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7. 7. Short introductionsShort introductions to:to:
MassMass transfer; transfer; 

Separation Separation processesprocesses;;
ParticulateParticulate technology &              technology &              

multimulti--phasephase flowflow

Ron Ron ZevenhovenZevenhoven
Åbo Akademi UniversityÅbo Akademi University

Heat Heat EngineeringEngineering LaboratoryLaboratory / Värmeteknik/ Värmeteknik
tel. 3223 ; tel. 3223 ; ron.zevenhoven@abo.firon.zevenhoven@abo.fi

Processteknikens grunder (”PTG”) Processteknikens grunder (”PTG”) 
Introduction toIntroduction to Process Process EngineeringEngineering

v.2008v.2008
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7.1 7.1 MassMass transfer transfer processesprocesses;;
Diffusion, Diffusion, convection;convection;

Mass transfer coefficientMass transfer coefficient
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MassMass transfer process transfer process examplesexamples
•• DryingDrying of a solid of a solid usingusing heat or heat or drydry gasgas
•• Adsorption of gas or Adsorption of gas or liquidliquid usingusing a solida solid
•• DistillationDistillation usingusing heat to heat to createcreate a a vapourvapour phasephase
•• Gas absorption Gas absorption usingusing a a liquidliquid absorbentabsorbent
•• ExtractionExtraction of of liquidliquid or solid or solid usingusing a solvent that a solvent that 

createscreates immiscibleimmiscible phasesphases
•• CrystallisationCrystallisation usingusing coolingcooling

to  to  createcreate a solid a solid phasephase
NoteNote the ”the ”support support phase”:phase”:
solvent, sorbentsolvent, sorbent, heat, , heat, ........
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MassMass transfer transfer mechanismsmechanisms /1/1

Diffusion: Diffusion: Fick’sFick’s Law* Law* (for binary systems)(for binary systems)
SpreadingSpreading of a of a substancesubstance from a region with high from a region with high 
concentrationconcentration to regions with to regions with lowerlower concentrationconcentration; ; 

moremore correctcorrect for ”for ”concentrationconcentration” is ”” is ”chemicalchemical potential”potential”

time
x x

c
dx

dc
D

dtA

dm
m −=

⋅
=′′&

Molecular diffusion coefficient Đ; for species A in medium B  Đ = ĐAB

diffusion

surface

c

* Note analogy with Fourier’s Law for heat conduction
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MassMass transfer transfer mechanismsmechanisms /2/2

Diffusion + (Diffusion + (forcedforced or or freefree) ) convectionconvection
FlowFlow as a as a resultresult of a of a pressurepressure differencedifference, , gravitygravity, ..., ...

IfIf neededneeded,  ,  Đ = = Đmol + + Đturbturb cancan be be usedused to to includeinclude turbulent turbulent eddyeddy diffusiondiffusion

time
x x

c

flow, v flow, v

dtdxv

cv
dx

dc
Dm

/=

⋅+−≈′′&

diffusion

c
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DiffusionDiffusion
•• Transfer of Transfer of mattermatter as a as a 

resultresult of a of a concentrationconcentration
(or (or density) difference,density) difference,
moremore accuratelyaccurately
chemicalchemical potential potential 
differencedifference (”gradient”)(”gradient”)

•• Main Main causecause: : BrownianBrownian
motionmotion of of moleculesmolecules

•• Mass flux Mass flux ΦΦ””mA,xmA,x (kg / s (kg / s 
per mper m22) through a surface ) through a surface 
(x(x00) perpen) perpen--dicular to the dicular to the 
transport direction (x) as transport direction (x) as 
a result of a gradient in a result of a gradient in 
mass concentration (mass concentration (ρρAA).).

•• More conventional for More conventional for 
gases: use gases: use concentrationconcentration
ccAA (mol/m(mol/m33)=)=ρρAA/M/MAA=p=pAA/RT/RT

Picture: SSJ84

dx

dc
D A

AxmolA - =Φ ,"
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Diffusion Diffusion coefficientscoefficients ((somesome valuesvalues))

(Ö96 p. 40)
Ambient Ambient conditionsconditions: : Đ Đ ~ 10~ 10--55 mm22/s in /s in gasesgases

ĐĐ ~ 10~ 10--88 .. 10.. 10--99 mm22/s in /s in liquidsliquids

ĐĐ ~ 10~ 10--1111 .. 10.. 10--1313 mm22/s in solids/s in solids

A B DAB m2/s Temp °C

water CO2 1.17×10-9
18

water N2 2.01×10-9
22

water O2 2.60×10-9
25

air NH3 19.6 ×10-6
0

air CO2 13.6×10-6
0

air H2O vapour 26×10-6
25

88/56/56#7/8#7/8
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Diffusion and Diffusion and convectionconvection
•• An An exampleexample::

FlowFlow of a fluid from a of a fluid from a 
tubetube intointo a region  a region  
wherewhere c = cc = c00 for a   for a   
certaincertain speciesspecies

c0

x

convection, v diffusion

•• SteadySteady statestate, , massmass balancebalance givesgives

number)  (Schmidt  
D ρ

η
Sc  with  ScRe

D ρ

η

η

ρvx

D

vx
 Pe

number) (Péclet  Pe
D

vx
  with       

0x @ cc   ; 0

=⋅=⋅==

=⎟
⎠
⎞

⎜
⎝
⎛=

==⋅⋅−⋅⋅−=

D

vx
-.cc

cAv
dx

dc
AD

exp0

0

A m2

x

c0
c



99/56/56#7/8#7/8

In
tr

od
uc

tio
n

In
tr

od
uc

tio
n

to
 P

ro
ce

ss
 

to
 P

ro
ce

ss
 E

ng
in

ee
rin

g
E

ng
in

ee
rin

g
(P

T
G

)
(P

T
G

)

TkFTkF VT VT rz08rz08

MassMass transfer and transfer and boundaryboundary layerslayers

•• For For massmass transfer transfer 
betweenbetween twotwo phasesphases A A 
and B, and B, concentrationconcentration
gradients gradients usuallyusually onlyonly
existexist nearnear the the physicalphysical
boundaryboundary that that 
separates A and Bseparates A and B

•• ThusThus, the , the drivingdriving forcesforces
are are activeactive onlyonly in in 
boundaryboundary layerslayers at the at the 
separatingseparating surfacesurface

Equilibrium
between
cA,interfaceA

and cA,interfaceB

A

boundary layer
medium A

phase
boundary

boundary layer
medium B

cA,bulkA

cA,bulkB

cA,interfaceA

cA,interfaceB

B

ΦΦ˝̋molAmolA

1010/56/56#7/8#7/8
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MassMass ↔↔ heat transfer heat transfer analogyanalogy /1/1

A A temperaturetemperature
profileprofile, heat , heat 

transfer 1transfer 1→→ 22

T2

Ti

T1

µ2

µi

µ1
c1

c2

c1,i

c2,i

c1

c1,i

c2,i

c2

A A chemicalchemical
potential potential profileprofile, , 

massmass transfer 1transfer 1→→ 22

ConcentrationConcentration profilesprofiles, , 
massmass transfer 1 transfer 1 →→ 22

Phase  Phase 
1 2
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MassMass transfer transfer coefficientcoefficient
•• MassMass flowflow species A:           species A:           
ṅṅAA= = ΦΦAA mol/smol/s

•• MassMass transfer transfer raterate per area:       per area:       
ṄṄAA = = ṅṅAA/a =/a = ΦΦ””AA mol/(mmol/(m22··s)s)

•• MassMass transfer transfer coefficientscoefficients, k, , k, 
((unitunit: m/s) for : m/s) for bothboth sidessides of the of the 
interface:interface:

ṄṄAA = = kkxx ··(c(c1,i1,i--cc11) = k) = kyy··(c(c22--cc2,i2,i))
•• Interface Interface concentrationsconcentrations cancan be be 

eliminatedeliminated usingusing equilibriumequilibrium

constantconstant K = cK = c1,i 1,i /c/c2,i 2,i = c= c11*/c*/c22 = c= c11/c/c22**
cc11* = c* = c11 at at equilibriumequilibrium with cwith c22, , etc.etc.

1 (L) 2  (G)

x
C1

yi
C2.i

y
C2

xi
C1.i

L,G example

interface a

ΦΦAA
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The film The film modelmodel
•• A A massmass transfer transfer coefficientcoefficient cancan

be be linkedlinked to  the film to  the film modelmodel: : 

ΦΦ””A,molA,mol = k= k··(c(cA0A0--ccA1A1) = ) = 

-- ĐĐAA··dcdcAA/dy  = /dy  = ĐĐAA··(c(cA0A0--ccA1A1)/)/δδcc

whichwhich gives k = gives k = ĐĐAA//δδcc

•• ThusThus, the , the boundaryboundary layerlayer thicknessthickness
cancan be be estimatedestimated ifif k and k and ĐĐAA are are 
knownknown..

•• The The massmass transfer limitations are transfer limitations are 
concentratedconcentrated in a in a wellwell--defineddefined region.region.

Picture: SSJ84

See heat transfer Nusselt number Nu = hD/λ = D/δT

→ mass transfer Sherwood number Sh = kD/Đ = D/δc
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MassMass ↔ heat transfer ↔ heat transfer analogyanalogy /2/2

Heat transferHeat transfer

•• Nu = Nu = f(Ref(Re, Pr, L/D, Gr,..), Pr, L/D, Gr,..)

•• ConvectionConvection aroundaround a a spheresphere::

Nu = 2 + 0.6ReNu = 2 + 0.6Re½½PrPr⅓⅓

•• Transfer from a Transfer from a wallwall and a and a 
turbulent turbulent flowflow: 2000 < : 2000 < ReRe < 10< 1055

and Pr > 0.7and Pr > 0.7

Nu = 0.027ReNu = 0.027Re0.80.8PrPr0.330.33((ηη//ηηwallwall))1/71/7

•• General: Nu = General: Nu = CReCRemmPrPrnn,  ,  wherewhere
m = 0.33 .. 0.8, n m = 0.33 .. 0.8, n ≈≈ 0.330.33

MassMass transfertransfer

•• ShSh = = f(Ref(Re, , ScSc, L/D, Gr,..), L/D, Gr,..)

•• ConvectionConvection aroundaround a a spheresphere::

ShSh = 2 + 0.6Re= 2 + 0.6Re½½ScSc⅓⅓

•• Transfer from a Transfer from a wallwall and a and a 
turbulent turbulent flowflow: 2000 < : 2000 < ReRe < 10< 1055

and and ScSc > 0.7> 0.7

ShSh = 0.027Re= 0.027Re0.80.8ScSc0.330.33

•• General: General: ShSh = = CReCRemmScScnn, , 
wherewhere m = 0.33 .. 0.8, n m = 0.33 .. 0.8, n ≈≈ 0.330.33

•• ChiltonChilton--ColburnColburn analogiesanalogies, heat and , heat and massmass transfer transfer valuesvalues jjHH, , jjDD::
jjHH = NuRe= NuRe--11PrPr--⅓⅓ jjDD = ShRe= ShRe--11ScSc--⅓⅓

jH = jD = CRem-1 = ½ƒ ƒ = Fanning friction factor for pipe flow

1414/56/56#7/8#7/8
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7.27.2 PhasePhase equilibriumequilibrium
((gasgas--gasgas, , gasgas--liquidliquid, , liquidliquid--liquidliquid))

Henry’sHenry’s LawLaw, , Raoult’sRaoult’s LawLaw
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MassMass transfer and transfer and equilibriumequilibrium

DryingDrying of of wetwet gas in an gas in an glycolglycol absorberabsorber

cH2O

wet gas dry gas

time

cH2O
in liq

cH2O,eq

Equilibrium determined by
thermodynamics

Rate determined by
transport processes and

equipment design

glycol

1616/56/56#7/8#7/8
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Air Air aboveabove a lakea lake

x = x = fractionfraction in in liquidliquid, y = , y = fractionfraction in gas, in gas, 
z = position z = position coordinatecoordinate, T = , T = temperaturetemperature

z

x, y, T

xH2O ≈ 1

yH2O << 1 T

Equilibrium
at surface

Concentration
jump

and: some
air dissolves
in the lake !

OH

OH
OH x

y
K

2

2
2 = :mequilibriu at

yO2 ≈ 0.21
yN2 ≈ 0.79

xO2 << 0.01
xN2 << 0.01
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GasGas--liquidliquid phasephase equilibriumequilibrium: : 
Raoult’sRaoult’s lawlaw

•• AssumeAssume a a liquidliquid mixturemixture of of componentscomponents A, B, A, B, 
C, .... at a C, .... at a temperaturetemperature T. T. 

•• ”A” ”A” occupiesoccupies a a largelarge fractionfraction, , saysay xxAA > 5 %> 5 %
•• At At temperaturetemperature T, T, saturationsaturation pressurepressure of pure of pure 

substancesubstance A A (i.e. A (i.e. A vapourvapour aboveabove liquidliquid A)A) is pis pAA
00

•• For the For the mixturemixture, the , the vapourvapour pressurepressure of A of A 
equalsequals ppAA = = yyAA.p.ptottot = x= xAA.p.pAA

00

•• For a For a twotwo--componentcomponent mixturemixture
of  A and B: of  A and B: 

•• ppBB=x=xBB.p.pBB
00 = (1= (1--xxAA).p).pBB

00 , , 
usingusing xxAA+x+xBB =1=1
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GasGas--liquidliquid phasephase equilibriumequilibrium: : 
Henry’sHenry’s lawlaw

•• AssumeAssume a a liquidliquid mixturemixture of of componentscomponents A, B, A, B, 
C, .... at a C, .... at a temperaturetemperature T. T. 

•• ”A” ”A” occupiesoccupies a a smallsmall fractionfraction, , saysay xxAA < 5 %< 5 %
•• For the For the mixturemixture, the , the vapourvapour pressurepressure of A of A 

equalsequals ppAA = = yyAA.p.ptottot = = HHcAcA.x.xAA

with with Henry Henry constantconstant HHcc

((unitunit: Pa, bar, ....) : Pa, bar, ....) 
•• yyAA //xxAA = = HHcAcA//pptottot= = ββ,  ,  yyAA = = ββ..xxAA

distribution distribution coefficientcoefficient ββ (mol/mol)(mol/mol)
•• HHcc is a is a functionfunction of of temperaturetemperature, , butbut

independent of independent of pressurepressure at at pptottot < 5 bar.< 5 bar. P
ic

tu
re

: h
ttp

://
w

w
w

.p
ilo

tfr
ie

nd
.c

om
/a

er
om

ed
/m

ed
ic

al
/im

ag
es

/3
4.

gi
f



1919/56/56#7/8#7/8

In
tr

od
uc

tio
n

In
tr

od
uc

tio
n

to
 P

ro
ce

ss
 

to
 P

ro
ce

ss
 E

ng
in

ee
rin

g
E

ng
in

ee
rin

g
(P

T
G

)
(P

T
G

)

TkFTkF VT VT rz08rz08

ExampleExample: : WaterWater--ammoniaammonia vapourvapour /1/1
•• A A mixturemixture of of ammoniaammonia and waterand water

•• 40°C, total 40°C, total pressurepressure unknownunknown

•• LiquidLiquid compositioncomposition::

70 70 %%--molmol NHNH3 3 + 30 + 30 %%--molmol HH22OO

•• WhatWhat is the is the compositioncomposition of the of the 
gas, ygas, yNH3NH3, y, yH2OH2O ??

•• At At equilibriumequilibrium, no , no drivingdriving forcesforces
or or temperaturetemperature gradients, gradients, 

xxNH3NH3 + x+ xH2OH2O = 1, y= 1, yNH3NH3 + y+ yH2OH2O = 1= 1

butbut xxNH3NH3 ≠≠ yyNH3NH3, x, xH2OH2O ≠≠ yyH2OH2O !!!!!!

xH2O = 0.3 mol/mol
xNH3 = 0.7 mol/mol

T = 40°C
Ptot = ?

GAS
LIQUID

Relative volatility of NH3 with respect to water: 

α = (yNH3 / xNH3) / (yH2O / xH2O) = KNH3 / KH2O at equilibrium

2020/56/56#7/8#7/8
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ExampleExample: : WaterWater--ammoniaammonia vapourvapour /2/2
•• Gas Gas aboveabove an NHan NH33/H/H22O O liquidliquid mixturemixture with with 

xxNH3NH3 = 0.7 and x= 0.7 and xH2OH2O = 0.3, T = 40°C.= 0.3, T = 40°C.

•• QuestionsQuestions: : pressurepressure & & equilibriumequilibrium compositioncomposition of gas ?of gas ?

•• From From tabelisedtabelised datadata for saturation pressures,for saturation pressures, at 40°C :at 40°C :

p°p°H2OH2O = 7.348 = 7.348 kPakPa; p°; p°NH3NH3 = 1554.33 = 1554.33 kPakPa

•• xx--valuesvalues for for liquidliquid >> 5 % : >> 5 % : useuse Raoult’sRaoult’s LawLaw ::

ppH2OH2O = x= xH2OH2O·· p°p°H2OH2O = 0.3 = 0.3 ·· 7.348 7.348 kPakPa = 2.22 = 2.22 kPakPa

ppNH3NH3 = x= xNH3NH3·· p°p°NH3NH3 = 0.7 = 0.7 ·· 1554.33 1554.33 kPakPa = 1088.3 = 1088.3 kPakPa

•• PPtotaltotal = p= pH2OH2O + p+ pNH3NH3 = 1090.25 = 1090.25 kPakPa = 10.9025 bar= 10.9025 bar

•• yyH2OH2O = 2.22 = 2.22 kPakPa / 1090.25 / 1090.25 kPakPa = 0.002 = 0.2 = 0.002 = 0.2 %%--vv

yyNH3NH3 = 1088.3 = 1088.3 kPakPa / 1090.25 / 1090.25 kPakPa = 0.998 = 99.8 = 0.998 = 99.8 %%--vv

Source: ÇB98
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ExampleExample: : Water in air Water in air aboveabove a lakea lake

•• AssumeAssume a lake with T=17°C, a lake with T=17°C, pptottot = 92 = 92 kPakPa at at 
water water surfacesurface levellevel..

•• At the At the surfacesurface, the water , the water willwill be be saturatedsaturated with with 
water, water, whichwhich meansmeans ppH2OH2O = p°= p°H2OH2O = 1920 = 1920 Pa.Pa.

•• FractionFraction of water in the air at the water of water in the air at the water surfacesurface
at at equilbriumequilbrium with the air with the air aboveabove is is thenthen

yyH2OH2O = p= pH2OH2O//pptottot = 1.92 = 1.92 kPakPa / 92 / 92 kPakPa = 2.09 %= 2.09 %

notenote:: % = % = %%--vv ((volumevolume %)%)

Source: ÇB98
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ExampleExample: : Air Air dissolveddissolved in lake waterin lake water

•• AssumeAssume the same lake, T=17°C, the same lake, T=17°C, pptottot = 92 = 92 kPakPa at water at water 
surfacesurface levellevel. At the . At the surfacesurface ppH2OH2O = p°= p°H2OH2O = 1920 Pa.= 1920 Pa.

•• A small A small amountamount (<< 5 (<< 5 %%--volvol) of air ) of air willwill be be dissolveddissolved in in 
the water: the water: useuse Henry’sHenry’s LawLaw to to calculatecalculate the the equilibriumequilibrium::

•• At T = 290 K, At T = 290 K, HHcc AIR,waterAIR,water = 6200 = 6200 MPaMPa

•• ppAIRAIR = = pptottot –– ppH2OH2O = 90.008 = 90.008 kPakPa

•• xxAIRAIR, water , water sideside = = ppAIR,airAIR,air sideside / / HHcc AIR, waterAIR, water

= 0.090008 = 0.090008 MPaMPa / 6200 / 6200 MPaMPa = 1.45= 1.45××1010--5 5 = 0.00145 = 0.00145 %%--vv

•• This This meansmeans 1.45 1.45 molesmoles air (molar air (molar massmass ~29 kg/~29 kg/kmolkmol) in ) in 
100000 100000 molesmoles water (molar water (molar massmass 18 kg/18 kg/kmolkmol), ), whichwhich
meansmeans 23.4 mg air / kg water23.4 mg air / kg water Source: ÇB98
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TwoTwo--componentcomponent phasephase diagram diagram (G/L)(G/L)

P, T, x – diagram for a 
binary gas-liquid system

xxAA = 1= 1--xxBB

yyAA = 1= 1--yyBB

Picture: T68

critical points
pure A, B
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ConstantConstant pressurepressure; the ; the xx--yy diagramdiagram
BinaryBinary vapourvapour--liquidliquid equilibriumequilibrium

Temperature

Picture: T68

y 

x
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Relative Relative volatilityvolatility, , αα

•• RaoultRaoult (for (for notnot--smallsmall xxii)): : 
yyAA=x=xAAppAA°, °, yyBB=x=xBBppBB°°

•• xxBB = 1= 1--xxAA, , yyBB = 1= 1--yyAA

•• yyBB//yyAA= = αα ··xxBB//xxAA

αα = relative = relative volatilityvolatility
αα = = ppBB°/°/ppAA° = ° = αα (T)(T)

•• resultresult::
(1(1--yyAA)/)/yyAA = = αα ··((11--xxAA)/)/xxAA

yyAA = = αα··xxAA / (1+ (/ (1+ (αα--1)1)··xxAA))

α =

Picture: WK92
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7.37.3 Separation Separation processesprocesses
((gasgas--gasgas, , gasgas--liquidliquid, , liquidliquid--liquidliquid):):

equilibriumequilibrium stagesstages
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Separation of Separation of mixturesmixtures: : 1 stage1 stage
For For exampleexample: : separatingseparating phenolphenol from from 
water (L) by water (L) by addingadding benzenebenzene (V) in a (V) in a 
separation separation funnelfunnel..
x = x = phenolphenol concconc. in L, y = . in L, y = phenolphenol concconc. in . in VV

Equilibrium constant: K = y1 / x1Equilibrium constant: K = y1 / x1

Separation factor: S = KSeparation factor: S = K··V/LV/L

Fraction of phenol separated = S / (S+1) for 1 stageFraction of phenol separated = S / (S+1) for 1 stage
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Separation Separation 
and and 

equilibriumequilibrium
stagesstages

ExampleExample
FourFour--stagestage

processingprocessing for Cu for Cu 
recoveryrecovery from from CuCu--

containingcontaining oreore
((liquidliquid / / liquidliquid))

release 
from ore

extraction

recovery

electrolysis

Diluted H2SO4

Organic solvent

Concentrated H2SO4

Cu

Cu - ore

Numbers are concentrations kg Cu/m3

2,0

2,2

0,1

0,2

50 40

Source: WK92
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PhasePhase equilibriumequilibrium stagesstages /1/1

The The extractionextraction and the and the recoveryrecovery process are process are 
combinations of combinations of mixingmixing tanks and tanks and settlingsettling tankstanks

extraction

feed refine

solventloaded
solvent

Picture: WK92
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PhasePhase equilibriumequilibrium stagesstages /2/2

•• CuCu is is transferredtransferred from from feedfeed streamstream L to solvent  (”support L to solvent  (”support phasephase”) V; the ”) V; the 
extraction unit canextraction unit can be  be  described asdescribed as a a series of series of equilibriumequilibrium stagesstages..

•• Equilibrium constant for Cu in feed stream andsolvent stream isEquilibrium constant for Cu in feed stream andsolvent stream is K =yK =yCuCu/x/xCuCu

•• Thus, for an equilibrium stage n: yThus, for an equilibrium stage n: ynn = Kx= Kxnn

•• Streams L and V are often roughly constantStreams L and V are often roughly constant
LL11≈≈ LL22 ≈≈ .. .. ≈≈ LLnn = L; V= L; V11 ≈≈ VV22 ≈≈ ......≈≈ VVnn = V  = V  →→ separation factor S = Kseparation factor S = K··V/LV/L

extraction

feed refine

solventloaded
solvent

equilibrium
stage n

Lnxn

equilibrium
stage n-1

equilibrium
stage n+1

Ln+1xn+1

Vnyn Vn-1yn-1
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Example: phaseExample: phase equilibriumequilibrium stagestage

•• For For exampleexample: : phasephase equilibriumequilibrium constantconstant K=5;     K=5;     
L = 1000 kg/s, V = 800 kg/s L = 1000 kg/s, V = 800 kg/s →→ S = KV/L= 4.S = KV/L= 4.

Cu in Cu in feedfeed xx00 = 0.2 = 0.2 %%--wtwt = 0.002 kg/kg= 0.002 kg/kg

•• For For cleanclean solvent, ysolvent, y22=0, =0, thenthen VyVy11 / Lx/ Lx11 = S= S

•• →→ MassMass balancebalance gives Lxgives Lx00 = (S+1)w= (S+1)w--rr

LxLx00+Vy+Vy22 = Lx= Lx00 = Lx= Lx11+Vy+Vy11 = Lx= Lx11(1+KV/L) = Lx(1+KV/L) = Lx11(1+S)(1+S)

→→ LxLx00 = 2 kg Cu/s w = 2 kg Cu/s w →→ LxLx11 = Lx= Lx00 / (1+S) = 0.4 kg Cu/s/ (1+S) = 0.4 kg Cu/s

Picture: WK92
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7.47.4 Separation Separation processesprocesses
((gasgas--gasgas, , gasgas--liquidliquid, , liquidliquid--liquidliquid):):

continuouscontinuous distillationdistillation;;
packedpacked towertower columnscolumns
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ContinuousContinuous
distillationdistillation

Pictures: T68
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DistillationDistillation, , principleprinciple
•• LiquidLiquid with with 

compositioncomposition aa11 boilsboils at at 
temperaturetemperature TT22, , givinggiving
vapourvapour with with 
compositioncomposition a’a’22 whichwhich
is is enrichedenriched in in 
componentcomponent AA

•• TakingTaking outout and and coolingcooling
vapourvapour a’a’22 gives gives liquidliquid
aa44 at at temperaturetemperature TT44

•• In In equilibriumequilibrium with with 
liquidliquid aa44 is is vapourvapour a´a´44, , 
againagain furtherfurther enrichedenriched
in in componentcomponent AA

Picture: A83
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ContinuousContinuous distillationdistillation ((binarybinary))

•• SeparatingSeparating a a mixturemixture of of 
2 2 componentscomponents A and B, A and B, 
with A with A moremore volatilevolatile

•• LiquidLiquid for absorption for absorption 
sectionsection producedproduced by by 
condensingcondensing somesome toptop
productproduct

•• Gas for Gas for strippingstripping
sectionsection producedproduced by by 
boilingboiling somesome bottombottom
productproduct

•• RoughlyRoughly equimolarequimolar
exchangeexchange: 1 mol A : 1 mol A 
liquidliquid →→ gas ~ 1mol B gas ~ 1mol B 
gas gas →→ liquidliquid

Top section:
rectifying section
absorbing the less 
volatile component

Bottom section:
stripping section
desorbing the more
volatile component

Bottom product:
less volatile
component

Top product: 
more volatile
component
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Pictures:
T68

PackedPacked tower columnstower columns /1/1

””MellapakMellapak””
http://http://www.sulzerchemtech.comwww.sulzerchemtech.com
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PackedPacked towertower columnscolumns /2/2

•• MassMass transfer from gas to transfer from gas to liquidliquid or or vice versa vice versa wherewhere
the the liquidliquid forms a (forms a (thinthin) film on the ) film on the surfacesurface of of packingpacking
material elements, material elements, creatingcreating a a largelarge contactcontact surfacesurface ”a” ”a” 
(m(m22 / m/ m33 apparatusapparatus))

•• For For relativelyrelatively small small 
amountsamounts of material of material 
transferredtransferred ((saysay, < 2% of , < 2% of 
the the streamsstreams) the process ) the process 
maymay be be consideredconsidered
isothermisotherm (vaporisation and (vaporisation and 
condensationcondensation havehave a heat a heat 

effecteffect!)!) and and streamsstreams V V 
and L and L maymay be be 
consideredconsidered constantconstant.. Picture: W92
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7.57.5 Particle technology; Particle technology; 
MultiMulti--phase flowsphase flows

Prof. Brian Scarlett
1938-2004

”Consider a particle”
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Particle Particle (or droplet)(or droplet) size distribution  size distribution  

Particle size, X

F
re

q
u

en
cy

 d
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tr
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n
X

n
d

N
/

d
X

n
=

0,
1,

2,
3 dN/dX N = number

L = length
S = surface
V = volumeXdN/dX=dL/dX

X2dN/dX=dS/dX

X3dN/dX=dV/dX

Particle size, X

F
re

q
u

en
cy

 d
is

tr
ib

it
io

n
X

n
d

N
/

d
X

n
=

0,
1,

2,
3 dN/dX N = number

L = length
S = surface
V = volumeXdN/dX=dL/dX

X2dN/dX=dS/dX

X3dN/dX=dV/dX

• Different distributions for number, 
length, surface and volume !

• Different particle size analysers give
different distributions: some measure
length, others measure surface, etc.
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Particle shapeParticle shape

Shape factor, Shape factor, 
““sphericitysphericity” ” φφ

φφ = = 4.836 4.836 ×× (volume)(volume)2/32/3

surfacesurface

= = surface of sphere with same volumesurface of sphere with same volume
surface of particlesurface of particle
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ParticlesParticles in fluid in fluid flowsflows

A smooth (a) and A smooth (a) and 
roughened (b) ball entering roughened (b) ball entering 
water at 25 °C water at 25 °C 

Picture: CR93

TurbulenceTurbulence as as seenseen
by by DaDa VinciVinci

ParticlesParticles and and 
turbulent turbulent eddieseddies
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EulerianEulerian vs.vs. LagrangianLagrangian
particle representationparticle representation

Focussing on a control volume (Euler), Focussing on a control volume (Euler), leftleft, , 
or focussing on particle trajectories (Lagrange), or focussing on particle trajectories (Lagrange), rightright

EulerEuler--Euler (for fluid and particulate phase) and     Euler (for fluid and particulate phase) and     
EulerEuler--Lagrange methods are both widely usedLagrange methods are both widely used

time ttime t11 time ttime t22

time ttime t11

time ttime t22

time ttime t33

time ttime t44

time ttime t44

Source: ZH00
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AerosolsAerosols
•• Aerosol:Aerosol: A suspension of A suspension of 

solid or solid or liquidliquid particlesparticles in a in a 
gas. Aerosols are gas. Aerosols are stablestable for for 
at at leastleast a a fewfew secondsseconds and in and in 
somesome casescases maymay last a last a yearyear
or or moremore. The term ”aerosol” . The term ”aerosol” 
includesincludes bothboth the the particlesparticles
and the gas, and the gas, whichwhich is is usuallyusually
air. air. ParticleParticle sizesize rangesranges from from 
0.001 to over 100 µm.0.001 to over 100 µm.
For For exampleexample smokesmoke is a is a 
dispersion of solid dispersion of solid particlesparticles
or or dropletsdroplets in air.in air.

•• Sol:Sol: particlesparticles disperseddispersed in a in a 
liquidliquid, , for for exampleexample inkink

P
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w

w
w
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Source: ZH00
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Flow of particle swarmsFlow of particle swarms

Drag coefficient for sphere in swarm, CDrag coefficient for sphere in swarm, CDD*,*,
corrected for effect of neighbour particles corrected for effect of neighbour particles 

εε = = voidagevoidage, porosity, porosity

Small particles, Small particles, 
low Re: ƒ(low Re: ƒ(εε) = ) = εε--4.74.7

Richardson Richardson -- ZakiZaki hindrance factor:hindrance factor:

Re Re nn
< 0.2< 0.2 4.654.65
0.2 ~ 10.2 ~ 1 4.35 4.35 ×× ReRe--0.030.03

1 ~ 5001 ~ 500 4.45 4.45 ×× ReRe--0.010.01

> 500> 500 2.392.39

n
DDD CfCC −ε⋅=ε⋅= )(*

Source: ZH00
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Flow in packed bedsFlow in packed beds
Darcy’s Law:Darcy’s Law:

with permeability Kwith permeability K

KozenyKozeny -- Carman equation:Carman equation:

SSvv = specific surface = surface/volume= specific surface = surface/volume

SSvv = 6 /dp for a sphere with diameter dp

L

( )
LS

p
u

fluidvηε−
Δ−ε

=
2

3

15 )(

L

p
Ku

fluidη
Δ−

=

Source: ZH00
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Fluidised bedsFluidised beds

Source: ZH00

gas bubble in a 
gas/solid 

fluidised bed
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ConveyingConveying systems:systems:
mechanicmechanic, , pneumaticpneumatic,  ,  hydraulichydraulic
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4 pneumatic conveying regimes :
- Solid Dense Phase
- Discontinuous Dense Phase 
- Continuous Dense Phase
- Dilute Phase 

Conveyor belt
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Flow of powders in/from silosFlow of powders in/from silos

a. Mass flow b. Funnel flow
c. Expanded flow d. “Pipe”
e. Rathole f. Arching

Source: ZH00
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A gas cyclone A gas cyclone 
Advantages

Simple, cheap and
compact

Large capacity

Disadvantages
Large pressure drop
Low efficiency
“Catch” removal problems
No removal below ~5 μm
Problems above ~ 400 °C

Source: ZH00

See also hydro-cyclones and 
other cyclones for liquid-solid, 
liquid-liquid and liquid-gas separations 
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ElectrostaticElectrostatic precipitatorsprecipitators ((ESPsESPs))
4 process steps:4 process steps:

1. Particle charging1. Particle charging
2. Particle movement relative  2. Particle movement relative  
to the gas flowto the gas flow
3. Particle collection at 3. Particle collection at 
deposition surfacedeposition surface
4. Particle removal from 4. Particle removal from 
deposition surface (often deposition surface (often 
discontinuous)discontinuous)

NoteNote: the : the electricelectric propertiesproperties
of the of the particlesparticles to be to be 
removedremoved shouldshould be be 
suitablesuitable, , otherwiseotherwise useuse
a filter systema filter system

TypicallyTypically quitequite largelarge, , mainlymainly
usedused at power plants for        at power plants for        
flyfly--ashash removal from removal from flueflue gasgas
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BaghouseBaghouse filtersfilters

Inside out / outside in operation

Source: ZH00
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Liquid filtrationLiquid filtration

Horizontal belt filter Horizontal belt filter 

Rotary drum filterRotary drum filter

• ~ Constant pressure filtration
• N rotation /min (rpm), drum 

radius R (m),length L (m),
• submerged angle Δ ϕ = (0 ... π)
• volume  element  ΔA= R L Δ ϕ

is submerged for a time            
Δt = Δ ϕ / (2π N)   (min) 

Δ ϕΔ ϕΔ ϕΔ ϕ

Source: IGH91,IGH91, ZH00
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Sedimentation of suspensionsSedimentation of suspensions

Dry solids concentrationDry solids concentration

Clear zoneClear zone

Feed zoneFeed zone

Thickening zoneThickening zone

FeedFeed EffluentEffluent

Sludge discharge

Dry solids concentrationDry solids concentration

Clear zoneClear zone

Feed zoneFeed zone

Thickening zoneThickening zone

FeedFeed EffluentEffluent

Sludge discharge

Batch sedimentation test
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Continuous thickener

Source: IGH91,IGH91, ZH00
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SolidSolid--solidsolid separationsseparations
•• UsedUsed for for separatingseparating

unwantedunwanted materials materials 
or or sizesize fractionsfractions

•• Equipment Equipment examplesexamples::
–– SievesSieves, , screensscreens

–– CyclonesCyclones, , centrifugescentrifuges

–– HydraulicHydraulic separatorsseparators

–– SinkSink--floatfloat, , frothfroth
flotation separatorsflotation separators

–– MagneticMagnetic, , electrostaticelectrostatic
separatorsseparators
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Froth flotation
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CrystallisersCrystallisers
•• Solid Solid productproduct crystalscrystals cancan be be 

producedproduced from from gasesgases, , liquidliquid meltsmelts
or solutionsor solutions

•• AdvantagesAdvantages are: high are: high productproduct
puritypurity ((crystallisationcrystallisation cancan be be seenseen
as a separation process!), and as a separation process!), and 
((exceptexcept for for liquidliquid meltsmelts) ) lowlow
energyenergy demanddemand and and lowlow
temperaturestemperatures

•• Import Import issuesissues are are crystalcrystal productproduct
morphologymorphology, , crystalcrystal growthgrowth
kineticskinetics, , inclusioninclusion of of impuritiesimpurities
(and (and crystalcrystal water), and process water), and process 
controlcontrol ((temperaturetemperature ↔↔ productproduct
sizesize distribution and distribution and qualityquality))
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A continuous crystalliser
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