8a) and (13-48),cp or Pa - s

viscosity of water, cp

Greek lowercase letter nu, kinematic viscosity = u/p, m?/s, cm?/s, ft*/s
Greek lowercase letter xi, warped time, Egs. (9-28a)

Greek lowercase letter rho, density, g/cm?, Ib/ft3, or kg/m?
densities of continuous and dispersed phases, kg/m?

Greek lowercase letter rho, liquid density, g/cm?, Ib/ft?, or kg/m?
mixture density, Eq. (13-47), kg/m?

molar density, kmol/m?

solid molar density, kmol/m?

vapor density, g/cm?, Ib/ft3, or kg/m?3

Ipc = Ppl
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Chapters 17 and 18
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C
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A

heat exchanger

B(L.1)

impurity,Cry, avg

impurity,melt

Constl

Const2

Cec
Cor
C

PV

Greek lowercase letter sigma, surface tension, dynes/cm or
interfacial tension

Greek lowercase letter phi, volumetric fraction of continuous and
dispersed phases

volumetric fraction of dispersed phase in feed, Eq. (13-44)
Greek phi symbol, Greek letter phi, liquid-phase packing
parameter, Eq. (16-38), Figure 16-6

Underwood’s variables enriching and stripping sections,
dimensionless, Eq. (7-24)

solvent interaction parameter, Eq. (15-22b)

relative froth density in downcomer, Eq. (10-29), average
value = 0.50

Greek lowercase letter chi, term defined in Eq. (13-45)

Greek lowercase letter psi, p,,..,/p; (Chapter 10)

e/(e + L), fractional entrainment, Figure 10-16

packing parameter for gas phase, Eq. (16-37) and Figure 16-5
Greek capital letter omega, collision integral, Eq. (15-21¢) and
Table 15-2

Greek lowercase letter omega, revolutions per second or
revolutions per minute

empirical constants in Eq. (17-49)

kg/h anhydrous crystals

cumulative area/volume of crystals, m*/m?3

cross sectional area of ingot in zone melting, m?

crystal surface area for heat and mass transfer, m?

constants in Margules Eq. (18-4) for binary activity coefficients
area of heat exchanger, m?

total area/volume of crystals, m*m?

birth function, Eq. (17-16)

rate of formation of nuclei, #/(s‘m?), Egs. (17-18a) and (17-18b)
concentration, kg/m?, g/L.

equilibrium concentration of solute, kg/m?, g/L

interfacial concentration of solute, kg/m?, g/L

concentration, kg anhydrous crystals/kg water (Chapter 17)
equilibrium concentration, kg anhydrous crystals/kg water
flow rate crystals, kg/h, or in static systems amount of crystals, kg
deposition rate crystals in falling film, kg/s

flow rate crystals, kmol/h or in static system amount of crystals,
kmol

concentration of impurity in crystals after sweating
concentration in the melt before sweating

= Uy + V(K /ta) + Vhye » Eq. (18-33a)

HTF metal’ “wall

= (Te = Thver) ,Eq. (18-33d)
pCry I]"freeze + CP,Melt (TCry _TMelt J
heat capacity at constant pressure for crystal, kJ/(kg K)

heat capacity at constant pressure for liquid, kJ/(kg K)
heat capacity at constant pressure for vapor, kJ/(kg K)

Nomenclature
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Nomenclature

solid (ingot) concentration in zone melting, g impurity/g mixture,
Figure 18-11
grouping of terms in Egs. (18-23)

hydraulic diameter, m, Eq. (18-32a)

impeller diameter, m

death function, Eq. (17-16)

diffusivity, m*/s

diameter of particle, m

entrainment, Eq. (18-5a), kg melt/kg crystals

volumetric entrainment, m? entrained melt/(m? total crystals plus
melt), Eq. (18-6a)

flow rate of entrained melt, kg/h

flow rate of entrained melt, kmol/h, Eq. (18-6e)

proposed sweating efficiency, Eq = AK ;o /K 1 pore

fraction crystallized in progressive freezing and zone melting
feed rate, kg/h, kg/s

feed rate, kmol/h or in static system amount of feed, kmol
feed rate heat transfer fluid, kg/s

liquid water flow rate, kg/h

9.81 m/s?, the acceleration due to gravity

linear growth rate, m/s

Grashoff number, Eq. (18-29a, b), dimensionless

liquid enthalpy, kJ/kg

heat transfer coefficient at crystal surface, kW/(m? s)

heat transfer coefficient for HTF in static system, kW/(m? s)
crystal enthalpy, kJ/kg, Eq. (18-41e)

heat transfer coefficient for falling film, kW/(m? s)

average falling film heat transfer coefficient for HTF, kW/(m? s)
falling film heat transfer coefficient on process side, kW/(m? s)
enthalpy heat transfer fluid, kJ/kg

enthalpy of magma, kJ/kg

enthalpy of mixing point, kJ/kg

natural convection heat transfer coefficient, kW/(m? s)

heat transfer coefficient for sphere, kW/(m? s)

vapor enthalpy, kJ/kg

heat transfer fluid

order of nucleation

empirical exponent, Eq. (17-18b)

area shape factor

thermal conductivity, W/(m K)

thermal conductivity of crystal, W/(m K)

approximate inclusion of mass transfer in equilibrium analysis of
zone refining, Eq. (18-58)

effective impurity distribution coefficient, Egs. (18-59a, b)
linear equilibrium constant of impurity,

_ Weight fraction of impurity i in solid _ Xj s

= . — » Eq. (18-5b)
Weight fraction of impurity in liquid  x; .

thermal conductivity of metal wall of heat exchanger, W/(m K)
film mass transfer coefficient, m/s

empirical rate constant for nucleation, Eq. (17-18b)

rate constant

xli
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volume shape factor

empirical constant, Eq. (17-52)

overall mass transfer coefficient, m/s

= ximerface’imp/xcim , impurity distribution coefficient

solubility product, Eq. (17-50a)

length of solid melted in zone melting, m

liquid flow rate, kg/h, kg/s

liquid flow rate, kmol/h or in static system amount liquid, kmol

characteristic dimension of crystal, m

length of plate, m

average crystal length, m

cumulative length per volume, m/m?

initial weight of liquid in dilute progressive freezing, kg

weight of liquid in dilute progressive freezing, kg

size product crystals, m,

size seed crystals, m

total length of particles/volume, m/m?

mass of ingot in zone melting, kg

mass of crystal, kg

valence of cation, Eq. (17-50a)

mixed stream amount or flow rate, kg or kg/h

cumulative mass of crystals/volume, kg/m?

mass of molten zone in zone melting, kg, Eq. (18-52b)

magma density, weight of crystals in solution per volume, kg/m?

molecular weight

population density, #/(m-m?), Egs. (17-12a) and (17-12b)

empirical exponent, Eq. (17-18b)

overall growth rate order

valence of anion, Eq. (17-50a)

moles water per mole hydrate

number of zone melting passes, Table 18-9.

moles anhydrous compound per mole hydrate = 1.0

population density of nuclei, #/(m-m?)

order for growth

cumulative number crystals/volume

molar fluxes, kmol/(h m?)

natural convection

power number. P/(pMu)3diS), dimensionless

Reynolds number for particle suspension, Eq. (18-19b), based on

Stokes velocity, dimensionless

stirrer speed, rpm

total number of particles/volume, #/m?

number of gram-formula weights of solute per 1000g of H,O,

Egs. (18-2a) and (18-2b)

Nu Nusselt number for heat transfer, Egs. (18-30a), (18-32c), and
(18-46¢), dimensionless

P power, kW

P product flow rate, kg/s

Pr Prandtl number, Pr = (uC,)/k

(18-46¢), dimensionless

volumetric flow rate, m3/s

cooling load, kJ/s

salt
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Nomenclature

heat or cooling load, kJ/s

cooling load required for crystal growth, kJ/s, Eq. (18-27)
cooling load required to cool wall, crystal and melt when Ty is
reduced

ideal gas constant (see Appendix C for values)

Raleigh number = Gr Pr, Eq. (18-29¢, d), dimensionless
Reynolds number (Dia)vp/y, Eq. (18-18a), dimensionless
falling film Reynolds number = 4 T'/u, Eq. (18-45b)

flow rate of residue in suspension melt crystallization, kg/h
kg/h crystals (stable hydrate form), Egs. (17-4e) and (17-4f)
Schmidt number, Sc = u/(p,D ), Eqs. (18-18a) (18-31c),
dimensionless

Sherwood number, (k,, Dia/D , ), Egs. (18-18a), (18-31a),
dimensionless

time

thickness of crystal layer, m

thickness of heat transfer plate, m

temperature, °C or K

temperature at equilibrium, °C or K

coolant temperature, °C or K

temperature of crystal surface, °C or K

eutectic temperature, °C or K

equilibrium temperature at x;, °C or K

equilibrium temperature of melt before sweating, °C or K
magma temperature, °C or K

melting point temperature, °C or K

temperature of melt, °C or K

temperatures on two sides of heat transfer plate, side 1 is on HTF
side and side 2 has crystal growth, °C or K

sweating temperature, °C or K

overall heat transfer coefficient, Eq. (18-26¢), kW/(m? s)
particle Stokes’ law terminal velocity, Eq. (18-19¢), m/s
volume magma, m?

vapor evaporation rate, kg/h

volume of crystal, m?

volume of sample of magma sieved, m?

volume of crystals/volume, m3/m3 (Chapter 17)

total volume of crystals /volume, m3/m?

width of heat transfer plate, m

weight of crystals in sieve, m?

flow rate of product crystals, kg/h

batch crystallization, kg product/kg initial water

flow rate of seed crystals, kg/h

batch crystallization, kg seed crystals/kg initial water
mass fraction solute in solid or in solution

mole fraction solute in solution at saturation, Eq. (17-2)
mole fraction desired product A in fluid at crystal surface
mass or mole fraction impurity in bulk fluid

mass or mole fraction impurity in crystal

mass fraction impurity in crystal phase in zone melting and
progressive freezing

xliii
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salt,mix
MA and x

A,mol
ME and x
ML and X1 mol
MW and x

F,mol

‘W, mol

crystal

feed

) D/k

k

M

mass

/h

thermal — ““cond

Ac

Ak

eff

p C,mol

uniform initial mass fraction impurity in crystal phase in zone
melting

mass fraction salt in crystals (hydrates also contain water)
eutectic mass or mole fraction of impurity

mass or mole fraction impurity at crystal fluid interface.

mass fraction impurity in liquid phase in zone melting and
progressive freezing

uniform initial mass fraction impurity in liquid phase in progressive
freezing

mass fraction salt in liquid

mass fraction salt at mixing point M

mole fraction acetic acid, Example 18-2 and Tables 18-3a and 3b
mole fraction solute (impurity) in crystals

mole fraction solute (impurity in feed

mole fraction solute (impurity) in liquid

mole fraction water, Example 18-2 and Tables 18-3a, and 3b

mass fraction salt in vapor, typically 0

distance along ingot in zone melting, m, Figure 18-10

distance from starting end of ingot to where ingot is cut to harvest
purified portion in zone melting, m, Figure 18-10d

Greek lowercase letter beta, empirical constant, Eq. (17-52)
coefficient of volumetric expansion, Eq. (18-29¢, f)

Greek lowercase letter gamma, activity coefficient

Greek capital letter gamma, falling film vertical (L direction) mass
rate of flow per second per meter in the w direction, kg/(s m)
reduction in T from crystal deposition on wall, kg/(s m),

Eqgs. (18-47b, ¢)

feed rate to plate expressed as I, kg/(s m)

Greek lowercase letter delta, falling film thickness, m,

Eqgs. (18-46d, e)

mass transfer boundary layer or film thickness, m

thermal boundary layer or film thickness, m

Greek capital letter delta, concentration supersaturation, ¢ — c*,
kg/m?

k measure of change after sweating,

= keff,before -
Eq. (18-60a)
Lp -Lg,m
size range sieve fraction i, m

pervaporation driving force, partial pressure difference, Eq. (19-49¢)
freezing-point lowering in °C, Eq. (18-2b)

weight of crystals collected on screen i, kg

Greek lowercase letter epsilon, void fraction of crystal layer

Greek lowercase letter eta, empirical exponent, Eq. (17-18a)

Greek lowercase letter lambda, molar heat of fusion, kJ/kmol
Greek lowercase letter mu, viscosity, cp or (Pa s) = kg/(ms)

micron, 10 m

Greek capital pi, crystallization process dimensionless number =
G/kM,imp

dimensionless sweating number, gy, =Ket pefore (TSW / TEq,melt)

eff,after

Greek lowercase letter rho, crystal solid density, kg/m?
crystal solid density, kmol/m?

Nomenclature
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Nomenclature

fluid density, kg/m?

density of entrained fluid, kmol/m?
feed density, kg/m?3

liquid molar density, kmol/m?
magma density, kg/m?

suspension density out, kg/m?
Greek lowercase letter tau, T = V/Q
sorh

Greek lowercase letter omega, revolutions/s

our drawdown or retention time,

concentration in moles/L

term in quadratic equation for well-mixed membrane system,
Eq. (19-10b)

constant in expression to calculate osmotic pressure, kPa/mole
fraction, Eq. (19-14c), if van’t Hoff equation is valid, a = RT,
Eq. (19-14e)

constant in expression to calculate osmotic pressure, kPa/weight
fraction, Eq. (19-14d, h, i)

membrane area available for mass transfer, cm? or m?
membrane area of each stage in staged model, cm? or m?

term in quadratic equations for well-mixed membrane systems,
Eq. (19-10c)

=1 %1071 cm’3(STP)cm/[cm? s cm Hg]

term in quadratic equations for well-mixed membrane systems,
Eq. (19-10d)

concentration, g solute/cm? solution or g solute/L solution or similar
units

outlet concentration of solute, g/L.

permeate concentration of solute, g/L

concentration of solute at wall, g/L

constant in mass transfer correlation, dimensionless, Egs. (19-37a, b)
final concentration in diafiltration, g/L

initial concentration in diafiltration, g/L

liquid heat capacity of permeate, kJ/(kg-°C)

vapor heat capacity of permeate, kJ/(kg-°C)

salt concentration, kg/m?

diameter of tube, cm

tank diameter, cm

diffusivity in solution, cm?/s, m?/s

diffusivity of solute A in the membrane, cm?/s, m%/s

diffusivity due to Brownian motion, cm?/s, m%/s, Eq. (19-45a)
shear induced hydrodynamic diffusivity in MF, cm?/s, m?/s,

Eq. (19-45b)

volumetric flow rate of permeate, cm’/s

volumetric flow rate of exiting retentate, cm?/s

xlv
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pure water
solv

solv

—
N

solv,osmotic

solv

water

Inner

volumetric flow rate of solvent in RO, cm?/s

molar flow rate, mol/s, mol/min, etc.

molar flow rates for feed, permeate, and retentate, mol/s, kmol/h
mass flow rates, g/s, g/min, kg/min, etc.

1/2 distance between parallel plates, cm

enthalpy of inlet liquid stream in pervaporation, kJ/kg

enthalpy of outlet liquid retentate stream in pervaporation, kJ/kg
solubility parameter, cc(STP)/[cm*(cm Hg)]

enthalpy of vapor permeate stream in pervaporation, kJ/kg
counter for stage location in staged models in Figure 19-20
volumetric flux, cm?/(s-cm?) or m%*(m?-day), Eq. (19-1b)

mass flux, g/(s-cm?) or g/(m*day), Eq. (19-1¢)

pure water mass flux, g/(s-cm?) or g/(m?day), Eq. (19-28)

mass flux solvent in RO, g/(s-cm?) or g/(m?day), Eq. (19-13a,b)
mass flux solvent in UF, g/(s-cm?) or g/(m?day), Eq. (19-39)

mass flux osmotic flow, Ap = 0, g/(m?s) Eq. (19-14a)

mole flux, mol/(s-cm?) or kmol/(day-m?), Eq. (19-1d)

mass transfer coefficient, typically cm/s, Egs. (19-33) and (19-36b)
mass transfer coefficient due to shear, cm/s, Eq. (1945¢)
Boltzmann constant, see Appendix C

RO solute permeability, g/(m-s-weight fraction), Eq. (19-15b)
multicomponent gas permeation rate transfer term, dimensionless,
Eq. (19-11c¢)

GP permeability of solvent through membrane, L/(atm-m?-day) or
similar units

RO or UF solvent permeability, g/(m-s-atm), Eq. (19-13b) or

Eq. (19-39)

RO water permeability, g/(m-s-atm), Eq. (19-28)

tube length, cm

concentration polarization modulus, weight fraction units,
dimensionless, Egs. (19-16), (19-48c)

concentration polarization modulus, concentration units,
dimensionless, Eq. (19-48c)

internal concentration modulus in FO, Eq. (19-38b)

molecular weight, g/mol or kg/kmol

number of well-mixed stages in models in Figure 19-20

pressure, Pa, kPa, atm, mm Hg, etc.

partial pressure of species A, Pa, atm, mm Hg, etc.

partial pressure component i on upstream and downstream sides,
respectively in pervaporation

total pressure on the permeate (low pressure) side, Pa, kPa, atm,
mm Hg, etc.

total pressure on the retentate (high-pressure) side, Pa, kPa, atm,
mm Hg, etc.

permeability of species A in GP membrane, [cc(STP)-cm/[cm?s-
cm Hg]

volumetric flow rate, cm?/s

rejection coefficient, weight fraction units, dimensionless, Egs.
(19-24a) and (19-48a)

rejection coefficient, concentration units, dimensionless, Eq.
(19-48a)

inherent rejection coefficient (M = 1.0), dimensionless, Eq. (19-48b)
in UF and MF fraction of flux carried by pores that exclude solute

Nomenclature
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Nomenclature

inherent rejection coefficient (M, = 1.0), concentration units,
dimensionless, Eq. (19-48b)

rejection coefficient of particles that are partially rejected in
diafiltration

tube radius, cm, m

gas constant, Appendix C

Reynolds number, dimensionless, Eq. (19-35b)

Schmidt number, dimensionless, Eq. (19-35d)

Sherwood number, dimensionless, Egs. (19-35a) and (19-35d)
standard temperature and pressure, standard conditions in this text
=0°Cand 101.3 bar

time, s, min, h

thickness of membrane skin doing separation, um, mm, cm, or m
temperature, °C, K

reference temperature, °C, K

bulk velocity in tube, cm/s, m/s, ft/s

constant volume of protein solution in diafiltration, cm?, L, m?, etc.
partial molar volume of the solvent, cm?*/mol, L/mol, m*kmol, etc.
volumetric water consumption in diafiltration, cm?, L, m?, etc.
vapor pressure component i on upstream side pervaporation, kPa
weight fraction of retentate in pervaporation; in binary system
refers to more permeable species

weight fraction at which solute gels in UF and MF

weight fraction of solute entering RO, UF, and MF systems
weight fraction of solute in retentate product in RO, UF, and MF
weight fraction of solute in liquid permeate in RO, UF, and MF
weight fraction of solute in retentate in RO, UF, and MF

weight fraction of solute in retentate at membrane wall in RO, UF,
and MF

weight fraction of permeate in pervaporation; in binary system
refers to more permeable species

mole fraction of solute in gas permeate for gas permeation

mole fraction of solute in gas retentate for gas permeation

mole fraction of solute in retentate product for gas permeation
mole fraction of solute in gas retentate at membrane wall
distance from wall, cm, m, Figures 19-10 and 19-14

Greek lowercase letter alpha, selectivity, dimensionless; gas
permeation: Eq. (19-4b), pervaporation: Eq. (19-60)
selectivity in RO, Eq. (19-18)

Greek lowercase letter beta, evaporation separation factor in
pervaporation, dimensionless, Eq. (19-63a)

pervaporation selectivity, Eq. (19-50a, b)

permeation separation factor in pervaporation, dimensionless,
Eq. (19-63b)

Greek lowercase letter gamma, activity coefficient

shear stress at wall = 4 u,/(tube Radius), 1/s

Greek lowercase letter delta, film thickness, m, Figure 19-10
difference in weight fraction of solute across the membrane
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difference in the osmotic pressure across the membrane, Pa, atm,
mm Hg, etc.

Greek lowercase letter pi, osmotic pressure, Pa, kPa, atm, mm Hg, etc.
osmotic pressure of draw solution in FO, Pa, kPa, etc.

osmotic pressure of feed solution in FO, Pa, kPa, etc.

ratio circumference to diameter of circle, = 3.14159

Greek lowercase letter theta, cut = Fp/Fi“ with flows in molar units,
dimensionless

cut =F /F, ., for each stage in staged model of GP, dimensionless
cut=F p/F’in in flows in mass units, dimensionless

Greek lowercase letter mu, viscosity, centipoise or g/(cm s)
Greek lowercase letter nu, kinematic viscosity, cm?/s

mass density gas in GP, kg/m?3

molar density gas in GP, kmol/m?

mass density of solution, kg/m?

mass solvent density, kg/m?

molar solvent density, kmol/m?

Greek lowercase letter lambda, mass latent heat of vaporization
of the permeate in pervaporation determined at the reference
temperature, kJ/kg

Greek lowercase letter omega, stirrer speed in radians/s

constant in Langmuir isotherm, same units as g/c, Eq. (20-6¢)
argument for error function, dimensionless, Eq. (21-24), Table 21-2
surface area of the particles per volume, m™!

cross-sectional area of column, m?

wall surface area per volume of column for heat transfer, m™!
constant in Langmuir isotherm, (concentration)~!, Eq. (20-6¢)
concentration of species A, kg/m?, kmol/m?, g/L, etc.
concentration of species i, kg/m? kmol/m3, g/L, etc., or
concentration of ion i in solution, typically equivalents/m?
concentration of species i that would be in equilibrium with g,
same units as ¢!

average concentration of solute i in pore, same units as c,

fluid concentration at surface of particles, g, = 0, same units as
fluid concentration at surface of adsorbent pores, same units as c,
concentration of ion i on the resin, typically equivalents/m?
total concentration of ions on the resin based on total column
volume, typically equivalents/m?

total concentration of ions in solution, typically equivalents/m?
constant relating solute i velocity to interstitial velocity,
dimensionless, Eq. (20-15¢)

heat capacity of the fluid, cal/(g-°C), cal/(mol-°C), J/(g K), etc.
heat capacity of particle including pore fluid, same units Cp;
heat capacity of the solid, same units as Cy;

heat capacity of the wall, same units as Cpf’

particle diameter, cm or m 1

desorbent rate in SMB, same units as F

desorbent to feed ratio in SMB, dimensionless

Nomenclature
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Nomenclature

column diameter, m or cm

diffusivity including molecular and Knudsen diffusivities, m%/s or
cm?/s, Eq. (21-4b)

effective diffusivity, m*/s or cm?s, Egs. (20-4) and (21-3b)
Knudsen diffusivity, m?/s or cm?/s, Eq. (21-4a)

alternate expression for axial dispersion coefficient, m?/s or cm?/s,
Eq. (21-15b)

molecular diffusivity in free solution, m?/s or cm?/s

surface diffusivity, m?/s or cm?/s, Eq. (21-5)

error function, Eq. (21-24) and Table 21-2

axial dispersion coefficient due to both eddy and molecular effects,
m?s or cm?/s, determined from Chung and Wen Eq. (21-15a) and
Eq. (21-14b) for N,

thermal axial dispersion coefficient, m?/s or cm?/s

effective axial dispersion coefficient, same units E;, Eq. (21-25)
fraction of adsorbent volume that is zeolite crystal in zeolite
adsorbent

volumetric feed rate (e.g., m3h, cm?/min, liter/h)

particle heat transfer coefficient, J/(K s m?) or similar units

wall heat transfer coefficient, J/(K s m?) or similar units

height of equilibrium plate, cm/plate, Eq. (21-32¢)

film mass transfer coefficient, m/s or cm/s

lumped-parameter mass transfer coefficient with concentration
driving force, m/s or cm/s, Egs. (21-10b) and (21-12b)
lumped-parameter mass transfer coefficient with amount adsorbed
driving force, m/s or cm/s, Egs. (21-10a) and (21-12a)

adsorption equilibrium constant, K, ., or K Ap

mass action equilibrium constant for monovalent-monovalent ion
exchange, dimensionless, Eq. (20-40a)

adsorption equilibrium constant in terms of concentration,
(concentration)™!

linearized adsorption equilibrium constant, concentration units,
same units as g/c, Eq. (20-6b)

pre-exponential factor in Arrhenius Eq. (20-7a), same units as K
adsorption equilibrium constant in terms of partial pressure,
(pressure)~!

linearized adsorption equilibrium constant in terms of partial
pressure, Eq. (20-5b)

size exclusion parameter, dimensionless

mass action equilibrium constant for divalent-monovalent ion
exchange, Eq. (20-41)

Donnan exclusion factor, dimensionless, Eq. (20-44)

length of packing in column, m or cm

length of mass transfer zone, Figure 21-3, m or cm

molecular weight of solute, g/mol or kg/kmol

equivalent number of plates in chromatography for solute i,

Eq. (21-32a)

Peclet number based on particle diameter, dimensionless,

Eq. (21-14b)

partial pressure of species A, mm Hg, kPa, etc.

pressures in PSA after and before pressure change

high pressure, mm Hg, kPa, etc.

xlix



B RO

[727%]
£¢7z

=3
11

center
elution

tfeed

£ 7
3
N

r»;ue—re—rc—r»e—fr-fr-»r-»

P
B

S H A
3

=

ion,i

=l =
%)

[=l =1}
w

S,ion,i
u

u
u

sh
sh,ion,i
th
utotal_ion

VA,product

VB,product

b

VFeed

Vinter
super

available

low pressure, mm Hg, kPa, etc.

Peclet number based on length for solute i, dimensionless, Eq.
(21-32b)

amount of species A adsorbed, kg/kg adsorbent, mol/kg adsorbent,
or kg/LL

maximum amount of species A that can adsorb, kg/kg adsorbent,
mol/kg adsorbent, or kg/L

amount adsorbed in equilibrium with feed concentration, same
units as q,,

average amount of species i adsorbed, kg/kg adsorbent, mol/kg
adsorbent, or kg/L

amount adsorbed that would be in equilibrium with fluid of
concentration ¢, same units as q,,

volumetric flow rate, m%/s, L/min, etc.

pore radius, m or cm

resolution, dimensionless, Eq. (21-36)

gas constant (e.g., R = 8.314 m’Pa ,see Appendix C for additional
values) K
Reynolds number, dimensionless, Eq. (21-14b)

Schmidt number, dimensionless, Eq. (21-14b)

Sherwood number, dimensionless, Eq. (21-14b)

time, s, min, or h

breakthrough time, s, min, or h

time center of pattern exits column, s, min, or h, Eq. (21-46b)
elution time, s, min, or h

feed time, s, min, or h

time of mass transfer zone, Figure 21-3, s, min, or h

retention time, s, min, or h

switching time in SMB, s, min, or h

temperature, °C or K

ambient temperature, °C or K

solid temperature, °C or K

wall temperature, °C or K

velocity of ion i, m/s or cm/s

average solute velocity, m/s or cm/s

average of solute velocities for A and B, cm/s, Eq. (21-37)
diffuse wave velocity of ion i, m/s or cm/s

shock wave velocity, m/s or cm/s

shock wave velocity of ion i, m/s or cm/s

thermal wave velocity, m/s or cm/s

velocity of total ion wave, m/s or cm/s

interstitial velocity of A product if it was in the column,

m/s = (m3/s A product)/(e, A )

interstitial velocity of B product if it was in the column,

m/s = (m*s B product)/(e, A )

interstitial velocity of desorbent if it was in the column,

m/s = (m*/s D product)/(e, A,)

interstitial velocity of feed if it was in the column, m/s = (m%/s feed)/
(e, A)

interstitial velocity, m/s or cm/s, Eq. (20-2b)

superficial velocity, m/s or cm/s, Eq. (20-2a)

volume available to molecule, m?, Eq. (20-1c¢)
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y
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Greek letters

Bstrong

Ac

AH
Ap
Aq

ads
A

At

pm,f

Nomenclature

column volume, m?

volume feed gas, m?

volume available to fluid, m3, Eq. (20-1a)

volume purge gas, m?

width of chromatographic peak, s, min, or h

weight of the column per length, kg/m

deviation from the location of the peak maximum, dimensionless,
Eq. (21-33)

deviation from peak maximum in length units, Eq. (21-34b)
deviation from peak maximum in time units, Eq. (21-34a)

weight or mole fraction solute in liquid, kg solute/kg liquid or
kmol solute/kmol liquid, dimensionless

= ¢/c; equivalent fraction of ion in solution, dimensionless
general solution for column breakthrough for linear isotherms,
same units as ¢, Eq. (21-26)

weight or mole fraction solute in gas, kg solute/kg gas, or kmol
solute/kmol gas, dimensionless

mole fraction solute A in gas after and before PSA pressure change,
Eq. (20-28a)

= Cyi/Cxy €quivalent fraction of ion on resin, dimensionless

axial distance in column, m or cm (Measured from closed end for
PSA calculations)

location of solute waves after and before PSA pressure change,
Eq. (20-28b)

ratio velocities of strong and weak solutes, Eq. (20-27),
dimensionless

change in solute concentration, same units as c

heat of adsorption, J/kg, cal/mol, etc.

change in partial pressure, kPa, atm, etc.

change in amount adsorbed, kmol/kg adsorbent, kg/kg adsorbent,
kmol/m?, or kg/m?

change in time, s, min, or h

change in fluid temperature, °C or K

increment of column length, m

volumetric purge to feed ratio in PSA, dimensionless, Eq. (20-26)
constants in Eq. (21-15b), v, = 0.7y, = 0.5 for d,>0.002 mm
external porosity, dimensionless

internal or pore porosity, dimensionless

total porosity, dimensionless, Eq. (20-1b)

bulk density of adsorbent, kg/m?, Eq. (20-3b)

fluid density, kg/m?

molar density of fluid, kmol/m?

particle density, kg/m?, Eq. (20-3a)

structural density of solid, kg/m?

standard deviation of Gaussian chromatographic peak, Eq. (21-33)
standard deviation in length units, m or cm, Eq. (21-34b)

standard deviation in time units, min or s, Eq. (21-34a)

tortuosity, dimensionless, Eq. (20-4)

T =t-z/uy, Convert PDE for constant pattern to ODE, Eq. (21-39)
Greek letter zeta used as dummy variable in Eq. (21-24)
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CHAPTER 7

Approximate Shortcut Methods for
Multicomponent Distillation

Chapters 5 and 6 introduced multicomponent distillation. Matrix methods are efficient, but they still
require a fair amount of time even on a fast computer. In addition, they are simulation methods and
require a known number of stages and a specified feed plate location. Fairly rapid approximate meth-
ods are required for preliminary economic estimates, for recycle calculations where the distillation is
only a small portion of the entire system, for calculations for control systems, and as a first estimate for
more detailed simulation calculations.

In this chapter, we first develop the Fenske equation, which allows calculation of multicomponent
separation at total reflux. Then we switch to the Underwood equations, which allow us to calculate
the minimum reflux ratio. To predict the approximate number of equilibrium stages, we then use the
empirical Gilliland correlation that relates the actual number of stages to the number of stages at total
reflux, the minimum reflux ratio, and the actual reflux ratio. The feed location can also be approximated
from an empirical correlation.

70 SUMMARY —OBJECTIVES

In this chapter, we develop approximate shortcut methods for binary and multicomponent distillation.
After completing this chapter, you should be able to satisfy the following objectives:

1. Derive the Fenske equation, and use it to determine the number of stages required at total reflux
and the splits of non-key (NK) components

2. Use the Underwood equations to determine the minimum reflux ratio for multicomponent
distillation

3. Use the Gilliland correlation to estimate the actual number of stages in a column and the opti-
mum feed stage location

71 TOTAL REFLUX: FENSKE EQUATION

Fenske (1932) derived a rigorous solution for binary and multicomponent distillation at total reflux.
The derivation assumes that the stages are equilibrium stages. A multicomponent distillation column
with a total condenser and a partial reboiler operating at total reflux is shown in Figure 7-1. For any two
components A and B, equilibrium in the partial reboiler R requires

(YalVp)r = Oppr (Xa/Xp)g. (7-1)
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Equation (7-1) is the definition of the relative volatility, Eq. (2-6a), applied to the reboiler. Material
balances for components A and B around the reboiler are

VrYar = InXan = BXyp. (7-2)
and
Vi¥pr = LaXpn = B Xgg. (7-3)
However, at total reflux, B = 0, and L = V. Thus, the mass balances become
Yar = Xan YBRr = XgN (total reflux) (7-4a ,b)

For a binary system, this naturally means that the operating line is the y = x line. Combining Egs. (7-1)
and (7-4),

] ol
XB N XB R

If we now move up the column to stage N, the equilibrium equation is identical to Eq. (7-1), except
it is written for stage N. The mass balances around stage N simplify to y, y = X, _; and yp ¢ = Xp ;-
Combining these equations, we have

X X
XB N XB IN
Equations (7-5) and (7-6) can be combined to give
X X
[—AL =0ABNYABR [—A] (7-7)
XB 1 XB R

which relates the ratio of liquid mole fractions leaving stage N-1 to the ratio in the reboiler.

Yo, »¥B, " Y v X X X
l ' l | Adist’ Bdist’ Cdist,

XA ’XB st DR yAR’yBR ’yCR,‘”
N N ~N

X X X e
AReb’ "BReb’ CReb’

FIGURE 7-1.  Total reflux column

Chapter 7 Approximate Shortcut Methods for Multicomponent Distillation



Repeating this procedure of alternating between the operating and equilibrium equations, the result
at the top stage is

XA _ XA
[—] =0AB10AB20AB 3 -®AB N-10AB N®AB R [— (7-8a)
Xg Jy; Xp
1st
If we define o, as the geometric average relative volatility,
- 1Ny
O AR =[CAB10AB20AB 3 ABN1OABNOABR] T8 (7-8b)

and note that reboiler and bottoms compositions are identical, Eq. (7-8a) becomes

XA — aNmin XA
X AB X
B Jdist B Jbot

we obtain

(7-9)

XA XA
ln{(xB Jdist / [XB lm] (7-10)

In o A-B

Solving Eq. (7-9) for N

min’®

Niin =
which is one form of the Fenske equation. N, is the number of equilibrium contacts including the

partial reboiler required at total reflux. Although the derivation is for any two components, Eq. (7-10)
is most accurate if it is written for the light key and the heavy key. Then we have

In|| LK XK
N.. = XHK Jgist/ \XHK ot (7-11a)

min —

Inoy g i

If the relative volatility is constant, Eq. (7-10) is exact.
An alternative form of the Fenske equation that is very convenient for multicomponent calcula-
tions is easily derived. First, rewrite Eq. (7-11a) as

In Dxa Bxa
Dxg )i/ \BXB by (7-11b)

Niin = 1
NnoA.B
Dx, 4 is equal to the fractional recovery of A in the distillate multiplied by the amount of A in the
feed, and Bxy, , is the fractional recovery of B in the bottoms multiplied by z,

Dxa gist = (FR A aist ) (Fza) and Bxg poy =(FRp pot ) (F2g) (7-11¢, d)

These equations are the multicomponent equivalent of Egs. (3-5a) and (3-5¢). Substituting these equa-

tions and the equations for Dx; ;, and Bx,  into Eq. (7-11b), and identifying A = LK and B = HK,
ln{[ FRy K gist ) / (1_FRHK,bot ]
1-FR ki FR
Nmin _ LK, dist HK bot (7-12)
Inoy x i

Equation (7-12) is in a convenient form for determining the number of stages for multicomponent
systems.
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For multicomponent systems, calculation with the Fenske equation is straightforward if fractional
recoveries of the two keys, LK and HK, are specified. Equation (7-12) can be used directly to find N_, .
The relative volatility can be approximated by a geometric average. Once N, is known, the fractional
recoveries of the NKs can be found by first writing Eq. (7-12) for an NK component and one of the key
components. For example, if we replace LK with an NK component,

1n|: FRyidist || 1= FREK bot :|
N I-FRnigist ) | FRHK bot

min —

In ok mi
Solving for (FRyy 4,) the result is,
N
o ~ min
FRNK gist = FRHK(b - 116 . (7-13)
e (T R
1-FR K pot

Remember that the order of subscripts on o, is important.

If two mole fractions are specified, say x; y ., and Xy ., the multicomponent calculation is more
difficult. We cannot use the Fenske equation directly, but several alternatives are possible. If we can
assume that all NKs are nondistributing, we can use the strategy used in Chapter 5 to do mass bal-
ances. Assume the NKs follow Egs. (5-6a) to (5-8) and then calculate D and B from the summation
equations, Egs. (3-6a) and (3-6b). Once all distillate and bottoms compositions or values for Dx,; and
Bx, have been found, Eq. (7-11a) or (7-11b) can be used to find N . . Use the key componenfs for
this calculation. The assumption of nondistribution of the NKs can be checked with Eq. (7-13). If the
original assumption is invalid, the calculated value of N . obtained for key components can be used to
calculate the light non-key (LNK) and heavy non-key (HNK) compositions in distillate and bottoms.
Then Eq. (7-11a) or (7-11b) is used again to obtain a more accurate estimate of N, .

If NKs distribute, a reasonable first guess for the distribution is required. This guess can be
obtained by assuming that the distribution of NKs is the same at total reflux as it is at minimum reflux.
The distribution at minimum reflux can be obtained from the Underwood equation (Case C) and is
covered later.

The derivation up to this point has been for any number of components. If we now restrict our-
selves to a binary system where x; = 1 - x, =1 — x, and Eq. (7-11a) becomes

[ Daise/ (= oot

Ino A-B

min

(7-14)

where x = x,, is the mole fraction of the more volatile component (MVC). The use of the Fenske equa-
tion for binary systems is quite straightforward. With distillate and bottoms mole fractions of the MVC
specified, N, is easily calculated if o, is known. If the relative volatility is not constant, o, can be
estimated from a geometric average as shown in Eq. (7-8b). This can be estimated for a first trial as

X0, )2 (7-15)

Ozp = (O(‘AB,dist AB,R

where 0., is determined from the bottoms composition and 0., ;. from the distillate composition.
Accurate use of the Fenske equation obviously requires an accurate value for the relative volatility.

Smith (1963) covers in detail a method of calculating o by estimating temperatures and calculating the

geometric average relative volatility. For approximate estimates this extra work is seldom necessary.
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EXAMPLE 7-1. Fenske equation

A distillation column with a partial reboiler and a total condenser is separating a saturated
vapor feed that is 40.0 mol% benzene (B),30.0 mol% toluene (T), and 30.0 mol% cumene
(C). Recovery of toluene in the distillate is 95%, and recovery of cumene in the bottoms is
98%. Reflux is a saturated liquid, and constant molal overflow (CMO) is valid. Pressure is
at 1.0 atm. Relative volatilities are constant. Choosing toluene as the reference component,
O = 2.25 and o, . = 0.21. Find the number of equilibrium stages required at total reflux,
the recovery fraction of benzene in the distillate and in the bottoms, and the mole fractions
in the distillate and bottoms.

Solution

A. Define. A total reflux column was shown in Figure 7-1. For T = toluene (LK), C = cumene
(HK), B = benzene (LNK), we have oy, = 2.25, 0. = 1.0, oo = 0.21, which means
O =1/0.21. 2, = 03,7z, = 04,7z, = 0.3,FR =FR . =095 and FR =FR

LK dist Tdist HK bot Clhot —
0.98.
a. Find N at total reflux.
b. Find FR at total reflux.

c. Find moigédlfs;actions of distillate and bottoms at total reflux.
B. Explore. Because operation is at total reflux and relative volatilities are constant, we
can use the Fenske equation.
C. Plan. Calculate N _. from Eq. (7-12) and then calculate FR
D. Doiit.

from Eq. (7-13).

B.dist

a. Equation (7-12) gives

ln|: FRyk gist /1_FRHK,bot:I ln[o.% 0.02]
_ [U-FRikaist ) FRuxpor | 10.05/ 0.98

N._. = = =
mn Inoy kK In(1/0.21)
Note that O(‘LK-HK = O{‘tol-cumene = 1/OLCurnene-tol =4.762.
b. Equation (7-13) gives
Nmi 438
OR. min 2.25/0.21
FRp gi =—FR (0p.130) —= ( S =099
%4_(&]}}“() min 095 (2.25
PR b por 0.05 021

Benzene recovery in bottoms = 1 - FR, ;= 0.0015. Note that

o _ Kp _ Kp/Ky _0py _ Obenztol _ 225
B-HK = = = = =
KHK KHK /KT Oct  Ocumene-tol 0.21

c. Dx; g = (FR, 4 )(Fz) = 0.99805(0.4F) = 0.3994F.
D = ¥(Dx, ;) = 0.9985(0.4F) + 0.95(0.3F) + (1 - 0.98)0.3F = 0.6904F.
Then, xBenjdist = 0.3994F/0.6904F = 0.5785, x =0.4128,x =0.0087.
B=F-D =1-0.6904F = 0.3096F.
Xpenpot = (1 = 0.9985)(0.4F)/0.3096F = 0.001938, X1, 1o = 0.0485, X 1 o = 0.9496.

E. Check.The results can be checked by calculating F R’Q dise USINE compdnent A instead
of B. The same answer is obtained.

F. Generalize. High recovery of a compound (e.g., the HK) in the bottoms means
there will be very little of that compound in the distillate. Thus, the distillate is pure.
To have high purity of the bottoms, we must have high recovery of the LK in the
distillate.

Tol,dist Cum,dist
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7.2 MINIMUM REFLUX: UNDERWOOD EQUATIONS

For binary systems, the pinch point usually occurs at the feed plate. When this occurs, an analytical
solution for the limiting flows can be derived (King, 1980) that is also valid for multicomponent systems
as long as the pinch point occurs at the feed stage. However, multicomponent systems with nondis-
tributing components will have separate pinch points in both the stripping and the enriching sections.
If there are HNKs and/or LNKs, there will be nondistributing components unless the separation is
sloppy, the NKs have volatilities that are very close to the keys, or a sandwich component is present.
With nondistributing components, an analysis procedure developed by Underwood (1948) is used to
find the minimum reflux ratio.

The development of the Underwood equations is quite complex and is presented in detail by
Underwood (1948), Smith (1963), and King (1980). For most practicing engineers the details of the
development are not as important as the use of the Underwood equations; we therefore follow
the approximate derivation of Thompson (1981). Thus, we outline the important points but ignore the
mathematical details of the derivation.

If there are nondistributing HNKSs present, a pinch point of constant composition will occur at
minimum reflux in the enriching section above where the HNKs are fractionated out. With nondis-
tributing LNKs present, a pinch point will occur in the stripping section. For the enriching section in
Figure 7-2, the mass balance for component i is

min Yije1 = LominXij + DX gige (7-16)
At the pinch point, where compositions are constant,
Xijo1 = Xij = X A0 Y55y = V55 = Vi (7-17)
The equilibrium expression can be written in terms of K values as
Yijr = KiXij (7-18)

Combining Egs. (7-16) to (7-18) we obtain a simplified balance valid in the region of constant
compositions.
Viin Yijer = Lin¥ijr/Ks + DX (7-19)

i,dist

I D » Xi, dist

Yij+1 v J Xij L

"-—F1Z;‘

<l
-—
[

B, Xi,bor

FIGURE 7-2. Distillation column
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Defining the relative volatility o, . = K/K . and combining terms in Eq. (7-19),

i-ref ref

Vinin¥ij [1-Lpin / (%iref ViminKrer )]Z Dx; gist (7-20)

Solving for the component vapor flow rate, V and rearranging

min yi‘j+l’

Qi—rerDX; dist (7-21)
Oli_ref _Lmin /(meKref)

VininYijr =

Equation (7-21) can be summed over all components to give the total vapor flow rate in the enriching
section at minimum reflux:

c C iret DX dist
Vinin =2 (VaninYi o1 ) = 2 o 2
o 1:1( minL ) i=l Oli_ref — m1n / (lenKref)
In the stripping section, a similar analysis can be used to derive
Rv :ZC _i refBXi bot (7'23)
min i=1 ai—rcf me /(meKrc[)

Because the conditions in the stripping section are different than in the rectifying section, in general
o # 0, andK =K .

Underwood (1948) describes generalized forms of Egs. (7-22) and (7-23) that are equivalent to
defining

i-ref
o= _Lmin  4pg o= _Lmin (7-24)
lenK ref VminK ref

Equations (7-22) and (7-23) then become polynomials in ¢ and ¢ with C roots. The equations are now

. % et (DXp) and ¥y, =3¢ i ref (BXE,i) (7-25a,b)
=l Oli_ref _q) i=1 (_xi—ref - q)

If we assume CMO and constant relative volatilities o, = @,_.., Underwood showed there are com-
mon values of ¢ and ¢ that satisfy both equations. Equations (7-25a) and (7-25b) can now be added.
Thus, at minimum reflux,

_ Oi_ref (DXp Oi_ret (BXp;
Vmin _ Vmin _ Zil i-ref ( D,1) e ref ( B,1) (7-26)
= Olirer — @ Ofi_ror —¢

where o is now an average volatility.
Eq. (7-26) is simplified with the external column mass balance

Fz; = Dxp; + Bxg; (7-27)
to

¢ 0ot (Fz; (7-28)
A\]feed me me =21=1(;L(q;)
i—ref —
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AV, . is the change in vapor flow rate at the feed stage. If q is known,

feed
A\/feed = F(l - q) (7-29)

If the feed temperature is specified, a flash calculation on the feed can be used to determine AV,__,.

Equation (7-28) is known as the first Underwood equation. It can be used to calculate appropriate
values of ¢. Equation (7-25a) is known as the second Underwood equation and is used to calculate V_, .
The exact method for using the Underwood equations depends on what can be assumed. We consider
three cases.

Case A. Assume that none of the NKs distribute. In this case, the amounts of NKs in the distillate are

Dxp, vk = 0 and Dxp, 1k = Fzp g (7-30a, b)
while the amounts of the keys are
Dxp ¢ = (FRp )Fz y, and Dxp, = [1 = (FRy ) [Fzy (7-30c, d)

Solve Eq. (7-28) for the one value of ¢ between the relative volatilities of the two keys,

Olpy_rep <O < 04 - This value of ¢ can be substituted into Eq. (7-25a) to calculate V_, . Then
C
D= zizl(DxD’i) (7-31)
and L__. is found from mass balance
Lmin = Vmin -D (7-32)

Case B. Assume that the distributions of NKs determined from the Fenske equation at total reflux are
also valid at minimum reflux. In this case, the Dxp \ values are obtained from the Fenske equation as
described earlier. Again solve Eq. (7-28) for the ¢ value between the relative volatilities of the two keys.
This ¢, the Fenske values of Dx 4 and the Dx, . and Dxp, ;, values from Egs. (7-30c) and (7-30d)
are used in Eq. (7-25a) to find V. . Then Eqgs. (7-31) and (7-32) are used to calculate D and L_, . This
procedure is illustrated in Example 7-2. Case C results are probably more accurate.

Cuase C. This case presents the exact solution without further assumptions. Equation (7-29) is a poly-
nomial with C roots. Solve this equation for all values of ¢ lying between the relative volatilities of all
components:

0{‘LNK,I—ref > q)l > 0(LNK,Z—re[ > q)Z > asandwich—re[ > ¢3 > aLK—ref > ¢4 > aHK—ref > ¢5 > aHNK‘l—ref

This gives C — 1 valid roots. Now write Eq. (7-25a) C — 1 times—once for each value of ¢. We now
have C - 1 equations and C — 1 unknowns (V. and Dx. for all LNKs, sandwich components, and
HNKSs). Solve these simultaneous equations and then obtain D from Eq. (7-31) and L, from Eq.
(7-32). Problem 7.D15 is a sandwich component problem that must use this approach.

In general, Eq. (7-28) is of order C in ¢ where C is the number of components. Saturated liquid and
saturated vapor feeds are special cases and, after simplification, are of order C-1. If the resulting equa-
tion is quadratic, the quadratic formula can be used to find the roots. Otherwise, a root-finding method
or Goal Seek or Solver should be employed. If only one root, oy > &> 04y, .. is desired, a good first
guess is to assume ¢ = (0 ;¢ + Oy _.¢)/2. If looking for multiple roots, a good first guess to find the ¢
value between two o values is the average of the two o values.

The results of the Underwood equations are accurate only if the assumptions of constant relative
volatility and CMO are valid. For small variations in o, a geometric average calculated as
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o (Otpyoy Otgi) ' OT 01 (O Opeeq i) (7-33)

i-ref i-ref
can be used as an approximation.

EXAMPLE 7-2. Underwood equations
For the distillation problem given in Example 7-1, find the minimum reflux ratio. Use a
basis of 100.0 kmol/h of feed.

Solution

A. Define. The problem is sketched in Example 7-1. We now wish to find (L/D)_, .

B. Explore. Because the relative volatilities are approximately constant, the Underwood
equations can be used to estimate the minimum reflux ratio.

C. Plan. Because by most definitions in Problem 7D10 benzene is distributing in Example
7-1, Case A does not apply. Either Case B or C can be used. We follow a Case B analy-
sis and use the Dx); values calculated in Example 7-1. We then solve Eq. (7-28) for ¢
value between the relative volatilities of the two keys 0.21 < ¢ < 1.00.Then V_, can be
found from Eq. (7-25a), D from Eq. (7-31),and L . from Eq. (7-32).

D. Do it. Because the feed is a saturated vapor,q =0,AV,__ =F (1 - q) =F =100, and
Eq. (7-28) becomes

feed

225(40) | 1.0(30) | 0.21(30)
225-¢  1.0-0  021-¢

100 =

Solving for ¢ between 0.21 and 1.00, we obtain ¢ = 0.5454. Equation (7-25) is

C
V=3 St (OX0i) i e R, ).

i=1 Oeref —~ ¢ '
For Case B analysis, the fractional recovery of benzene is the value calculated in
Example 7-1 at total reflux, Dx, .. = 100(0.4)(0.9985) = 39.94
The other values are Dxy, = 100(0.3)(0.95) =28.5 and Dx, ., = 100(0.3)(0.02) = 0.60.
Summing the three distillate flows, D = 69.04. Equation (7-25) becomes

_(225)(39.94)  (1.0)(285)  (0:21)(0.6)

min — =115.04
2.25-0.5454 1.0-0.5454 0.21-0.5454

From a mass balance, L, =V . —D =46.00,and (L/D),_, =0.6663.

E. Check.The Case A calculation gives essentially the same result.

F. Generalize. The addition of more components does not make the calculation signifi-
cantly more difficult as long as the fractional recoveries can be accurately estimated.
The value of ¢ must be determined accurately because small errors can have a major
effect on the results. Because this separation is easy, (L/D)_. is quite small, and
(L/D)_. is not as dependent on the exact value of ¢ as it is when (L/D) . is large.

min min

7.3 GILLILAND CORRELATION FOR NUMBER OF STAGES AT FINITE REFLUX RATIOS

A general shortcut method for determining the number of stages required for a multicomponent dis-
tillation at finite reflux ratios would be extremely useful. Unfortunately, such a method has not been
developed. However, Gilliland (1940) noted that he could empirically relate the number of stages N at
finite reflux ratio L/D to the minimum number of stages N . and the minimum reflux ratio (L/D),, .
Gilliland did a series of accurate stage-by-stage calculations and found that he could develop a graphi-
cal correlation of the function
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v = (N"Nuin) (7-34a)

with the function

(o)

- B min

X = T (7-34b)
i—+1 '
D

Since 1940, a number of investigators have developed equations to fit Gilliland’s data so that the cor-
relation can easily be used with calculators and computers (Coker, 2010; Davis, 2020a). The latest and
possibly the best equation was developed by Davis (2020a, 2020b) using a rational function instead of
a polynomial. Davis’s correlation (2020b) is

1-x00031

_ - 7-35
1-0.99357x0:0031 (7-35)

Figure 7-3 shows Gilliland’s data points and Davis’s rational function. The data points are the result of
Gilliland’s stage-by-stage calculations and show the scatter inherent in this correlation.

Sometimes the values of N and N_. . and thus Y, will be known and we will want to determine X
and L/D. One advantage of Eq. (7-35) is that the inverse equation is easily determined:

1/0.0031
xof =Y (7-36)
1-0.99357Y

Note that in Davis’s paper (2020a), the value 0.99357 is truncated to 0.99. Equations (7-35) and (7-36)
are extremely sensitive to this value, and the value 0.99 does not fit the curve.

1
- —— Rational
0.8 - o Gilliland
06 |
> -
B (o]
0.4
i o}
0.2 .
0 _- " el ey, —
0 0.2 0.4 0.6 0.8 1

X

FIGURE 7-3.  Gilliland correlation with equation (7-35) developed by Davis (2020a). Reprinted with permission
from Chemical Engineering Education, 54(4), 219 (2020), copyright 2020, Chemical Engineering Education
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Another advantage of Eq. (7-35) is that the function has the correct limiting behavior. As X — 0,
Y — l;and as X — 1, Y — 0 (see Problem 7A7).

To use the graphical Gilliland correlation or Davis’s fit to the Gilliland correlation, we proceed as
follows:

1. Calculate N, from the Fenske equation.

Calculate (L/D),_, from the Underwood equations or analytically for a binary system.
Choose actual (L/D). This is usually done as some multiplier (1.05 to 1.5) times (L/D)
Calculate the abscissa X.

Determine the ordinate value Y.

Calculate the actual number of stages, N.

min*

AN o i

The Gilliland correlation should be used only for rough estimates. The calculated number of stages
can be off by +30%, although they are usually within +7%. Because L/D is usually a multiple of

(L/D),_..,L/D = M(L/D)_. , the abscissa can be written as
L/D- (L/D)_. _
abscissa = X = [ ( )mm]: M-1 (7-37)
L/D+1 [1/(L/D) s ]+ M

The abscissa is not very sensitive to the (L/D)_. value but does depend on the multiplier M.

The optimum feed plate location can also be estimated. First, use the Fenske equation to estimate
where the feed stage would be at total reflux. This can be done by determining the number of stages
required to go from the feed concentrations to the distillate concentrations for the keys.

ln[(XLK /XHK)dist:|
(z1x / Zuk)

Inoy g_pr

NF,min = (7'383)

Now assume that the relative feed location is constant as we change the reflux ratio from total reflux
to a finite value. Thus,

NEmin _ N (7-38b)

Nmin N

The actual feed stage can now be estimated from Eq. (7-38b). Because the estimate is based on an
assumption that certainly may not be true and it does not include the effect of feed quality, it is not
too accurate. Best practice is to use these estimates as first guesses of the feed location for simulations.
Erbar and Maddox (1961; see King, 1980 or Coker, 2010) developed a somewhat more accurate cor-
relation that uses more than one curve.

A rough heuristic is to estimate N = 2.5 N . .This estimate then requires only a calculation of N
and is useful for very preliminary estimates.

EXAMPLE 7-3. Gilliland correlation

Estimate the total number of equilibrium stages and the optimum feed plate location
required for the distillation problem presented in Examples 7-1 and 7-2 if the actual reflux
ratio is set at L/D = 2.

Solution

A. Define. The problem was sketched in Examples 7-1 and 7-2. F = 100, L/D = 2, and we
wish to estimate N and N
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B. Explore. An estimate can be obtained from the Gilliland correlation, while a more
exact calculation could be done with a process simulator.

C. Plan. Calculate the abscissa X from Eq. (7-34b), determine the ordinate Y from Davis’s
fit of the Gilliland correlation Eq. (7-35), and then find N from Eq. (7-34a). (L/D)min =
0.6663 was found in Example 7-2,and N, = 3.77 in Example 7-1. The feed plate loca-
tion is estimated from Egs. (7-38a) and (7-38b).

D. Doit.

L_[L)m
_D Dy _2-0:6663 _ .

£+1 2+1

D

The corresponding ordinate Y can be determined from Eq. (7-35):

1-0.99357X"% 10.99357(0.4446) 0T

0.0031 0.0031

Solving for N in Eq. (7-34a) with Y known and N_. =3.77,

N=(Y+N_)/(1-Y)= (02813 +3.77)/((1 - 0.2754) = 5.64
Use N =6. 1n[(XLK /XK dist} ln[(0.413/0.0087) dist}
/ 0.3/0.3
Ng i 1s calculated as Ng i = (21x /21K ) = ( ) =2.49

In U‘LK*HK In (1 .O / 0.21)

where X, and X, ;,c were found in Example 7-1.

Then from Eq. (7-38b),

N. .
Np=N_Emin _ 5.64(EJ= 3.20 use stage 3.
min 4.38

E. Check. A complete check requires solution with a process simulator.

F. Generalize. The Gilliland correlation is a rapid method for estimating the number
of equilibrium stages in a distillation column. It should not be used for final designs
because of its inherent inaccuracy.
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PROBLEMS

A. Discussion Problems

Al. The Fenske equation:

a. Is valid only for binary systems.
b. Was derived for minimum reflux.
¢. Requires CMO.

d. Requires constant K values.

e. All of the above.

f. None of the above.

A2. If you want to use an average relative volatility, how do you calculate it for the Under-
wood equation?

A3. Develop your key relations chart for this chapter.

Ad4. In multicomponent distillation the Fenske equation can be used to:

a. Estimate the fractional recoveries of the NKs at total reflux.

b. Calculate the number of equilibrium contacts at minimum reflux.
c. Estimate the average K value of the LK at total reflux.

d. All of the above.

e. None of the above.

AS. With the ready availability of process simulators, why do chemical engineers still use the
Fenske-Underwood-Gilliland (FUG) method?

A6. Suppose you are doing a ternary distillation where component B, the LK, has a 98.3%
recovery in the distillate, and component C, the HK, has a 99.8% recovery in the bot-
toms. If o, .= 0 how does component A distribute?

A7. In Davis’s fit for the Gilliland correlation, what are the values of N and L/D when X — 0
and Y — 1? What are the values of N and L/D when X - 1 and Y — 0?

A8. An engineer claims that fit A of the Gilliland correlation is better than fit B because when
they compared the predictions of both fits to detailed simulator results for a separation
of interest, fit A was closer than fit B. Have they proved that fit A is better? Explain your
answer.

C. Derivations

Cl1. Derive a form of Eq. (7-13) for (FRyy ) in terms of (FR ;).

C2. Explore the sensitivity of Eq. (7-35) in Example 7-3 at X = 0.455 by determining Y and N
as the value of the constant 0.99357 changes. Try constant values of 0.990,0.993, and 0.994.

C3. If the pinch point occurs at the feed point, mass balances can be used to find the mini-
mum flows. Derive these equations. Note: A pinch point at the feed can occur but is
unusual in multicomponent distillation.

C4. The choice of developing the Underwood equations in terms of V . instead of solv-
ing for L , is arbitrary. Rederive the Underwood equations solving for L, and fmin.
Develop the equations analogous to Egs. (7-25a) and (7-28).

C5. For binary systems, Eq. (7-28) simplifies to a linear equation for both saturated liquid and
saturated vapor feeds. Prove this statement.

C6. If NKs do not distribute, you solve the Underwood Eq. (7-28) for ¢, which satisfies
O kret > @ > Oy, However, if a different reference component is chosen for calcu-
lation of the relative volatilities, the value of ¢ changes. Despite the change in ¢,V .
calculated from Eq. (7-25a) is unchanged. The proof that this is true is challenging for
the general case but is tractable for a binary system with a saturated liquid feed because
Eq. (7-28) becomes linear. Prove for a binary system with a saturated liquid feed that
the solution for V , is not affected by the choice of reference component for relative
volatilities.
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D. Calculation Problems
*Answers to problems with an asterisk are at the back of the book.

D1. A distillation column separates 100.0 kmol/day of a saturated liquid feed that is
20.0 mol% ethanol (E), 35.0 mol% n-propanol (P), and 45.0 mol% n-butanol (But).
Fractional recovery of butanol in bottoms = 0.972. Bottoms mole fraction butanol

BBut = 0.986. Assume relative volatilities are constant: o =4.883, o =2.336, and
0(‘But—But =10.

a. Determine the flow rates of bottoms, B, and of distillate, D, in kmol/day; and deter-
mine the mole fractions of E, P, and But in the bottoms and in the distillate.

b. Find the minimum number of stages, N _. ,required for this separation.

c. List any assumption(s) you have made and justify why they are reasonable. Note that
the strongest justification is a calculation, not just words.

D2. We are separating a mixture of propylene, propane, and isobutane in a distillation col-
umn with a partial condenser and a partial reboiler at a pressure of 15.0 bar. We desire a
0.999 fractional recovery of propylene in the distillate, at least a 0.950 fractional recovery
of propane in the bottoms, and at least a 0.9999 fractional recovery of isobutane in the
bottoms. How many stages are required at total reflux?

Data: At 34°C, K Propylene = 1.00, K propane = 0.89, K isobutane = 0.42.
At 40°C, K propylene = 1.13, K propane = 1.000, and K isobutane = 0.46.

D3.* A special column acts as exactly three equilibrium stages. Operating at total reflux, we
measure vapor composition leaving the top stage and the liquid composition leaving the
bottom stage. The column is separating phenol from o-cresol. We measure a phenol lig-
uid mole fraction leaving the bottom stage of 0.36 and a phenol vapor mole fraction
leaving the top stage of 0.545. What is the relative volatility of phenol with respect to
o-cresol?

D4. Separate 1,2-dichloroethane from 1,1,2-trichloroethane at 1 atm. Distillate is 99.15 mol %
1,2-dichloroethane, and bottoms is 1.773 mol% 1,2-dichloroethane. Saturated liquid feed
is 60.0 mol% 1,2-dichloroethane. Relative volatility is approximately constant, o. = 2.4.
a. Find the minimum number of stages using the Fenske equation.

b. Calculate L/D_, .

c. Estimate the actual number of stages for L/D = 2.2286 using the Gilliland correlation.

d. A detailed simulation gave 99.15 mol% 1,2-dichloroethane in the distillate, 1.773
mol% 1,2-dichloroethane in the bottoms for L/D = 2.2286, N = 25 equilibrium con-
tacts, and optimum feed location is 16 equilibrium contacts from the top of the col-
umn. Compare this N with part c, and calculate the percent error in the Gilliland
prediction.
DS5. A distillation column will separate 100.0 kmol/h of a saturated liquid feed at 200 kPa that
is 20.0 mol % propane (Pro), 35.0 mol% n-pentane (Pen), and 45.0 mol% n-hexane (Hex).
The column has a total condenser and a partial reboiler. We want a fractional recovery of
Hex in the bottoms = 0.983 and a fractional recovery of Pen in the distillate of 0.967
a. Make an appropriate assumption, and determine the flow rates of bottoms, B, and of
distillate, D, in kmol/h; and determine the mole fractions of bottoms and of distillate.

b. Determine the bubble-point temperature of the feed, and calculate relative volatilities
at this temperature. Use Pen as your reference component. Report the bubble-point
temperature, the K values, and the values of relative volatilities. Use a DePriester
chart or Eq. (2-28). Show your work.

c. Assume the relative volatilities found in part b are constant, and determine the mini-
mum number of stages, N . . required for this separation.

d. Do a calculation that justifies why the assumption made in part a is reasonable.

D6. A mixture of acetone and ethanol is distilled at 1.0 atm in a distillation column with a
total condenser and a partial reboiler. We desire a distillate that is 0.999 mole fraction
acetone and a bottoms that is 0.0013 mole fraction acetone. Feed is 40 mol % acetone,

X

E-But P-But
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it is a two-phase mixture that is 5/6 liquid, and feed flow rate is 50 mol/h. Data are in

Problem 4.D7.

a. Determine the relative volatility near the top of the column, near the bottom of the
column, and near the intersection of the feed line and the equilibrium curve. Calcu-
late the appropriate average relative volatility.

b. Use the Fenske equation to determine the number of equilibrium contacts at total
reflux.

¢. Assume CMO is valid and calculate the value of (L/D)_. from the McCabe-Thiele
diagram.

d. Use the Gilliland correlation (or the Davis equation) to estimate the number of stages
if L/D =105 (L/D)_, .

e. Estimate the optimum feed stage location.

D7. Your boss wants some idea of how expensive it will be to distill 155.0 kmol/h of a satu-
rated liquid feed that is 5.0 mol% methane, 10.0 mol% ethane, 15.0 mol% n-butane,
22.0 mol% n-pentane, 22.0 mol% n-hexane, and 26.0 mol% n-heptane. Column pres-
sure is 700.0 kPa. The column has a partial condenser and a partial reboiler. We want
to recover 99.0% of the n-butane in the distillate and 98.3% of the n-pentane in the
bottoms. Do the calculations of the K values either from the DePriester chart or from
Eq. (2-28).

a. Assuming that NKs do not distribute, calculate the values of D and B in kmol/h and
the mole fractions in distillate and bottoms.

b. Do a bubble-point calculation at the feed conditions. Calculate the relative volatilities
of all components with respect to the HK (n-pentane). Use these values as the aver-
age value of relative volatility for the entire column. Also determine the bubble-point
temperature of the distillate to see if condensation will be expensive.

c¢. Determine the minimum number of stages for this separation with the Fenske
equation.

d. Determine the minimum reflux ratio, (L/D),; , with the Underwood method.

e. Estimate the number of stages required if L/D = M x (L/D)_ . with the Gilliland cor-
relation (Davis’s fit is convenient) where M = 1.04, 1.10, and 2.0.

f. Will this distillation be reasonably economical, or should an alternative be found?
Briefly explain your reasoning.

Note: Parts b and d are easier to do with a spreadsheet or Wolfram.

D8.* We wish to separate a mixture of 40.0 mol% benzene and 60.0 mol% ethylene dichloride
in a distillation column with a partial reboiler and a total condenser. The feed rate is
750 mol/h, and the feed is a saturated vapor. We desire a distillate product of 99.2 mol %
benzene and a bottoms product that is 0.5 mol% benzene. Reflux is a saturated liquid,
and CMO can be used. Equilibrium data can be approximated with an average relative
volatility of 1.11 (benzene is more volatile).

a. Find the minimum external reflux ratio.

b. Use the Fenske equation to find the number of stages required at total reflux.

c. Estimate the total number of stages required for this separation using the Gilliland
correlation for L/D = 1.2(L/D),, .

D9. We are separating a mixture of benzene, toluene, and xylene in a distillation rectifying
column. The column has a total condenser and no reboiler. The feed is a saturated vapor
that is fed into the bottom stage of the column, flow rate F = 150 kmol/h, and feed is
52.0 mol % benzene, 38.5 mol % toluene, and remainder xylenes. Pressure is 1.0 atm,
CMO is valid, and the relative volatilities are constant: o, 1., = 2.22, Olporxy = 2.01. The
column is at 1.0 atm. The reflux ratio L/D = 9, and the distillate is 0.007 mole fraction
toluene.

a. Based on the best assumption you can make, use mass balances and CMO to calcu-
late: B, mole fractions in bottoms, D, and mole fractions in distillate.
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b. Although the column has a feed and bottoms removal, we can still operate at total
reflux (D =0 so that L/V = 1). At total reflux, how many stages are required to obtain
the separation achieved in part a?

c. Use the Fenske equation to estimate xylene mole fraction in the distillate.

d. What is the minimum reflux ratio for separation in part a, but with xylene distillate
mole fraction from part c?

e. Use the Gilliland correlation to estimate the actual number of stages if L/D = 9.

D10. When is a non-key distributing, and when is it nondistributing? For almost all chemi-
cals, five 9s purity {concentrations of impurity below 10.0 ppm, mass (mass fraction
< 1.0 x 107%) or [approximately mole fraction < (1.0 x 107)]} would be low enough that
the chemical can be accepted in the product and could be considered to be nondistrib-
uting (this is a very tight definition of nondistributing). A less strict concentration limit
(four 9s purity) would use 100.0 ppm. Another possible definition of nondistributing that
is less strict is a concentration that causes less than a 0.1% or 0.01% change in calcula-
tions of other variables (e.g., concentrations of other components, flow rates, equilibrium
behavior, and so forth). Return to Example 7-1 and use the Fenske equation to explore
under what conditions the NK benzene can be considered nondistributing.

a. Redo the calculations in Example 7-1 by assuming benzene is nondistributing, and
determine new flow rates of D and B and new mole fractions in distillate and bottoms.
Are the percentage changes in flow rates of B and D and percentage change in mole
fractions of toluene and cumene small enough that benzene could be considered non-
distributing by either the 0.1% or the 0.01% criteria?

b. Redo the calculations in Example 7-1 with FR = FR_ . Find the value of
FR ) 4ist = FRoym.por a1d the corresponding value of N, at which benzene first meets
the 10.0 ppm criterion for nondistributing.

¢. Redo the calculations in Example 7-1 with FR . = FR_ . . Find the value of
FR 4ie = FR b0 and the corresponding value of N ., at which benzene first meets
the change of less than 0.01% in toluene and cumene distillate and bottoms concen-
trations criterion for nondistributing.

d. Find the value of FR ., = FR_ .. and the corresponding value of N . at which
benzene first meets the change of less than 0.1% in toluene and cumene distillate and
bottoms concentrations criterion for nondistributing.

D11. We simulate a distillation column and find we can obtain the desired separation with 31
stages plus a partial reboiler and a total condenser if we use an L/D = 3. With total reflux,
we find that the desired separation is obtained with 13 stages plus a partial reboiler and a
total condenser. Estimate (L/D)_. .

D12. A distillation column is separating toluene and xylene, o = 3.03. The feed is a saturated
liquid, and reflux is returned as a saturated liquid. p = 1.0 atm. F = 100.0 kmol/h. Distillate
mole fraction is x = 0.996, and bottoms x; = 0.008. Use the Underwood equation to find
(L/D),,;, and V_. at feed mole fractions of z = 0.1,0.3,0.5,0.7 and 0.9. Check your result
at z = 0.5 with a McCabe-Thiele diagram. What are the trends for |Q, .| and O .. as
the toluene feed concentration increases? Hint: If you write the Underwood eqﬁation
and solve algebraically for ¢, the problem is easier than it looks.

D13.* We have a column separating benzene, toluene, and cumene. The column has a total
condenser, a total reboiler, and nine equilibrium stages. The feed is 25.0 mol% benzene,
30.0 mol% toluene, and 45.0 mol% cumene. Feed rate is 100 mol/h, and the feed is a
saturated liquid at 1.0 atm. The column pressure is 1.0 atm. The equilibrium data can be
represented as constant relative volatilities: oy, = 2.5, ot = 1.0, and o, = 0.21. We desire
99.0% recovery of toluene in the distillate and 98.0% recovery of cumene in the bottoms.
a. Determine the required external reflux ratio.

b. If oy = 2.25 instead of 2.5, what is the value of L/D?
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D14. A distillation column is separating 100.0 kmol/h of a saturated vapor feed that is 30.0
mol% ethanol, 25.0 mol% i-propanol, 35.0 mol% n-propanol, and 10.0 mol% n-butanol
at a pressure of 1.0 atm. We want a 98.6% recovery of i-propanol in the distillate and
99.2% recovery of n-propanol in the bottoms. The column has a total condenser and a
partial reboiler. For parts b, c, and d, use the FUG method. If we choose n-propanol as
the reference, the relative volatilities are ethanol = 2.17, i-propanol = 1.86, n-propanol =
1.0, and n-butanol = 0.412. These relative volatilities can be assumed to be constant.

a. Find D, B, X and Xpj-

b. Find N . and N ..

c¢. Find (L/D)_. . A spreadsheet is highly recommended to find ¢.
d. If L/D = 1.10(L/D)_. ,find N and the feed stage.

D15.% A distillation column is separating benzene (o = 2.25), toluene (o = 1.00), and cumene
(o= 0.21). The column is operating at 101.3 kPa. The column has a total condenser and
a partial reboiler, and the optimum feed stage is used. Reflux is a saturated liquid, and
L,/D = 1.2. Feed rate is 1000.0 kmol/h. The saturated liquid feed is 39.7 mol% benzene,
16.7 mol% toluene, and 43.6 mol% cumene. Recover 99.92% of the benzene in the distil-
late and 99.99% of the cumene in the bottoms. For a first guess to this design problem,
use the FUG approach to estimate the optimum feed stage and the total number of equi-
librium stages. Note: The Underwood equations must be treated as a Case C problem.

D16.* We are separating a mixture of ethanol and n-propanol. Ethanol is more volatile, and the
relative volatility is approximately constant at 2.10. The feed flow rate is 1000.0 kmol/h.
The feed is 60 mol% ethanol and is a saturated vapor. We desire x; = 0.99 mole fraction
ethanol, and x; = 0.008 mole fraction ethanol. The reflux is a saturated liquid. There are
30 stages in the column (including the partial reboiler). Use the FUG approach to deter-
mine:

a. The number of stages (including partial reboiler) at total reflux.
b. (L/D)
¢ (L/D)actual'
D17. A distillation column operating at 200 kPa separates 100 kmol/h of a saturated liquid
feed at 200 kPa that is 20 mol% propane (Pro), 35 mol% n-pentane (Pen), and 45 mol %
n-hexane (Hex). The column has a total condenser and a partial reboiler. We want a
fractional recovery of Hex in the bottoms = 0.983, and a fractional recovery of Pen in the
distillate of 0.967
a. Make an appropriate assumption and determine flow rates of bottoms, B, and of dis-
tillate, D, in kmol/h; and determine mole fractions of bottoms and of distillate.

b. Determine bubble-point temperature of feed and calculate relative volatilities at this
temperature. Use Pen as your reference component. Report bubble-point tempera-
ture, K values, and values of relative volatilities. Use DePriester charts or Eq. (2-28).
Show your work.

c. Assume relative volatilities found in part b are constant, and determine minimum
number of stages, N . ,required for this separation.

d. Do a calculation that shows assumption made in part a is correct.

D18. A depropanizer has the following feed and constant relative volatilities:

min®

Methane (M): 7y, = 0.229, 0 , =9.92
Propane (P): 7, =0.368, o, _, = 1.00
n-Butane (B): 2, =0.322, 05 , =0.49

n-Hexane (H): z,; = 0.081, 04y » =0.10
Reflux is a saturated liquid. The feed is a saturated liquid fed at 1.0 kmol/(unit time).

Assume CMO.
a*L/D = 1.5, FRP_’disl =0.9854, FRB,bm =0.8791. Use the FUG method to estimate N.
b. If N =20, FRR gise = 09854, and FRB,bm =0.8791, estimate the required L/D.
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¢. Find the split of normal hexane at total reflux using N_. .

d. L/D=15,FR, . =0.999,FRy, =0.8791. Use the FUG method to estimate N.

Note: Do part a first. Parts of the solution of part a can be reused for the other parts b to d.
D19. A distillation column with a partial reboiler and a total condenser operating at 70 bar

is separating 100.0 kmol/h of a saturated liquid feed that is 25.0 mol% ethane (C2), 35.0

mol% n-butane (C4), and 40.0 mol% n-pentane (C5). CMO can be assumed valid, and

assume that ethane does not distribute. We want 99.2% recovery of n-butane in the dis-

tillate and 98.3% recovery of n-pentane in the bottoms. The K values at the distillate are

K, =556, K, = 0.655, and K, = 0.234. The K values at the bottoms are K, = 10.67,

K, =2.21,and K = 0.993. Use the correct average for relative volatilities based on the

values of the relative volatilities calculated at distillate and bottoms.

a. Find the distillate mole fractions and the value of the distillate flow rate.

b. FindN_. .

¢. Find (L/D)_, .

d. Find N from the Gilliland correlation for M = 1.2.

E. More Complex Problems

E1l. We are separating 100.0 kmol/h of a saturated liquid feed that is 45.0 mol% propane (P),
15.0 mol% n-butane (B), and 40.0 mol% n-hexane (H). Relative volatilities are o, , =
1.0, o3 p = 0.49, 0y, = 0.10. At minimum reflux, we want fractional recoveries FRp i =
0.995 and FRy, , = 0.998. Find (L/D), ., flow rates D and B, and mole fractions of three
components in distillate and bottoms at minimum reflux.

E2. Separation of propylene from propane is a very important but expensive distillation.
Your boss wants to know the effect of changing the column pressure on the number of
stages and on the temperature at which the distillate condenses. Use the FUG method
to estimate the number of stages required for the following feeds listed. In all cases, we
want 99.8 mol% propylene in the distillate with a 99.1% recovery of propylene in the
distillate. Use either DePriester charts or Eq. (2-28) for K values. Operate with L/D =
1.05(L/D),,;.- Report the temperature of the distillate, the minimum number of stages,
(L/D)_. ,and predicted N Calculate the average relative volatility,

min’® actual®

o= \/OC (Tdistillate ) xo (Tbottoms) where o= Kpropylene / Kpropane

Saturated liquid feed, 50 mol% propylene, column pressure is 22.0 bar.

. Saturated liquid feed, 50 mol% propylene, column pressure is 70 bar.

Saturated liquid feed, 50 mol% propylene, column pressure is 1.013 bar.

. Saturated vapor feed, 50 mol% propylene, column pressure is 70 bar.

Note: This problem can be solved by brute force, or it can be simplified first and then be
easily solved.

s T

F. Problems Requiring Other Resources
F1. What variables does the Gilliland correlation not include? How might some of these be
included? Check the Erbar-Maddox (1961) method (see King, 1980, or Coker, 2010).

G. Computer Simulation Problems
G1. Repeat Problem 7D12 on Aspen Plus using RadFrac and the Peng-Robinson correlation.
a. Find N at total reflux (operate with very small feed and distillate rates and a large
L/D).
b. Find (L/D), . accurately by simulating the process with a few hundred stages.
¢. Find the actual number of stages and the optimum feed stage at L/D = 1.25(L/D), .
G2. Repeat Problem 7 G1 except using DSTWU in Aspen Plus (Lab 6) instead of RadFrac.
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A
Absorbers
cocurrent, HTU-NTU analysis, 675-677
cocurrent, staged analysis, 463-465
column diameter, 457-458
concentrated, matrix solution, 460-463
dilute multisolute, 458-460
film model, 605-607
HTU-NTU analysis, 670-673
Absorption, 2, 439
ammonia in water, 442-443
chemical, 439
columns, 439-440
concentrated systems, McCabe-Thiele analysis,
453-457
dilute, McCabe-Thiele solution, 444-446
efficiencies, 452-453
equilibrium data, 441-443
Henry’s law, 441-442, 443
irreversible, 463-465
Kremser equation, 447-452
physical, 439
sulfur dioxide (SO,), 674-675
Absorption factor, 448
Abunasser, N., 1030
Accumulator, 80-81
Acetone, 762
azeotropic distillation, 269
HETP pall rings data, 369
partially miscible single-stage extraction
systems, 509
solvent for crystallization of lovastatin, 758-761
total reflux curve, 261
Activated alumina, 261, 928
Activated carbon, 927,948
Adams, T. A., 62
Adiabatic flashing, 67-68
Adsorbates, 926
Adsorbents, 926
activated alumina, 928
activated carbon, 927
carbon molecular sieves (CMS), 927
properties, 928
silica gel, 927
zeolite molecular sieves, 927
Adsorption, 923, 932-934. See also chromatography;
solute movement analysis

Index

adsorbent types, 926-929
concentrated gas systems, 949
definitions, 924-926
density, 926
drying organic compounds, 948-949
equilibrium, 929-934
isotherms, 929-932
Langmuir isotherm, 929-932
movement of a solute in a column, 935-936
porosity, 924-925
pressure swing, 949-957
purification, 941
saturation, 930
simulated moving beds (SMB), 957-962
solute movement analysis, 935
solute movement theory for linear isotherms,
937-938
temperature swing, 942-945
thermal regeneration with linear isotherm, 945-949
tortuosity, 926
velocities, 925-926
Agrawal, R., 415,422
AIChE distillation tray correlation, 691
Alcohols, 594. See also ethanol; isopropanol, methanol
Almost ideal multicomponent distillation
heuristics for sequences with more components,
421-425
ternary column sequences, 419-421
Aly, D. M., 929
Ammonia, absorption in water, 442-443
Ammonium sulfate (NH,), SO,), precipitation, 762
Amundson, N. R., 196
Analogies
Chilton-Colburn, 623, 798
mass transfer coefficients based on, 622-623
solute movement analysis, 941
Anisotropic membranes, 849
Antisolvent crystallization, 758-761
Antoine’s equation, 23, 591
constants, 23-24
vapor pressure (VP) of ethanol, estimating, 583
Applications
Kremser equation, 553
McCabe-Thiele analysis, 553
superecritical fluid (SFC), 567
Approach temperature in heat exchanger design, 405
Arrhenius relationship, 442

1087



1088

Aspen Chromatography simulator, 7 10301031, 1055.

See also labs
column operating conditions, 1032-1033
convergence, 1035-1038
cycle organizer, 1038-1041
feed conditions, 1033
flow reversal, 1041-1045
integration details, 1033
introduction, 1031
ion exchange, 1045-1047
setting up plots, 1033
setup of breakthrough run, 1034
SMB and TMB, 1048-1051
startup, 1031-1032
thermal systems, 1051-1054

Aspen Plus, 7,129. See also computer simulation

analysis of VLE data, 65-66
drawing a flowsheet, 63-65

fitting equilibrium data, 1067-1069
flash distillation simulation, 69-71
input data, 62-63

inputs, 67

inputting DECHEMA NRTL parameters, 546-547
rerun analysis, 67

start-up, 62

ternary problems, 68

trouble shooting, 1063-1065
viewing results, 66—67

Assumptions, 617

McCabe-Thiele analysis, 552
pseudo-steady-state, 610

Avagadro’s number, 577
Azeotropes, 25

breaking, 828

breaking with hybrid separations. See Distillation,
hybrid processes

maximum-boiling, 21-22

minimum-boiling, 21

pressure effects, 218

Azeotropic distillation. See also steam distillation

with added solvent, 270-271

drying organic compounds, 245-248
single-column, 243-245
two-column, 248-251

B

calculations, 332-334
constant-mole, 311-313
distillate product fractions, 306-307
mixed distillate product, 305-306
multicomponent simple, 320-323, 332-334
multistage, 304
multistage binary, 316-320
operating time, 323-324
overview, 303-304
Raleigh equation, 304-305
simple binary, 307-310
steam, 313-316
Batch extraction, 506-508
Batch steam distillation, problem-solving strategy, 315-316
Batch washing, 559
Benzene, 246-248, 442
Bergman, T. L., 589
Binary cocurrent and countercurrent permeation, 904
Binary column distillation
comparisons between analytical and graphical
methods, 149
efficiencies, 143-144
feed line, 113-120
intermediate reboilers, 137-138
internal balances, 99-103
limiting operating conditions, 141-143
McCabe-Thiele method, 109-113,120-123, 129-134
minimum reflux, 141-143
open steam heating, 125-129
partial condensers, 134135
profiles, 123-124
side streams, 136-137
simulation problems, 146148
spreadsheet, 169-170
stage-by-stage solution methods, 103-109
stripping and enriching columns, 139-140
subcooled reflux, 145-146
superheated boilup, 145-146
total reboilers, 135-136
total reflux, 141
used distillation systems, 148-149
Binary crossflow permeation, 903-904
Binary diffusion, 577, 588-589
Binary flash distillation, 26
McCabe-Thiele diagram, 27-28
operating equation, 27
sequential solution procedure, 26-30

Baffles, mixer-settler design, 529
Baker, R. W., 849
Balances. See Energy balances; Mass balances
Balancing calculated diameters, staged column design,
355-358
Barnicki, S. D., 263
Barrer, R. M., 853
Basmadjian, D., 941, 949
Batch crystallization, 755
seeding, 755
temperature control, 755-758
Batch diafiltration, 887
Batch distillation

simultaneous solution procedure, 30-31

Binary heterogeneous azeotropic distillation processes

computer simulation, 293-296
drying organic compounds, 245-248
single-column, 243-245
two-column, 248-251

Binary mass transfer, to expanding or contracting

objects, coefficients, 613-616

Binary mixtures for gas permeation, 851-853
Binary permeation in perfectly mixed systems, 853-855
Binary VLE, 17

equations, 22-25
graphical, 18-22
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Boilup, 77-80, 125, 145-146

Bolles, W. L., 357 364

Bolles and Fair correlation, 663-665
Boltzmann constant, 598

Bonded packing, 929

Bonilla, J. A., 366

Bravo, Fair, and Rocha correlation, 669
Bravo, J. L., 669

Bravo and Fair correlation, 669

Breaking azeotropes, using hybrid separations, 241-243,

828-829, 891-892
Breakthrough, data mining experiments, 1018
Brooks, F., 368-369
Brunschwig, H., Liber de arte distillandi, 303
Bubble regime, column distillation, 83
Bubble-cap trays, staged column design, 339
Bubble-point calculations, 188,200, 201-203, 260
Bubbles
dilute gas, mass transfer, 609
small, mass transfer, 608-609
Bulk density, 926
Bulk flow pattern effects, membrane separation
processes, 901-903
binary cocurrent and countercurrent permeation,
904
binary crossflow permeation, 903-904

C
Calculation difficulties, multicomponent distillation,
171-176
Campaigns, 811, 962
Capital costs, 410-411
Carbon dioxide (CO,), 439
diffusivity, 596
recovering solute from, 566
supercritical, 567
Cascades
cocurrent, 463-465
column distillation, 75-82
countercurrent, 76-80, 489, 516-517
crossflow, 499-502
enriching section, 80
membrane, 845-847
stripping section, 80
Catalytic distillation, 275-276
Center-cut fractional extraction, 494
Chakravorti, R. K., 995
Chapman-Enskog kinetic theory, 593-622
Charts, DePreister, 32-35
Checklist for practical absorber design and operation,
1019-1021
Chemical absorption, 439
Chemical engineering, 1, 575
prerequisite skills and knowledge, 7-8
unit conversion, 7
Chemical Engineering Plant Cost Index (CEPCI), 398
Chemical plants. See plants

Index

Chilton, Y. H., 623
Chilton-Colburn analogy, 623, 798
Chromatography, 923. See also solute movement
analysis
displacement, 941
elution, 938
elution, linear movement analysis, 938-941
fundamental equation, 1006
linear analysis, 1004—1008
liquid-liquid, 929
movement of a solute in a column, 935-936
solute movement analysis, 935
solute movement theory for linear isotherms,
937-938
Chung and Wen correlation, 1001
Coalescence, mixer-settler design, 536
Cocurrent absorbers, HTU-NTU analysis, 675-677
Cocurrent absorbers, staged analysis, 463—465
Cocurrent absorption cascades, 463-465
Coefficients. See also mass transfer coefficients
diffusion, 580
heat transfer, 406407
inherent rejection, 870
mass transfer, 602, 604, 609, 613-616
Coker, A. K., 129,338,357,366,369
Colburn, A. P., 623
Collision diameter of molecules, 595
Column diameter
absorbers and strippers, 457-458
balancing calculated distillation diameters, 355-358
packed column design, 374-377
staged column design, 350-355
Column distillation. See also binary column distillation
accumulator, 80-81
bubble regime, 83
cascades, 75-82
column pressure, 86
construction, 85
downcomer, 82-83, 340, 357-363
emulsion regime, 83
entrainment, 82-83,
equipment, 82-84
external column balances, 88-92
foam regime, 83
froth regime, 83
mass balance, 88-89
optimum feed location, 86
pressure relief valves, 85
safety, 84-85
sieve tray, 82-83
specifications, 86—88
spray regime, 83
support pad, 85
total condenser, 80-81
weir, 82-83
Column flash distillation, 140
Column mass balances, adsorption, 994
Column suspension melt crystallization systems,
833-834
Complete immiscibility, 482
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Complex distillation methods
azeotropic distillation with added solvent, 270-271
with chemical reaction, 271-276
extractive, 265-270
multi-stage steam, 254-257
pressure-swing, 257-258
single-stage steam, 252-254
ternary, 258-264
two-column azeotropic, 252-254
Computer simulation. See also labs
binary distillation, 165-169
binary heterogeneous azeotropic distillation,
293-296
complex distillation systems, 291-299
convergence, 207
extraction, 525-526, 547-548
extractive distillation, 297-299
flash distillation, 62
multicomponent distillation, 211-220
pressure-SWING distillation, 291-293
Concentrated absorption and stripping systems
matrix solution, 460-463
McCabe-Thiele analysis, 453-457
Concentrated immiscible extraction, 502-506
Concentrated progressive freezing, 802-804
Concentration polarization, 867-868, 876-878
mass transfer analysis, 874-876
prediction of RO performance with, 878-879
Concentration profiles
binary distillation, 101-124
diffusion effect on, 599-601
multicomponent distillation, 176-181
pseudo-steady-state, 607
Condensation, equilibrium, 34
Condensers
intermediate, 137-138, 355-358
partial, 134-135
Conduction, 578-579
Congruent melting point, 719
Constant modal overflow (CMO), multicomponent
distillation, stage-by-stage calculations, 181-186
Constant molar overflow (CMO), 551-552
Constant pattern adsorption
analysis, 1008-1010
behavior, 937
calculation, 1011-1013
LUB approach, 1013-1015
LUB approach, scaling, 1015-1018
solute movement analysis, 962-966
solution, 1010-1011
Constant reflux ratio, multistage binary batch
distillation, 317-319
Constant relative volatility, 24-25, 605
Constant volume diafiltration, 886
Constant-mole batch distillation, 311, 312-313
general mole balance, 311-312
problem-solving strategy, 312-313
solvent exchange, 312
Constants
Antoine equation, 23-24

Boltzmann, 598
Henry’s law, 442
Constitutional supercooling, 787
Construction, distillation columns, 85
Continuous crystallizers, 712-713
CSD analysis for growth on seeds, 749-750
deicing with eutectic systems, 719
equilibrium and mass balances, 713-717
eutectic freeze concentration (EFC), 720
eutectic systems, 717-719
solid solutions, 720-721
Continuous distillation, 303
Continuous washing, 553-559
assumptions for constant flow rates, 556
mass balance, 554-555
McCabe-Thiele analysis, 556-557
overflow rate, 556
problem-solving strategy, 557-559
underflow volume, 556
Convection, 575, 577, 586-593
Convective flux, 586-587, 592
Convergence, 3740
absorption and stripping, 461-463
adsorption, linear isotherms, 1035-1036
adsorption, nonlinear isotherms, 1036-1038
distillation computer simulations, 207
distillation temperatures, 201-203
flash distillation, Newtonian, 41-42, 44
flash distillation, simultaneous multicomponent, 4044
Conversion, mass transfer coefficients, 684—-686
Cooling crystallizers, 711, 712-713
deicing with eutectic systems, 719
equilibrium and mass balances, 713-717
eutectic freeze concentration (EFC), 720
eutectic systems, 717-719
solid solutions, 720-721
Coronell, D. G., 194
Correlations, mass transfer coefficients, 613-616
Costs
equipment, 398-404
indices, 398
operating effects, 407-414
packing, 403404
total capital, 398
Countercurrent cascade, 76-80, 489, 518-519
Countercurrent cooling crystallizer, 784
Countercurrent extraction cascades, external mass
balances, 516-517
Countercurrent leaching
calculation steps, 562
determining number of equilibrium stages, 562-564
nomenclature, 562
Crank, J., 589
Cross, B., 481
Cross-flow extraction, 499-502
Crossflow trays, staged column design, 339
Crystal growth
crystallization from solution, 736-739
dynamic solid-layer melt crystallization, 813-814
progressive freezing, 798-800
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Crystal size distribution (CSD), 729-733
controlling crystal size, 752-753
seeding for, 748-753
Crystallization, 1-2, 613, 705-706. See also melt
crystallization; progressive freezing; suspension
melt crystallization
antisolvent, 758-761
batch, 755-758
binary equilibrium, 708-712
continuous cooling crystallizers, 712-721
controlling crystal size, 752-753
crystal size distributions, 729-733
eutectic freeze, 719
evaporative and vacuum crystallizers, 722-729
growth rate dispersion, 739
hybrid processes, 830-833
melt, 2
mixed suspension, mixed product removal
(MSMPR) crystallizers, 735-748
naphthalene (C, H,), 802-804
population balances, 734-735
precipitation, 761-762
processes, 706-708
salting out, 761-762
scaleup, 753-755
seeding, 748-753
spreadsheets, 762-772
Cussler, E. L., 589, 625,673,677
Czochralski cells, 824

D
Data, locations in text, 1073-1085
Data mining experiments, 1018
Data-heuristic design, packed columns, 370-371
Davis, R.W., 194,232
Debottlenecking, 148
Decanters, 244-245, 248, 482-483.
See also Settlers
DECHEMA, inputting parameters into Aspen Plus,
546-547
Degrees of freedom, 17,171,458
Deicing, eutectic systems, 719
Density, in sorption systems, 926
Density of solution
based on additive volumes, 48-50
data, 758-761
DePreister charts, 32-35, 183
Derivations, 617
Design. See also staged column design
absorber checklist, 1019-1021
column distillation, 86
crystallization, 753-755
distillation column diameters, 350-355
extraction mixer-settler, 526-536
flash distillation system, 14-15
heat exchanger, 404-407
leaching systems, 564
pervaporation, 892-895
separation methods, 2

Index

Desorption, 1019
Dew-point calculations, 188
Diafiltration, 880
batch, 887
constant volume, 886
Diagrams. See also McCabe-Thiele analysis
distillation curve, 259-263
enthalpy-composition, 19-20
McCabe-Thiele, 18
Ponchon-Savarit, 564
residue curve, 263-264, 332-334
solute movement, 937
temperature-composition, 18
triangular, 511-513, 516
Dialysis, 842
Diameter
column, balancing, 350-355
column, calculating, 350-355
column, estimating, 407-408
spherical drops, 611
Difference equation formulations, Maxwell-Stefan
model, 628-629
Differential-algebraic equations, simulators, 1000
Diffuse waves, nonlinear solute movement analysis,
962-966
Diffusion/diffusivity(ies), 575, 576, 577-578. See also
Fickian diffusion; Maxwell-Stefan model
Brownian, 887-889
coefficient, 580
concentration effects, 599-601
determination of in dilute binary mixture, 580-582
in distillation columns, 588
ethanol-water liquid mixtures, 599-601
Fickian definition, 578-579
gas pairs, 593
gases, 593-596
liquids, 596-599
Maxwell-Stefan model, 624-627
models, advantages and disadvantages, 639
molecular, 639
nonideal binary, 630-633
in packed beds, 992-994
shear-induced, 888
steady-state, 580-584
steady-state, with convection, 589-593
steady-state, without convection, 582-584
Stokes-Einstein equation, 598, 887
surface, 994
through a stagnant fluid, 588-589
unsteady, without convection, 584-586
Vignes correlation, 599
Wilke-Chang theory, 598-599
Diffusive flux, 587, 593
Diluent, 481-482
Dilute absorption, McCabe-Thiele solution, 444-446
Dilute binary mixture, determining diffusivity of,
580-582
Dilute countercurrent extraction, 489-499
Kremser equation, 492-493
McCabe-Thiele solution, 489-492
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Dilute fractional extraction, 493-494 heat and mass transfer correlations for falling

center-cut, 494 films, 814-815

Kremser equation, 497-499 mass and energy balances, 811-812

McCabe-Thiele analysis, 495-496 staging falling-film crystallizers, 810-811
Dilute gas bubbles, mass transfer, 609 zone melting, 819-824

Dilute multisolute absorbers and strippers, 458460
Dilute progressive freezing, 807-808

Dilute systems. See also other entries for Dilute E
evaporating liquid drops, 610-611 Eckert, J. S, 371
film theory, 602-605 Economic trade-offs, packed column design, 377-378
Kremser equation, 447-452 Edgar, T., 194
stripping analysis, 446447 Efficiencies, 414
Dimensional analysis, 616 absorbers and absorption, 452-453
Dimensionless groups, mass transfer coefficients, binary column distillation, 143-144
616-617 dispersed phase extraction, 532-533
Dispersed phase efficiency, 532-533, 681-686 distillation, 346-349, 416, 677-679
Displacement chromatography, 941 mixer stage, estimating, 684-686
Dissolving solid particles in liquid, 612-613 strippers and stripping, 452-453
Distillation, 2. See also column distillation; flash Electrodialysis (ED), 842
distillation El-Halwagi, M., 398, 401
binary flash, 26 Ellis, S.R.M., 368-369
control systems, 415 Elution chromatography, 938; See also Chromatography
cost estimation, 412414 Lapidus and Amundson solution, 1003-1004
efficiency, 416 linear movement analysis, 938-941
energy conservation, 414-415 Empirical mass transfer coefficients, 620-622
equipment costs, 397-404 Emulsion regime, column distillation, 83
heat exchange, 416418 Energy, estimating operating cost, 409-410
hybrid processes, 241-243, 830-833, 891-892 Energy balances, 8,26, 998-999
isothermal, 77 column distillation, 90
rate-based analysis, 690-693 distillation, in matrix form, 203-205
Distillation columns dynamic solid-layer melt crystallization, 811-812
as chemical reactor, 271 evaporative and vacuum crystallizers, 723-725
diffusion, 588 McCabe-Thiele diagrams, 552
total operating costs, 408-412 pervaporation systems, 895
Distillation curve, 259-263 vacuum crystallizers, 726-729
mass balances, 264 Energy conservation
spreadsheet, 297-299 in binary distillation systems, 414-415
Distribution coefficients. See also coefficients in existing plants, 415
dilute melt crystallization, 793-794 heat exchange, 416418
immiscible extraction, 487 heat pumps, 418
Do, D. D., 929 in new facilities, 415-419
Dobherty, M. F,, 423 Energy transfer, packed beds, 991-994
Downcomers, 82-83 Enriching section, cascades, 80
column distillation, 83 Enthalpy-composition diagram,
design, 358-360 liquid-solid, 726-729
residence time, 360-361 vapor-liquid, 19-20, 31
Driving force, 601-602 Entrainment, 271
Drops and drop size column distillation, 82-83, 354-356
mass transfer coefficients, 688-689 flooding and, 353
mixer-settler design, 686—688 suspension melt crystallization, 781-784
settler design empirical procedure, 534 underflow liquid, 553
Dry tray pressure drop washing, 552
sieve trays, 357-363 Equilibrium, 34, 577,578
valve trays, 364-365 absorption, 441-443
Drying organic compounds, 245-248 adsorption, 929-934
Duss, M., 348 cooling crystallizers, 713-717
Dynamic solid-layer melt crystallization, 809 countercurrent systems, 518-519
crystal growth, 813-814 dilute systems and solvent selection, 486-488
falling film crystallizer, 815-819 eutectic systems, 717-719, 774-779
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flash distillation, 15-16, 17

form and sources of data, 15-17

International Critical Tables, 774,777

ion exchange, 972-973

mass transfer, 4-5

mechanical, 3

MSMPR crystallizers, 746748

partially miscible extraction systems, 508-511

phase, 4

resistance, 604—-605

solid solutions, 720-721

steam distillation, 251-257

stripping, 441-443

thermal, 3

type I LLE system, 511

type II LLE system, 511

vacuum crystallizers, 726-729

washing, 552-553
Equilibrium curve, McCabe-Thiele diagrams, 551
Equilibrium staged-separations, 1-2, 842
Equimolar counter transfer, film theory, 602-605
Equimolar counterdiffusion, 577, 588
Equipment

column distillation, 82-84

cost estimation, 398-404

evaporative and vacuum crystallizers, 722-723

extraction, 483-486

falling-film melt crystallizer, 809-811

flash distillation, 13-15

leaching and washing, 560

membrane separation, 844-847

mixer-settler, 526-536

scaleup, 753-755

sieve analysis, 729-731

staged column, 338-339

suspension melt crystallization, 780-781

total capital cost, 398

ultrafiltration (UF), 882
Erbar, J. H., 233
Error function values, 1001
Ethanol, 577, 578

diffusion coefficient, 582

flux, 599-601

vapor pressure (VP), 583
Eutectic freeze concentration (EFC), 720
Eutectic freeze crystallization, 719
Eutectic systems, 717-719

deicing, 719

equilibrium, 774-779

equilibrium from activity coefficients, 778-779

equilibrium from freezing point depression data, 777

mass balances, 775-777
Evaporating liquid drops in dilute systems, 610-611
Evaporation

equilibrium, 34

high-temperature, 589-593

low-temperature, 582-584
Evaporative crystallizers, 722

equipment, 722-723

with hydrate, 725-726
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mass balances, 723-725
single-solute systems, 723-726
without hydrate, 725
Excel spreadsheets, 7. See also spreadsheets
Goal Seek, 37,38
Visual Basic for Applications (VBA), 7 CH19
(Appendix A)
Experimental determination of HETP, 368-369
Extensive variables, 17
External column balances, column
distillation, 88-92
External mass balances, partially miscible
concurrent extraction, 516-517
Extract, 489
Extraction, 481. See also fractional extraction and
liquid-liquid extraction (LLE)
complete immiscibility, 482
computer simulation, 525-526, 547-548
conservative estimates of mass transfer
coefficients, 689
decanters (settlers), 482483
design of mixer-settlers, 526-536
diluent, 481-482
equilibria for dilute systems and solvent selection,
486-488
equipment, 483-486
extract, 481-482
immiscible, distribution coefficients, 487
Kremser equation, 492-493, 497-499
mass transfer equations, 679-680
nomenclature, 483
raffinate, 481-482
separation factor, 486
solvent recovery, 482
solvent selection, 487-488
superecritical fluid (SFC), 565-567
Extractive distillation, 265-267
computer simulation, 297-299
flowsheet, 267
profiles, 267
residue curve diagram, 265
solvent selection, 270-272

F
Fair, J.R., 357 366
Fair’s method, 350-355
Falling liquid film
crystallizer, 810-811, 815-819
heat and mass transfer correlations,
814-815
mass transfer, 617-620
scaleup, 828
Sulzer process, 793, 809
Faust, S. D., 929
Feed lines, binary column distillation, 113-120
Feed-and-bleed mode, membrane separation, 846
Felder,R. M., 9
Fenske equation, 223-227
Fenske-Underwood-Gilliland (FUG) approach, 412
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Fick, A.,578
Fickian diffusion, 576, 578-579, 639
difficulties with, 623
ethanol-water mixtures, 599-601
film theory, 602-605
gas diffusivities, 593-596
Lennard-Jones potential parameters and values of
collision integrals, 595
liquid diffusivities, 596-599
relationship to Maxwell-Stefan model, 629-630
steady-state, 580-584
steady-state, with convection, 586-593
unsteady, 584-586
Film mass transfer, suspension melt crystallization,
789-792
Film theory, 601
Films/film model
dilute and equimolar transfer systems, 602-605
falling liquid, mass transfer, 617-620
transfer through stagnant films, 605-607
Fire hazards, structured packing, 381
Flagiello, D. A., 669
Flash distillation, 13-15, 69. See also binary flash
distillation
adiabatic flash, 67-68
Aspen Plus simulation, 69-71
basic method, 13-15
binary, 26-30
binary, simultaneous solution on
enthalpy-composition diagram, 31
binary, simultaneous solution procedure, 30-31
binary VLE equations, 22-25
column flash distillation, 140
computer simulation, 62
drum size calculation, 45-50
equilibrium data, 15-17
multicomponent, 3640
multicomponent VLE, 32-36
simultaneous multicomponent convergence, 4044
size calculation, 45-50
spreadsheets, 72-74
system design, 14-15
three-phase calculations, 45
using existing flash drums, 50-51
Flooding
column diameter calculations, 350-355
packed column design, 371-374
Flow patterns
gas permeation (GP), 901-903
staged column design, 339-340
Flow programming, 941
Flow rates, 577
McCabe-Thiele diagrams, 551-552
underflow liquid, 555
Flowsheet
azeotropic distillation with added solvent,
270-271
drawing, 63-65
extractive distillation, 265

Flux, 579
convective, 586-587, 592
diffusive, 587, 593
ethanol, 599-601
mass, 581-582
Maxwell-Stefan model, 628
membrane separation processes, 848-849
molar, 580-581
total, 587
volumetric, 588
Foam regime, column distillation, 83
Forward osmosis (FO), 867, 879-880
Fourier’s law, 578, 625
Fractional extraction, 493-494
center-cut, 494
Kremser equation, 497-499
McCabe-Thiele analysis, 495-496
Fractional Research, Inc. (FRI), 83,346
Frank, T. C., 481, 483-484, 486, 488
Freeman, B. D., 852
Freezing point depression, 712
Fritzsche, A. K., 849
Froth regime, column distillation, 83
Fructose (C,H,,0,), crystallization, 710
Fundamental equation of chromatography, 1006

G
Gas pairs, diffusivities, 593
Gas permeation (GP), 849-851
binary mixtures, 851-853
binary permeation in perfectly mixed systems,
853-855
flow pattern effects, 901-903
holes, 864
multicomponent, perfectly mixed, 862-863
multicomponent permeation in perfectly mixed
systems, 861-862
pores, 863
well-mixed, 854-861
Gas plant, 477-479
Gases
diffusion rates, 577
diffusivities, 593-596
kinetic theory of, 578,596
Gaussian quadrature formula, 308
Gel formation, UF systems, 883-885
Gibbs phase rule, 17,100, 458
Gilliland, E. R., 271
Gilliland correlation, 231-234, 412
Glatz, D. ], 481
Goal Seek, 37,38
Godfrey, J. C., 483-484
Gooty, R.T., 415
Graham, T., 578
Gram mole, 577
Graphs, operating line, 27
Green, D. W., 350, 441
Growth rate dispersion, 739
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Hall, S., 194

Hanley and Chen model, 669

Harmen, P., 677

Harrison, R. G., 481

Hartland, S., 486

Heap leaching, 560

Heat exchange, 404-407,416-418

Heat pumps, 418

Heat transfer, 404406, 602, 998-999
correlations, 788-789, 796-798, 805
dynamic solid-layer melt crystallization, 814-815
progressive freezing, 793-794
suspension melt crystallization, 786-791

Heavy key (HK), 172

Heavy non-key (HNK), 172

Height, staged column, estimating, 407

Height equivalent to a theoretical plate (HETP), 653.

See also packed column design
behavior, 369
experimental determination of, 368-369
heuristics, 370-371
packed column design, 379
relationship to HTU, 661-663
underwetting, 372
Height of transfer unit (HTU), 655-658
estimation, 665-669
relationship to HETP, 661-663
Helium, molecular diffusion, 577
Henry’s law, 245-246, 447, 609-610
absorption and stripping equilibria, 441-442, 443
constants, 442
solubility form, 443
volatility form, 441
Heuristics, 6
almost ideal multicomponent distillation, 421-425
extraction equipment selection, 483-484
HETP, 370-371
nonideal multicomponent distillation, 425-429
pressure, 86
problem solving, 6
Higee process, 377
High-temperature evaporation, 589-593
Holes, membrane, 864
Hollow-fiber configuration, membrane
separation, 846
Horizontal flash drum, size calculation, 47-48
HTU-NTU analysis. See also mass transfer analysis
absorbers and strippers, 670-673
cocurrent absorbers, 675-677
extraction, 680-681
packed distillation columns, 653-658
Humphrey, J. L., 483-484
Hwang, S.T., 441, 451, 453
Hybrid separation, 828-833
breaking azeotropes with, 241-243, CH18
(Section 18.9)
pervaporation, 891-892
Hydrates, molecular weight, 709-710
Hydraulics, tray, 357-363
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|
Ideal gas, molar density, 611
Ideal ternary systems, Maxwell-Stefan model,
635-636
Immiscibility, complete, 482
Immiscible extraction
batch, 506-508
concentrated, 502-506
dilute countercurrent, 489-499
distribution coefficients, 487
Immiscible single-stage extraction, 499-502
Impellers, mixer-settler design, 530
Incongruent melting point, 719
Index of Learning Styles, 9
Indices, cost, 398
Inherent rejection coefficient, 870
Inlets, staged column design, 341-344
Intensive variables, 17
Intermediate condensers, 138, 355-357, 417
Intermediate reboilers, 137-138, 355-358
Internal balances, binary column distillation,
99-103
Interstitial velocity, 925
Ton exchange, 923, 970-971, 1045-1047
equilibrium, 972-973
movement of ions, 973-977
properties, 970-972
Irreversible
absorption, 463-465
reactions, 439
thermodynamics, 639
isopropanol (IPA) — water VLE, 1067-1069
Isothermal distillation, 77
Isotherms, 19-21, 929-932
convergence, 1035-1038
nonlinear, 929

J
Jansens, P. J., 792
Johnstone, H. F., 620
Jones, W., 138, 352
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Kesting, R. E., 849
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Kinetic theory of gases, 578, 596
King, C.J., 228,450,451, 488,498,499, 677

Kister, H. Z., 338, 347,352, 357,366, 369, 439, 457
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concentrated systems, 453-457
continuous systems, 246248
continuous washing, 556-557
crossflow cascade, 500-501
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Nonideal systems
binary diffusion, Maxwell-Stefan model, 630-633
Maxwell-Stefan equations, 626-628
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shock waves, 966-970
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binary column distillation, 125-129
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Operating line

batch distillation, 323-324

binary flash distillation, 27
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analysis, 866-867

forward, 867
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diffusion, 992-994
mass and energy transfer, 991-994
Packed columns, 365
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choice of column type, 378-380
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data-heuristics, 370-371
economic trade-offs, 377-378
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adsorption equilibrium, 932-934
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376-377
calculating temperature and moles of water for
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check your answer, 5
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continuous cooling crystallizer mass balances for
hydrates, 714-716
continuous washing, 557-559
crossflow systems, 501-502
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determination of RO membrane properties, 873
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975-977

linear movement analysis of elution chromatography,
938-941
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thermal regeneration with linear isotherm, 945-949

Index

two-feed distillation column, 130-133

UF with gel formation, 884-885

unit conversion, 67

well-mixed GP, sequential, analytical solution, 854-857
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multicomponent distillation, 176-181
Progressive freezing, 793

concentrated, 802-804
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growth of the crystal layer, 798-800

heat and mass transfer correlations, 796-798

heat transfer, 793-794
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interpretation and conclusions from analysis,

804-806

mass balances, 795-796

mass transfer, 793-794
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with linear isotherm, 945-949
purge cycles, 938
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Residence times, downcomer, 360-361
Residue curves
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multicomponent simple batch distillation, 321-323
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Retentate-in-series system, membrane separation, 846
Retrograde behavior, supercritical fluid (SFC), 566
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Solubility, of selected inorganic and organic compounds

in water, 711
Solubility envelope, partially miscible extraction
systems, 509
Solute movement analysis, 935
analogy, 941
derivation, 999-1000
elution chromatography, 938-941
ion exchange, 970-972
linear isotherms, 937-938
movement of a solute in a column, 935-936
nonlinear, 962-963
nonlinear, diffuse waves, 962-966
nonlinear, shock waves, 966-970
temperature swing adsorption (TSA), 942-945
Solutes, supersaturation, 706
Solvent gradient, 941
Solvent rate, partially miscible extraction systems,
523-525
Solvents
azeotropic distillation, 270-271
extraction, 487-488
extractive distillation, 270-272
melt crystallization, 705-706
Sorbent, 923-924
Sorel method, 103-104
Sorption processes, 923-924
movement of a solute in a column, 935-936
solute movement analysis, 935
solute movement theory for linear isotherms,
937-938
Sourirajan, S., 849
Southard, M. Z., 350, 441
Spiral-wound configuration, membrane
separation, 846
Spray regime, column distillation, 83
Spreadsheets, 7 44, 72-74
binary crossflow GP, 919
binary distillation, 169-170
crystallization, 762-772

Index

diffusion and mass transfer, 650-652
distillation curve, 297-299

flash distillation, 45-50, 72-74

gas permeation, 857-861

ternary distillation, stage-by-stage calculations, 192-194

VBA, 919

Stage-by-stage calculations. See also Kremser equation

binary column distillation, 104-109
concentrated systems, 453-457
dilute absorption, 444-446
dilute extraction systems, 489
distillation curves, 259-263
leaching, 561-564
multicomponent distillation, CMO, 181-186
partially miscible extraction systems, 517-521
ternary distillation, 192-194
washing, 553-559
Staged column design, 408. See also packed
column design
balancing calculated diameters, 355-358
bubble-cap trays, 339
column diameter calculations, 350-355
crossflow trays, 339
diameter, estimating, 407-408
downcomers, 340
flow patterns, 339-340
height, estimating, 407
inlets and outlets, 341-344
multiple-pass trays, 339
packings and packed column internals, 365-369
perforated plates, 339
prediction of tray efficiencies, 346-349, 677-679
pressure effects, 408
sieve trays, 338, 357-363
tray efficiencies, 143-144, 344-350
valve trays, 338-339, 364-365
weirs, 340
Stagnant film
mass transfer, 605-607
Sherwood number, 617
Static solid-layer melt crystallization, 808-809
Steady-state diffusion
across a thin layer of film, 580-584
with convection, 586-593
without convection, 582-584
Steam cost, 408-409
Steam distillation, 251
equilibrium, 251-257
multi-stage, 254-257
open-steam heating, 125-129
single-stage, 252-254
Stefan, J., 624
Stoichiometric equations, 37
Stokes-Einstein equation, 598
Straight operating lines, 444
Strathmann, H., 849
Strippers and stripping, 439
column diameter, 457-458
columns, 439-440
concentrated, matrix solution, 460-463
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453-457
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dilute systems, 446-447
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equilibrium data, 441-443
film model, 605-607
Henry’s law, 441-442, 443
HTU-NTU analysis, 670-673
Kremser equation, 447-452
Stripping and enriching columns, binary column
distillation, 139-140
Stripping section, cascades, 80
Structural density, 926
Structured packings, 379, 380
Bravo, Fair, and Rocha correlation, 669
fire hazards, 381
Subcooled reflux, binary column distillation, 145-146
Sublimination, naphthalene (C, H), 614-616
Sucrose (C,H,,0,,), unsteady diffusion, 586
Sulfur dioxide (SO,), absorption, 674-675
Sulzer falling film process, 793
Sulzer process, 809
Sum-of-resistances model, 605
Supercritical fluid (SFC)
applications, 567
carbon dioxide (CO,), 567
extraction, 567
extraction, thermodynamics, 567
properties, 565-566
recovering solute from CO,, 566
solubility of a solute in, 566
Superficial velocity, 925
Superheated boilup, binary column distillation, 145-146
Superposition, linear systems, 1001-1002
Supersaturation, 706
Surface diffusion, 994
Suspension melt crystallization
entrainment, 781-784
film mass transfer, 789-792
heat transfer, 786-791
MSMPR and seeded crystallizer analysis, 792
process, 780-781
scraped-surface continuous cooling (SSCC)
crystallizer, 780-781
wash columns, 781, 784-786
Sweating, 784, 810, 825-827
Synge, R.L.M., 1005
Synthesis of distillation sequences
for almost ideal systems, 419-425
for non-ideal ternary systems, 425-429
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Taylor, R., 348, 690
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approach, 405
convergence, 201-203
crystallization, 718-719
gas diffusivity and, 593-596

multicomponent distillation, 200
pressure effects, 217
Temperature swing adsorption (TSA), solute
movement analysis, 942-945
Temperature-composition diagram, 18
Ternary distillation, 258
almost ideal systems, 419-421
distillation curves, 259-263
residue curves, 263-264
stage-by-stage calculations, 192-194
Ternary mass transfer. See also Maxwell-Stefan model
from an evaporating drop, 637-638
to expanding or contracting objects, 636—-637
Ternary problems, variables, 172
Ternary systems, nonideal, 638-639
Theoretically derived mass transfer coefficients, 617-620
Thermal conduction theory, 578-579
Thermal equilibrium, 3
Thermal wave, 942-945
Thermally coupled systems, 420
Thermodynamics
irreversible, 576, 639
supercritical fluid (SFC) extraction, 567
Thomas algorithm, 199-200, 202
Three-phase flash calculations, 45
Tie lines, 510-516, 518-519
Tien, C., 929
Tortuosity, 926
Total annual cost (TAC),411-412
Total capital cost, 398
Total condenser, 80-81, 83
Total product cost per kilogram, 414
Total operating costs, distillation columns, 408-411
Total reboilers, binary column distillation, 135-136
Total reflux
binary column distillation, 141
Fenske equation, 223-227
Trays
calculating vapor velocity through holes, 359-360
efficiencies, staged column design, 344-346
efficiency, predicting, 677-679
hydraulics, staged column design, 357-363
prediction of efficiencies in staged column design,
346-349
punched holes, 357
Treybal, R. E., 488, 684, 686
Trial-and-error procedure, analytical solution for dilute
multisolute systems, 459
Triangular diagrams, 510-513, 516, 522-523
Tube-in-shell system, membrane separation, 845
Turton, R., 399
Two-column azeotropic distillation, 248-251
Two-pressure distillation, 258
Type I system, 511
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Ultrafiltration (UF), 841
diafiltration, 880
equipment, 882
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rate transfer (RT) equation, 882-883
sieve-type membranes, 882
solvent flux, 881
tricky units, 889-891
Underflow liquid, 553, 555
Underwetting, 368,372
Underwood, A.J.V.,228

Underwood equations, minimum reflux calculation for

multicomponent distillation, 228-231

Unit conversion, 6-7,1071-1072

Unit operation, 2

United States, energy consumption due to
distillation, 414

Unsteady diffusion, without convection, 584-586

US National Aeronautics and Space Administration
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Used distillation systems, 148-149
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equipment, 722-723
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Valve trays, staged column design, 338-339, 364-365
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Vapor permeation, 842
Vapor pressure (VP), 23
Antoine equation, 23-24
ethanol, 583
Vapor-liquid equilibrium (VLE), 13
binary, 17-25
data analysis, 65-66
equations, binary, 22-25
form and sources of data, 15-17
multicomponent VLE, 32-36
Variable reflux ratio, multistage binary batch
distillation, 319-320
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binary distillation, 87-88
extensive, 17
intensive, 17
operating cost, 409-410
for ternary distillation, 172
Velasco, J. A., 415
Velocity, 588
fluid, 618
interstitial, 925
mass reference, 587-588
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molar reference, 587

superficial, 925

volumetric average, 589

volumetric reference, 588, 589
Vertical flash drum, size calculation, 48-50
Vertical packed bed, 924
Vignes correlation, 599
Visual Basic for Applications (VBA), 918-919
Volatile organic compounds (VOC), 850, 942
Volatility, constant relative, 24-25, 605
Volumetric average velocity, 589
Volumetric reference velocity, 588, 589
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Wankat, P. C., 568, 806, 841, 924, 1001,
1012-1013
Wash column, suspension melt crystallization, 781
Wash columns, 2
scaleup, 828
suspension melt crystallization, 784-786
Washing, 552
batch, 559
continuous, 553-559
equilibrium, 552-553
equipment, 560
Kremser equation, 552-553, 557
Shanks process, 564
underflow liquid, 553
Water, 842
absorption of ammonia in, 442443
as anti-solvent, 758-761
of hydration, 708
Weber, T.W., 995
Weirs
column distillation, 82-83
staged column design, 340
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Wide-boiling systems, 40-41, 460
Wilke-Chang theory, 598-599
Wilson, J. A., 138
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