Q\\\() 04&

Workshop: New Tools for the Optimal Basic Design of .."‘. PPGEQ

programa de pés-graduagdo

UERJ . . &
I s Chemical Process Equipment and Flowsheets : R atiork YIEs

&sapd ®
|

Willsy;,
=2
0 pE W

NS
#)

Globally Optimal Gasketed Plate Heat Exchanger
Design Optimization

André L. M. Nahes?, Natalia R. Martins?, Gustavo C. Alves?, Miguel Bagajewicz®,
André L.H. Costa?,

(a)Universidade do Estado do Rio de Janeiro
(b) University of Oklahoma

December 6, 2019



m\mm@/

NS

L

2

l ||i%
)
N

o
=
=
(]

2 b

Workshop: New Tools for the Optimal Basic Design of .."‘. PPGEQ

programa de pés-graduagdo

I Chemical Process Equipment and Flowsheets : R atiork YIEs

esmpe
|

OUTLINE

1) Introduction
2) Thermo-fluidodynamic behavior

3) LMTD method

4) Optimization approaches
- MINLP
- MILP
- SET TRIMMING

5) Discretization Method
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1) Introduction
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2) Thermo-fluidodynamic behavior

0,17
Nu=C ReaPr0'33(#/uw) %10

-0,17 =100

U
AP, fNp v2(H/y,) £ = KRe- .

pg Dh2g

2 =< 20
60°

APp %
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JoJe] 2g

= 65°
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3) LMTD method

Objective function Discrete design variables

- Number of plates (170 different possibilities)

- Plate size (5 different plates)

- Corrugation angle

- Number of passes of each stream (1-1;1-2;2-1;2-

AP < AP, 2)

min A= ®N,L,,L,

Restrictions

Umin SV < Umax

A> 1+Aex A
= 100 ) 4Ted
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4) Optimization approaches

Mixed-integer non linear programming (MINLP)

Global solvers
- Baron
- Antigone

Local solvers

- Sbb

- Dicopt

Mixed-integer linear programming (MILP)

- Linearization techniques
- Alternative representation method

Set-trimming
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4) Optimization approaches

Mixed-integer non linear programming (MINLP)

Nt = ZpNt(snt)yNt(snt); ZyNt(snt) =1

Seven binary variables:
snt snt

yNt(snt) Number of plates
yP(sp) Plate size Lw = Z pLw(sp)yP(sp); Z yP(p) =1
yNph(snph) Hot stream number of passes sp Sp
yNpc(snpc) Cold stream number of passes
yB(sp) Corrugation angle Lp = z pLp(sp)yP(sp); Z yP(p) =1
yRh(sreh) Hot stream reynolds range ) Sp
yRc(srec) Cold stream Reynolds range
Np = szp ynp(snp); Zpr(snp) =1

snt snp
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4) Optimization approaches

Mixed-integer linear programming (MILP): linearization technique

Seven binary variables and eight positive variables: ~ —— —
A= z z pNtsntprsppLWspyPspyNtsnt

WpNtsnt,Sp snt sp
wN th tP snt,sp,snph
WNpCNtPSTLt,Sp,San WpNtSTLt,Sp S yNtsnt

WNphNtPRh,BSnph,snt,sp,STeh,Sﬂ Wp]\”L < )’P
WNPCNLPRCBsnpe snt.spsrec,sp T

wN th pcNtP snph,snpc,snt,sp wpN tsnt,sp = yP. Sp + YNtspn — 1

WNPhPguph sp 0 < wpNtspsp <1
WNpcP. snpc,sp
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4) Optimization approaches

Mixed-integer linear programming (MILP): linearized equations

Mass flux

_2 mh PNDPhgupn
z Z Z s wNphNtP, snt,sp,snph
pLwgy (PNten, — 1)

snph sp snt

2 mc Npc
Z Z Z p p snpc WNpCNtPSnt’Sp,San
pLWsp (pNtsnt )

snpc sp snt

Heat transfer rate equation

wNphNtPR hﬁsnph,snt,sp,sreh,sﬁ

— - — — _— Ah’S Sre.
Z Z KR pChap srenPTO%% (2 Dhyd  pNphenpn plisp sreh
Dhyd b mih pLwg, (pNtgpe — 1)

sp sreh snph sp snt
-1

t
WNpCNtPRCﬁsnpc,snt,sp,srec,sﬁ + k: + th + RfC

w

— DPACsB srec
kC pCCs[i’ srec 2 mthyd prCsnpc
Dhyd b mic pLWSp (pNtgpe — 1)

sB srecsnpc sp snt

phi AT, (DNtne — 2)pLWs, PP, L
< Z z ZZP Lm (PNtsnt — 2)p Ejp fsnph,snpcPLPsp WNPANDENEParp enpesnt.
snph snpc snt sp Qr (1 4L 166)
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4) Optimization approaches

Mixed-integer linear programming (MILP): linearized equations

Pressure drop

— — P —

1,4 roh (4 mh PNphgpn

) <T‘Ah ) Z Asnf wN phP snph,sp
onm snph sp pD psp

— — —_— — =5 === 2 ST R = _ITN\CsB,sreh

Nph Lps, + pD Kc 2mh pNph 2 Dhyd mh Nph

+Z Z Z ZZP p snph(p ps/p_\p/\psp)p sB,sreh __am p /p\ snph 3’ Ap p/\snph WNPhNPRIB oo snespsrensp < APhmax
2Dhyd roh bp pLwgy, (pNtsnt = 1) bh pLWSp(pNtsnt = 1)

sB sreh snph sp snt

1,4 7oc (4 mc PNDCsnpe
2 roc Z 5 4 WNpCPS"pC'Sp
snpc Ssp pD pSP

(pfpsp + pD psp ) pj?csﬁ,srec

+Z Z Z ZzﬁV_ﬁsnm
2Dhyd 7oc

sB srecsnpc sp snt

2mc pNpc ; 2 Dhyd mc pNpc e
ol = y,\ S o s (10 wNpcN tPRCBsnpc,snt,sp,srec,sﬁ < APcmax
bp pLwgy, (pNtsnt — 1) bmic pLwg, (pNtsnt — 1)

Obijective function

A=d Z Z thsntprsppLWsprN tsnt.sp

snt sp



‘aﬂ\:lﬂlSJ;/,/

§§

U

4
ER
sl
Aml

J

*@%  Workshop: New Tools for the Optimal Basic Design of **% - PPGEQ

&
F)
® programa de pés-graduagdo
. em engenharia quimica

Chemical Process Equipment and Flowsheets

4) Optimization approaches

Mixed-integer linear programming (MILP): linearized equations

Constrains of corrugation parameter

2 Dhyd mh PNDRsnph — — __
B Yisnph 2isp Dusnt == T p(pNt;t ) WNPhNtPspt sp snph — Yz o1 gammahgg srens1YRAgren — Redhpy gy YRAgrep—3 < UB(1 — yfBsp)

T nh prhsn — =
b min anph Zsp ant PLWs (pNtsI:: 1) WNthtPsnt,sp,snph = Zgreh:l gammahsﬂ,srehthsreh = LB(l - yﬁsﬁ)

Dhyc prCsnpc 2 _— — ==
= anpc Zsp Dy PIWsp (PNEsne—1) WNPCNtPsut sp snpe — Xisrec=1 JaAmMmacsg srec+1YRCsrec — RedCmaxYRCsrec=3 < UB(1 — yfBsp)

G‘)

2D h PNDCsnpc 3 o D
= anpc Zsp ant WNpCNtPsnt,sp,snpc - Zsrec:l gammacsﬁ,srecyRCsrec = LB (1 - yﬂsﬁ)
bm pLwg p(pNtsnt 1)
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4) Optimization approaches
Mixed-integer linear programming (MILP): Alternative approach
Three binary variables: PWt(snt,sp,snph,snpc,sa) _ PWt(snt)
YTOWgent sp,snph,snpc,sa
yrehsreh
YTeCqrec N L(snt,sp,snph,snpc,sa)
two positive vari ables ('W') = Z P /Ivt(snt,sp,snph,snpc,sa) YTrOWgsnt, sp,snph,snpc,sa

snt,sp,snph,snpc,sa

wN th pCN tPRhA (snph,snpc,snt,sp,sreh,sa)
wN th pCN tPRcA (snph,snpc,snt,sp,srec,sa)
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4) Optimization approaches: Set-trimming

Search Space
All combinations of parameters related to the design
variables: total number of plates, plate size, Chevron angle,
number of passes for the hot and cold streams

Feasible Alternatives
Combinations of parameters related to the design variables
that satisfy all constraints

S

Optimal Solution
Pick the alternative with the lowest heat transfer area
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4) Optimization approaches: Preliminary results

All linear approaches have the same results.
Set-trimming is the faster approach.

Example Results Set-trimming| yrow w Baron Sbb [Dicopt|Antigone with bounds | Baron with bounds
Area 399,855 399,855 | 399,855 | 399,855 | 399,855 399,855 399,855
1 Execution_Time 0,156 4,14 3,2 0,078 0,031 0,016 0,031
Elapser_Time 0,245999 35,799 | 536,123 27,533 [2,1829996 123,233 38,077
Area 200,7188 200,719 | 200,719 | 200,7188 | 200,7188 200,7188 200,7188
2 Execution_Time 0,093 4,108 1,953 0,063 0,016 0,031 0,032
Elapser_Time 0,2389991 101,524 | 3414,08 (18,2749996 | 3,9489998 212,669 11,048
Area 105,4135 105,414 | 105,414 105,4135
3 Execution_Time 0,062 3,813 2,75 0
Elapser_Time 0,128 106,786 | 805,085 9,854
Area 590,4385 590,439 | 590,439 | 590,4385 590,4385
4 Execution_Time 0,047 3,75 2,703 0,016 0,063
Elapser_Time 0,1199973 6,48 602,74 9,001 51,046
Area 238,2634 | 238,263 | 238,263 238,2634 238,2634
5 Execution_Time 0,063 3,859 | 2,625 0,078 0,016
Elapser_Time 0,118 17,111 | 296,112 1,81599 11,23




SR %, - - .

g‘\‘éf% Workshop: New Tools for the Optimal Basic Design of 2%  PPGEQ
2 UERJ ; o ° o. rograma de pos-graduacdo
MRS Chemical Process Equipment and Flowsheets - et e

5) Discretization method: wall effects and temperature dependence

Hot stream first pass
snc=2 snc=3 snc=4 snc=5 snc=6 snc=7 snc=8

dTh —w snc=1
= [Ue(Th — Tc,e) + Ud(Th — Tc,d)] | £ >
dx muCpy
Hot stream second passes ] ] e e e e e e e e
dTh w
= Th—-T d(Th—Tc,d S YO A SR NN SR NS [ NOU S N NSNS N AN SN N S N
ax = meCon [Ue( c,e) + Ud( c,d)] sd =2 ;
Cold stream first pass sd=3 -ttt
dTc —-w
= [Ue(Th,e —Tc) + Ud(Th,d — Tc)] [ [P N [ S SR B s Ma et L Lo O SO S
dx m.Cp, v
Cold stream second passes \
dTc

w
= [Ue(Th,e — Tc) + Ud(Th,d — Tc)]
dx m.Cp,
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5) Discretization method

Hot stream first pass: sd =2 to 4

(T(snc,sd) — T(snc,sd — 1))

dx
Lw

- (VaZC(SnC) * CP(Snc, Sd)) {U(snc, Sd) [

T(snc,sd) + T(snc,sd —1) T(snc+1,sd) + T(snc+ 1,sd —1)
2 2

] + U(snc — 1, 5d) [T(snc, sd) + T(snc,sd —=1) T(snc—1,5d) +T(snc—1,5d — 1)]}

2 2

Hot stream second pass: sd =1to 3

(T (snc,sd) — T(snc,sd + 1))

dx
Lw

= (VazC(Snc) * Cp(snc, sd))
Cold stream first pass: sd =1to 3

T(snc,sd + 1) + T(snc,sd) T(snc+1,sd+ 1)+ T(snc+ 1,sd)
2 2

{U (snc, sd) [ > >

T(snc,sd + 1) + T(snc,sd) T(snc—1,sd+ 1)+ T(snc—1,sd)
+ U(snc —1,sd) =

(T(snc,sd) — T(snc,sd + 1))

dx
Lw

=— (VazC(snc) = Cp(snc, sd)) {U (snc, sd) [

Cold stream second pass:sd =2 to 4

T(snc+1,sd + 1)+ T(snc+1,sd) T(snc,sd+ 1)+ T(snc,sd)
2 2

T(snc—1,sd+ 1)+ T(snc—1,sd) T(snc,sd+ 1)+ T(snc,sd)
+ U(snc—1,sd) > = >

(T (snc,sd) — T(snc,sd — 1))

dx
Lw

- (VaZC (snc) * Cp(snc, sd))

T(snc+1,sd) + T(snc+1,sd —1) T(snc,sd) + T(snc,sd — 1)
2 2

{U (snc, sd) [

T(snc—1,sd) + T(snc—1,sd — 1 T(snc,sd) + T(snc,sd — 1
]+ U(snc—l,sd)[( ) 2( )— ( ) 2( )]}
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5) Discretization method

Next steps

- Add the pressure drop calculation
- Develop a minimization routine



