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Levels of Reality in Process Simulation

1. Data Accuracy and Comprehensiveness
* Physical Properties
 Phase Properties (BIP’S)
« Chemical Properties
2. Equilibrium Models
 Phase (VLE, LLE, SLE)
 Chemical Reaction (Gibbs or Emperical)
3. Rate Models
e Reaction
 Mass Transfer
 Heat Transfer
« Momentum Transfer (pressure drops)




Levels of Reality in Process Simulation

4. Mechanical Considerations
« Pump and Compressor performance curves
 Valve Geometry
e Solids UnitOps

5. Time Dependence

Holdups

Transients inputs and fluctuations

Signal delays

Control response
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Historically,

Over time these gaps began to close:
I. Faster computers

Il. Better software technology

li. Improved numerical techniques

IvV. Better engineering models

v. Cumulative effort




Historically,

These things resulted in the following developments:

« Dynamic Simulation

# required equipment parameters such as geometry, Cv, PIDC, eic
« Mass transfer

# required column geometries

Numerical techniques

# full or quasi equation solving permitted integration of piping, valves,
etc.

« Better software and faster computers
# integration of many components or models
# customization
# communications




Now simulations can be more realistic:
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Now simulations can be more realistic:
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Azeotropic Distillation Example:
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Residue Curve Map for Azeotropic System
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From this map we can verify our thermodynamic model.

Miscible/immiscible Azeotrope Azeotrope
composition, mole% | temperature, F
Ethanol-water Miscible 90.4 .v. 90.8 EtOH 172.8 .v. 173.1
Ethanol-npentane Miscible 92.4 v. 92.2 nCs 93.7 .v. 95.5
npentane-water Immiscible 94.6 .v. 94.6 nCs 94.3 .v. 93.8
Ethanol-water-npentane immiscible 4.4,6.1,89.5 .v. 92.1 .v. 93.2

4.9,5.4,89.7




Preliminary Material Balance prepared from Residue Map
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Sensitivity analysis using equilibrium stages:

Sensiaty Analvsis 14 “ideal Stages required
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Mass Transfer in Distillation Calculations

The Early History of Distillation Calculations

1. Concept of equilibrium stage introduced by Sorel in 1893.

2. McCabe-Thiele diagrams for number of theoretical stages
In 1925

3. Lewis-Matheson and Thiele-Geddes methods for rigorous
(tray-by-tray) multicomponent distillation in 1930’s. Not
generally used until the appearance of computers in the
1950’s.



Mass Transfer in Distillation Calculations (cont.)

In all of these methods the departure from thermodynamic
equilibrium is accounted for by using empirical factors:

(i) stages efficiencies for trays
(i) HETP for packing

Trays: Stage efficiencies can vary -« to +«. Vary with
component, stage, conditions, etc.

Packing: HETP varies not only with size and type of packing,
but also from one component to another and strongly
from point to point in a column to another.

These phenomena are especially true for non-ideal mixtures,
operating at extreme conditions.




Mass Transfer in Distillation Calculations (cont.)

The rate based approach:

1.
2.
3.

IS more complex.
Has shorter application history.

Is completely predictive (based on component physical
properties and BIPs), so avoids stage efficiencies and
HETP.

Is at least as accurate as the equilibrium method.

Is the only method which can guarantee the accuracy of
simulations involving simultaneous mass transfer and
chemical reactions.



With tray layout and mass transfer calculations included:

Eguip . 1 Tray Ho. i
Tray Loadings Vapor Liguid
GALTE. 582 Db G294, 359 1kl
12453%. 495 £LL3 he 1723, 614 TiL3/he

Density 0.5%51% 1k/ffit3 35,519 1h/EE3
System factor sEEEELIddEEEEE LY 1.00a
Valwe Lype PoW-1
Walwe malerial 5.5.
Walve thickness, gage . amuw 12.00a
Deck thickness, qage - rraasssEEEa 14.00d
Tower internal diameter, it rrraaaEE &, 0o
Tray spacing, inY I I 24, D00
Ho. of tray liguid passes et b eiaaameaaan i
Dowmicomer dimension, ¥idth in Length im hArea £tF

Side 10. T30 31,330 2,042
Bvg. weir Lenglh in P - 51.320
Wedr height, in TIY '"T] 2.00a
Flow path length in amn - %50 . 500
Flow path width in sEEEELId A EEE R 3, 559
Tray area, fL2 . . T, 274
Tray active area fE3 TIE '"EE] 2. 091
% flood amn amw 47 .90a
Hole area ££2 Eewaa o a.36.
Bpprox { of valves ErrrriaraEE ey a4z
Tray press loass, in B S 3,977
Tray press loss, psi . femmeees 0.084
Dry press drap, in e asaeeE e 7,138
Downoomer clearance in eerrra - %, 00
Dindncamer hiad loss @ P R m. 130
Dowmoome s hackup 1in T asuw 7.205
Downcomer residence time, seC ..... waa -n . 3.313
Ligmid holdop £ra s EE R R A AR R 3.11@
Liguid holdup 1h P P 166, 605
Design peecasure, paia T P 47. 558
Joint efficiemcy SEsEEsaaaEEE L 0. 850
511 Bl ! L3700, 000



Sensitivity analysis using mass transfer (rate based) method:

L

Sansitivity Analysis

With “real” stages, 18 stages required
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Temperature profiles under “ideal” and “real” conditions:

Stages

140

Temperature. F
160 170 180 180 200

210

220

230

240

Mass transfer profile

13

!

15

\%\

17

Ideal stages profile/

L 3

19 -

——vle —8— Mass Transfer




Heat transfer:

In conventional simulations, heat exchangers are simulated by
making two types of specifications:

« Thermodynamic specs - T,Q,VF,...
e “Rating” specs — U*A (used frequently in dynamics)

This approach will not account for changing conditions which
affect:

« film coefficients
e pressure drops
e varying outlet temperatures

» possible unexpected phase changes

Rigorous rating is done after the simulation.




Heat transfer:
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Heat transfer:

TEFMA SHEET
'l __________
2 Comlomer Ref Ho,
3 Address Prop Ho,
4 Plamt Lag. Dt Rz ¥
5 Service af Unit T Lizm
6 Size 27.0im ® 20.00C Type AFEL {Hoe Wert) H Conmected in 1 Paca 1 Serd
7 Sarffinit 3TT.2S2%36.0 ££2: ShellfUnit 1.000000 surt fShell 2572.2/2536.0 ©£t2
] PERFONHAHCE OF ONE WHIT
9 Type of Process Horiz Cond Tensible
10 Fluid Allocatiomn Ehell Sides Tube S5ide
11 Fluid Hame
12 Flow G329 .10 FEIGHL . ¥ ih/h
17 Lagaid n.o FRIGEL . E 1h/h
14 Wapor LRI29,0 [ 1] 1h/h
15 HonCondensable 0, o 0, RN 1hih
16 Steam (I 1] o, m Ay
17 EvapfCand 43290 m.m Ahh
16 Densily n,80736.923 o, D060, 574 1IhfEE3
i9 Comductiviity m.oiifn.nsa 0. onnSm, 361 Rin/he-ft-<F
20 Specitic Heat n.443/0.625 o.DDoDSn, 3T Bing1hi-F
31 Wiscosity at Avg. 0. 008900, 207 . oonSD. TS clP
22 Latent Heat 169.45 . e Bty lh
23 Temperature{ Ing Dot ) 160.217/146. 432 ED.DODD,L3D.BBT F
24 Dperating Fressure 47. 896 50 .00 pEia
253 Fouling Factor 0.0o10o0 0. 01000 he-£E2-F fBta
26 Welooity 6.8 . T ftiser
27 Press Drop Allow/Caloc 3, 50041, 048 5.0000, Bk el
28 Heat Exohanged 1, LGe+00]1 HAHEn: HATRiCorrected): 40,91 F
2% Tramsfer Rate, Servioe; 4.0 Cleam: 115.08 Btu/hr-£e2-F
n CONSTRUCTION BATASSHELL Sketbch
55 | Shell Side Tube Side
A2 Degign/Test Press peia 0, 0000007 Code o, Bmmn S Code
33 Design Temperalures F o, o o, iy
34 Ho. Passes per Shell i i
35 Corrosiom Allwance in . oon . D
PFL MNMearmemantdans T TTh 4 m 4N finn 47 e




Heat transfer:
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Dynamic Simulation

— Effect of cooling water temperature change
‘ Vent
— Upset condition
=‘ Make-up n-C
1
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Dynamic Simulation

Ibrnalfh
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Dynamic Simulation
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Dynamic Simulation

[brnalfh

*

Stream 9 Dynamic Plot

924
923

922 —F

821

520

9149

a1g—F

917 —

4916

915
914

913

912

4911

810

409

403

qo7
H06

905

404

403

4oz

S0

Tot. mole rate

1.6 222 26 3 32 36 4 42 4.6 552 56 B A2

Effect of cooling water temperature change

6.6




Effect of feed change on column pressure control:
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Response to feed impurities:

Ib'h

&

Z-etf-1-Butanol

Ciztil. Calumn 1, Bottam

*
"

hir

. I
" }
/‘il'_uj ol ki b |

1.1

Job: Azeov-4
AR imp

Date
Q0200
Time: Z2-43°38




Equipment Which Can Be Included:

. Distillation
. Reactors (CSTR’s, PFR’s special models)

Heat Exchangers

. Prime movers = pumps, compressors, etc.
. Pipes
. Valves

. Vessels and Tanks

. PID Controllers







Benefits of “reality” simulations:
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Some final notes



Mass Transfer in Distillation Calculations (cont.)

TWO TYPES OF METHODS:

1) Methods of the first type begin with the mass and heat
balances of an differential element of the packing or of the
two-phase layer on the plate.

2) The other group of methods of simulation for multicomponent
separation is the non-equilibrium stage model pioneered by
Krishnamurty and Taylor.

Both types of methods give basically the same results. At present,
the latter model is the more accepted approach.



Mass Transfer in Distillation Calculations (cont.)

In this presentation some examples of experimentally verified
rated based distillations are presented. The chosen test systems
cover arange of components which exhibiting various degrees of
differences in chemical structure and in the binary diffusivities
and/or enthalpies of vaporization.

 Ethanol/water/n-pentane
 Ethane/Ethylene
 Formaldehyde/water/methanol

 HCl/water/air
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Temperature

Temperature profiles
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Formaldehyde/Water/Methanol:

B E
S5tream Ho. MT dist VLE dist
S5tream Hame
Temp C 67.6126% 67.5076
Prez p=ia 14.0000+ 14.0000
Enth MMEtu/h -2.8107 -2.8052
Yapor mole fraction 0.00000 0.00000
Total 1bmolj/h 24.7424 24.7161
Total 1b/h 874.3914 875.7383
Total std L gpm 2.0923 2.0970
Total std ¥V =cfth 8883.31 8873.87
Component mass fractions
Water 0.092872 0.089523
Methanol ! g O Ei Py L g Y:
Formaldehyde 0.000034
H-Butyl Acetate 0. i 1] 0.224 9
Phenol 0.000000 0.000000




Formaldehyde/Water/Methanol:
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Toxicity data:
ORL-RAT LD50 100 mg/kg
SKN-RBT LD50 270 mg/kg
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HCI Scrubbing:

Packed column mass transfer

i
—— -—E
—_— B 2 |
- el
_ Stream No. 1 2 3 4
HName
S - - overall - -
— Molar flow lbmol/hr 251.0000 130.0000 116.6215 264.3785
R — Mass flow 1b/hr 4540.2109 3974.9302 3180.4568 5334.a6743
_— Temp F 100.0000 100.0000 179.0061 223.1575
= Fres psia 50.0000 50.0000 50.0000 50.0000
Vanor mole fraction 0.0000 1.000 1.000 o.00o0n
Enth MMEtu/hr -30.710 -1.1717 -1.6487 -30.235
— | |Actual vol ft3/hr 73.48092 15572.6572 15957.3486 111.74%90
— std lig ft3/hr 72.8439 74.1990 58.3214 B8 .7215
—— Std wap ANF scfh a574d 137R 49733757 2AA2T7 44255 3789 10035 _ 99372




HCI Scrubbing:
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Mass Transfer in Distillation Calculations (cont.)

The rate-based approach is recommended for modeling
of the following operations:

 Packed columns
o Mixtures which exhibit strongly non-ideal behavior
* Reactive distillation

 Any column with profiles of rapidly changing slope




Thank You ...
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Trasy Liquid Profile, Unit 5
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