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Why do we need
chemical processes?

Make a material with desired properties.

Convert waste material into useful
products.

Increase availability of desired products.

Obtain energy from materials.



Chemical processes by
the numbers

Type of Typical Plant

Typical Product

Typical Waste
Generation [lIb

Chemical Process  Capacity [Ib/yr] Value [$/1b] waste/lb product]
Petroleum |-100 billion 0.1 0.1
Bulk commodity 10-1000 million 0.1-2 0.1-5
Fine specialty 0.1-10 million 2-10 2-50

Pharmaceutical |-100 thousand

| O-priceless 10-100




The first step in
process synthesis

® For the product we want, choose
® the best raw materials
® and the best reaction pathways
® Generation-consumption analysis is useful.
® For the scale-up, how do we compare different options!?
® Quantitative measures of efficiency
® atom economy

® process economy



Balancing chemical reactions

CeH1206 + Oy — CO5 + H50
CGH1206 T OQ — 6C02 T GHQO
CeH1206 + 605 — 6CO5 + 6H50

Stoichiometric coefficients v :
- negative if reactant, positive if product
- relative ratio (not absolute quantity)

Veglucose — —1, Vo, = —0, VCO, — 0, VH,O — 0
1
§C6H1206 —+ 202 — 2COQ + QHQO

Vglucose — _1/37 Vo, = _27 VCcO, — 27 VH,O = 2
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Formal procedure for balancing chemical rxns

C6H1206 -+ 602 — 6002 + 6H20

1 = counter for compound
h = counter for element
V; = stoichiometric coeff. for compound i

€hi = number of atoms of element h in compound i

Y ecivi =[6x (1) + [0 x (—6)] + [1 x 6] + [0 x 6]

> enivi =0 S emivs = [12 x (=1)] + 0 x (—6)] + [0 x 6] + [2 x 6]
Y eoivi =[6x (1)) +[2 x (=6)] + [2 x 6] + [1 x 6]




Element balance for stoichiometric coeff.
NH3; + O, — NO + H>O

) enivi = [1 X vnm,] + [0 X vo,] + [1 X vno] + [0 X va,0]

> emivi = [3 x vnm,] + [0 x vo,] + [0 X vno] + [2 X vi,0

Y eoivi = [0 X vnm,] + [2 X vo,] + [1 X vno] + [1 X vH,0]

Set VNH; =-4
UNO — _|_47 VH,O — _|_67 VO, — —9



Combining chemical rxns into a rxn pathway
ANHsg + 502 — 4NO + 6H20

NO + %OQ — NOQ

3N02 - HQO — 2HN03 + NO
What we want;

* Net generation of HNO3

e Net consumption of NH3, O>

e Zero net generation or consumption of NO, NO>
e Acceptable generation or consumption of H,O



Generation-consumption
Step 4: Find Calculate

(Rl) 4NH3 + 505 — 4NO + 6H>0O
1
(RQ) NO + 502 — NO»

Compound Vil Vi2 Vi3
NH;3 (-4)
O, (-5) (-0.5)
NO (+4) (-1) +1
NO> (+1) -3
HNO; +2 +2
H.O (+6) -1 +2




The bottom-line: Process economy

Value of products generated divided by
cost of reactants consumed.

Basis: 63 million Ib/yr nitric acid
Scale-up factor: 63 million/126 = 0.5 million

Compound| Vx| ey | | e
NH; -34 17 0.23 :3.91
0, -128 .64 0.03 1.92
HNO:3 +126 +63 0.11 +6.93
H,O +36 +18 0 0

Net Profit: 6.93-3.91-1.92 = |.10 million $/yr
12
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2.1 Introduction

® Chemical process plant

® A physical facility in which the raw materials undergo
chemical and physical changes to make desired products

® Common features:
® Feed preparation facilities
® Reactors
® Separators
® Environmental control facilities
® Material transfer equipment

® Energy transfer equipment
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2.2 Process Variables

® moles, mass, composition, concentration,
pressure, temperature, volume, density, and
flowrate

® Dimensions
® M:mass
® |:length
® t:time
® T:thermodynamic temperature

® N:amount of substance
3



2.3 Process Flow Sheets

Visual representations of chemical and

physical changes that occur as the raw

materials are transformed into the desired
products



A new route to styrene!

CaoH4 + C¢He = CgHg + Ha2
CH;OH + CsHg @ CgHg + H,O + Hy

Compound | v, M Vi M. Flc(z::slljste $/ton $M/yr
CH3;OH -1 32 -32 -76,900 450 -35
C7Hs -1 92 -92 -221,200 1010 -223
CsHs +| 104 | +104 +250,000 1380 +345
H,O +| |18 +18 +43,300 0
H- +| 2 +2 +4,800 0

Atom economy: 84%, Profit: $87M/yr




Types of process flowsheets

® |nput-Output Diagram
® Block Flow Diagram

® Process Flow Diagram (PFD)



Input-Output Diagram

CH;OH + C/Hg = CgHg + H,O + H»

methanol > > styrene

Process

toluene > » hydrogen, water

* A box represents the :

* Lines with arrows show flow of reactants into
process, and flow of products and byproducts out
of process.



Input-Output Diagram

Compound Vi Mi Vi M Flzz:sizte $/ton $M/yr
CH;OH -1 32 -32 -76,900 450 -35
C7Hs - 92 -92 -221,200 1010 -223
CsHs +| | 04 +104 +250,000 1380 +345
H.O +| 18 +18 +43,300 0
H> +| 2 +2 +4,800 0
methanol, 76,900 tons/lyr —> — > styrene, 230,000 tons/yr
Process —— hydrogen, 4,800 tons/yr
toluene, 221,200 tons/yr —> > water, 43,300 tons/yr




Block Flow Diagram

* Boxes represent

* Each process unit represents a specific process function:
mixer, splitter, reactor, separator.

* Lines with arrows show flow of materials into and out of

process units.



Block Flow Diagram

methanol
—_— styrene
—— — r———
toluene T hydrogen
>
water
Stream Methanol Toluene Product Byproduct
Reactor Reactor
Flow rate feed to feed to ) from from
. i input output
ton/yr mixer mixer separator separator
Methanol 76,900 76,900
Toluene 221,200 221,200
Styrene 250,000 250,000
Hydrogen 4,800 4,800
Woater 43,300 43,300
Total 76,900 10 298,100 298,100 250,000 48,100




Process Flow Diagram (PFD)

Process equipment is shown representatively, with icons.
Decisions have been made about reactor type and
separation methods.

Equipment for moving materials or for heat exchange may
be shown.

Information about utilities may be shown.

Lines with arrows show flow of materials into and out of
process units.
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Modes of process operation

Batch: Raw materials enter all at once, physical and/or
chemical changes occur, and later products are
removed all at once.

Continuous-flow: Raw materials enter a process
continuously, and products leave continuously.

Semi-batch: Some combination of batch and
continuous-flow.

Steady-state: Process variables do not change with time.

Unsteady-state: Process variables change with time.

|4



Process flowsheet definitions

:A specified volume with a well-defined boundary.

: Material moving into or out of a system.

methanol
—_— styrene

mixer |———» reactor |—— separator ————

toluene T h
ydrogen
>

water




Process flowsheet specifications

: Quantitative description of the extent
to which chemical and/or physical changes happen inside a system.
Stream composition specification: Quantitative description of the
composition of a stream.

recycled toluene
4 ethylbenzene

! T

methanol styrene
—>»{ Mixer |—»| Reactor |—>»| Separator [—»| Separator |—>| Separator |—>»| Separator —-%

toluene T l l 999%

hydrogen tars
water
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Extent of reaction

rik  molar rate of reaction of component i by reaction k
(negative if consumed, positive if generated)

A+2B—3C  (R1)
7'“31 = 2 ><7.“A1

rc1 = —3 X Ta1
re1/3 =rp1/ —2=7a1/ — 1 =171/ =&

Tik = Vik X &k



The material balance equation

A B A, B, C
Reactor >

ON

A +2B — 3C (R1)

In - Out + Generation - Consumption = Accumulation

dnA,sys

dt

ﬁAin — 7iAout + VAlgl —

Differential mole balance equation for component

Z Nij — Z Mij + Z Vinlp = dn;,;ys
/ | N

summed over all J summed over all J summed over all K
input streams output streams reactions




Flow diagram and DOF analysis

Mixer >l Reactor

OoOoX 4w < T

T X -1 ™

Stream variables

System variables

Specified flows

Specified compositions

Performance specifications

Material balances
DOF




Specifications

Specified flows and compositions System performance specifications

A1 = 500 foi ==Y Vikkk/ i

npz =0.05 %100 =5 fC’H:_(_él_£2_é3+€4> /1 = 0.24
nre = 0.20 x 100 = 20

nxo = 0.25 x 100 = 25 Jer = — <—§:1 + fz) /nre = 0.50
npo = 0.50 x 100 = 50 fox = — (_6'2 _|_§:3) Jixs = 0.20
Jep = — (—53) /npy = 0.70

€5 = 0.70 x 50 = 35

€y = (0.20 x 25) + 35 = 40

&1 = (0.50 x 20) + 40 = 50

4= —(0.24 x 500) + 50 + 40 + 35 = 5



Material balances
S i - an + Zuzkfk = d”" =

summed over all J summed over all J summed over all K
input streams output streams reactions

Z Nij = Z nij + Z Vik&n

out

Mi3 = N in + Vi1&1 + Vio&a + 14383 + 134



The material balance equation
(integral version)

Differential material balance equation on mass of i

(one input, one output, one reaction)

dm,; , _ :
C;;ys = My in — Mi,out + ViM;§
tf dm.: ty ty ty ,
/ 1,8YS dt = mi,indt — mi’outdt -+ / ViMifdt
to dt to to to

Integral material balance equation on mass of

(one input, one output, one reaction)

ty tf Ly ,
My sys,f — M, sys,o — mi,indt — mi,outdt + / Vzszdt



Summary

In - Out + Generation - Consumption = Accumulation

Z Nij — Z nij + Z Vi€ = dn;,;ys
/ | AN

summed over all J summed over all J summed over all K
input streams output streams reactions
ty ty ty ,
myi sys,f — M4 sys,o — mz,zndt — mi,outdt + / VzMzgdt
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Reactor design variables

Temperature and pressure (kinetics, equilibrium)

Volume and residence time (conversion)

Reactant feed ratio and order of addition

Use of catalysts
 solution

e solid

Mixing patterns
e stirred batch tank
e continuous-flow stirred tank

e plug flow (packed bed)



“Perfect” chemical reactors

« one and only one reactions
e reactants fed at stoichiometric ratio
e 100% conversion

2A+B —C+ D

A C
A —[ Reactor J_ 5

NAin/MBin = Va/VB = 2/1

Jca = fce = 1.0



“"Real” chemical reactors

e multiple reactions
e reactants not at stoichiometric ratio
e less than 100% conversion

2A+B —C+ D A+ B — FE (parallel)
C + 2D — F (series)

A s A B
J  Reactor ]— C,D
\ E, F

NAin/MNBin 7 VA/VB —  fca# fcp #1.0

o




Reactor performance specifications

Conversion

Fractional conversion of A

fca = net moles of A consumed by reaction/moles of A fed

foa=— Z VARER /T A in
Yield

Fractional yield of product P from reactant A
ya—p = net moles of A consumed to make P/moles of A fed

Ya—p = —(va1/vp1) Z Vpkék/ﬁA,in

Selectivity

Yield = conversion x selectivity

Fractional selectivity of product P from reactant A

Sa—p = net moles of A consumed to make P/moles of A consumed

Sap = (va1/vpi1) Z vpén/ Z VAkER



Low conversion: recycle

— A Wasted reactants!

o

o

B

Not much product!

No Wasted reactants!

A
B
Reactor = | Sep
A
B
A
B
Mix Reactor

Sep

—» C Lotsof product!



—| Mix

\

B
A A
B
B C
.  Reactor

single pass conversion

fc

_— Z Vikék

Sep

No Wasted reactants!

\ /r//g Lots of product!

overall conversion



Recycle and purge

— Mix

o

o

Reactor

Sep




Some important chemical reactions

« Oxidation: complete or partial
e CH,+20, = CO, +2H,0
« Hydrogenation/dehydrogenation
* CH;(CH,),CH=CH(CH,),COOH + H, = CH;(CH,),,COOH
« Alkylation/de-alkylation
* CH,,+CHg = CHyg
 Hydrolysis/de-hydration
« NH,R COOH + NH,R’COOH — NH,R' CONHR COOH + H,0
« Halogenation
* CH,+Cl, = CH;Cl + HC

e |Isomerization

* Glucose (C¢H,,04) = Fructose (CgH,,0¢)



Combustion

Complete combustion is defined by

AllC = CO,
AllH = H;O
AllS = SO,
AllN — N3

Examples: 2CHsCN +5.50, = 4CO;, + 3H,0 + N2
CH3SH + 30, — CO; + 2H,0 + SO;

Excess oxygen: oxygen fed in excess of the stoichiometric
requirement for complete combustion

Examples:

3.6 gmol/min O, mixed with 1 gmol/min CH3SH = 20% excess oxygen

17.1 gmol/min air mixed with 1 gmol/min CHsSH = 20% excess air



Excess air calculations

1250 gmol/min

2.4% AC
05-160/% ﬁz'\é Q1: 20% excess air: how do we convert to a flow rate?
.1 7% IP
1.8% C52 Q2: 7 reactions: what are they?
12.7% DM flue gas
4'60% w (combustion gas) I
2.80@ 02 o ; . gmol/min Moles IOz gmol/min
5304 N2 . ompoun (Compound) per mole (02)
®—> Mix — Reactor @» Co2 compound
w
; 0o CsHeO 30 4 120
02
21% 02 N2 CHsN 70 2.75 192.5
20% excess air 79% N2 CO:C0,=1:9 H>S 1.25 1.5 1.88
CsHgO 212.5 45 956
C3HeO + 16/4 O, = 3CO, + 6/2 H,0O (R1)
GHsN+11/40;, = 2CO2, +3/2H,0+1/2N2 - (R2) CS; 22.5 3 67.5
H25 +6/4 02 = H0 + 50, (R3) CoHsN 158.8 375 595.5
CsHsO + 18/4 O, — 3CO, + 8/2 H,0O (R4)
CS2+12/4 0, = CO2 + 250, (R5) H,O 57.5 - -
CoH/N +15/4 O, = 2CO2+ 7/2 H,O + 1/2 N2 (R6) 0, 35 35
In general: N> 662.5 --
CxHyOzNWsV + (X + y/4 +V- Z)OZ
Sum: 1898

— X CO2 +y/2 H20 + w/2 N2 + v SO»

20% excess oxygen = 1.2 x 1898 = 2278 gmol/min
20% excess air =2278/0.21 = 10,850 gmol/min



Mass rates of reaction

.o

t=20 t
mx sys,0 = 0.1g mx sys

mag,sys,0 = 1500 ¢ ma,sys

Acc =In-Out + Gen - Cons
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Separation Processes

Definitions and terminology

Separation technologies

Separator performance

Entrainment



Separations
Physical Property Differences

e Size

e Density
o Volatility
 Solubility



Classification of separation technologies

Classification Feed Output Basis for separation
Mechanical Two phases Two phases Differences in size or density
Rate-based One phase One phase Differences in rate of.transport

through a medium
_— Differences in composition of
Equilibrium-based One phase Two phases N
two phases at equilibrium

Classification Examples
Mechanical Filtration, Sedimentation, Flotation, Centrifugation
Rate-based Gel Electrophoresis, Paper Chromatography, Reverse Osmosis

Equilibrium-based Distillation, Extraction, Crystallization, Absorption, Adsorption




Heuristics for sequencing separation

technologies
Y A
A A I
B B
C C
D — B — —> B
N .
5 B >
C < 5
D C
D 5 5 C
D
1. Remove hazardous, toxic, or corrosive materials first.
2. Separate out the components present in largest quantities first.
3. Save the most difficult separations for last.
4. Divide streams into equal parts.
5. Avoid mixing after separating.
6. Meet all product specifications, but don't overpurify.



Separator DOF analysis

ImUmUu:D

=0 0~



Separator performance specifications

Purity of product stream:
moles of component j in stream j/total moles in stream j
Xij = Ni/n;
Recovery of component:
moles of component i in stream j/moles of i fed
frij = niy/nje
Separation factor:
apc = (Xg1/Xc1)*(Xc2/Xs2)
apc = (fre1/frc1)*(frc2/fre2)

Example
o sroduct S0A Keys: Band C
50 B — 488 Purity: xg1 = 0.466, Xc2 = 0.625
5C
= Recovery: fag1 = 0.96, facz = 0.80
_ Separation factor:
feed asc = (0.466/0.0485)(0.625/0.0625) = 96
product 2 2B
> 20C asc = (0.96/0.20)(0.80/0.04) = 96

10D



Entrainment: Incomplete phase separation

- liquid that coats solid particles
- liquid droplets that are carried along in a gas stream
- gas bubbles that are trapped in a viscous liquid




Phase Equilibrium

o Equilibrium Stage Concept

o Phase Equilibrium Diagrams



The Equilibrium Stage

Mechanical separation Phase 1

Feed
A, B, C

\ 4

% | A, B, C
/\

''''''''''''''''''''''
''''''''''''''''''''''''''''
B A A A A A A A A A4 A A"A";
'''''''''''''''''''''''''
""""""""""""""""""
llllllllllllllllllllllllllll
(A A AT AT AT AT AT A AT A AT

%

If phases are at equilibrium

Ti=T,
Pi=P>
XA1 # XA2

Y

;Phase 2
A, B, C

Xa1 = f(T, P, Xa2, XB2, Xc2)
xg1 = f(T, P, Xa2, X82, Xc2)
Xc1 = (T, P, xa2, X82, Xc2)

Two phases in
equilibrium



Fluid-solid equilibrium

H o H




Liquid-liquid equilibrium

=
- \JJ?




Phase Equilibrium Models

e Raoult’s Law

e Henry’s Law



Saturation pressure

Single Component

Liquid + Vapor
F=1+2-2=1

Solid + Vapor
F=1+2-2=1

At saturation:
Psat — P

Antoine’s equation:
|Og10P5‘3‘t =A-B/(T+C)
A, B, C are constants
T is temperature



Antoine’s equation

Antoine’s equation:
logioPsat = A - B/(T+C)
A, B, C are constants

vvvvvvvvvvvv

i ¥
T is temperature o | 3 =
For water: s |
with Psatin mm Hg E o} o
Tin°C R F
! ‘./
From 0 - 60°C r (
A=8.10765 b '
B =1750.286 T

60 80 100 120 140 160

C=2350

Temperature (C)

From 60 -150°C
A =7.96681

B=1668.21
C=228.0



Parameter estimation with Matlab

® O O Editor - /Users/jongminlee/Documents/MATLAB/Teaching/Mass_Energy_Balances/Ch5_fit/:
File Edit Text Go Cell Tools Debug Desktop Window Help

x a «%"jﬁ ¥R R o L Aesr B-E8RBEB®RE B

8@ -[0]+ +[11]x W& O
1 % Chapter 5 - Lecture 3

2

3 % T in C

4 - x=[0123459 10 15 20 25 30 35 40 45 50 60 70 80 90 100 120.10 152.40];
5

6 % Psat

= y = [4.5790 4.9260 5.2940 5.6850 6.1010 6.5430 8.6090 9.2090 12.788 17.535...
8 23.756 31.824 42.175 55.324 71.880 92.510 149.38 233.70 355.10 525.76...
9 760.00 1520.0 3800.0];

10

til|= cftool

12

13 % Choose

14 % Custom Equation

-
w

% Fit Options -> Algorithm: Levenberg-Marquardt



Parameter estimation with Matlab

e OO0 Fit Options
Method: NonlinearLeastSquares
Robust: | off 3
Algorithm: | Levenberg-Marqu... % |
DiffMinChange: [ 1.0e-8 |
DiffMaxChange: [ 0.1
MaxFunEvals: [ 600 |
MaxIter: [ 400 |
TolFun: [ 1.0e-6|
TolX: [ 1.0e-6|
Unknowns StartPoint | Lower Upper
a 0.7431 -Inf Inf
1N nNn 202" Inf Inf

| Close |

8 00 Curve Fitting Tool

File Fit View Tools Desktop Window Help

x &+ x|els@l AAOR A D % B o8 &0
"o Antoine egn. example 0

Fit name: | Antoine egn. example Custom Equation _| Auto fit
X data: X s y =f( x ) Fit
Y data: y : = 110%(a - (b/(x+c))) Stop
Z data: (none) &
Weights: (none) 3
Results
General model: T T T T T 7
f(x) = 10A(a - (b/(x+c)) /'

Coefficients (with 95% confidence bounds):

a= 7.7 (7.409,7.731) 20T 1
b= 1411 (1308, 1515)
C= 201.3 (189.6, 213.1)
3000 - 4
Goodness of fit: /
SSE: 280.7 /
R-square: 1 2500 - / 1
Adjusted R-square: 1 /
RMSE: 3.746 /
2000 - -
> /
1500 /o’ -
1000 |- /
P
/
500 - 4
v
e
o
0 tr—er—o—o—0—0 —0—8-——9— 4
1 i 1 1 1 1 1 i J
0 20 40 60 80 100 120 140 160
X
L =] Table of Fits
Fit name & Data Fit type SSE R-square DFE Adj R-sq RMSE # Coeff lid Data SSE
i Antoine eqgn.... y vs. X 107 (@@ - (b/(x+0) 280.7103 1.0000 20 1.0000 3.7464 3



Multicomponent vapor-liquid
equilibrium

Two Components

Two phases
F=2+2-2=2

By convention -
vapor - ya
liquid - xa

Variables
T, P, Xa, YA



Raoult’s Law

ya = (P3""/P)xa
yg = (P5"/P)xp

ya+yp =1
A +axp =1

logio Pasat =6.90-1211/(T + 221)

logio Pt =6.96 - 1345/(T + 219)

Set P=760 mm Hg
Set xa =0.1

Solve: T=106.3°C

xg = 0.9, ya=0.21,ys = 0.79

ya +x4 #1

Temperature (°C)

115

(single component:ya=1,xa= 1, Psat=P)

110

105 |
100 |
95 |
90 |
85 |

80 |

-------------------

...................

75
0

Mole Fraction A




Gas-liquid equilibrium

Gas: a component that will not condense at’normal’T and P.
Partial pressure: pressure that one gas in a mixture would exert if it
were alone in the same volume. p; = yP



Henry’s Law

ya = (Ha/P)xa H 4 = f(T,solute, solvent)

YaP =pa = Hazp

25000
Example: COz in H,O e
n i
20000
-
T(0°C) Ha(mmHgQ) e
8 15000 |
0 553,280 -
Q
10 790,400 3 10000 |-
w
20 1,079,200 &
o 5000
30 1,413,600 -
a.
40 1,770,800 .

50 2,150,800

4 s L 'S
0.002 0.004 0.006 0.008 0.01

Mole fraction (:02 in water



Equilibrium-based Separations:
Energy separating agents

Crystallization

Evaporation / Condensation

Equilibrium Flash

Distillation



Xylene isomer phase equilibrium

20 1 I ] T U e <8 % § T K 3
10 |
0
2 10 |
o :
3 20
p-xylene S_ solid + liguid |
5 ;
- .
-40 —
50 -
-60 l 1 1 1 A 1 | 1 | i
0 0.2 0.4 06 0.8 1
m-xylene

Mole fraction p-xylene



Xylene isomer separation by
crystallization e

cooling
84% m-xylene
A
: —>
Feed
F: feed 1000 gmol/h
L: filtrate 40% p-xylene
C: cake 60% m-xylene rotary
: . _—
ES: entrained solution drum
filter
>
MB on p-xylene Filter cake

100% p-xylene +

entrained solution

16% p-xylene

84% m-xylene
MB on m-xylene

Specification on filter drum performance:

p-xylene purity:
[286+0.16(32)]/[286+32] = 0.915

p-xylene recovery:
[286+0.16(32)]/[400] = 0.73

Separation factor:
[0.915/0.085]*[0.84/0.16] = 56

Solving...

Filtrate: 682 gmol/h, 16% p-xylene
Retentate: 286 gmol/h solids +

32 gmol/h entrained soln




Xylene isomer separation by
equilibrium flash

heating
. vapor
—>
MB on p-xylene Feed
1000 gmol/h
40% p-xylene 760 mmHg
60% m-xylene heat 138.8°C Aact
EE—
exchanger drum
MB on m-xylene
>
liquid

Phase equilibrium relationships

yp = (B /P)xy,  logyo P3* = 6.99052 — 1453.43 /(T + 215.31)
Ym = (B3 /P)xyn,  logio Pot* = 7.00908 — 1462.266/(T + 215.11) (T in C, P in mmHg)

Vapor: 764.4 gmol/h, 40.11 mol% p-xylene, 59.89 mol% m-xylene
Liquid: 235.6 gmol/h, 39.63 mol% p-xylene, 60.37 mol% m-xylene

Recoveries: 76.6% p-xylene in vapor, 23.7% m-xylene in liquid
Separation factor: 1.02 (compare to 56 with crystallization!)
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~138.8°C

reflux

condenser

| ~138.4°C
distillate

Multistage distillation

>

reboiler ~139.1°C

L, bottoms



The Fenske equation

reflux

condenser

[ YAdYed
distillate

log KM) (%)}
Nmin — — -

log [%}

B

ColumnT=
0.5(Tdp,d + Topp)

: XAb, XBb

L bottoms




Xylene isomer distillation

Equivalent separation to crystallization process:

Distillate: 318 gmol/h, 91.5% p-xylene, 8.5% m-xylene
Bottomes: 682 gmol/h, 16% p-xylene, 84% m-xylene

YAd Tpy \| _ [ (0915 (084 ]
[(de> (JZA(,)] N [(0,085) (016)] = 96 Amx-px for process

Column temperature calculation (assume column P =760 mm Hg):

Dewpoint of 91.5% p-xylene, 8.5% m-xylene: 138.4°
Bubblepoint of 16% p-xylene, 84% m-xylene: 138.8°

Pt 765 .
[P%t] T 754 1.015 Clmx-px for single stage
log 56
Nmin — Og — 270

log 1.015
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Process Energy Calculations

e Energy balance equation
e Types of energy

e Heat and work



Energy balance equation

Accumulation = In - Out

Differential (overall) mass balance equation

e~ S g S
— Kion ), out
dt J J

Differential energy balance equation

dFE ., s : :
dty — ZEj,in - ZEj,out




Energy flows in the absence of material
flow: heat and work

Heat (Q): Energy flow across system boundary due to difference in temperature
Q>0 Tsurr > Tsys
Q<0 Tsurr < Tsys
If Tsurr = Tsys, Q = 0 (isothermal)

If system boundary is insulated, Q = 0 (adiabatic)

Work (W): Flow of mechanical energy across system boundary due to driving forces
other than temperature difference

W >0 If surroundings do work on system
W <0 If system does work on surroundings

W;: shaft work (pump, compressor, turbine, mixer)

Wh: flow work (fluid pushing on system, or system pushing on fluid.)
Wi = PVin - PVout



Kinetic and potential energy

Eour = mw?/2 = (72 1b/s)(13.2 ft /s)? /2
= 6270 1b f?/s* = 0.26 kJ /s

By out = 1hgh = (72 1b/s)(32.174 ft/s?)(1250 ft)
= 2.9 x 10° 1b-f?/s® x (1 1bf/32.174 1b-ft /s?)
= 90,000 ft-lb¢ /s x (1 kJ/737.6 ft-1by)
=122 kJ/s

Epin = mv?/2 = (72 1b/s)(3.4 ft /s)? /2

=410 1b f*/s* = 0.017 kJ /s
1250 ft

Eyin = 1agh = (72 1b/s)(32.2 ft/s?)(0 ft) = 0

. A

flow rate =72 Ib/s v =(72lb/s)(ft3/62.4 1b)/(1(0.33)2) = 3.4 ft/s



Internal energy and enthalpy

H=U+PV. H=U+ PV ..functionof T, P, ¢, xi

Steam Tables Ispecific nthalpy it (i/kg), Specific Energy © (ki/kg), and Specific Volume ¥ (m¥/kg) of
~_ water and steam. Reference state is liquid water at its triple point, T = 0.01°C,

P = 0.0061 16 bar
P, bar Sat'd  Sat'd
™, °C) liquid vapor Temperature (°C)
50 100 150 200 250 300 350

0006116 H 000 25009 25945 26886 27837 28800 29778 30770 31777
©.01) U o000 23749 24454 25164 25884 26617 27363 28125 28901

V000100 20655 24445 28230 32014 35798 39581 43364  470.69
0.1 H 19181 25839 25920 26875 27831 28796 29775 30768 31776
45806) U 19180 24372 24433 25155 25879 26614 27361 28123 28900

V' 000101 14670 14867 17.197 19514 21826 24137 26446  28.755
1.0 H 41750 26749 20946 26758 27766 28755 29745 30746 = 31758
99606) U 41740 25056 20936 25062 25830 26582 27339 28107 28887

V. 000104 16939 000101 16959 19367 21725 24062 26389 28710
5.0 H 64000 27481 20980 41951 63224 28559 29611 30646  3168.1
(15183) U 63954 25607 20930 41899 63169 26433 27238 28033 28830

V. 000109 037481 000101 000108 000109 04250 04744 05226 057016
10.0 B 76252 21771 21019 41984 6325 28283 29431 30516, 31582
(179.88) U 76139 25827 20918 41880 63141 2622 27104 27936 28757

V. 000113 01944 000101 000104 000109 02060 02328 02580  0.2825
200 H o085 27983 21106 42059 63312 85245 29032 30242 31377
21238) U 906,14 25991 20903 41851 63094 85014 26802 27732 28605

V. 000118 00996 000101 000104 000109 000116 01115 01255  0.1386




Saturation conditions

« Two or more phases of a pure substance can exist together in equilibrium

A second phase need not actually be present

« A phase is considered saturated so long as it is at conditions where another phase could
exist in equilibrium

«In the case where a single phase is found, it is in a condition where any system changes
(temperature, pressure, enthalpy) will cause some material to change phase.

« Another way of looking at saturation conditions is that a change of phase can occur
without a change in pressure or temperature (what occurs is a change in enthalpy).

« Yet another approach is to consider a saturation state to be the conditions at which a
phase change begins, takes place, or ends



Sources of U and H data

NIST Thermophysical Properties  http://webbook.nist.gov/chemistry/fluid/

Please follow the steps below to select the data required.

1. Please select the species of interest:

| Methanol =
2. Please choose the units you wish to use:

| Quantity || Units |
|Temperature “@ Kelvin () Celsius () Fahrenheit ( ) Rankine ]
Pressure | (») MPa () bar () atm. () torr () psia |
Density [ moll ) mol/m3 () g/ml @ kg/m3 () Ib-mole/ft3 () bm/ft3 |
Energy | () kJ/mol (= kJ/kg () kcal/mol () Btu/Ib-mole () kcal/g () Btu/lbm‘
Velocity |@m/sth/stph ‘
|Viscosity |® uPa*s () Pa*s () cP () lbm/ft*s |
Surface tension’||(® N/m () dyn/cm () Ib/ft () Ib/in

"Surface tension values are only available along the saturation curve.

3. Choose the desired type of data:
(») Isothermal properties () Saturation properties — temperature increments
() Isobaric properties () Saturation properties — pressure increments
() Isochoric properties
4. Please select the desired standard state convention:
| Default for fluid s |

5. | Press to Continue |




Sources of U and H data

NIST Thermophysical Properties  http://webbook.nist.gov/chemistry/fluid/

Fluid Data
Isothermal Data for T = 350.00 K
View XY Plot
| Temperature (K) +| | Pressure (bar) +| | Density (kg/m3) 3| | Volume (m3/kg) %! | Internal Energy... % | Phase =

350.00 0.0000 0.0000 infinite 1066.8 vapor
350.00 1.0000 1.1359 0.88036 1051.3 vapor
350.00 1.6172 1.9053 0.52485 1026.7 vapor
350.00 1.6172 735.84 0.0013590 35.444 liquid
350.00 2.0000 735.90 0.0013589 35.418 liquid
350.00 3.0000 736.03 0.0013586 35.351 liquid
350.00 4.0000 736.17 0.0013584 35.284 liquid
350.00 5.0000 736.31 0.0013581 35.218 liquid
350.00 6.0000 736.44 0.0013579 35.151 liquid
350.00 7.0000 736.58 0.0013576 35.084 liquid
350.00 8.0000 736.71 0.0013574 35.018 liquid
350.00 9.0000 736.85 0.0013571 34.952 liquid
350.00 10.000 736.98 0.0013569 34.885 liquid

Auxiliary Data

Reference States

|Internal energy U = 0 at 273.16 K for saturated liquid.
[Entropy S =0at 273.16 K for saturated liquid.




Change in P (constant T, ¢, x;)

State 1: Py, Tq, @1, Xi1

\

State 2: Py, T1, @1, Xi

[71, ﬁl ﬁ27 I:IZ
Ideal gas: U, = U,
o, = H,
ds/liquids: ) )
Solids/liguids 0, = U,

ﬁ2:ﬁ1+V(P2—P1)



ChangeinT (constant P, ¢, xi)

State 1: Py, Tq, @1, Xi1 = State 2: Pq, Ty, @1, Xi
Ui, Hy Uz, Hy
Cv: “constant-volume heat capacity”
Cp: “constant-pressure heat capacity” Co=a+bT+cT2+dT3
A A T2
Uz —Ur = /T CydT ~ Cy(Tz =T) Ideal gases: C), =C, + R
1>
Hy — Hy = / C,dT ~ C,(Ty —Ty) Solids/liquids: C), ~ C,
T

Water (liquid): Cp ~ 4 J/g°C ~ 1 cal/g°C ~ 1 BTU/Ib°F
Organic liquids: C, ~ 2 J/g°C

Gases: Cp~1J/g°C



Change in ¢ (constant P, T, xi)

\

State 1: Py, Tq, @1, Xi1
[71, ﬁl ﬁ27 I:IZ

State 2: Pq, T1, @2, Xi

AHy : enthalpy of vaporization (liquid to vapor) H, — H, = AH,
AH,, :enthalpy of melting (solid to liquid) H, — H, = AH,,
AU, ~ AH, — RT,

AU, ~ AH,,

Water (liquid): ~ AH, ~ 2000 J/g ~ 1000 BTU/Ib

Organic liquids: AH, ~ 500 J/g ~ 250 BTU/Ib



Change in x; (constant P, T, ¢)

State 1: P1, T1, @1, Xi . State 2: P1, T2, @1, Xi2
[717 ﬁl 027 I:IZ

A

A H,ix : enthalpy of mixing (liquids)

f{mix — szﬁz — AI:\[mix
AH,.;, : enthalpy of solution (solid into liquid)
ﬁSOln — (xiLﬁiL + xiSI:IiS> — AIi[soln

AH, :enthalpy of reaction

Z I/Z'Aﬁf,,i — AF[T



System energy and energy flows

- system

Esys — msysEsys — Ek,sys + Ep,sys + Usys energy
By = By = Ek:,l + Ep,l + U,

S5 . T & - ) energy flow due dEsys . .
E.72 — mQEA’Q — E.k?,Q + E.Ip72 + [.]2 to mass flow dt - Z Ej — Z L
Es =msbks = Ep3s+ E,3+Us

all 5 in all 5 out

Q energy flow due to heat transfer

WS -+ Z Wfl — WS + Pvl + P‘/Q o PVg energy flow due to

shaft and flow work



The differential energy balance
equation

v Y g Y

all j in all j out

EJ

d (Ek:,sys + Ep,sys + Usys)
dt

= (Ek:,l + Ep,l + U1) + (Ek;,Z + Ep,z + Uz) — (Ek:,?) + Ep,3 + U3> +
Q+ W, + P\Vi + P,V — P3Vs

d (Ek;,sys + Ep,sys + Usys)
dt

= (Ek,l + Ep,l + H1> + (Ek,2 + Ep,Q + Hz) — (Ek73 + Ep,?) + H?,) +
Q + W



Simplifying the energy balance
equation

d (Ek;,sys + Ep,sys + Usys)
dt

— (Ek,l + Ep,l + H1) + (Ek,Q + Ep,Q + HQ) — (Ek,B + Ep,3 + H3) + Q + Ws

Mechanical equipment and fluid flow problems at steady state:
velocity, position change; no significant change inT, P, @, xi

(Ek,:% + Ep,3) — [(Ekl + Ep,l) + (Ek2 + Ep,Q)i| =Q + W,

Reactors, separators, and/or heat exchangers at steady state:
T, P, @, xi change; no significant change in velocity or position, no mechanical equipment

Hj — (H1 +H2> =@
Batch process, no material flow in or out:

AUy

i @t




See Section 6.6.3 for example

problems!





