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Section S1

This section depicts the constraints and objective function for the MINLP proposed by
Peccini et al, 2019 [1]. For further explanations on the proposed model refer to the original
article.

Discrete Representation of Geometric and Structural Variables. The hairpin
dimensions are usually selected from a set of discrete values according to the available standard
options. This design feature imposes the following relations involving the sets of binary

variables that represent the available options:

sdmax
dte = Z pdtesaydgg (S1)
sd=1
sdmax
dti = Z it ydsg (S2)
sd=1
sDmax
Dte = Z pDtespyDgp (S3)
sD=1
sDmax
Dti = Z pDti,pyDsp (54)
sD=1
sLymax
Lh= " plhanylhoy (S5)
SLp=1
sdmax
Z ydsd = (86)
sd=1
sDmax
> ybop = (S7)
sD=1
sLhmax
Y i =1 s
sLh=1

where dte and dti are the outer and inner diameters of the inner tube, Dte and Dti are the outer

and inner diameters of the outer tube, and Lh is the tube length of each hairpin. The



corresponding binary variables which indicate the discrete options selected are yd,,; for the
inner tube diameter (discrete values: pdteyy and pdtigy), yDsp for the outer tube diameter
(discrete values: pDtep and pDtigp), and yLhg,, for the tube length (discrete values: pLhgyp,).

The selection of the number of parallel branches present in the heat exchanger design
(NB), the number of units aligned in parallel in each branch for the tube-side stream (NPf) and
for the annulus-side stream (NPa) as well as the number of countercurrent hairpins per unit

(Nh) are also represented by binary variables (yBss, yPtse, yPase and yNhsnn, respectively).

sBmax
NB= ) pNBy yBy (89)
sB=1
SEmax
NPt = Z PNE.; yPt.g (510)
SE=1
SEmax
NPa = Z pNE; yPagg (S11)
sE=1
sNhmax
Nh= > pPNhownyNhos (812)
SNh=1
sBmax
Z YBsp = (S13)
sSB=1
SEmax
> Pt =1 (314)
SE=1
SEmax
Z yPay =1 (S15)
SE=1
sNhmax
Z YNhoyp = 1 (S16)
sSNh=1

where pNBgg, is the set of discrete values of the number of parallel branches (1, 2,..., sBmax),

pNE,; is the sequence of integer numbers representing the possible numbers of units

interconnected along a branch (1, 2, ..., sEmax) and pNhgyy, 1s the sequence of integer numbers
representing the number of hairpins possible per unit (1, 2, ..., sNhmax).



Additional constraints must be included to ensure the selection of proper dimensions

and structures:

yPtsp—1 + yPagg-1 =1 (S17)

ydsq +yDsp <1 V (sd,sD) € SDD (S18)

where SDD is a set of forbidden combinations (sd,sD).

Stream Allocation. The stream allocation is controlled by the binary variables y7.
and yTy. If yTc = 1, then the cold stream flows inside the inner tube and the hot stream flows in
the annulus; if y7% = 1, then the it is the other way around. The following equations relate the
mass flow rates, physical properties and fouling factors of the hot and cold streams to the
corresponding values of the tube-side and annulus-side flows:

mt = m, yT. + my, yTy,

(S19)
ma = m; yTp, + my yT; (520)
pt = pc yTe + pr YT (S21)
pa=pcyTy + pr yT, (S22)
Cpt = Cp. yT. + Cpy, yTy (S23)
Cpa = Cp, yTy, + Cpp ¥ T, (S24)
pt = fe yTe + fp YT (S25)
pa = fic yTy + fip yT, (S26)
kt =k, yT. + k,, yT}, (S27)
ka =k, yTy + k, yT, (S28)
Rft = Rf. yT. + Rfy yTh, (S29)



Rfa = Rf. yTn + Rfu yT, (S30)

T.+yT, =1
yic Yip (S31)

where m is the mass flow rate, p is the density, Cp is the heat capacity, u is the viscosity, & is

the thermal conductivity, Rf'is the fouling factor, and the subscripts ¢ and 4 indicate the cold

and hot streams, respectively.

Structural Constraints. The flow area and length of the hydraulic path of the streams
considering the double pipe heat exchanger structure depend on the tube diameters, length, the
number of hairpins and units in series as well as in parallel in each branch, and the number of

parallel branches. The equations are:

ndti?
At = ( 2 >NB NPt (S32)
3 nDti? mdte? NB NP 33
=2 4 ¢ (533)
Lu = NhLh (S34)
Lt = Lu NPa (S35)
La = Lu NPt (S36)

where At and Aa are the tube-side and annulus-side flow area, Lu is the total length of one unit
and Lt and La are the corresponding flow path lengths for the streams flowing in the inner tube
and in the annulus, respectively.

Inner tube Side Thermal and Hydraulic Modeling. Ignoring the minor head
losses in the connections and bends, the pressure drop of the flow in the inner tube is calculated
by the Darcy-Weisbach equation (omitting the viscosity correction factor) [12]:

Lt vt?
APt = - S37
t ptftdti > (S37)



where ft is the Darcy friction factor. The friction factor depends on the flow regime as

follows!”:
ftlem = o for Ret < 1311 (S38)
Ret
fttran = 0,0488 for 1311 < Ret < 3380 (S39)
1.056
feT? = 0014 + —5 for Ret > 3380 (S40)

where the Reynolds number is given by Ret = (dti vt pt)/ut and in turn the velocity given
by vt = (mt/pt)/At. For the transitional and turbulent flow, the Gnielinski correlation gives

the Nusselt number [14]:

Ny t6ni (ft/8) (Ret — 1000) Prt
u —

B (S41)
14 12.7 (ft/8)Y/2 (Prt2/3 — 1) for Ret > 2300

where Prandtl number of inner stream is given by: Prt = Cpt ut/kt . Because the laminar flow
is affected by the entry region, more than one equation is utilized, according to Incropera et al

[14]. For Prt > 5, the Hausen correlation is used:

0.0668 (2 dti/Lh) Ret Prt

Nutfa = 3,66 for Ret < 2300 and Prt > 5
¢ T 140042 dti/LR)Ret Proy2/s  OTReLs and £r (542)

For Prt < 5, the Nusselt number is specified by the Sieder & Tate correlation unless its
given value is lower than the theoretical Nusselt number for fully developed flow (3.66), in
which case the latter is applied:

% (S43)

Ret Prt dti
—) for Ret < 2300, Prt < 5, NutS&T > 3.66

Nuts&T =1, (
ut 86 Lh/2

S44
Nuttheo = 3.66 for Ret < 2300, Prt < 5, Nut¢T < 3.66 (544

Without loss of generality, the viscosity correction factor in the Sieder & Tate

correlation in Equation (S43) has been omitted (i.e. the bulk and wall viscosities are considered



equal). The following equations relate binary variables and the corresponding ranges for the

Re, Pr, and Nu numbers :

Ret < 1311 yRet; + 2300 yRet, + 3380 yRet; + URe yRet, (545)
Ret > 1311yRet, + 2300yRet; + 3380 yRet, + ¢ (546)
Prt < 5yPrt, + UPr yPrt, (547)
Prt > 5yPrt, + & (548)
NutS&T < 3.66yNut, + UNu yNut, — & (549)
NutS&T > 3.66yNut, (550)

where £ is a small positive number. Since only one binary variable must be selected for each

set of intervals, it yields:

SRetmax
YRetsper = 1 (S51)
SRet=1
yPrt; + yPrt, =1 (S52)
yNut, + yNut, = 1 (S53)
Therefore, the friction factor and the Nusselt number are represented by:
ft = ftl¥myRet, + ft"%" (yRet, + yRet3) + ft'*“PyRet, (S54)

Nut = Nut"®°(yRet, + yRet,)yPrt;yNut,
+ NutS%T (yRet; + yRet,)yPrt,yNut, (855)
+ Nut"%(yRet, + yRet,)yPrt, + Nut®™ (yRet; + yRet,)
Annulus Side Thermal and Hydraulic Modeling. Ignoring the head losses in the
connections and bends, the pressure drop of the flow in the annulus is given by the Darcy-

Weisbach equation using the hydraulic diameter (also omitting the viscosity correction factor)

[12]:



Lt va?

_ wtva (S56)
APa pafadh >

where fa is the Darcy friction factor for the annular flow. The annular region friction factor,

analogously to the inner tube, depends on the flow regime according to the following equations

[14]:

64
falem = Poa for Rea < 500 (857)
tran — 32.656 (S58)
falmm = 0.02696 + = for 500 < Rea < 10000
0.178
fa“”b = W for Rea > 10000 (859)

The Reynolds number is Rea = (dh va pa)/ua (velocity given by va = (ma/pa)/
Aa). The hydraulic diameter is here calculated as four times the flow cross-sectional area

divided by the wetted perimeter, which in the case of only one concentric tube can be simplified

to [14]:

dh = Dti — dte (S60)

Regarding the Nusselt number, the same ranges and correlations used for the tube-side

are applied, replacing the inner tube diameter by the hydraulic diameter:

Nuatheo = 3.66 for Rea < 2300, Pra < 5and Nuas%" < 3.66  (S61)

1
Rea Pra dh\3
Nua®&T = 1.86 (W) for Rea < 2300, Pra < 5 and Nua®¥T > 3.66 (562)

0.0668 (2 dh/Lh)Rea Pra
Nual® = 3.66 + ( /L)

5> for Rea < 2300 and Pra > 5 (S63)
1+ 0.04((2 dh/Lh)Rea Pra)3

Gni (fa/8)(Rea — 1000)Pra
Nua®™ = - _
1+12.7 (fa/8)z (Pra3 — 1)

for Rea > 2300 (S64)



where the Prandtl number is given by Pra = Cpa g Binary variables are then included

to describe each interval of Rea, Pra and Nua’s%":

Rea < 500 yRea; + 2300 yRea, + 10000 yReas; + URe yRea, (S65)
Rea = 500yRea, + 2300yReaz + 10000 yRea, + ¢ (S66)
Pra < 5yPra, + UPr yPra, (S67)
Pra = 5yPra, + ¢ (S68)
Nua®®T < 3.66yNua, + UNu yNua, — ¢ (S69)
Nua’®T > 3.66yNua, (S70)
SReamax

Z YReAspeq = 1 (S71)
SRea=1
yPra, + yPra, =1 (S72)
yNua, + yNua, =1 (S73)
fa = fa'*™yRea, + fa'"*" (yRea, + yReas) + fa**"’yRea, (S74)

Nua = Nua‘"®°(yRea,; + yRea,)yPra,;yNua,
+ Nuas¥T (yRea, + yRea,)yPra,;yNua,
+ Nual’®(yRea, + yRea,)yPra, (S75)
+ Nua®™(yReas + yRea,)

Heat Transfer Coefficients. The overall heat transfer coefficient is then determined

by:
U= 1
o dte
Ldte . dee dteln(5) 1 (S76)
Hm-i‘th dti+ ZkAtube +Rfa+m

where ktube is the thermal conductivity of the inner tube and the convective heat transfer

coefficients ht and ha are obtained from the respective Nusselt numbers ht = Nut kt/dti and

ka
ha = Nua—.
dh



Heat Transfer Rate. According to the LMTD method, the heat transfer rate is given

by:

Q = UAyegATIM F (877)

where A4 1s the required heat transfer area, ATIm is the logarithmic mean temperature, and

F is the correction factor. In turn, the logarithmic mean temperature is defined as:

__ (Ty,—To.) — (To, — T,
ATlm=( h c) ( h c)

in (Lt = Toc) (578)
(Toh - TLC)

where T1,, and Toy, are the inlet and outlet temperatures of the hot stream, and T1, and To, are
the inlet and outlet temperatures of the cold stream. For stream sST (cold, sSt = c, or hot,
sSt = h) aligned in series and the other stream in parallel, the correction factor is given by

[13]:

. — In (%)
— _ (pRsST - pNEsE) 1 — pPssrPRssr
stST,sE Y2 5 — —— — for sE
PNE;(pRssr — 1) m( PRysr — PNEy; pLVEsE> (S79)
ﬁsST(l - ﬁsSTﬁ?sST)l/pNESE pRSST

*1

where the factors pRgr and pPsgr are specified as:

 |(Tw-Tow)

PRsse =4 (S80)
(Tw—-To) . o _,
L(T/O\c - ’fl\c)

@

pPgsr = < . . (S81)
M forsSt = h
k(TLh - TLC)

10



Based on these expressions, the constraint that represents the correction factor (F)

evaluation, dependent on the structure selected, becomes:

SEmax sEmax

F=1+ z Z {ch[yPtsE(EFh,sE - 1) + yPagg (ﬁ'c,sE’ - 1)] (S82)

SE=2 SsE'=2 . .
+ yTh[yPtsE(ch,sE - 1) + yPagg (th,sE’ - 1)]}

In turn, aiming at guaranteeing a design margin, a minimum area excess (Agyc) 1S

imposed.

~

4> (1 ' A) Ao, (583)

100

where the equipment heat transfer area is given by:

A =mdte Lu NB NPt NPa (S84)

Therefore, the heat transfer rate shown in equation (S77) can be reorganized as:

~ (Aexc
Q ( Too T 1)

ATlm F

(S85)

Pressure drop and velocity bounds. The lower and upper bounds on the velocities

of the tube-side flow and annulus-side flow are given by:

VE > Dbin (S86)
vt < Dbmay (S87)
va = Uapin (S83)
va < Vamgy (S89)

While the pressure drop bounds are represented by:

APt < AP,y VT + BPp i) yTh (S90)

11



APa < AP

e aispY T + BPn gy VT (S91)

Objective function. The objective function is given by the minimization of the heat
transfer area:

min A + phNh (892)

where ph is a penalty factor (a random small value) associated to the number of hairpins
directing the optimization, in case of equivalent solutions, to the one with smaller number of

elements.

12



Section S2

Three alternatives of parameter and variables were tested to generate new parametrized
MILM’s with a reduced number of variables and constraint and thus enable the problem to be
solved faster and with less memory requirements. They are called here Par-GEO-MILM, Par-
FLU-MILM e Par-STR-MILM (the latter is the option that presented the best performance and
was adopted in the paper).

This section contains the constraints and objective function for the three alternatives.

Par-GEO-MILM. For the first alternative, the geometric variables (dte, Dte and Lh)

are transformed into parameters (pdte, pDte and pLh) and hence the binary variables
responsible for its discrete option selections (ydsd, yDsp and yLhsir) are no longer needed. The
MINLP showed in Section S1 is rearranged and the same techniques (described in Costa and
Bagajewicz [15]) employed for the generation of the original MILM presented in this study are
applied, rendering the Par-GEO-MILM model shown in this section.

The selection of the number of parallel branches, the number of units aligned in parallel
in each branch for the tube-side stream and for the annulus-side stream, as well as the number
of countercurrent hairpins per unit present in the heat exchanger design are represented by the

binary variables yBss, yPtse, yPase and yNhsnn, respectively:

SsBmax

3y, - 9

sB=1
sEmax

Z yPtsp =1 (S94)

SE=1
SEmax

Z yPasp =1 (S95)

SE=1
sNhmax

D yNhgn =1 (896)

sNh=1

YPtsp=1 + yPasp=; 2 1 (S97)

13



The stream allocation is controlled by the binary variables yT. and y7x:

T.+yT, =1
yie Yip (898)

The flow velocity inside the inner tube, its corresponding Reynolds number and

additional linear inequalities are:

sBmax sEmax

4 Mggr
vt = z Z Z —— A /S\ — thSB,SE,SST (899)
pdti* pssy PNBsgpNEg

sB=1 sE=1 sST
SsBmax SEmax

Ret = Z z z Mt (S100)
T pdtl .asST pNBsBpNEsE o

sB=1 sE=1 sST

WVULsp sgssT < YBsp (S101)
WULsp sk ssT < VPt (S102)
WULsp g ssT < YT sst (S103)
WULsp g sst 2 YBsp + YPtsg + yTgor — 2 (S104)

The Prandtl number of the inner tube stream becomes:

Cp.fi Cpn
prt = -Peke yp o ZPRER g (S105)
kc kh

The evaluation of the Nusselt number by the Sieder & Tate correlation is now:

sBmax sEmax

— S&T
NutS&T = 2 Z ZpNutsBjsE'SSTWNutsglsElng (S106)

sB=1 SE=1 sST

WNutsp sg sst < ¥Bsp (S5107)
WNutsp g sst < yPtsp (S108)
WNutsp sg sst < ¥Tssr (S109)
WNuUtsp sg sst = YBsp + yPtsg + yTssr — 2 (S110)

where the parameter pNut;55: os7, 1S given by:
14



___ S&T 8 Cpssr Mot 1
pNut g o oop =186 ————
. a ksST pNBsB pNEsE pLh

(S111)

The constraints relating binary variables to Re ranges for the tube-side remain the same:

Ret <1311 yRet; + 2300 yRet, + 3380 yRet; + URe yRet,
Ret > 1311yRet, + 2300yRet; + 3380 yRet, + €

Prt < 5yPrt, + UPr yPrt,

Prt > 5yPrt, + €

Nut*®T < 3.66yNut, + UNu yNut, — &

NutS%T > 3.66yNut,

SRetmax

z YRetsper =1

SRet=1

yPrt; + yPrt, =1

yNut; + yNut, =1

The pressure drop in the tubes becomes:

sBmax sNhmax sEmax sEmax

APt = Z Z Z Z Z (de tlspsp,snnse’ssTWAPE g vy o o st

sB=1 sNh=1 sE=1 sE'=1 sST
+ pdptzSsB,sE,sNh,sE’,sSTWdPt

+ pdptzSsB,sE,sNh,sE’,sSTWdPt

$B,sNh,sE,sE ,sST,2

sB,sNh,sE,sE ,sST,3

+ pdpt4SBrSEr5thSE’r55TWdPtsB,sNh,sE,sE’,sSTA

WAPtsp snnsE,sE' sST,sRet < WAgp inhsEs
WdPtsB,sNh,sE,sE’,sST,sRet = yTsST
WdPtsB,sNh,sE,sE’,sST,sRet < YRetspe;

WdPtsB,sNh,sE,sE’,sST,sRet = WAsg,sNh,sE,SE' + yTSST + YRetsper — 2

(S112)
(S113)
(S114)
(S115)
(S116)

(S117)

(S118)

(S119)

(S120)

(S121)

(S122)
(S123)
(S124)

(S125)

15



The additional parameters inserted for simplification purposes in Eq. (S121) are given
by:

128 fisst MgstDNhsynPLhDNE g1 (S126)
n ﬁsST pdtl4pNBsBpNEsE

pdptlsB,sE,sNh,sE’,sST =

0.3904 MZsrpNhgypLhpNE o1 (S127)
2 Pssrpdti®pNBZpNEZ;

pAPt23p g sNhsE ssT =

pdpt4'sB,sE,sNh,sE’,sST -
0.112 M2 pNhgy,pLhpNE 410
=T 2 52 N2 (S128)
7% Psst At pNBppNE
4.719 .[22.'5%"2 mgﬁga?pNhsthLh pNEsE’

5 yor pALSNBL PNELE"

The annulus-side stream velocity, its corresponding Reynolds number and additional

linear inequalities are given by:

sBmax sEmax

m *
va = 2 Z ZA T % ~NE WUAsp sE,sST (8129)
S 52 57 Psst pAAPNDspPINEsE
sBmax sEmax

)}
Rea = 2 z ZA TosT PAR__ WVAR cE sST (S130)
Asst+ PAapNBsgpNE g

sB=1 SE=1 sST

WVAsp sk ssT < YBsp (S131)
WV sk ssT < YPagg (S132)
WVAsp sk ssT < YT sst (S133)
WVAsp sk sst = YBsp + yPasg + yTssr — 2 (S134)

where if sST = h, then sST" = ¢ and vice-versa.
The Prandtl number and the Nusselt number evaluation by the Sieder & Tate correlation

for the annulus-side stream becomes:

Cp.a Cpnfl
Pra = I;;CMC YT, + I;Ehllh yT, (S135)

c h
sBmax sEmax

S&T _ S&T
Nua®T = E E E pNuasg sg sst WVQB 5E,sST
sB=1 SE=1 sST

(S136)

16



where the parameter Y¢sr pNuags g s is given by:

1

_ 2 Cpgsp Mggp+ pdh? 3
pNuagg‘,gE,sST = 1.86 <A f\SST/.\SST/p\ — )
ksST* pAa pNBsBpNEsEpLh

where if sST = h, then sST" = ¢ and vice-versa.

(S137)

The constraints relating binary variables to Re ranges for the annular-side remain the

same:
Rea < 500 yRea, + 2300 yRea, + 10000 yRea; + URe yRea,
Rea = 500yRea, + 2300yReaz + 10000 yRea, + ¢
Pra < 5yPra, + UPr yPra,
Pra = 5yPra, + ¢
Nua’®T < 3.66yNua, + UNu yNua, — €

Nuas¥T > 3.66yNua,

SReamax

yPra, + yPra, =1
yNua, + yNua, =1

The pressure drop of the flow in the annulus is given by:

sBmax sEmax sNhmax sEmax

APa = Z Z Z z Z(pdpalsB,SE,SNh,SE',SSTWdPaSB‘SNh’SE.SE’SST,l
sB=1 sE=1 sNh=1 sg'=1 sST

+pdPa2 SSB'SE-SNh'SE’-SST (WdPasB,sNh,sE.sElsST,sRea

+wdP asB,sNh,sE.sE'sST,s)

+ pdpa4sB,sE,sNh,sE',sSTWdPaSB’SNh’SE_SE'SSTA)

WdPasB,sNh,sE.sE’sST,sRea < WASB,sNh,sE,sE'

(S138)
(S139)
(S140)
(S141)
(S142)

(S143)

(S144)

(S145)

(S146)

(S147)

(S148)

17



WdPasB SNh,SE.SE'sST,sRea = yTsST
WdPasB SNh,SE.SE'sST,sRea = yReasRea

WdPasB SNh,SE.SE'sST,sRea = WASB,sNh,SE,SEI + yTsst + YReagpeq — 2

32 fissr+ Mgy~ pNhSthThpNEsE
Psst+ pdh? pAapNBsg pNE g

pdP alep cg snnsE sST =

deaZ 3sB,sE,sNh,sE’,sST

0.01348 MZsp+ pNh,, PLhpNE
" Pssr- pdh pAa?pNBZpNEZ,,

, 16:328 o M5y PNRy, PLRPNE
Pssr+ pAh193 pAalO"pNBLY pNELY

0.089 %P> misk3® pNh ,, pLh_, DNE

pdPa4gp g sNnsE ssT =
SE,SNh.SE”, ~ 1.1865 1.8135,-vp1.8135 v 1.8135
DssT* pdh pAa pNB;z >>pNE ;i

where if sST = h, then sST" = ¢ and vice-versa.
The equipment heat transfer area is given by:

'
sBmax sNhmax sEmax s max

A= Z 2 2 2 pAsB,sNh,sE,sEl WA s sE sE'

sB=1 sNh=1 sE=1 ¢ '_4

WAsB,sNh,sE,SE’ < yBsB

WAsB,sNh,sE,SE’ < yNhsNh

WAsB,sNh,sE,SE’ < yPts

WAsp snnsese’ < YP s

WAsB,sNh,sE,sE’ = yBsg + YNhgyp + yPtsp + yPagg —3

ﬁsB,sNh,sE,sE’ = 7 pdte pNBgg pNhsth/L\hpNEsEpNEsE'

(S149)
(S150)

(S151)

(S152)

(S153)

(S154)

(S155)

(S156)
(S157)
(S158)
(S159)
(S160)

(S161)

The heat transfer rate, based on the LMTD method, after reformulation becomes:

18



sBmax sEmax sEmax 2

DAY

( pdte
sB=1 sE=1 sE'=1 sST |sRet=1

EsST mﬁthw htsST SRet,1,1

pdte S&T pdte H
——wht B SE,sST,sRet,1,2 + ——wht Ba'uE' ST,sRet,2
kssr pN utsglgls,sST STSTASTRe ksst PN ut?él,?E,sST STAmSTITe
pdte . pdte pdte
T oo Whtiis ssr3 + T e WhtS e ssr.a + Rfssr == — 7 Tssr
sST pNuthﬂTlsB,sE,xST sST pNuttuTbsB,sE,sST pat
pdteln <pjt\e)
pdti —
t— e T RfsstyTsst
2 — —
pdh theo pdh S&T
* (l? Nuatheo @5 oReatn + Rosr- pNULC Wha o o sstsrea12
S, \kssr pNua ST D uasB SE' SST sB,sE ,sST,sRea,1,
pdh whatau ) + pdh ' whatni
kssr+ PNuals s o sB,sE ;sST,sRea,2)  kgsr pNuatGr"a‘nssst,vssT sB,sE ,sST,3
pah wha‘™ |
kssr- pPNual™, poB ST SB,SE ,sST,4

sBmax sNhmax sEmax sE'max

ATlm —
<7A Z Z Z Z Z(PAsB,sNh..sE.sE' WAF ¢p <N sE,sE sST
( exc 1)

sB=1 SNh=1 sE=1 sE'=1 sST
100

+ pAsB,sNh,sE,sE’ (stST*.sE - 1)WAFsB,sNh,sE,sE’,sST
+ DAsp swn,sese' (PFsstoe' = YWAF s snp sk sE' ssT)

WhtsST SRet,sPrt,sNut = yTSST

Whtg_}s‘l’? SRet,sPrt,sNut — yRetsRet

WhtsST SRet,sPrt,sNut — yPrtsPTt

Whtgg’FOsRet spresnut = YNUlsyyt

Whtg_}s‘l’? SRet,sPrt,sNut = yTsST + yRetsRet + yPrtsPrt + yNutsNut 3
Whtgg,gE,sST,sRet,sPrt,sNut < thsB,sE,SST

Whtgg‘,zE,sST,sRet,sPrt,sNut < yRetsRet

Whtgg‘,zE,sST,sRet,sPrt,sNut < YPrtgpr

S&T
WhtsB,sE,sST.sRet,sPrt,sNut < yNutsNut
S&T

WhtsB SE,sST,sRet,sPrt,sNut

= thsd,sB,sE,sST + thsLh + yRetsRet

WhtsB SE,sST,sRet,sPrt = thsB SE,sST

WhtsB SE,sST,sRet,sPrt — yRetsRet

+ yPrtsPrt + yNutsNut -

3

(S162)

(S163)
(S164)
(S165)
(S166)
(S167)
(S168)
(S169)
(S170)
(S171)
(S172)
(S173)

(S174)
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w

Hau
htsg sk sst sret,sprt < YPTtspre

Hau
WhtsB, E,sST,sRet,sPrt = thsd,sB,sE,sST + yRetsRet + yPrtsPrt -2

w

w

w

w

w

w

w

w

wha

wha

wha

wha

w

w

w

w

Gni
htsB,sE,sST,sRet < thsB,sE,sST
htSH < yRet
sB,sE,sST,sRet = YRelsRret

Gni
htsB,sE,sST,sRet = thSB,SE,SST + yRetsRet -

theo
hasST,sRea,sPra,sNua < y TsST

theo
hasST,sRea,sPra,sNua < y Re AsRea

theo
hasST,sRea,sPra,sNua < y P TQspra

theo
hasST,sRea,sPra,sNua < y N UAsNua

1

theo
hasST,sRea,sPra,sNua = yTsST + yReasRea + yPrasPra + yNuasNua -3

S&T
' <wva
sB,sE ,sST,sRea,sPra,sNua — SB,SE',sST

S&T

/ <
SB,sE ,sST,sRea,sPra,sNua ~— yReaSRea

S&T

/ <
sB,sE ,sST,sRea,sPra,sNua ~— yPraSPTa

S&T

/ <
sB,sE ,sST,sRea,sPra,sNua ~— yNuaSNua

S&T
SB,sE ,sST,sRea,sPra,sNua

Hau
hasB,sE’,sST,sRea,sPra < WVAsp sE' sST

Hau
hasB,sE’,sST,sRea,sPra < YReasgeq

Hau
hasB,sE’,sST,sRea,sPra < YPragsprq

2 anSB SE’ sST + yRea

sRea

+ yPrasPra + yNuasNua -3

Hau
ha = ansB,sE’,sST + yReasRea + yPrasPra -2

SB,SE' sST,sRea,sPra

Gni
a ' <wva
sB,sE ,sST,sRea — SB,SE',sST

Gni
h ’ < yRea
SB,sE ,sST,sRea — y sRea
h Gni

a ’ > wva ’ Rea
sB,sE ,sST,sRea — sB,sE',sST Ty

SRea

1

(S175)
(S176)
(S177)
(S178)
(S179)
(S180)
(S181)
(S182)
(S183)
(S184)
(S185)
(S186)
(S187)
(S188)
(S189)
(S190)
(S191)
(S192)
(S193)
(S194)
(S195)

(S196)
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WAFSB,sNh,sE,sEl,sST < WAsB,sNh,sE,sE’ (8197)

WAFsp snn,sksersst < YTsst (S198)
WAFSB,sNh,sE,sEl,sST = WAsB,sNh,sE,sE’ + yTssr — 1 (8199)
where:

T ksST pNBsB pNEsE pLh

0,0668( ~ 8@”@" A>

pNutsB sEssT = 3:00 1 — 2/3 (5200)
140 04( 8 CPsst Mssr A>
T kKsst PNBsg pNEgg pLh
0.0061 ( 4 Mgs _ 1000) (M)
T _ 7 g5t pdtL pNBsB pNE, sST
p trangg sg,sST - 3 (8201)
14+ 12.7 0. 0488 <CpsST .usST > -1
SST
Gni
pNutturbsB,sE,sST
S — JE— 0.42 —
0.00175 + 0.132 (” Asr pdts pNBsp PNESE) < Ay 1000) (Cpssj Asst )
Msst T UssT pdtl PNBgp pNEg sST (8202)

0.42\ 1/2 e 2
O 3
1 +127 000175 + 0,132 (T Assr P4t pNByy pNEsy Cpssrhssr )" _ 4
4 Mgsr kssr

0.0668 2 C/?)SST* msST* p/d\hz _
_ D008 A pNB.,pNEpLh
pNuagygy ssv = 3.66 + =T = = 2 (S203)

1+ 0.04 <A 2 C/‘:p\sST* Mg P/d\hz __ >3
ksst+ pAa pNBsgpNEsgpLh

pma?ﬂlinsB,sE,sST
N — _—  _—_ 093 - —
(0 00337 + 4.082 (“SST* pAapN BsBPNEsE> ) ( Mgsr- pdh ) Cpssrflssr
' ' Aocrs pdh yAapNB._,pNE,
ssT* P AssT+ pAap 1sBP SE / (8204)
A _— 0.93 z
1+12.7( 0.00337 + 4.082 (“SST* pAapN’finNEsE> (CPS" Assr )3 -1
Mgsr+ pdh kssr+
pNuag?lesB,sE,sﬂ
R R 0.1865 R —
(0 02225 <l’lSST* pAaPNBsBPNEsE> > < MgsT* pdh 1000) pSST .usST
' Moo DAR . pAapNB.zpNE ]
_ ssT* P fAssr+ PAapNBsgpNEg ksst (S205)
2
3

. o loases\z [,
1+12.7( 0.02225 <“SST* pAapN %pNEsE> (CPSST*#ssT*> 4
mSST* pdh kSST*

where if sST = h, then sST" = ¢ and vice-versa.

Bounds on flow velocity and pressure drop are given by:
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vt > Db (S206)

Ut < Vtpay (5207)
va = Ay (S208)
va < Dlpay (5209)
APt < AP,y VT, + BPp g yTh (S210)
APa < AP, 4y YTh + APy g VT, (S211)

The objective function is given by:

min A + phNh (5212)

Par-FLU-MILM. For the second alternative, in addition to the geometric variables

(dte, Dte and Lh), the fluid allocation (yTss7) is also transformed into a parameter (pdte, pDte,
pLh and yTger).

The structure selection remains the same as in Eqgs. (S93) to (S97). The flow velocity
inside the inner tube, its corresponding Reynolds number, the evaluation of the Nusselt number

by the Sieder & Tate correlation and additional linear inequalities are:

SBmax sEmax 4 ﬁt
vt = — — —— WVtSB,SE (8213)
sb=1 sg=1 Ttpdti pt pNB _ pNE .

sBmax sEmax

4mt
Ret = Z Z L Wity (S214)
&2 &= mpdti ptpNB ,pNE

sBmax sEmax
NutS&T = Z Z p’l\mtiszwvtsg,sE (S215)

sB=1 SsE=1
WVlsp s < yBgp (S216)
Wvtsp g < YPtg (S217)
thsB,sE = yBsB + yPtsE -1 (8218)

where the parameter pNuts§s, is given by:
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— 1/3

I 8 mt Prt

pNut, .. =186 ——e ———— (S219)
S5 m ut pNB _pNE pLh

The constraints relating binary variables to Re ranges for the tube-side remain the same

as in Egs. (S112) to (S120). The pressure drop in the tubes becomes:

sBmax sNhmax sEmax sEmax

APt = Z z z Z (pdptlsB,gE,sNh,sE’WdPtsB,sNh,SE,SEI,l

sB=1 sNh=1 sE=1 sE'=1

+ pdPt23gp s snp 55 WAP LspsNhsESE 2 (5220)

+ det23sB,sE,sNh,sE’WdPtSB'SNh’SE'SE"_g

+ pdpt4sB,sE,sNh,sE'WdPtSB'SNh’sE'sE’A
WdPtSB,sNh,sE,sE’,sRet S WAsB,sNh,sE,sE' (5221)
detsB,sNh,sE,sE’,sRet < YRet g, (5222)
WdPtSB,sNh,sE,sE’,sRet = WASB,sNh,sE,sEI + YRetsper — 1 (5223)

The additional parameters inserted for simplification purposes in Eq. (S220) are given

by:
_ 128 it mtpNhgy,pLh pNE .5
detlsB,sE,sNh,sE’ = AA4/S\ — J (8224)
7 pt pdti*pNBggpNE ¢
_ 0.3904 mt?pNhgy,pLh pNE ;1
pdpt23sB,sE,sNh,sE' = 5 — Asj—\z — 2 (5225)
w4 pt pdti>pNBpNEZ;
pdpt4sB,sE,sNh,sE’ .
_ 0.112 mt*pNhgyppLh pNE g1
 m?pt pdtSpNBLpNEZ (5226)

4.719 [t°*? mt'S8pNhgy, pLhpNE sz
158 Z)\t @4.5851@5135851@-51558

The annulus-side stream velocity, its corresponding Reynolds number, the Nusselt
number evaluation by the Sieder & Tate correlation and additional linear inequalities are given
by:

sBmax sEmax

ma
va = Z Z 0 5AaONE- - BNE WvVaAsp sk (8227)
&= &2 papAapNBsppNEgg
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sBmax sEmax

pdh ma

Rea = Z 2 ——————————Wwva
fia pAapNBeypNEsy 0"

sB=1 SsE=1
sBmax sEmax

S&T _ 77, S&T
Nua = Z Z pNuagg sgWVasp o
sB=1 SE=1

Wvaspsp < YBgp
Wvasp sp < yPagp

Wvasp sg = yBsp + yPag — 1

where the parameter Ysr pNuass sy is given by:

1
2 — 3
2pdh ma Pra

)Nuasst, = 1.86 e T 7
p SB,SE ﬁa pAapNBSBPNEsEpLh

(S228)

(S229)

(S230)
(S231)

(S232)

(S233)

The constraints relating binary variables to Re ranges for the annular-side remain the

same as in Eqgs. (S138) to (S146). The pressure drop of the flow in the annulus is given by:

sBmax sEmax sNhmax sEmax

APa = Z 2 2 Z (pdpa]‘SB,SE,SNh,SE’WdPaSB’SNh'SE_SE,’l
sB=1 sE=1 sNh=1 sg'=1

+ pdpa23SB’SE’SNh’SE’(WdPaSB,SNh,SE.SE,,SRea

+ wdPa '.) +pdPadgp op snnse'WdPa

sB,sNh,sE.SE 3 sB,sNh,sE.SE 4

WAdPasp snp s sE sRea < WA p sNhsE sE
WdPasB,sNh,sE.sE’,sRea < YRea,p,q

WdPasB,sNh,sE.sE',sRea 2 WA p vnsesg T YR€Aspeq — 1

32 pamapNh,,, pLh pNE
pa pdh? pAa pNB pNE g/

dea 1sB,sE,sNh,sE' =

(S234)

(S235)
(S236)

(S237)

(S238)
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deaZ 3sB,sE,sNh,sE’

~ 2T T E
_ 0.01348 ma” pNh,, pLhpNE
pa pdh pAa’pNB%pNEZ,,

16.328pa*”* ma"®” pNh,,, pLhpNE .
pa pdh93 pAal O’ pNBLY " pNELY

0.089 a’**** ma'**** pNh . pLh_,, pNE

ﬁa pa‘h1.1865 p’ga1.8135m51]§8135m51§135

deaA’sB,sE,sNh,sE’ =

(S239)

(S240)

The equipment heat transfer area is still given by Eqgs. (S155) to (S161). The heat

transfer rate, based on the LMTD method, after reformulation becomes:

sBmax sEmax sEmax 2 —_— P —

A pdte pyPrt, pitheo pdte pyPrt, neS&T

Q ———heo WNLsRet,sNut T ——sg7 WNLsB sE, sRet,sNut
sB=1 sE=1 g, |sket=1 \ ktpNut ktpNut p

pdte pyPrt H pdte Gni
+ thsﬂE.sRet) + = Whtspsp,sret
ktpNut tpNuttmnsg .
_ —— pdte
——  pdteln ( A>
dte i — pdte -
— Ap Gni Whtgg,{sE,sRet + Rft L + ldtl +Rfa
ktpNut pdti 2ktube
turbgp sg
2 Ah Do —_— —_—
+ pdh pyPra, h theo pdh pyPra, h S&T
P — sRea,sNua ¥ —_—_ __ sg1 '
sRea=1 kapNuatheo kapNuaigZE SB,sE ,sRea,sNua
dh pyPra ndh .
$ P Whaf;:E' SRea) %Whaf;‘w, Rea
kapNuasB'SE SE kapNuat‘ran . SE,
pdh h Gni
—~ —— Gni B, E, R
kapNuaturb . SB,sE ,s. eaJ

/
sBmax sNhmax sEmax sk max

ATIm —
<—- Z pA ' WA '
Aexc 1 — ol — - sB,sNh,sE,sE sB,sNh,sE,sE
W'F sB=1 sNh=1 sE=1 SE =1
+ pAsB,sNh,sE,sE’ (pFaSE - 1) WASB,SNh,SE,SEI
+ pAsB,sNh,sE,sE' (thsE' B 1) WAsB,sNh,sE.sE')

theo
WhtsRet,sNut < yRetsRet
theo
WhtsRet,sNut < yNutsNut
theo
WhtsRet,sNut = yRetsRet + yNutsNut -1

S&T Hau
WhtsB,sE,sRet,sNut < WhtsB,sE,sRet

(S241)

(S242)
(S243)
(S244)

(S245)
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S&T
WhtsB,sE,sRet,sNut < YNutgyy;

S&T Hau
WhtsB,sE,sRet,sNut = WhtsB,sE,sRet + yNutsy, — 1

Hau
WhtsB,sE,sRet < thsB,sE

Hau
Whtgg'sg sret < YRetsper

Hau
WhtsB,sE,sRet = thsd,sB,sE + yRetsRet -1

Gni
WhtsB,sE,sRet < WVtsB,sE

Gni
WhtsB,sE,sRet < YRetgpet

Gni
WhtsB,sE,sRet = WUtsB,sE + yRetsRet -1

theo
WhasRea,sNua < yReasRea

theo
WhasRea,sNua < yNuasNua

theo
WhasRea,sNua = yReasRea + yNuasNua -1
S&T Hau
wha : < :
sB,sE ,sRea,sNua — SB,sE ,sRea
S&T
’ < yNua
sB,sE ,sRea,sNua — y sNua
S&T Hau
wha : > :
sB,sE ,sRea,sNua — SB,sE ,sRea
wha®* < wvagg o'
sB,SE' sRea = sB,sE

Hau
WhasB,sE’,sRea < YReasgeq

Hau
sB,SE' sRea

wha
Gni

wha ’
SB,sE ,sRea

= WVUAp g

h Gni

/ <
sB,sE ,sRea — yReaSRea

o > wvagg g + yRea

sB,sE,,sRea - sRea

where:

= ansB,sE’ + yReasRea -

1

+ yNuagyy, — 1

1

(S246)
(S247)
(S248)
(S249)
(S250)
(S251)
(S252)
(S253)
(S254)
(S255)
(S256)
(S257)
(S258)
(S259)
(S260)
(S261)
(S262)
(S263)
(S264)

(S265)
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—— Hau T utp Bp Ep
pNut g . =3.66 + : :t = > 273 (S266)
1+0,04< ___omtrrt >
7 utpNB _gpNE . pLh
0.0061 ( ’d?’%% ——— 1000) Prt
Gni T l
pNut,,, = P s sk (S267)
e 0.0488\2 [ — 2
1+ 12.7( - ) (Prt3 — 1)
Gni
pNuttuTbSB,SE
e 042 _
<0.00175 +0.132 (" utpdtipNBgp pNEsE> ) ( . 4mi 1000) Pre
4 mt npdti ut pNB ,pNE (S268)
L 042\1/2
T 2
14127 <0.00175 +0.132 <’T pt pd“f]r\%w pNEsE> > (Prt3 _ 1)
N
_ 00668 —ZPC AT
pNualif¥, = 3.66 + PRAP 25D sED 5 (S269)
—2 3
1+004[—2Pdh maPra
fdapAapNBggpNEzpLh
pNuagI:liTlsB_sE
10 pAPNB. A DNE \ - dh mu _
(0.00337+4.082 ("‘ap % 's5P SE> )(A me —— —1000) Pra
P ma uapAapNbsgpNEgg (8270)
1
P _ 0.93\2 2
1+12.7(0.00337 + 4.082 FAPANBsppNE s (PAa?’ - 1)
pdh ma
pNuail, .
. ___ \0.865 —
<0.02225 <”a pAEﬂVBsBpNEsE> ) ( _pdhma 1000) Pra
_ pdh ma pa pAapNBsppNEsE (S271)

1

o \0.1865\2 2
1+ 127 (0.02225 <“a pAﬁ’c’i%'prNESE) ) <P?a3 - 1)
pdh ma

Bounds on flow velocity are still given by Egs. (S206) to (S211). Pressure drop bounds

are given by:

APt < APty (S272)

APa < APagy, (S273)

The objective function is the same as in Eq. (S212).
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Par-STR-MILM. For the third alternative, the structural variables (NB, NPt, NPa and

Nh) are transformed into parameters (pNB, pNPt, pNPa and pNh).

The hairpin dimensions are selected via the following constraints:

Z ydy, =1 (S274)
z yDyp = 1 (S275)

yLhgin = 1 (5276)

sLh=1

ydsq +yDsp <1 (S277)

The stream allocation is controlled by the binary variables yT. and y7x:
T.+yT, =1

The flow velocity inside the inner tube, its corresponding Reynolds number and

additional linear inequalities are:

sdmax 47
ST
vt = — /\.25,\ — Wyded,sST (S279)
sd=1 sST T P o PAti_,pNBpNPt
sdmax 47
Ret= > > ——— T wydT,, (S280)
&2 &F T g pdti ;pNBpNPt .
wydTsqsst < ydsq (S281)
wydTsqsst < ¥Tssr (S282)
wydTsq sst = ydsg + yTgsr — 1 (5283)

The Prandtl number of the inner tube stream is the same as in Eq. (S105). The evaluation

of the Nusselt number by the Sieder & Tate correlation is now:

sLhmax
— S&T
Nut™T = NN pNuty, WUt sr (S284)
SLh=1 sST
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wNutg p o7 < yLhgyp
wN utSLh,SST < y TsST

WNuts psst = YLhgp + yTesr — 1

— 1/3
S&T 18 8 Cpsst Mgt
sLh,sST —

pmt = —— —— ——
7 kgsr PNBpNPt pLhg ),

(S285)
(S286)
(S287)

(S288)

The constraints relating binary variables to Re ranges for the tube-side remain the same

as Egs. (S112) to (S120). The pressure drop in the tubes becomes:

sdmax sLhmax

APt = Z Z Z(pdpt1sd,sLh,sSTWdPtsd,sLh,sST,l

sd=1 sLh=1 sST
+ pdptz3sd,sLh,sSTWdPtsd,sLh,sST,Z

+ pdptz3sd,sLh,sSTWdPtsd,sLh,sST,S
+ pdPt4sd,sLh,sSTWdPtsd,sLh,sSTA)

WAPtsq sinssT,sRet < YT or

WdPtsd,sLh,sST,sRet < YRetpe:

WdPtsg sinsst,sret = WAsasih + YT gp + YREt Ro — 2

sST

128 fissr MssrpNh pThsthN Pa

dPt1 =
pAPtlsqsipssT 7 Pssy pdti,pNBpNPt
0.3904 m STPNh p/L\h thbNPa
pdPt23s4 sinssT = 2 5 - 5 25 2
n? psst pdtizupNB*pNPt
0.112 M2y pNh pLhg,,pNPa
pdPt4gy cipssT = = 2

n? pssr pdtispNB2pNPt?
4.719 p93? MmLS8pNh pLhy,,pNPa

+ — a ——
158 poor pdtit 2 pNB158pNPt158

(S289)

(S290)
(S291)

(S292)

(S293)

(S294)

(S295)

The annulus-side stream velocity, its corresponding Reynolds number and additional

linear inequalities are given by:

sdmax sDmax

va = Z Z z ﬁ\lsST* wua
B ) A+ “ND N D d,sD,sST
Psst+ PAAsq,sppNB pNPa SASLS

sd=1 sD=1 sST
sdmax sDmax

Z MgsT* pdhsd,sD

Rea = ~ — ———
HssT* pAasd,stNB pNPa

sd=1 sD=1 sST

ansd,sD,sST

(S296)

(S297)
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WVasq sp,sst < WYTdsqsst (S298)

WVQsq sp,sst < YDsp (S299)
WVasq sp ssT 2 WYTdsqss7 + yTss7 — 1 (5300)
where if sST = h, then sST" = ¢ and vice-versa.
The Prandtl number for the annulus-side stream becomes is the same as in Eq (S135).

The Nusselt number evaluation by the Sieder & Tate correlation becomes:

sdmax sDmax sLhmax

Nuas8T = Z Z Z Z pNua_fgL,gD,sLh,sST WNuasd,sD,sLh.sST (8301)

sd=1 sD=1 sLh=1 sST

WNUGsq sp sLh.ssT < WVAsa,sp,ssT (8302)
WNUGsq sp sen.sst < YLhsin (8303)
WNUGsq sp sLh.ssT = WVsa,sp,ssT T YLhsp — 1 (S304)

2 Cpgsr Mgsre PAhZq sp (S305)

3
)Nuasst =186| = — “NB oNPa nLl
PNUGsq sp sLh,ssT kssr+ pAasqsppNB pNPa pLh

where if sST = h, then sST" = ¢ and vice-versa.

The constraints relating binary variables to Re ranges for the annular-side remain the

same as in Eqgs. (S138) to (S146). The pressure drop of the flow in the annulus is given by:

sdmax sDmax sLhmax

APa = Z Z Z Z(Pdpalsd,SD_sLh,ssTWdP Qsd,sD,sLh,sST,1
sd=1 sD=1 sLh=1 sST

+pdPa23 ;o sTWAPAsq sp sLh,ssT,2

(S306)
+pdPa23 , ) o h stWAPQsd sp,sLhssT,3
+pdPad 0 o WAPAsqsp sinssT,4)
WdPasg sp sLhssT,sRea < WAsd sLh (S307)
WdPasg sp sihssT,srRea < YDsp (S308)
wdPagq sp sihsst,srea < YTsst (S309)
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WdPasd,sD,sLh,sST,sRea < YReagp.,

WdPan,sD,sLh,SST,sRea = WAsd,sLh + stD + yTsST + yReasRea -3

32 fissr+ Mssr* PfhsLhP’NTl p/Wt

pdPal d,sD,sLh,sST = & — — — ——
ST pesrr pAhZy p PAGsy spPNB pNPa

dea 2 3sd,sD,sLh,sST

0.01348 25, pLh ,,pNh pNPt
ﬁsST* p/d\hsd,sD pﬁa?d,stNBz pNPaZ

16.328 057 ey« pLh , ,pNh pNPt

Psst pﬁhiﬁﬁl, pﬁa}kgszNBl-W p’NTa1_07

0.089 A%H%5 mist3S pLh , pNh pNPt

pdPa4sq sp sihssT = —521.1865 .1 1.8135— D N D
S, ’ ~ . . 1.8135 1.8135
PssT* pdhsd,sD pAasd,sD pNB pNPa

where if sST = h, then sST" = ¢ and vice-versa.

The equipment heat transfer area is given by:

sdmax sLhmax

A= Z Z I;st,sLh WAq s1h

sd=1 sLh=1

WAsd,sLh < ydsd
WAsd,sLh =< thsLh
WAsd,sLh = ydsd + thsLh -1

pAsasin = T pdtesy pNB pNh pLhy,,pNPt pNPa

(S310)

(S311)

(S312)

(S313)

(S314)

(S315)

(S316)
(S317)
(S318)

(S319)

The heat transfer rate, based on the LMTD method, after reformulation becomes:
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sdmax sDmax sLhmax

pdtesq theo
Z Z Z Z Z <WWhtsd,sST,sRet,1,1

sd=1 sD=1 sLh=1 sST |sRet=1

pdtesq S&T pdtegy Hau
= WHhEsq sLh,sST,sRet 1,2 + === a— Whtsd,sLh STRtZ)
Koo pNutsl%T,sST sd,sLh,sST,sRet,1, Koo pNut?L%;,lsST sd,sLh,sST,sRet,
pdtesy Gni pdtesq Gni
kst pNuttG,%lnsd'sST SEsS kesst pNUtfﬁbsdvssT @SS
— pdtesy In <pdte$d)
+ R ptes —2wydT + pdtisa ydsq + RfsspyT.
sST pdti, sd,sST Jlktube sd ssT*Y LssT
p/d\hsd,sD theo
+ 7 —— theo QAsd sD,sST,sRea,1,1
kesr« pNua
sRea=1 /\SST (8320)
pdhsd,sD WhatZeOD o7 sRoa 12
kssr Pl\ﬁfagff,zb,sl,h,sn ShsEsST,sRea s,
pdhsd sD Hau
— Whagq sp sLh,sST sR 2)
kssr- pNualifs, cpssr SASESLASSTSTed
pdhsa,sp Gni pdhsq sp Gni
z TV\SG,Z Whagg sp sst,3 + z TV\SG,SH» Whagg sp,ssT,4
sST* P uatransd,sD,SST ssT* P uaturbsd,sD,sST
AT sdmax sLhmax
m —
= (Aexc Z (pAsd,sLh WA sLh
(W+ 1) sd=1 sLh=1 sST
+pA sd,sLh (pFNPt - )WAFsdsthST
= +pAsd sLh (pFNPa )WAFsd sLh,sST >)
Wyded,sST < ydsd (8321)
wydTsqsst < ¥Tssr (S322)
Wyded,sST = ydsd + yTsST -1 (8323)
theo
Whtsd sST,sRet,sPrt,sNut = Wyd Tsd sST (8324)
Whtsd sST,sRet,sPrt,sNut < YRetsper (8325)
theo
Whtsd,sST,sRet,sPrt,sNut < yPTtsPrt (8326)
theo
Whtsd,sST,sRet,sPrt,sNut < yNutsNut (8327)
Whtsd sST,sRet,sPrt,sNut = Wyded,sST + YRetsger + YPTrtspre + YNutsyye — 3 (8328)
S&T
Whtsd,sLh,sST,sRet,sPrt,sNut < thsd,sST (8329)
S&T
Whtsd,sLh,sST,sRet,sPrt,sNut < thsLh (8330)
S&T
Whtsd,sLh,sST,sRet,sPrt,sNut < yRetsRet (833 1)
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S&T
Whtsd,sLh,sST,sRet,sPrt,sNut < yPrtsPrt

S&T
Whtsd,sLh,sST,sRet,sPrt,sNut < y N utsNut

h tS&T
WNlgq sLh,sST,sRet,sPrt,sNut

2 thsd,sB,sE,sST + thsLh + yRetsRet

Hau
Whtsd, Lh,sST,sRet,sPrt < thsd,sST

Hau
Whtsd,sLh,sST,sRet,sPrt < thsLh

Hau
Whtsd,sLh,sST,sRet,sPrt < yRetsRet

Hau
Whtsd, Lh,sST,sRet,sPrt < yPTtsPrt

+ yPrtsPrt + yNutsNut —4

H
Whtsda,uLh,sST,sRet,sPrt = thsd,sST + thsLh + yRetsRet + yPrtsPrt -3

Gni

Whtsd,sST,sRet < thsd,sST
Gni

Whtsd,sST,sRet < yRetsRet

Gni
Whtsd,sST,sRet > thsd,SST + yRet 1

sRet

theo
Whasd,sD,sST,sRea,sPra,sNua < Wyded,sST

theo
Whasd,sD,sST,sRea,sPra,sNua < stD

theo
Whasd,sD,sST,sRea,sPra,sNua < yReasRea

theo
Whasd,sD,sST,sRea,sPra,sNua < yPrasPra

theo
Whasd,sD,sST,sRea,sPra,sNua < yNuasNua

WhazfsoD,sST,sRea,sPTa,sNua = Wyded,sST + yDSD + yReasRea
Whagsl,zD,sLh,sST,sRea,sPra,sNua < WUan,SD,SST
Whagsl,zD,sLh,sST,sRea,sPra,sNua =< y thLh
WhagsiED,sLh,sST,sRea,sPra,sNua < yReaspeq

S&T
Whasd,sD,sLh,sST,sRea,sPra,sNua < y P TQspra

S&T
Whasd,sD,sLh,sST,sRea,sPra,sNua < yNuasNua

+ yPrasPra + yNuasNua -4

(S332)
(S333)
(S334)
(S335)
(S336)
(S337)
(S338)
(S339)
(S340)
(S341)
(S342)
(S343)
(S344)
(S345)
(S346)
(S347)
(S348)
(S349)
(S350)
(S351)
(S352)

($353)
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h S&T
w asd,sD,sLh,sST,sRea,sPra,s

= WVQgq op ssT + YLhg p + YRea

Nua

SRea

Hau
Whasd,sD,sLh,sST,sRea,sPra < ansd,sD,sST

Hau
Whasd,sD,sLh,sST,sRea,sPra < thsLh

Hau
Whasd,sD,sLh,sST,sRea,sPra < yReasRea

Hau
Whasd,sD,sLh,sST,sRea,sPra < yPTasPra

+ yPrasPra + yNuasNua —4

Hau
Whasd,sD,sLh,sST,sRea,sPra = ansd,sD,sST + thsLh + yReasRea + yPTasPra -3

Gni
Whasd,sD,sST,sRea < anSd,SD,SST

Gni
Whasd,sD,sST,sRea < yReasRea

Gni
Whasd,sD,sST,sRea = WVAgsq sp,sST + yReasRea -1

WAFsd,sLh,sST < WAsd,sLh

WAFsq sinsst < YTsst

WAFsd,sLh,sST = WAsd,sLh + yTsST -1

pNutff¥ o = 3.66 +

0,0668 (

8 C’?)SST msST )

7 kgsr pPNB pNPt pLhg;;,

o ~ 2/3
140,04 _ 8 Cpsst Msst
) T kSST pNB pNPt pLhSLh
0.0061 ( 4 M _ 0) (M)
pNutf™ = T flssr pdtisa pNB pNPt o
trangg sst ;i — : %
1+127 (0'0388)2 (Cpng Hsst ) -1
ksST
p’NﬂttGJlribsdsST
} 7 15 — ——_\ 0.42 R
0.00175 + 0.132 | “HAss pdtisa PNB pNPL A
| . st 7 figst pdtisg PNB pNPt

1000) (@S{T ﬁsST

sST

)

1+12.7 <0.00175 + O.132<

N4, Hau —
pNuasd,sD,sLh,sST = 3.66 +

71'

0.0668

4 Mggr

L\ 042\1/2
fisst pdtisa pNB pNPt> ) <

2 @sST* Mggr pgh?d,sn
ksST* pAasd,stNB pNPapthLh

2 @sST* Mg+ pa\hgd,sn

2

1+ 0.04(

ksST* p’/Tasd,stNB pNPa pThsLh

i

ksST

2
C/‘EJS.S/‘\T .asST >3 _ 1>

(S354)
(S355)
(S356)
(S357)
(S358)
(S359)
(S360)
(S361)
(S362)
(S363)
(S364)

(S365)

(S366)

(S367)

(S368)

(S369)
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— Gni
pNuatTansd,sD,sST

) — 093 ~ — —
0.00337 + 4.082 (“5”" PAGsq,spPNB NP a> < Mssr Phsasp 1000) EssrBost
MssT~ pdhsd,sD HssT* pAasd,stNB pNPa ksST*
= T - (S370)
A — . 093\2 [ ,— 2
. pA NB pNP e \3
1+127(0.00337 + 4.082(“5” P2%sa,spPTI P “) (M) —1
Mgsr+ Pdhsq sp kgsr-
pNuangbsd,sD,sST
. — . ,0.1865 . - .
0.02225 ( Ass* PAasq spPNB pNPa) ( Mg PANgq sp _ 1000) Cpssr*fsst
Mssr+ Pdhsqsp Asst+ PAasqsppNB pNPa kgsr+ (8371)

E 2
. — . o01865\7 [ ,— . 2
1+127(0.02225 ( Assr PAdsaspPNB pNP a) (Cpng*#ssT*)3 .
Mg+ pdhsd,sD ksST*

where if sST = h, then sST" = ¢ and vice-versa.
Bounds on flow velocity and pressure drop are still given by Egs. (S206) to (S211). The

objective function is given by:

min A (S372)
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Section S3

This section recaptures the problem data for Examples 1 to 4 from Peccini et al (2019).

The stream data are shown in Table S1 and Table S2.

Table S1. Stream data for Examples 1 to 4.

Example 1 Example 2 Example 3 Example 4
Parameter Unit Hot Cold Hot Cold Hot Cold Hot Cold
stream stream stream stream stream stream stream stream
Mass flow, Mger kg/s 1.22 1.26 2.11 2.52 16.5 34.32 25.9 13.14
Inlet temperature,
_ °C 65.55 15.55 60 20 90 30.1 60 10
Tiger
Outlet temperature,
_ °C 37.75 48.85 50 30 50 40 50 25
Togsr
Density, pgsr kg/m? 1022 879 1000 850 786 995 780 1050
Viscosity, fssr Pa-s 2x1073 5.5x10* 2x10*  5.5x10* 1,89><10-3* 7.2x10*  9.5x10* 0.024
Heat capacity, C‘fosST J/(kg°C) 2,177.14 1,758.46 2,100 1,760 2,177 4,187 1,900 2,500
Thermal
L.a W/(m°C) 0.173 0.159 0.175 0.160 0.12 0.59 0.18 0.264
conductivity kggr
Fouli ist R
OWINE TESISIANCE,  o0/W  176x104 1.76x10%  2x10% 210  2x10%  4x104  3x10*  3x10%
RfsST
Available pressure
g kPa 138 138 50 50 100 100 150 150
drop, APsST disp
*The original article shows 1.89x10* due to a typing error.

The allowed flow velocity for both sides is between 1 and 3 m/s; The pipe thermal

conductivity is 16.27 W/(m °C) for Example 1 and 55 W/(m °C) for Examples 2 to 4; The

minimum excess area is 10% for Examples 1 and 4 and 20% for Examples 2 and 3.
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Table S2. Search domain from Peccini et al (2019).

Parameter ~ Unit Discrete options
pNB,p ~  1t020
pNEgg - 1t020
pNhsyn - 1tol0
pLhgp ft 5 10 15 20 25
pLhgp m  1.524 3.048 4572 6.096 7.620
Inner tube . ’ s , . . .
NP in A 2 1 1% 1% 2 2% 3 3%
Innggrbe m  0.021 0.027 0.033 0.042 0.048 0.060 0.073  0.089 0.102
Ousrts® i aw o1m 2 2m 3 3% 4 4w s
Outer tube
oD, m  0.042 0.048 0.060 0.073 0.089 0.102 0.114 0.127 0.168
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Section S4

This section shows a comparison between the performance of models Par-GEO-MILP,
Par-FLU-MILP and Par-STR-MILP.

The four examples (see Table S1) display very different features, in terms of its streams
properties and heat task magnitude, with heat transfer rates ranging from 44.3 kW to 1,436.8
kW (32 times higher). To cover all these different features and show the modular flexibility of
the double pipe heat exchanger a broad search domain (discrete available options for the
decision variables) was proposed for these examples, as shown in Table S2.

A great advantage of a MILM solved using MILP approaches, besides not requiring
initial estimates, is the guarantee of global optimality. A drawback, however, is that both the
number of variables and the number of constraints increase significantly, due to the
mathematical reformulation. Table S3 shows the problem dimension for the original search
domain (Table S2) for a MINLP approach of Peccini et al (2019) and for the MILP here
proposed.

Table S3. Increase in the problem dimension (Raw MINLP x MILP).

Raw MINLP MILP
Number of constraints 121 1,467,771,040
Number of variables 180 300,784,517
Number of discrete variables 111 111

The increase in the problem dimension was so high that computational memory
drawbacks were encountered, and the problems could not be directly solved with CPLEX
(GAMS Software 24.7.1, ran on an AMD Ryzen 9 3900X 12-Core Processor).

A few mitigating strategies were proposed, but to show the problems, the search space

(the number of discrete variables) was temporarily restricted (Table S4).
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Table S4. Reduced search domain for computational issues discussion.

Discrete options

Parameter Unit Example 3
pNBgg -- 1 to 20
pNEg -- 1to3
PNhgyy, =" 1to6
pLhgp ft 15 20 25
pLhgp m 4572  6.096 7.620

Inner tube NPS  in 1 1% 1% 2

Inner tube OD
(pdtesd)

Outer tube
NPS

Outer tube OD
(pDtegp)

m 0.033 0.042 0.048 0.060

in 1% 2 2% 3

m 0.048 0.060 0.073 0.089

To discuss these strategies, we start with Example 3, which is the most critical example
in terms of computational issues (it will become clearer why further on the discussion). The
new problem sizes, for both MINLM and MILM, as well as the computational effort required
(for Example 3), are shown in Table S5. The elapsed time was obtained through Gams Utility
and Performance Function timeElapsed, which returns the elapsed time since the start of a
GAMS run in seconds. The solver time was obtained through Gams Option EtSolver, which is

the elapsed time taken by the solver only.
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Table SS. Increase in the problem dimension for a reduced search domain — Example 3 (Raw

MINLP x MILP).

Raw MINLP MILP

Number of constraints 103 2,836,150
Number of variables 130 599,577
Number of discrete variables 61 61
Elapsed time (s) 76.04 5,894.34
Solver time (s) 76.02 5,888.51

When comparing the MILP model with the MINLP model, the number of discrete
variables does not change, since it is related to the search domain and available structural
options which are the same for both. Meanwhile, for the number of equations and continuous
variables there is a steep increase, in the order of tens of thousands. Inevitably, it also impacts
on the computational effort required for the optimization, which also increased significantly
for the MILP model (77 times). Although this shortcoming becomes less and less relevant with
the constant growth and progress of the available computation tools, we propose alternatives
to reduce the computational effort and the memory requirements.

In order reduce the number of variables and constraints, enabling the problem to be
solved faster and with less memory requirement, one may rewrite the MILM with a given set
of the decision variables turned into parameters. This reduces the number of discrete variables
and the number of auxiliary variables and constraints generated during the reformulation. The
new parameterized MILM is solved using a subset of the search domain of the original problem.
To solve the entire problem, one may repeat the optimization sequentially to cover the entire
domain or using a more efficiency search procedure (we present alternatives in the paper).

To further clarify the idea, let us classify the binary decision variables in three

categories: geometric (ydsd, yDsp and yLhsin), structural (yNBss, yNhsnn, yPtse and yPase) and
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fluid allocation (y75s7). One can use the geometric discrete variables (dte, dti, Dte, Dti, Lh) as
known parameters, therefore eliminating some nonlinearities in the original MINLM, and
consequently eliminating a significant number of variables and constraints. Solving this new
parametrized MILM with a MILP approach renders the best possible structure arrangement and
fluid allocation for a given hairpin dimension. Solving sequentially for each possible
combination of hairpin dimension, the best solution encountered is the global optimum for the
original problem.

To assess this idea, three parametrized MILP were generated (Par-GEO-MILP, Par-
FLU-MILP and Par-STR-MILP) and they are detailed in Section S2 of this document. The
variables transformed into parameters were the geometric ones for the first parametrized MILP,
both the dimension and fluid allocation for the second and the structural ones for the third one.
Table S6 shows the number of variables and constraints (all for the reduced search space show
in Table S4). The parametrized MILP were solved sequentially using exhaustive enumeration
of all possible alternatives.

Table S6. Exhaustive Enumeration - Problem dimensions for MILP alternatives with reduced

search domain — Example 3.

Original MILP  Par-GEO-MILP  Par-FLU-MILP  Par-STR-MILP

Number of constraints 2,836,150 88,295 33,896 5,791
Number of variables 599,577 22,406 10,634 1,355
Number of discrete variables 61 50 44 29
Average solver time for a 5,888.51 2.03 0.50 0.335
single optimization run (s)
Number‘ of enumerated 1 36 7 600
options solved
Total solver time (s) 5,888.51 73.0 35.9 201.2
Total elapsed time (s) 5,894.34 77.52 39.0 216.39
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A significant reduction of the number of variables and constraints takes place: around
96,5% for Par-GEO-MILP, 98,8% for Par-FLU-MILP and 99,8% for Par-STR-MILP. The
computational time for one optimization run of the parametrized MILMs is significantly
smaller: averages of 2.03s for the Par-GEO-MILP, 0.50s for Par-FLU-MILP and 0.33s for Par-
STR-MILP.

Although a single run of Par-STR-MILP has the fastest solver time, the number of
parameter combinations for the exhaustive enumerations (600) is larger than for the Par-GEO-
MILP (36) and for Par-FLU-MILP (72), therefore the total computational time required
becomes higher than the other two Par-MILP. All three showed a significant time reduction
when compared to the original MILP: 98.75 % for Par-GEO-MILP, 99.4% for Par-FLU-MILP
and 96.6 % for Par-STR-MILP.

After these promising results, we return to the original domain (Table S2). The problem
dimensions for all proposed Par-MILP are depicted in Table S7.

Table S7. Exhaustive Enumeration - Problem dimensions for MILP alternatives for the

original search domain — Example 3.

Original MILP  Par-GEO-MILP  Par-FLU-MILP  Par-STR-MILP

Number of constraints 1,467,771,040 6,048,095 2,336,856 40,560
Number of variables 300,784,517 1,532,124 725,712 9,124
Number 'of discrete 11 23 22 41
variables
Average s;olyer jume fora B B 55 0.60
single optimization run (s)
Number' of enumerated B B 590 7.800
options solved
Solver time (s) — — 15,042.2 4,704.5
Elapsed time (s) — — 17,738.9 5,357.4

Par-GEO-MILP, associated with a larger number of variables and constraints presented,

once again, memory limitations (which is why no computational time is reported). The
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exhaustive enumeration was successfully applied for the original domain for both Par-FLU-
MILP and Par-STR-MILP. The latter, although associated with a larger number of possible
combinations for the parametrized set (7,800), has a smaller problem dimension, which is
associated to a much smaller single run average solver time (0.6s), resulting in a total solver
time of 1h 18min. Par-FLU-MILP, despite its promising results for the reduced domain and the
smaller number of enumeration options when compared to Par-STR-MILP, is associated to a
great increase in the number of variables and constraints, which results in significantly slower
single runs (average computational time of 25.5s compared to 0.6s for Par-STR-MILP). So, for
the proposed search domain, Par-STR-MILP was the most suitable model. However, it is
important to notice that if the search domain for a given problem has less structure
combinations, but more hairpin dimension combinations, another MILP alternative could be

the most suitable one.
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This section shows the details of the globally optimal solutions for Examples 1 to 4.

Section S5

Table S8. Globally optimal solutions for Examples 1 to 4.

Variable Unit Example 1 Example 2 Example 3 Example 4
Tube side stream — Hot stream  Cold stream  Hot stream  Cold stream
Total heat exchanger area, A m? 9.19 1.84 88.73 40.86
Required heat exchanger area m? 7.52 1.51 73.94 37.01
Inner tube NPS — OD in—m ¥ —0.027 72 —0.021 1%-0.048 3% -0.102
Outer tube NPS — OD in—m 1%-0.042 1%-0.042 2%-0.073 4%—-0.127
Hairpin length, Lh ft —m 15-4.572 15-4.572 20 -6.096 10 —3.048
Number of hairpins per unit, pNh - 8 1 6 7
Number of branches, pNB — 3 2 8 1
Tube side units in parallel, pNPt — 1 3 1 1
Annular side units in parallel, pNPa — 1 1 2 6
Tube side velocity, vt m/s 1.16 2.52 2.00 1.96
Annulus side velocity, va m/s 1.18 1.74 1.71 2.54
Tube side film coefficient, ht W/(m2°C) 1384.5 4,292 1,397 656
Annulus side film coefficient, ha W/(m2°C) 2235.2 6,046 9,129 3,276
Overall heat transfer coefficient, U ~ W/(m?°C) 508.4 991. 6 601.3 360.6
Correction Factor, F - 1 0.989 0.979 0.986
Tube side pressure drop, dPt kPa 40.8 19.0 76.3 110.7
Annulus side pressure drop, dPa kPa 77.8 30.3 93.7 110.8

The respective structures are illustrated in Figure S1.

The different services of the four examples are evidenced by the different optimal

solutions, in terms of structure and of heat exchanger areas (that range from 1.84m? to

88.73m?). The solutions found are guaranteed global optimums.
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Figure S1. Globally optimal solutions: (i) Example 1; (ii)) Example 2; (iii) Example 3; (iv)

Example 4; (a) General structure; (b) branch structure.
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MATERIAL DO CORPO DO ARTIGO

1. Heat exchanger design equations

The basic structure of double pipe heat exchangers consists in two concentric tubes. The heat

transfer equations, based on the LMTD method, are:

Q = My Cpn(Tu, — Top) €))
@ = mccpc(ﬁc - 7’1\lc) (@)
Q = UAATIm €)
d
d,In(=%
1 1d, __d, % (d.) 1 4
—=— " 4 Rf S+ —— R +— )
U  h,d, Ji d; ibe Ja h,

The heat transfer coefficients (h;, h,) are obtained from a Nusselt number correlation (we
use Gnielinski et al., Hauser et al. and Sieder & Tate) (Incropera and Dewitt, 2007). Finally,
ignoring minor head losses in connections and bends, the pressure drop of the flow in the inner
tube is calculated by the Darcy-Weisbach equation. In turn, the annular section pressure drop
is obtained using the same equation, but using hydraulic diameters (omitting the viscosity

correction factor) (Saunders, 1988).

L v?

Apt_ptftd_ ) (6))
L
L v?

AP, = pa fa%?a ©)

2. Double pipe heat exchanger hairpin architecture

Double pipe heat exchangers are usually commercialized in hairpin structures, as shown in

Figure 2a. Figure 2b illustrates two hairpins connected in series.
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(a) Hairpin structure
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S
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(b) Two hairpins connected in series.

Figure 2. Double pipe heat exchanger hairpin structure.

Different interconnection patterns among the heat exchanger hairpins provide flexible

alternatives to abide by heat load and maximum pressure drop specifications of the service. In

our model, a hairpin is the countercurrent basic structure; a unit is defined as multiple hairpins

connected in series; a branch is a structure that can be arranged in some proposed complex

series/parallel configurations (see Figure 3), which can then be arranged in a set of parallel

branches, rendering the general structure (See Figure 4) (Peccini et al., 2019).

Tube-side stream
-_-—- -_-——p

Annulus-side stream

(i-a) Structure — Type |

=

(i-b) Specific example of one

unit (three hairpins per unit)
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Annulus-side

stream
Tube-side |——-|-——,— e
stream 1 ]
S A R
"
(i1-a) Structure — Type II
Tube-side
| stream
Annulus-side
stream l l l

S 1 : ooo_?--.

(ii1-a) Structure — Type 111

(ii-b) Specific example of three

units (one hairpin per unit)

(iii-b) Specific example of three

units (one hairpin per unit)

Figure 3. Different flow arrangements — (i) Type I: tube-side and annulus-side streams in

series; (i1) Type II: tube-side stream in series and annulus-side stream in parallel; (iii) Type III:

annulus-side stream in series and tube-side stream in parallel.
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(a) General Structure (b) Specific example with three branches

(type III) (four units per branch)

Figure 4. Multiple parallel branches.

3. Linear formulation of the design problem

In a prior work (Peccini et al., 2019), a MINLM was proposed (see Supporting Information
- Section S1). Here, we show that this model can be rigorously reformulated in a linear one.

The techniques employed in this transformation are described in Costa and Bagajewicz (2019).

3.1.  Selection of the geometric variables

We use the following set of binaries to describe the design variables: yd,, for the inner tube
diameter (discrete values of the outer and inner values: pdtey; and pdtigg), yDsp for the outer
tube diameter (discrete values of the outer and inner values: pDtegy and pDtigy), YLhg;, for
the hairpin tube length (discrete values: pLhg;},), yNhswi for the number of hairpins per unit

(discrete values: pNhgyy), vBss for the number of parallel branches present in the heat
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exchanger design (discrete values: pNBg), vPtse and yPase for the number of units aligned in
parallel in each branch for the tube-side and the annulus-side streams (discrete values: pNEg).
This set of binary variables must be associated to constraints to ensure that only one of the

available options will be selected:

sdmax sDmax sLhmax sNhmax sBmax
Z ydsg = z yDsp = Z thsLh: Z YNhgy, = Z YBgg
sd=1 sD=1 sLh=1 SNh=1 sB=1
)
SEmax SEmax
= ) yPte= ) yPag=1
SE=1 sE=1
3.2. Stream allocation

The stream allocation is controlled by the binary variables y7c and yTh. If yTc = 1, then the
cold stream flows inside the inner tube, otherwise, y7h = 1, which is guaranteed by the

following constraint:

yT, +yT, =1 ®)

3.3. Structural constraints
The following constraint ensures that if the tube-side has more than one parallel passage, the
annular side can be only arranged in series and vice-versa:
YPtsp=1 + yPasp=1 21 ©
The following constraint guarantees that the outer tube inner diameter is larger than the inner
tube outer diameter.
ydsq +yDsp <1 V (sd,sD) € SDD (10)

where SDD is the set of forbitten (sd,sD) combinations.

3.4.  Inner tube thermal and hydraulic modeling

50



The flow velocity inside the inner tube, its corresponding Reynolds number and additional

linear inequalities are:

sdmax sBmax sEmax

vt = Z Z Z Z 4 st wot (11)
- ~ — ) ——= — d,sB,SE,sST
T PsstPAt12yPNBsgpNEs; 7

sd=1 sB=1 SE=1 sST

sdmax sBmax sEmax

Ret = Z Z z z A4 ﬁls.ST — wvt (12)
= — d,sB,SE,sST
T .usSTpdtlsdeBsBpNEsE SIS

sd=1 sB=1 sSE=1 sST

WVLsq sp,sEssT < Ydsa (13)
WVtsq sp se.sst < YBsp (14)
WVtsqsp sessT = YPtsg (15)
WVLsq spsessT < YTsst (16)
WUlsq s sE,ssT = Ydsa + YBsg + YPtsg + YTgsr — 3 (17)

The Prandtl number of the inner tube stream becomes:
_ Eicﬁc Ei’hﬁh
Prt = —yT, + —— yTy, (18)
ke kp

The evaluation of the Nusselt number by the Sieder & Tate correlation is now:

sBmax sEmax sLhmax

B N S&
NutS&T = Z Z Z ZpNuth,EE,sLh,SSTWNutsB,sE,sLh,sST (19)

SsB=1 SE=1 sLh=1 sST

WNutsp s sinsst < ¥YBsp (20)
WNutsp s snsst < YPtse 21
WNUtsp s snsst < YLAsih (22)
WNutsp s snsst < YTsst (23)
WNuUtsp s sihssT = YBsp + YPtsg + yLhgy, + yTssr — 3 (24)

where the parameter pNutssL; o, ss7- 1S given by:
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— N 1/3
8 Cpsst Mgst )

PNULSST e i nssT = 1.86( T
SRS T Ksst PNBsg pNEgg pLhgp,

(25)

The following equation allows the selection of the appropriate Re number using binary

variables.
Ret < 1311 yRet; + 2300 yRet, + 3380 yRet; + URe yRet,
Ret > 1311yRet, + 2300yRet; + 3380 yRet, + ¢
Prt < 5yPrt, + UPr yPrt,
Prt = 5yPrt, + ¢
NutS4T < 3,66yNut, + UNu yNut, — ¢

NutS®T > 3,66yNut,

SRetmax

Z YRetsper = 1

sRet=1
yPrt; + yPrt, =1
yNut; + yNut, =1

The pressure drop in the tubes becomes:

APt

sdmax sBmax sNhmax sEmax sLhmax sEmax

- 2 Z Z Z z Z Z(de t15‘1’53'55'5”’1@’1'55’.SSTWdP tsd,sB,sNh,sLh,sE,sE',ssT,1

sd=1 sB=1 sNh=1 sE=1 sLh=1 sE'=1 sST

+ PAPt235q sp spsnnsinse ssTWAPL o vp o1 or ss72

+ PAPt235q sp s snn,sin,sE’ ssTWAP LodsB.sNhsSLISE,SE sST,3
+ det4sd,SB,SE,SNh,SLh,SE',SSTWdPtsd'SB'SNh’SLh’SE'SE"SSTA)
WdPtsd,sB,sE,sNh,sLh,sE’,sST,sRet < WAsd,sB,sE,sNh,sLh,sE'

WdPtsd,sB,sE,sNh,sLh,sE’,sST,sRet < yTSgT

WdPtsd,sB,sE,sNh,sLh,sE’,sST,sRet < YRetpe;

(26)
27)
(28)
(29)
(30)

€1y

(32)

(33)

(34)
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(36)
(37)
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detsd,sB,sE,sNh,sLh,sE',sST,sRet = WAsd,gB,sE,sNh,sLh,sg' + yTsST + YRetper —

2

The additional parameters inserted for simplification purposes in Eq. (35) are given by:

128 fissr MssTDN hsthThsthN Es

pdpt1sd,sB,sE,sNh,sLh,sE’,sST = ~ ——1 b —or
T PssT pdtl;}deBsBpNEsE

0.3904 MZgpNhsyppLhs,DNE g1

pdptz3sd,sB,sE,sNh,sLh,sE’,sST ——0 —
T2 Pssr pdtlgdeBSZBpNEszE

pdpt4‘sd,sB,sE,sNh,sLh,sE’,sST

0 112 MZerpNhgynpLhs npPNE s
2 Pgsr pdtl?deBSZBpNESZE

4.719 (3¢ MysP PNRsppLhg pNE 51
158 poor pdtit>8pNBL S pNE LS

3.5.  Annulus side thermal and hydraulic modeling

The annulus-side stream velocity, its corresponding Reynolds number and additional linear

inequalities are given by:

va

sdmax sDmax sBmax sEmax

A —= e vi- e Vi sd,sD,sB,SE,sST
Psst* PAGsq spPNBsgpNEg

sd=1 sD=1 sB=1 sE=1 sST

Rea

sdmax sDmax sBmax sEmax

YIDID I I Y R——
A = —oTe e d,sD,sB,SE,sST
UssT* pAasd,stNBsBpNEsE ST

sd=1 sD=1 sB=1 SE=1 sST

WV sp sB,sE,sST = ydsq
ansd,sD,sB,sE,sST < stD
ansd,sD,sB,sE,sST < yBsB

ansd,sD,sB,sE,sST < yPasE

(40)

(41

(42)

(43)

(44)

(45)
(46)
(47)

(48)
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WVAgq sp sB,sE,ssT < YT sst

WUVAq sp sB,sE,sST = ydsd + stD + yBsB + yPasE + yTsST -4

where if sST = h, then sST" = ¢ and vice-versa.

(49)

(50)

The Prandtl number and the Nusselt numbers for the annulus-side stream becomes:

sdmax sDmax sBmax sEmax sLhmax

_ E E 7, S&T
= z z Z z PNUASS sp s sEsLhssT WNUAsq sp 5B sE sLh.sST

sd=1 sD=1 sB=1 sE=1 sLh=1 sST

wN uasd,sD,sB,sE,sLh.sST < ansd,sD,sB,sE,sST
WNuasd,sD,sB,sE,sLh.sST < thsLh
WNuasd,sD,sB,sE,sLh.sST = WUVGQgq sp,sB,sE,sST + thsLh -1

Ny S&T ‘<o .
where the parameter pNuagy sp sp sg sihsst 1 given by:

_ R —
2 Cpgst+ Mgsr+ Pdhsd,sD

N7 S&T —
pNuasd,sD,sB,sE,sLh,sST = 1.86 (A

where if sST = h, then sST" = ¢ and vice-versa.

kSST* p/A\asd,stNBsB pNEsEpThsLh

D

(52)

(53)
(54)

(55)

(56)

The constraints relating binary variables to Re ranges for the tube-side remain the same:

Rea <500 yRea; + 2300 yRea, + 10000 yRea; + URe yRea,

Rea = 500yRea, + 2300yReas; + 10000 yRea, + ¢
Pra < 5yPra, + UPr yPra,

Pra = 5yPra, + ¢

NuaS®T < 3.66yNua; + UNu yNua, — €

Nuas4T > 3.66yNua,

(57)
(58)
(39)
(60)
(61)

(62)
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SReamax

YReaspeq = 1 (63)
SRea=1
yPra; + yPra, =1 (64)
yNua; + yNua, =1 (65)

The pressure drop of the flow in the annulus is given by

APa

sdmax sDmax sBmax sEmax sNhmax sLhmax sEmax

= E § E E E § § § (pdPalsg op s sk snnsihse’ ssTWAPAsq sp sB sN,sLh sE.SE'sST 1

sd=1 sD=1 sB=1 sE=1 sNh=1 sLh=1 sgE'=1 sST
+ pdPa234 sp sp sEsnn,sihse’,ssTWAPAsq sp sp snnsinsE.sE'ssTskea T WAPA234 op sp sNn,sLh,sE.sE'ssT;3)

+ pdPadgysp op sk snnsinsE’,ssTWAP Asq sp 5B sN,sLhsE.sE'ssT 4)

deasd,sD,sB,sE,sNh,sLh,sE’,sST,sRea < WAsd,sB,sE,sNh,sLh,sE’
deasd,sD,sB,sNh,sLh,sE.sE'sST,sRea <¥Dsp

WAdPag sp s snh,sih,sEsE'ssTsrea = YTsst
deasd,sD,sB,sNh,sLh,sE.sE'sST,sRea < YReaspeq

deasd,sD,sB,sNh,sLh,sE.sE'sST,sRea = WAsd,sB,sNh,sLh,sE,sE’ + stD + yTsST + yReasRea -3
where:

32 figsr* Mgsr* PN hsthThsthN Esg

pdPal d,sD,sB,sE,sNh,sLh,sE' sST = & — — —TB b (72)
SEITAE SR STLSELSE S Psst* pdh?d,su pAasd,stNBsB pNEsE’
pdpaz3sd,sD,sB,sE,sNh,sLh,sE’,sST
_ 0.01348 s+ pNhsyyPLhs npPNEgg
DssT Pa\hsd,sD p?l\agd’stN Bs,ZBPN ESZE’ (73)
16.328 flgsr» Mgy pPNhsynpLhs nPNEgg
Pssr+ PAhg1, PAas T, pPNBL " PNE
pdPa4sd,sD,sB,sE,sNh,sLh,sE’,sST
_ 0,089 S RIS by, Ll PN Ess 9
posr- PANLLSE? PACLEL PNE ™ pNELE

(66)

(67)
(68)
(69)
(70)

(71)
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where if sST = h, then sST" = ¢ and vice-versa.

3.6. Heat transfer rate equation

sdmax sBmax sNhmax sLhmax sEmax sE'max

Z z Z Z z z pAsd sB,SE,sNh,sLh,sE’ WAsd sB,SE,sNh,sLh,sE'

sd=1 sB=1 sNh=1 sLh=1 sE=1 sE'=

WAsd,sB,sNh,sLh,sE,sE’ < ydgq

WAsd,sB,sNh,sLh,sE,sE’ < yBgp

WAsd,sB,sNh,sLh,sE,sE’ < yNhoyp

WAsd,sB,sNh,sLh,sE,sE’ < yLhgp

WAsd,sB,sNh,sLh,sE,sE’ < yPtg

WAsd,sB,sNh,sLh,sE,sE’ < yPasE’

WA g snnsihsEsE' = Ydsa + YBsg + YNhgyp + yLhgp + yPtsg + yPaggr — 5

ﬂsd,sB,sNh,sLh,sE,sE’ =T pNBsB pNhsthThsthNEsEpNEsE’

The heat transfer rate, based on the LMTD method, after reformulation becomes:

(75)

(76)
(77)
(78)
(79)
(80)
@1
(82)

(83)
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sdmax sDmax sBmax sEmax sLhmax sEmax

P/d?esd theo
Z Z Z Z Z Z Z Z <E55T mtthe" Whtsd,sST.sRet,l,l

sd=1 sD=1 sB=1 sE=1 sLh=1 sE'=1 sST |sRet=1

pdtegy pdtesd Hau
ST Whtsd SB,SLA,SE,sST,sRet,1,2 T 5 Whtsq B sLh sE,sST,sRet,2
sst PNULsp sp s hssT sst PNULLSSE o1 ssr
pdtegy Gni pdtesq Gni
T —ani Whtsq o s ssT3 + % o Whtsq o s ssT4
ssT P uttransd,sB,sE,sST sST P utturbsd SB,SE,sST
e
— pdte,, In | L&Esd
__ pdtegy p&tesa (pdtlsd _
+ Rfssr =——wWYy ded,sST — dsa + Rfssr-YTssr
pdtigy 2ktube

theo
+ QAsd sD,sST,sRea,1,1

SRea=1

p"?hsd,sD
kesr- pNuatheo

pdhsasp WS (84)
sd,sD,sB,sE ,sLh,sST,sRea,1,2

+ =
—~ . S&T
kssr+ pN UQgg sp,sB,sE' sLh,sST

p’a\hsd,sD Hau )

= —— a !

Hau
- ua sd,sD,sB,sLh,sE ,sST,sRea,2
sST pN sd,sD,sB,SE',sLh,sST

pdhsa,sp wha®™ ' + pdhsa,sp wha®™ .
B oo pNuQC™ sd,sD,sB,sE ,sST,3  k.cn DNual™ 5d,sD,sB,sE ,sST,4
kssr pNua"ansd,sD,sB,sE’,ssr ksst pNuafuTbsa,sD,sB,sE’,sST

,
sdmax sBmax sEmax sNhmax sLhmax st max

ATIm
(Aexc sd sB,sNh,sLh,sE, sE sd,sB,sNh,sLh,sE

100 1)sdlsBlsElsNhlsLh1 Els

+ pAsd,sB,sNh,sLh,sE,sE' (pFSST*,SE - 1) WAF 5q,5B,sNh,sLhSESE,sST

+ ﬂsd,sB,sNh,sLh,sE,sEl (pA SST.SE 1) WAF sa5p,sNhsthstsE'ss7)

wydTsqsst < Ydsa (85)
wydTsqsst < YTsst (80)
wydTsqsst = Ydsq + yTssr — 1 @7)
WhtGGSsr sreaa < WYATsass for sRet = {1,2}  (88)
WAL sreta1 S YREtgpet for sRet = {1,2}  (89)
Wht % rec11 < YPTL; for sRet = {1,2}  (90)
Wht{i%%r sret1n < YNuty for sRet = {1,2}  (91)
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th
Whtsd,es%T,sRet,l,l = Wyded,sST + yRetsRet + yPTtl + yNutl -3

S&T
WhESg'sp sk sLh,ssT sRet, 1,2 < WVEsd 5B sE,sST

S&T

Whtsg'sp sk sLn,ssT sret,1,2 < YLAgih
S&T

Whtsd,sB,sE,sLh,sST,sRet,1,2 < yRetsRet
S&T

Whtsg'sp sk sLn,ssT sret1,2 = YPTt

S&T
Whsg'sp sk sLn,ssT sret,1,2 = YNUL,
S&T
WhESG sp sE sLh,sST,sRet, 1,2
= WUlsq sp sgssT + YLhsin + YRetsper + yPrty + yNut,
—4
whtHau < wut
sd,sB,SE,sLh,sST,sRet,2 — sd,sB,SE,sST
whtHax < vLh
sd,sB,SE,sLh,sST,sRet,2 — YLNgip
whtHau < yRet
sd,sB,SE,sLh,sST,sRet,2 = YN €lsRet
whtHau < yPrt
sd,sB,SE,sLh,sST,sRet,2 — y 2
Hau
Whtsd,sB,sE,sLh,sST,sRet,Z
= WVtsq sp sEssT T VLI + YRetsper + yPTL,
-3
Gni
Whtsd,sB,sE,sST,sRet < thsd,sB,sE,sST
Gni
Whtsd,sB,sE,sST,sRet < yRetsRet
Gni
Whigg'sp sissT.srRet = WVlsd 5B sE,sST + YR€tsper — 1

theo
Whasd,sD,sST,sRea,l,l < Wyded,sST

theo
Whasd,sD,sST,sRea,l,l < yDSD

theo
Whasd,sD,sST,sRea,l,l < yReasRea

for sRet = {1,2}

for sRet = {1,2}
for sRet = {1,2}
for sRet = {1,2}
for sRet = {1,2}

for sRet = {1,2}

for sRet = {1,2}
for sRet = {1,2}
for sRet = {1,2}
for sRet = {1,2}

for sRet = {1,2}

for sRet = {1,2}
for sRet = {3,4}
for sRet = {3,4}
for sRet = {3,4}
for sRea = {1,2}
for sRea = {1,2}

for sRea = {1,2}

92)
93)
94)
95)
(96)

7

9%)

99
(100)
(101)

(102)

(103)

(104)
(105)
(106)
(107)
(108)

(109)
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theo
Whasd,sD,sST,sRea,l,l < yPral

theo
Whasd,sD,sST,sRea,l,l < yNual

theo
Whasd,sD,sST,sRea,l,l

for sRea = {1,2}

for sRea = {1,2}

= wydTgg sst + yDsp + YReAsgeq + YPra; + yNua,

-4 for sRea = {1,2}

S&T
Whasd,sD,sB,sE’,sLh,sST,sRea,l,z < WV0sq sp,sB,sEr,sST

S&T
Whasd,sD,sB,sE’,sLh,sST,sRea,l,z = thSLh

S&T

Whasd,sD,sB,sE',sLh,sST,sRea,l,Z

< yReasRea

S&T

Wh'asd,sD,sB,sE’,sLh,sST,sRea,l,Z

< yPra,

S&T

Wh'asd,sD,sB,sE’,sLh,sST,sRea,l,Z

< yNua,

S&T

Whasd,sD,sB,sE’,sLh,sST,sRea,l,Z

= vasd,sD,sB,sE/,sST + thsLh + yReasRea + yPral + yNuaZ

-4

Hau

WRA ' g sE sLhssT.srea2 = WVsd,sD,sB,sEnsST

Hau
Whasd,sD,sB,sE’,sLh,sST,sRea,Z < thSLh

Hau

Whasd,sD,sB,sE' ,SLh,sST,sRea,2

< yReasRea

Hau

Whasd,sD,sB,sE',sLh,sST,sRea,Z

< yPra,

Hau

Whasd,sD,sB,sE’,sLh,sST,sRea,Z

= ansd,sD,sB,sE/,sST + thsLh + yReasRea + yPraZ

-3

Gni
Whasd,sD,sB,sE’,sST,sRea < WV0sq,sp,sB,sE1,sST

Gni
Whasd,sD,sB,sE’,sST,sRea < YReaspeq

for sRea = {1,2}
for sRea = {1,2}
for sRea = {1,2}
for sRea = {1,2}

for sRea = {1,2}

for sRea = {1,2}
for sRea = {1,2}
for sRea = {1,2}
for sRea = {1,2}

for sRea = {1,2}

for sRea = {1,2}
for sRea = {3,4}

for sRea = {3,4}

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)
(120)
(121)

(122)

(123)

(124)

(125)
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Gni

Whasd,sD,sB,sE’,sST,sRea

= ansd,sD,sB,sEr,sST + yReasRea (126)

-1 for sRea = {3,4}

WAFsq sp snn,sLh,sE sErssT < WAgq s sNh sLhsE,sE' (127)

WAFq s snnsLhsE,sErssT = YTsst (128)

WAFsq s snh,sLhsE,sErssT = WAga spsnnsihsese’ T YTsst — 1 (129)
where

0,0668 ( ~ E@SST,@ST — )
T ksST pNBsB pNEsE pthLh

PNUt{S s sinsst = 3.66 + — 273 (130)
1+ 0’04< _ 8 Cpsst msSTA >
T ks PNBsg pNEgg pLhgyp,
0.0061 ( 4 Mgsr _ 1000) (Cpssr Asst )
—— Gni _ 7 fiss pdtisg PNBsg PNEgg
pNuttransd,sB,sE,sST - 2 (13 1)
3

1
1+ 12.7(0.0061)2 <CpsST AssT > _1
ksST

N, +Gni
pNuttuTbsd,sB,sE,sST

R — 0.42 N
0.00175 + 0.132 T Usst pdtlsdApNBsB PNEsg . 4 Mger .
4 Msr 7 fsst pdtisa PNBsg pNEsg  (132)

= \oanYZ2 [
14127 [ 000175 + 0.132 [ “Assr Pdtlsg PNBsp pNEss Cpssr A
4 Msst ksS’I

0.0668 — 2 @ssr* Mg+ p/d\hgd,sD

— ksST* p/A\asd,sD pNBsBpNEsEp/L\hSLh
pN uaglda,gD,sB,sE,sLh,sST = 3.66 + (133)

1+ 0.04 <A Z/C?SST* fﬁsST* pa\hgd,sDA )
ksST* pAasd,stNBsBpNEsEpthLh

wiN
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N, Gni
pNuatTansd,sD,sB,sE,sST

S — —== —= 093 N —
0.00337 + 4.082 <.usST* piqasd,sD/?\?NBsBpNEsE) <A T/f_l\ggT* pdhsd,sD _
Mssr+ Pdhsa sp Asst* PAasq spPNBsgpNEsy  (134)
1

W — —  —— \093\2 _ R
1+4+12.7 (0_00337 +4.082 <“SST* pAasd,stNBsBpNEsE> ) <CPS§T*#SSE

Mg+ pdhsd,sD ksST*

Gni
turbsq,sp,sB,sE,sST

pNua

N — — _——_ 01865 R —
0.02225 <.usST* pAasd,stNBsBpNEsE> < MssT* pdhsd,sD 000)
.ﬁsST* pAasd,stNBsBpNEsE (1 35)

Mg+ pdhsd,sD

1

e 2
n — . ,01865\2 [/ ,— . 2
1+ 12.7(0.02225 < HssT* pfasd,slll\)NBsBpNEsE> <CpS§T*MSST*>3 _
Mssr+ Pdhsa sp kssr+

where if sST = h, then sST" = c and vice-versa.

3.7.  Pressure drop and velocity bounds.

Bounds on flow velocity and pressure drop are given by:

vt = Vtmin (136)
vt < Vlmay (137)
va > Tl (138)
va < Tl (139)
APt < AP, 4, T + APp gy, YT (140)
APa < A/Pcdl.spyTh + A’thispyTC (141)

3.8. Objective function
The objective function is given by the heat transfer area and a penalty term associated to the
number of hairpins; thus, in case of equivalent solutions, the one with smaller number of

elements is preferred:
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min A +

SNhmax

SNh=1

5E2ﬂVhsNhyA”%Nh

(142)
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