
Ch i l E i i  P i i l  Ch i l E i i  P i i l  22Chemical Engineering Principles Chemical Engineering Principles 22
((09052120905212))((09050905 ))

Multiphase SystemsMultiphase SystemsMultiphase SystemsMultiphase Systems

Dr.Dr.--Ing. Zayed AlIng. Zayed Al--HamamreHamamreg yg y

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

1

ContentContent

 IntroductionIntroduction
oo Separation processesSeparation processes

 Single component phase equilibriumSingle component phase equilibrium Single component phase equilibriumSingle component phase equilibrium
oo Phase diagramPhase diagram
oo Vapor PressuresVapor Pressures

 Gibbs phase ruleGibbs phase rulepp
 Gas liquid systemGas liquid system

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

2



IntroductionIntroduction

 Virtually all commercial chemical processes involve operations in which material is 

transferred from one phase (gas, liquid, or solid) into another

 Multiphase operations include all phase-change operations on a single species. 

 Examples are freezing, melting, evaporation, and condensation, and most separation and 

purification processes, which are designed to separate components of mixtures from one 

another.

 M t ti li h d b f di i t f i A d B i t t h Most separations are accomplished by feeding a mixture  of species A and B into a two-phase 

system under conditions such that most of the A remains in its original phase and most of the 

B transfers into a second phase. 

 The two phases then either

o Separate themselves under the influence of gravity-as when gases and liquids or two 

immiscible liquids separate-or

o Are separated with the aid of a device such as a filter or a skimmer.
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Separation processesSeparation processes
Brewing a cup of coffee  or the process in a coffee percolator

 Hot liquid water and solid ground coffee beans are Hot liquid water and solid ground coffee beans are 

contacted. 

 Soluble constituents of the beans are transferred 

from the solid phase to a liquid solution (coffee), 

and then 

 The residual solids (grounds) are filtered from the 

solution.

 The operation of dissolving a component of a solid phase in a liquid solvent is referred to as 

leaching.
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Separation processesSeparation processes

Removal of sulfur dioxide from a gas stream

 For the removal of SO2 from exhaust gas in combustion processes, For the removal of SO2 from exhaust gas in combustion processes, 

o The combustion product gas is contacted with a liquid solution in an absorption or 

scrubbing process. 

o The SO2 dissolves in the solvent and 

o The clean gas that remains is released to the atmosphere.

Recovery of methanol from an aqueous solution

 The separation process distillation exploits the difference  in vapor pressure .

 Methanol has a higher vapor pressure than water. meaning that it has a greater tendency to 

vaporize when a mixture of the two species is heatedvaporize when a mixture of the two species is heated. 

 By partially vaporizing a liquid mixture, yielding a vapor relatively rich in methanol and a 

residual liquid relatively rich in water.
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Separation processesSeparation processes
Separation of paraffinic and aromatic hydrocarbons or separation of biodiesel form unconverted 

oil
This process is known as liquid extractionThis process is known as liquid extraction

o The paraffinic compounds are almost completely immiscible with liquid 

th l l l hilethylene glycol, while 

o Aromatic compounds and ethylene glycol readily form homogeneous liquid 

mixturesmixtures

o Paraffinics and aromatics may therefore be separated from each other by 

blending a mixture of the two

o When allowed to settle, the aromatic compounds distribute between a 

paraffin-rich phase and a glycol phase.
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Separation processesSeparation processes

Separation of an isomeric mixture.

 In the synthesis of polyesters Para xylene must be separated from the two isomers In the synthesis of polyesters Para-xylene must be separated from the two isomers

 Two alternative commercial operations have been developed to perform the separation.

o Adsorption: The isomers is contacted with a molecular sieve that has pores largeo Adsorption: The isomers is contacted with a molecular sieve that has pores large 

enough to accommodate para-xylene but not the meta or ortho isomers
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Separation processesSeparation processes

 Crystallization: 

o The Process is performed utilizing the difference in freezing points of the three isomers p g g p

(para-xylene freezes at 13.3°C, ortho at -25.2°C, and meta at -47.9°C)

o The mixture is cooled to a temperature at which para crystallizes and can then be 

separated physically from the remaining ortho and meta liquid.

When a species transfers from one phase to another the transfer rate generally decreases withWhen a species transfers from one phase to another, the transfer rate generally decreases with 

time until the second phase is saturated with the species.

When the concentrations of all species in each phase no longer change with time, the phases p p g g , p

are said to be in phase equilibrium.

 The effectiveness of any of the separation processes described above depends both on 

o How species are distributed between the phases at equilibrium 

o The rate at which the system approaches equilibrium from its initial state.
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Single component phase equilibriumSingle component phase equilibrium

 A quantity of water is kept in a closed piston fitted cylinder

The critical temperature and the critical pressure

 A quantity of water is kept in a closed piston-fitted cylinder

 The cylinder temperature is first set to a specified value with the 

cylinder pressure low enough for all the water to be vapor; y p g p ;

 Then the water is compressed at constant temperature by lowering the 

piston until a drop of liquid water appears

 The pressure at which condensation begins (Pcond ).

 The experiment is then repeated at several progressively higher 

temperatures.
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Critical temperature and pressureCritical temperature and pressure
 At 25°C, water condenses at a very low pressure, and the density of the liquid is more than 

four orders of magnitude greater than that of the vapor. 

 At higher temperatures, the condensation pressure increases and the densities of the vapor and 

liquid at condensation approach each other. 

 At 374 15°C th d iti f th t h i t ll l d b th t t t At 374.15°C, the densities of the two phases are virtually equal, and above that temperature no 

phase separation is observed, no matter how high the pressure is raised

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

10



Critical temperature and pressureCritical temperature and pressure

 The critical temperature of a species (Tc) is the highest  temperature at which the 

species can coexist in two phases (liquid and vapor), 

 The critical pressure ( Pc) is the corresponding pressure at TC

 A substance at Tc and Pc is said to be at its critical state

 A substance at T > T and P > P is said to be at its supercritical fluid A substance at T > Tc and P > Pc is said to be at its supercritical fluid
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Phase DiagramsPhase Diagrams

 A phase diagram of a pure substance is a plot of one system variable against another that 

shows the conditions at which the substance exists as a solid. a liquid, and a gas.

 The most common of these diagrams plots pressure on the vertical axis versus temperature on 

the horizontal axis. V and L in Equi

 The boundaries between 

the single-phase regions 

h drepresent the pressures and 

temperatures at which two 

phases may coexist in p y

equilibrium

 A gas that exists below its critical 

temperature is usually called a 

vapor because it can condense
V and S in Equi
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Phase DiagramsPhase Diagrams

The phase diagram of water
Pabs = 

 A to C: pressure increase at constant temperature (compression , i.e. volume decrease, p p ( p , ,

condensation).

 C to E: Heating at constant pressure (expansion with temperature rise)
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Phase DiagramsPhase Diagrams
 At point A:

o Water exists  at 20oC, and the force is set at a value such that the system pressure is 3 mm 

Hg.

o At these conditions, water can only exist as a vapor .

li id h i i i ll h b i h h b il fi ll ho Any liquid that may initially have been in the chamber evaporates, until finally the 

chamber contains only water vapor at 20oC and 3 mm Hg.

 Suppose the force on the piston is Suppose the force on the piston is 

slowly increased with the system 

temperature held constant at 20oC until 

the pressure in the cylinder reaches 760 

mm Hg, and thereafter

 Heat is added to the system with the Heat is added to the system with the 

pressure remaining constant until the 

temperature reaches 130°C.
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Phase DiagramsPhase Diagrams
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Phase DiagramsPhase Diagrams

 At a given temperature there is only one pressure at which the liquid and vapor phases of a 

pure substance may exist in equilibriumpu e substa ce ay e st equ b u
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Phase DiagramsPhase Diagrams
The phase diagram of waterThe phase diagram of CO2

 l b ili d l i i f b i i bl 1 f A di

 The freezing point of water decreases with increasing pressure.

Most substances, including carbon dioxide, exhibit the opposite behavior

 Normal boiling and melting points for many substances are given in Table B.1 of Appendix B 

and for many more substances on pp. 2-7 through 2-47 of Perry's Chemical Engineers' 

Handbook, l and vapor pressures are tabulated on pp. 2-48 through 2-75 of the Handbook
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Phase DiagramsPhase Diagrams
condensation at constant TVaporization at 

constant T

sublime
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Estimation of Vapor PressuresEstimation of Vapor Pressures

 The volatility of a species is the degree to which the species tends to transfer from the liquid 

(or solid) state to the vapor state.( ) p

 At a given temperature and pressure, a highly volatile substance is much more likely to be 

found as a vapor than is a substance with low volatility, 

 which is more likely to be found in a condensed phase (liquid or solid).

 Separation processes such as distillation are used to separate more volatile species from less 

volatile species by partially vaporizing liquid mixtures. 

 The vapor product is relatively rich in the more volatile feed components and the residual 

liquid is rich in the components with lower volatilityliquid is rich in the components with lower volatility.

 The vapor pressure of a species is a measure of its volatility: the higher the vapor pressure at a 

given temperature, the greater the volatility of the species at that temperature.g p , g y p p

 Engineers who design and analyze separation processes therefore need to know the vapor 

pressures of process species as functions of temperature.
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Estimation of Vapor PressuresEstimation of Vapor Pressures
 The following methods can be used to determine a physical property of a process material:

i. Look It Up

o Perry's Chemical Engineers' Handbook, nth Edition, R. H. Perry and D. W. Green, 

Eds.McGraw-Hill, New York, 1997.

o CRC Handbook of Chemistry and Physics, 79th Edition, D. Lide, Ed., Chemical 

Rubber Company, Boca Raton, FL, 1998

ii Estimate Itii. Estimate It

o Interpolation or extrapolation

o Using Correlations available ino Using Correlations, available in 

 Bruce E. Poling, John M. Prausnitz, John P. O’Connell, The Properties of Gases 

and Liquids, 5th Edition, McGraw-Hill, New York, 2004q , , , ,

ii. Measure It
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Estimation of Vapor PressuresEstimation of Vapor Pressures

 Unless the pressure is extremely high, the specific volume of the liquid is negligible relative to p y g , p q g g

that of the vapor

 Apply the ideal gas equation of state to the vapor and re arranging the equation Apply the ideal gas equation of state to the vapor and re-arranging the equation
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Estimation of Vapor PressuresEstimation of Vapor Pressures

 Plot versus the slope at a given temperature equals

 If the heat of vaporization of a substance is independent of temperature
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Estimation of Vapor PressuresEstimation of Vapor Pressures

Example:Example:Example:Example:
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Estimation of Vapor PressuresEstimation of Vapor Pressures
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Cox chart vapor pressure plotsCox chart vapor pressure plots
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Estimation of Vapor PressuresEstimation of Vapor Pressures
 A relatively simple empirical equation that correlates vapor pressure-temperature data 

extremely well is the Antoine equation.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

26



Estimation of Vapor PressuresEstimation of Vapor Pressures
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Gibbs phase ruleGibbs phase rule
Gibbs phase ruleGibbs phase rule
 When two phases are brought into contact with each other, 

o A redistribution of the components of each phase normally takes place-species evaporate, 

condense, dissolve, or precipitate.

o A state of equilibrium is reached when the temperatures and pressures of both phases are 

the same and the composition of each phase no longer changes with time.

 The variables that describe the condition of a process system fall into two categories:

o Extensive variables, which depend on the size of the system, and , p y ,

o Intensive variables, which do not. 

 Mass and volume are examples of extensive variables; intensive variables include p

temperature, pressure, density and specific volume, and mass and mole fractions of individual 

system components in each phase.
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Gibbs phase ruleGibbs phase rule
 The degrees of freedom of the system is the number of intensive variables that can be 

specified independently for a system at equilibrium.

 l let

 If r independent reactions occur among the system components and the reactions proceed to 

equilibrium, then
- r
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Gibbs phase ruleGibbs phase rule
Example:Example:
Determine the degrees of freedom for each ofthe following systems at equilibrium. Specify a 

feasible set of independent variables for each system.

 Two intensive variables must be specified to fix the state of the system, for example, T and P.wo te s ve va ab es ust be spec ed to t e state o t e syste , o e a p e, a d .

 Once these variables have been specified, other intensive variables such as density and 

viscosity may be determined.
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Gibbs phase ruleGibbs phase rule

 No further information about the system may be specified and all intensive variables are 

fixed.

 Note that three phases coexist at equilibrium at only one temperature and pressure.
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Gibbs phase ruleGibbs phase rule

 Two variables must be specified to fix the state of the system. 

o For example, setting T and P fixes the acetone and MEK mole fractions in both the vapor 

and liquid phases. Alternatively,

d h l f i i h b ifi d d d h lo T and the acetone mole fraction in the vapor may be specified, and P and the acetone mole 

fraction in the liquid are then fixed
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