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1) (Yaws, 1999)

273-615

- (pwdl ./ .)

I Y 10.28571

P1=347.3x0.274 " 64713) (-)

- (p ul, . )

[-10.2158+1'7925' 10 +1.773*10-2Tw~1.2631710-5T1 1

/il1= 10~3 x 10 7 ( .6)
- 1 (cpll /( : )

C :18(92.053- 3.9953 X10~27 - 2.7103 X10~47 2+ 5.3469 X JO-
- ' {ktll /( . )

Kw=-2.758x 10~4 +4.612x 10~6TK - 5.5391 x 10~9T 7 ( , )
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2) (Geankoplis, 1995)

283.2 - 666.5

- PQ ./ . )

pa=5.722447x 10~8T3. 4.532673x 10 5T 2+ 7.847886x 3Ta+ 1.359029

(9

- (PO, )

pa=-2.398627x10 12Ta&8+ 2.326925 xI0~9T2- 7.038609x 10 7Ta+ 8.498949x 10'5

( .10)
- (c 1 /( : )
cpa=-6.772398x 10~ST3+6.59709x 10~5 | - 2.125316x 10~2Ta +3.270914
( .12)
- {ka, e . )

ka =-5.469994 X 10~12T 3+ 5.254478 x 10~9T 2 - 1.597851x 10~6Ta + 1.80252 x 10~4

( .12)
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1) Test.m

global ReDhwl ReDhwll Td Tw Twl Tw2 Tal
aa=|;

m=l;

:1;

ram=l ;

mn=I;

nunm=1I ;

[ .
Lp=300e-3;

if i<=291i==371i==381i==451i==46
Ss=9/
elseif(i>=30&i<=34)I1(i>=39&i<=44)
ss=12;
elseif i==35]i==36
=16;
end
for j=4:ss
if i <=6

% model A
Tw=I.5*le-3;

Td=14.5*le-3;
D=16*le-3;

» 1 2*1-3
Fh=17.523e-3;
Ft=0.045e-3;

Lp=l*le-3;
LI=7.2*le-3;
La=22;

Tt=0.lle-3;
st=0.0000254;
elseif i>=7 & i<16

% model B

% model E
elseif i==45|i==46

Tw=Il.6*le-3;
Td=22*le-3;

Ta2
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D=24*le-3;
y"
E k'l

LI=6*le-3;
La=27;

Tt=0.265e-3;
st=0.0000254;

end%(i )

pEsneila;
La=22.5;
Dp=28e-3;
wt=685.4e-3;
DI=34e-3;
zl=28e-3;

2=44e-3;
z2=13e-3;
d=25.4e-3;
L=351e-3;
it j::

ua=6; v =8°
elseif j==2

ua=6; Vw=40;
elseif j==

ua=6; Vw=60;
elseif j==

ua=8; Vw=20;
elseif j==5

ua=8; Vw=40;
elseif j==s

ua=8 ; =
elseif j==

ua=10; Vw=20;
elseif j==

ua=10; Vo og
elseif j==9

ua=10; —c o
end

elseif i==46
H=350e-3;
=695e-3;
Fp=3.5*0.5*le-3;
La=27;
Dp=32e-3;

wt=721.8e-3;
DI=44e-3;

QQ=24 600 ;
QQ=30000
QQ=32800
QQ=25200;
QQ=32400;
QQ=35200
QQ=26500
QQ=34 000 ;

QQ=37400

PPa=0

PPa=I11.2;

PPa:O;

PPa=O;

PPa=15.4;

PPa=O;

PPa=O;

PPa=21;

PPa=0;

PPWZO;

PPWZO;

PPw=0;

PPw=14;

PPw=48;

PPw=113;

PPWZO;

PPW=0;

PPW=0;
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D2=44e-3

z|=32e-3
z2=30e-3
if j==

ua=6; Vw=20; QQ=31500; PPa=0; PPwr=0;
elseif j==2

ua=6; —= o QQ=37300; PPa=16.3; PPw=0;
elseif j==3

ua=6; Vw=60; QQ=41500; PPa=0; PPw=0;
elseif j==

ua=8; Vw=20; QQ=33000; PPa=0; PPw=10;
elseif j==5

ua=8; Vw=40; QQ=39838; PPa=23.6; PPw=30.7 ;
elseif j==6

ua=8; Vw=60; QQ=45000; PPa=0; PPw=64.5;
elseif j==7

ua=10; Vw=20; QQ=35000; PPa=0; PPw=0;
elseif j==

ua=10; = O QQ=42000; PPa=31.5; PPw=0;
elseif j==

ua=10; 5 QQ=49000; PPa=0; PPw=0;
end

end
T1=H;

e=0;
%%%Thermal conductivity of fin and tube
if i<=26

kf=0.34;
kwall=0.104;

kf-0.24;
kwall=0.18 6;
end

%% %Hydraulic and Equivalent diameter

Dha=4*(2*Fp-2*Ft)* (FI-Ft)/(4*(FI-Ft)+2*(2*Fp-2*Ft));
Dhw=(2*(Tw-2*Tt) * (Td-2*Tt)) / ((Tw-2*Tt)+ (Td-2*Tt));
Diw= (2/3+11*(Tw-2*Tt)*(2-(Tw-2*Tt)/ (Td-2*Tt))/(24*(Td-2*Tt)))*Dhw;

Tp=FIl+Tw;
Nt=round((W+FIl)/ (Tw+FI));

=Nt*(Tw+FI)-FlI;
Nm=H*(Nt-1)/ (2*Fp);
Apr=((2*Fp-2*Ft)*Fd+4*(Tw-2*Tt)*Fp)*Nm+2*TI*((Td-2*Tt)+(Tw-2*Tt));
Asc=4*(FI-Ft)*Fd*Nm;

Afra= *H;

AW=2*NtT*TI*((Td-2*Tt)+ (Tw-2*Tt));
Affw=(Tw-2*Tt)* (Td-2*Tt)*Nt;



Afrw= *D;
Awall=2*Nt*Npass*TI*((Td-2+Tt)+ (Tw-2*Tt));

Q=0.95*QQ*4.184/3600;
PPa=PPa*101325/(10330);
PPw=PPw*101325/760;
Vw=v [(6e4d);

ufra=ua;

Twl= 90.55+273;
Tal= 31.75+273;

Tw2= 67.98+273;
Ta2= 51.20+273;

k=1;
N=1000;
while k<N

Taa=(Tal+Ta2)/2;
Tww=(Twl+Tw2)/2 ;

dena= 5.722447e-008*TaaA3-4.532673e-005*TaaA2+7.847886e-
003*Taa+1.359029e+000;

cpa= -6.772398e-008*TaaA3+6.597090e-005*TaaA2-2.125316e-
002*Taa+3.270914e+000;

visa= -2.398627e-012*TaaA3+2.326925e-009*TaaA2-7.038609e-
007*Taa+8.498949e-005;

ka= -5.469994e-012*TaaA3+5.254478e-009*TaaA2 -1.597851e-
006*Taa+1.802520e-004;
Pra=cpa*visalka;

denw=(0.3471*0.274A(-(1-Tww/647.13)A0.28571))*1000;
cpw=(92.053-3.9953e-2*Tww-2.1103e-4*TwwA2+5.3469e-7*TwwA3)/18;
vVisw=10A(-10.2158+((1.7925e3)/Tww)+1.773e-2*Tww-1.2631e-5*TwwA2)*le-

kw=(-.2758+4.612e-3*Tww-5.5391e-6*TwwA2)*le-3;
Prw=cpw*visw/kw;

Taa2=Tal+Q/(dena*ufra*Afra*cpa);
Tww2=Twl-Q/(denw*Vw*cpw);

if abs(Taa2-Ta2)<le-5& abs(Tww2-Tw2)<le-5
k=N+3;

else
k=k+1;
Ta2=Taa?2;
Tw2=Tww?2;

end

end

r=fsolve("FunFI',0.4);
p=(Twl-Tw2)/ (Twl-Tal);
q=(Ta2-Tal)/ (Twl-Tal);
MTD=r*(Twl-Tal);
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% Inlet condition

Taa=Tal;
Tww=Twl;

denal= 5.722447e-008*Taa"3-4.532673e-005*Taa"2+7.847 886e-
003*Taa+1.359029e+000;

cpal= -6.772398e-008*Taa"3+6.597090e-005*Taa"2-2.125316e-
002*Taa+3.270914e+000;

visal= -2.398627e-012*Taa"3+2.326925e-009*Taa"2-7.038609e-
007*Taa+8.498949e-005;

kal= -5.469994e-012*Taa"3+5.254478e-009*Taa"2-1.597851e-
006*Taa+!.802520e-004;

Pral=cpal*visall/kal;

denwl=(0.3471*0.274"(-(I-Tww/647.13)"0.28571))*1000;
cpwl=(92.053-3.9953e-2*Tww-2.1103e-4*Tww 2+5.3469e-7*Tww"3)/18 ;
viswl=10"(-10.2158+((1.7925e3)/Tww)+1.773e-2*Tww-1.2631e-5*Tww"2)*le-

kwl=(-.2758+4.612e-3*Tww-5.5391e-6*Tww"2)*le-3;
Prwl=cpwl*viswl/kwl;

% Outlet condition

Taa=Ta2;
Tww=Tw2 ;

dena2= 5.722447e-008*Taa"3-4.532673e-005*Taa"2+7.847886e-
003*Taa+1.359029e+000;

cpa2= -6.772398e-008*Taa"3+6.597090e-005*Taa"2-2.125316e-
002*Taa+3.270914e+000;

Visa2= -2.398627e-012*Taa"3+2.326925e-009*Taa"2-7.038609e-
007*Taa+8.498949e-005;

ka2= -5.469994e-012*Taa"3+5,254478e-009*Taa"2-1.597851e-
006*Taa+1.802520e-004;

Pra2=cpa2*visa2/ka2 ;

denw2=(0.3471*0.274"(-(l-Tww/647.13)"0.28571))*1000;
cpw2=(92.053-3.9953e-2*Tww-2.1103e-4*Tww"2+5.3469e-7*Tww"3)/18;
Visw2=10"(-10.2158+((1.7925e3)/Tww)+1.773e-2*Tww-1.2631e-5*Tww"2)*le -

kw2=(-.2758+4.612e-3*Tww-5.5391e-6*Tww"2)*le-3;
Prw2=cpw2*visw2/kw2;

%o upper tank

utl=vw/(Wt*DI) ;
Dhtl=2*Wt*DI/(Wt+DI) ;
Retl=denwIl*utl*D htl/viswl;
Atl=2*zI*(Wt+DI);
Afftl=wWt*DI ;

%6 lower tank

ut2=vVw/(Wt*D2);
Dht2=2*Wt*D2/(Wt+D2);
Ret2=denw2*ut2*Dht2/visw2;
At2=2*z2*(Wt+D2);
Afft2=Wt*D2;



%%%Calculation at reference temperature

Tww=Tw2-10;
Taa=Tal-10;

NCalculation of reference temperature,TI

Twl=((Twl-Tww)A0.211)*((Tw2-Tww)A0.789) +Tww;
Tal=((Tal-Taa)A0.211)*((Ta2-Taa)A0.789)+Taa;

«Calculation of reference temperature,TII

Twll=((Twl-Tww)A0.789)*((Tw2-Tww)A0.211)+Tww;
Tall=((Tal-Taa)A0.789)*((Ta2-Taa)A0.211)+Taa,;

«Water-side 6 Twl

denwl|=(0.3471%0.274A(-(1-Tw1/647.13)A0.28571))*1000;
cpwl=(92.053-3.9953e-2*Twl-2.1103e-4*TwIA2+5.3469e-7*TwIA3)/18 ;
Viswl=10A(-10.2158+((1.7925e3)/Twl)+1.773e-2*Twl-1.2631e-5*TwlA2)*le-3;
kwl=(-.2758+4.612e-3*Twl-5.5391e-6*TwlA2)*le-3 ;

Prwl=cpwl*viswl/kwl;

cWater-side 0 Twll

denwll=(0.3471*0.274A(-(1-Twll/647,13)A0.28571)) *1000;
cpwl3>(92.053-3.9953€e-2*Twll-2.1103e-4*TwllA2+5.3469e-7*TwIIA3)/18;
viswlI=10A(-10.2158+((1.7925e3)/Twll)+1.773e-2*Twll-1.2631e-
5*TwllA2)*le-3;

kwll=(-.2758+4.612e-3*Twll-5.5391e-6*TwllIA2)*le-3;
Prwll=cpwll*viswllI/kwll ;

% Air-side 0 Tal

denal= 5.722447e-008*TalA3-4.532673e-005*TalA2+7.847 886e-
003*Tal+1.359029e+000;
cpal= -6.772398e-008*TalA3+6.597090e-005*TalA2-2.125316e-
002*Tal+3.270914e+000;

visal= -2.398627e-012*TalA3+2.326925e-009*TalA2-7.038609e-
007*Tal+8.498949e-005;
kal= -5.469994e-012*TalA3+5.254478e-009*TalA2 -1.597851e-

006*Tal+1.802520e-004;
Pral=cpal*visall/kal;

«Air-side 0 Tall

denall= 5.722447e-008*TallA3-4.532673e-005*TallA2+7.847886e-
003*Tall+1.359029e+000;

cpall= -6.772398e-008*TallA3+6.597090e-005*TallA2-2.125316e-
002*Tall+3.270914e+000;
visall= -2.398627e-012*TallA3+2.326925e-009*TallA2-7.038609e-

kall-~57469994e-012*Tall3+5.254478e-009~Tall2-1.597851e-
006*Tall+1.802520e-004;
Prall=cpall*visall/kall;
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% friction of inlet pipe

upl=Vw/ (pi/4*DpA2) ;
Repl=denw!|*Dp*upl/viswl;
if Repl< 2300
fpl=16/Repl;
01 SG
fpl1=0.00128+.1143*ReplA(-.311);

Fpl=denwl*uplA2/2* (4*fpl*Lp/Dp) ;
% friction of outlet pipe

up2=Vw/(pi/4*DpA2);
Rep2=denw2*Dp*up2/visw2;
if Rep2< 2300
fp2=16/Rep?2;
0r O
fp2=0.00128+.1143*Rep2A(-.311);
end

Fp2=denw2*up2/'2/2* (4*fp2*Lp/Dp) ;
Fpl2=Fpl+Fp2;

%% %Cal. at Twl
% Water-side friction factor
% friction of tube

I=Vw/(Affw);
mwl=denwl*uwl*Aff ;
Qwl=mwl*cpwl*(Twl-Tw2);
ReDhwl=denwl*uwl!I*Dhw/viswl;
ReDIlwl=denw!*uw!*DIlw/viswl ;

=Tw/Td;
if ReDhwl<2100
fwl=24* (1-1.3553*n+1. 9467*n/2 -1.7012* "3+0.9564* "4-
0.2537*nA5)/ReDhwl;
01 o
fwl=0.00128+0.1143*(ReDIwlA(-0.311));
fwsl=fsolve('frictwl11,fwl);
if e==
fwl=fwsl;

fwrl=2/((0.95*(p/e)A0.53)-2.5*log(2*e/Dhw)-2.5-2.5*log(2*(Td-
2*Tt)) ((Tw-2*Tt)+(Td-2*Tt)))) A2;
fwl=((Tw-2*Tt)* fwsl+(Td-2*Tt)*fwrl)/ ((Tw-2*Tt) +(Td-2*Tt) );
end
end

%Water-side heat transfer coefficient

if ReDhwl<2100

hwl=7.541*(1-2.61*n+4.97*nA2-5.119*nA3+2.702*nA4-0.548*nA5)*kwl|/Dhw;
else % for ReDhwll > 2100 & ReDhwlK 5000000
hwil=((fwl/2)*(ReDhwI-1000)*PrwiI/(1+12.7*((fwlI/2)A0.5)*(PrwlA(2/3)-
1)))*kwl/Dhw;
end



%Expansion and contraction losses

if ReDhwl<2000

KI=1.7;
else

KIi=1.4,;
end

Ftl=denwl* (uwl/2) /2* (fwI*Aw/Affw+KI);

% static head

statl=denwl*(zl+z2+H)*9.8;

%Pressure in tank
PtI=PPw+statl-(Ftl+Fpl2);
Kwtankl=Ptl/(denw!|*(uwlA2)/2);
Kwtankll=Ptl/(denwI*((0.5*(utl+ut2))A2)/2);

%W ater-side pressure drop

Pwl=-statl+{Ftl+Fpl2+Ptl);

%%0%0%0%0%%%Cal. at Twll

% Water-side friction factor
% friction of tube
uwll=Vw/(Affw);
mwll=denwll*uwll*Aff ;

Qwll=mwll*cpwlII*(Twl-Tw2) ;

ReDhwll=denwlI*uwlI*Dhw/viswll;
ReDlwll=denwl!l*uwll*DIlw/viswll;

fwll=24*(1-1.3553*n+1.9467*nA2-1.7012*nA3+.9564*nA4-
0.2537*nA5)/ReDhwll;

Ol ss
fwll=0.00128+0.1143*(ReDIwlIIA(-0.311));
fwsll=fsolve('frictw IIl"', fwIl);
if e==

fwll=fwsll;
01 sc

fwrll=2/((0.95*(p/e)A0.53)-2.5*log(2*e/Dhw)-2.5-2.5*log(2*(Td-
2*Tt)) ((Tw-2*Tt)+(Td-2*Tt)))) A2;
fwll=((Tw-2*Tt)*fwsll+(Td-2*Tt)*fwrll)/ ( (Tw-2*Tt)+(Td-2*Tt));
end
end
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%Water-side heat transfer coefficient

if ReDhwll<2100
hwll=7.541* (1-2.61*n+4.97*nA2-5.119*nA3+2.702*nA4-
0.548*nA5) *kwll/Dhw;
O o
hwlill=((fwll/2)* (ReDhwll-
1000)*Prw I/ (1+22.7*((fwlI/2)A0.5)*(PrwllA(2/3)-1)))*kwll/Dhw;

end

%Expansion and contraction losses

if ReDhwlI<2000

KIl=1.7;
else

Kll=1.4;
end

Ftll=denwIl*(uwllA2)/2*(fwlI*Aw/Affw+KII);
% static head

statll=denwll*(zl+z2+H)*9.8;

"Pressure of tank

PtllI=PPw+statll-(FtlI+Fpl2);
Kwtankll=Ptll/(denwll*( A2)/2);
Kwtanklll=Ptll/(denwlI*((0.5*(utl+ut2))A2)/2);
Kwww=3.83e25*exp((-0.61*w+10.55*D-3.65*D1-
40.27*D2+3.01*z2)/Dht2)*RetlA:2.5-2.73*Dhtl)*. .
(Ret2A(7.52*Dht2))* ((log(1+W/Dht2))A12.04)*((log(1+H/Dht2) )A0.63)
((log(1+D/Dht2))A(-
3.12))*((log(1+Dhtl/Dht2))A5.57)*((log(l+zI1/Dht2))A0.36)*...
((log(l1+z2/Dht2))A(-0.94))*((log(0.5*Retl))A(-
14.85))*((log(0.5*Ret2))A(-15.33));

%W ater-side pressure drop
Pwll=-statll+(Ftll+Fpl2+Ptll);
Pwtankl=denwlI*((0.5*(utl+ut2))A2)/ 2*Kwww;
Pwtankll=denwlI*((0.5*(utl+ut2))A2)/ 2*Kwww;
WYYV Y Cal. at Tal

%%Contraction and expansion coefficient

ee=Affa/Afra;
cc=Affa/Afra;

Ke=0.973-1.916*ee+0.944*eeA2;

Kc=0.408-0.409*ccA2;

% Air-side heat transfer coefficient and friction factor
ufra=ua;

mal=denal*ufra*Afra;

Qal=mal*cpal*(Ta2-Tal);

ual=ufra*Afra/Affa;
RelLpl=denal*ual*Lp/visai ;
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hal=(ReLplA(-0.49)) * ((La/90)A0.27) * ((LI/Lp)A0.68) * ((Fp/Lp)A(-
0.14)) * ((Fl/Lp)A(-0.29))*

((Ft/Lp)A(-0.05)) * ((Td/Lp)A(-0.23)) * ((Tp/Lp)A(-
0.28))*(denal*ual*cpal*(PralA(-2/3) ));
jal=hal/(denal*ual*cpal*(PralA(-2/3)));
ml=(2*hal/(kf*Ft))A0.5;
11=((FI-Ft)+(Fp/2-Ft/2))/2;
effl=(tanh(mI*I1))/ (mI*Il) ;
effol=1-Asc/Aa*(1l-effl) ;

fal=(4.97*RelLplA(0.6049-1.064/(LaA0.2)))*((log((Ft/Fp)A0O.5+0.9))A(-
0.527))*(((Dha/Lp)*log(0.3*ReLpl))A(-2.966))...

*((Fp/LI)A((-0.7931)*Tp/(Tp-Tw)))*((Tp/Tw)A(-
0.0446))*((log(1.2+(Lp/Fp)Al.4))A(-3.553))*(LaA(-0.477));

fal=(14.39*ReLplA(-
0.805*Fp/FI))*((log (1.0+(Fp/Lp)))A3.04)* ((log((Ft/Fp)A0.48+0.9))A(-
1.435))*((Dhal/Lp)A(-3.01)) .. .
*((log(0.5*ReLpl))A(-3.01))*((Fp/LI)A(-0.308) )*((Fd/LI)A(-
0.308))*(exp(-0.1167*Tp/Tw)) *(LaA0.35);
end

% Air-side pressure drop
denam=0.5*(denal+denall);

aPal=denal*(ualA2)/2*(fal*Aa/Affa+Kc+Ke);
aKal=(2*PPa/(denal*ualA2))-fal*Aa/Affa-Kc-Ke;

bPal=denal*(ualA2)/. - (fal*Aa/Affa+0.75);
bKal=(2*PPa/(denal*ualA2))-fal*Aa/Affa-0.75;

cPal=denal*(ualA2)/2*(fal*Aal/Affa);
cKal=(2*PPa/(denal*ualA2))-fal*Aa/Affa;

dPal=denam*ualA2 /2 *(fal*Aa/Affa*denal/denam+(Kc+Il-ccA2)+2*(denal/denall-
1) ...
- (l-eeA2-Ke)*denal/denall);

dKal-(2*PPa/(denam*ualA2))-(fal*Aa/Affa*denal/denam+(Kc+1-
ccA2)+2*(denall/denall-1)...
- (l-eeA2-Ke)*denal/denall);

faexpl=((2*PPa/(denam*ualA2))-((Kc+l-ccA2)+2*(denal/denall-1)...
- (lI-eeA2-Ke)*denal/denall))*Affa*denam/(Aa*denal);

YRR NNYCal. at Tall

% Air-side heat transfer coefficient and friction factor
ufra=ua;

mall=denall*ufra*Afra;

Qall=mall*cpall*(Ta2-Tal);
uall=ufra*Afral/Affa;

RelLpll=denall*uall*Lp/visall;



138
hall=(ReLpllA(-0.49)) * ((La/90)A0.27) * ((LIl/Lp)A0.68) * ((Fp/Lp)A(-
0.14) ) *. ..

((FI/Lp)A (-0.29))*((Ft/Lp)A (-0.05)) * ((Td/Lp)A(-0.23)) * ((Tp/Lp)A (-
0.28))*. ..
(denall*uall*cpall*(PrallA(-2/3) ));

jJall=hall/(denall*uall*cpall*(PrallA (-2/3))) ;
milI=(2*hal 1/ (kf*Ft))A0.5;
111=((FI-Ft) + (Fp/2-Ft/2) )/2;
effll=Ctanh(m1*111))/(miI*111);

l« ™11

tanhml=0.5*((tanh(ml*11))+(tanh(ml1*111)));

fall=(4.97*ReLpl 1A (0.6049-1.064/(LaA0.2)))*((1og((Ft/Fp)AO0 .5+0.9))A (-
0.527))*. ..

(((Dha/Lp)*10g{0.3*ReLpl1))A{-2.966))*((Fp/LIDA ((-0.7931)*Tp/(Tp-
TW)))*. ..

((Tp/TwW)A(-0.0446))*((log(1.2+(Lp/Fp)Al1.4))A(-3.553))*(LaA(-
0.477));

fall=(14.39*ReLpllA(-0.805*Fp/Fl) )*( (log(1.0+(Fp/Lp)) )A3.04)* ...
((1og((Ft/Fp)A0.48+0.9))A (-1.435))*((Dha/Lp)A (-3.01)) *.
((1og(0.5*ReLplI))A(-3.01))*((Fp/LDHA (-0.308))*. ..
((Fd/LIDA (-0.308))*(exp(~0.1167*Tp/Tw)) *(LaA0.35);
end

% Air-side pressure drop
denam=0.5*(denal+denall);

aPall=denall*(uallA2)/2*(fall*Aa/Affa+tKc+Ke);
aKall=(2*PPa/(denall*uallA2))-fall*Aa/Affa-Kc-Ke;

bPall=denall*(uallA2)/2*(fall*Aa/Affa+0.75);
bKall=(2*PPa/(denall*uallA2))-fall*Aa/Affa-0.75;

cPall=denall*(uallA2)/2*(fall*Aa/Affa);
cKall=(2*PPal/(denall*uallA2))-fall*Aa/Affa;

dPall=denam*uallA2/2*(fall*Aa/Affa*denal/denam+(Kc+1-
CCA2)+2*(denall/denall-1)...
- (1-eeA2-Ke)*denal/denal l);

dKall=(2*PPa/(denam*uallA2))- (fall*Aa/Affa*denal/denam+(Kc+1-
CCA2)+2*(denal/denall-1)...

- (I-eeA2-Ke)*denal/denal l);

faexpll=((2*PPa/(denam*uallA2))-((Kc+l-ccA2)+2*(denal/denall-1)-(l-ee A2-
Ke) ...

*denal/denall))*Affa*denam/(Aa*denal);

z “ ™ ,t/luwan.”~11,,;
UAII=1/(1/(effoll*hall*Aa)+1/(hwll*Aw)+Tt/(kwall*Awall));

UA=1/(0.5*(1/UAI+I/UAII));
r=fsolve('FunFI',0.4);
MTD=r*(Twl-Tal);
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all=log(RelLp);
al2=(1/(La)"0.2)*log(RelLp);
al3=log(Dha/Lp*log(0.3*RelLp));
ald=Fp/FIl*(RelLp);
al5=log(log(0.5*ReLp));

I=log(log (0.9+(Ft/Fp)"0.5));
2=Tp/(Tp-Tw)*log(Fp/LI);
3=log(Tp/Tw);
4=log(log(1.2+(Lp/Fp)"1.4));

br~og(logll+Fp/Lp));
b7=log(Dhal/Lp);
b8=log(Fp/LIl);
b9=log(Fd/LI);
blO=Tp/Tw;
bll=La/90;
bl2=Ft/Fp;
bl3=Dhal/lLp;
bla=Tp/(Tp-Tw);
bl5=Fp/LI;
bl6=Lp/Fp;
bl7=Fp/Fl;
bl8=Fp/Lp;

%GGGGGGGGGGGGGGGGGGGGGGGGGEGGGGOO0000000000GOBOOOOOOOOO0O0OBBBBBBBBBBBBB

aPaa=0.5*UA* (aPal/lUAl+aPall/UAII);

bPaa=0.5*UA*(bPal/UAl+bPall/UAII);
rPaarfl *TTA* | r-Pa T/TTAT 4-r-P3TTI/TTATT\

sl A | Qe
LI T T I O I O I O | 1 T 1
cPa=Pal*(1-(l-2*cPaal/Pal)"0.5);
dPa=Pal*(1-(l-2*dPaa/Pal)"0.5) ;
ePa=Pal*(1-(l-2*ePaa/Pal)"0.5) ;

Pw-0?5*UA*(PwWI/UAI+PwWII/UAII);

Pt=PPw-Pw;
Pwcall=-statl+Ftl+Fpl2+Pwtankl;
Pwcalll=-statll+Ftll+Fpl2+Pwtankll;

Pwcal=0.5*UA*(Pwcall/lUAI+Pwcalll/UAII);
Pwtube=0.5*UA*(FtI/UAI+FtII/UAII);

Qa=.5*(Qal+Qall);
Qw=.5*(Qwl+Qwll) ;
Qexp=.5*(Qa+Qw);

Qcal=UA*MTD;
QDeviation=(Qcal-Qexp)/Qexp*100;

up(ml,1)=1i;

up (ml, 2) =j;
up(ml,3)=Pwtube;
up(ml,4)=PPw;
up(ml,5)=aPa;

up (ml, 6)=bPa.



up(ml,7)=cPa;
up (ml, 8)=dPa;
up(ml,9)=ePa;
up(ml,10)=PPa;

up(ml,11)=Qcal;
up(ml,12)=Qexp;

up(ml,13)=ufra;
up(ml,14)=v *6e4;
ml=ml+I;

if PPw>0
wc (m2. 1) =i;
wc(m2, 2) =j:
wc(m2, 3) =Pwtube ;
wc (M2, 4)=PPw;

wc(m2, 5) =P tl;

wc (m2, 6) =P tIl ;
wc(m2, 7) =Kwtankl;
wc(m2, 8)=Kwtankll;
wc (m2, 9)=Kwtankll;
wc(m2, 10) =Kwtanklll;
wc(m2, 11) =denwl;
wc(m2, 12) =denwll;
wc(m2, 13) =uwl ;
wc(m2. 14) =uwll;

wc(m2, 15) =utl ;
wc(m2, 16) =D htl;
wc (m2, 17) =Retl;
wc(m2, 18) =Atl;
wc (m2, 19) = Afftl;
wc(m2, 20) =D1;

wc (m2, 21) =z1;
wc(m2, 22) =denwl;

wc(m2. 23) =ut2 ;
wc(m2,24) =Dht2;
wc(m2, 25) =Ret2;
wc (m2, 26) =At2;
wc(m2, 27) =Afft2;
wc(m2, 28) =D2;
wc(m2, 29) =z2;
wc(m2, 30) =denw2;

wc(m2, 31) =H;
wc(m2, 32) =W,
wc(m2, 33) =D;

wc(m2, 34) = /Dht2;
wc(m2, 35) =H/Dht2;
wc(m2, 36) =D/Dht2;
wc(m2, 37) =D htl/Dht2;
wc(m2, 38) =D1/Dht2;
wc(m2. 39) =D2/Dht2;
wc(m2, 40) =zI/Dht2;
wc(m2, 41) =z2/Dht2;

wc (m2,42)=Dhtl*log(Retl)
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wc(m2,43)=Dht2*log(Ret2) ;

wc (m2, 44) =log( /Dht2);
wc(m2, 45) =log(H/Dht2);

wc (m2, 46) =log(D/Dht2);

wc (m2, 47) =log(Dhtl/Dht2);
wc(m2, 48) =log(DI/Dht2);
wc(m2, 49) =log(D2/Dht2);

wc (m2,50) =log(zI/Dht2);
wc(m2,51) =log(z2/Dht2);
wc(m2,52) =log(Retl);
wc(m2,53) =log(Ret2);
wc(m2,54) =Dhtl/Dht2*log(Retl);

wc(m2, 55) =log(log (1+W/Dht2));
wc(m2, 56) =log(log(1+H/Dht2));
wc(m2,57) =log(log(1+D/Dht2));
wc(m2,58) =log(log(1+Dhtl/Dht2));
wc(m2,59) =log(log(1+DI/Dht2));
wc(m2, 60) =log(log(1+D2/Dht2));
wc(m2, 61) =log(log(l+zIl/Dht2));
wc(m2, 62) =log(log(l+z2/Dht2));
wc(m2,63) =log(log(0.5*Retl));
wc(m2, 64) =log(log(0.5*Ret2))

wc(m2, 65) =Pdenwl*utl/'2/2)

wc(m2, 66) =Pdénw2*ut2A2/2)

wc(m2,67) =Pa/.5*(denw2*ut2"2/2+denwl*utl''2/2) );
wc(m2, 68) =(Pgt/ (denwl*utl/2/2)) ;

wc(m2, 69) =I(ch/(denw2*ut2A2/2 :

wc(m2, 70) =gt/ (0.5*(denw2*ut2A2/2+denwl*utl”r2/2)));

wc(m2,71)=Fpl2;
wc(m2,72)=statl;
wc(m2,73)=Ftl;
wc(m2,74)=P tl;
wc(m2,75)=Pwl;
wc(m2,76)=statll;
wc(m2,77)=F tll;
wc(m2,78)=P tll;
wc(m2,79)=Pwll;
wc(m2,80)=Pwtube;
wc(m2,81)=Pw;
wc(m2,82)=Pwcal;
m2=m2+1;

i? dppa>0
ac (m3, 1) =i ;
ac (m3, 2)=
ac (m3, 3) =facorre;
ac (m3, 4)=fal;
ac (m3, 5)=akKal;
ac (m3, 6) =bKal ;
ac (m3, 7)=cKal ;
ac (m3, 8) =fall;
ac (m3, 9) —aKall;
ac (m3, 10) =bKali;
ac (m3, 11) =cKall;
ac (m3, 12) =aPa;
ac (m3, 13) =bPa;
ac (m3, 14) =cPa;



ac( 3,15)=dPa;
ac(m3,16)=ePa;
ac(m3,17)=PPa;

be(m5,1)=i;
be(m5,2)=j;
be(m5,3)=Fp;
be(m5,4)=F1;
be(m5,5)=Ft;
be(m5,6)=Fd;
be(m5,7)=Tp;
be(m5,8)=Td;
be(m5,9)=Dha;
be(m5,10)=Lp;
be(mb5,11) =1,1;
be(m5,12)=La;

be(m5,13)=RelLpl;
be(m5,14)=fal;
be(m5,15)=aKal;
be(m5,16)=bKal;
be(m5,17)=cKal ;
be(m5,18)=dKal ;
be(m5,19)=aPal ;
be(m5,20)=bPal;
be(m5,21)=cPal;
be(m5,22)=dPal ;

be(m5,23)=RelLpll;
be(m5,24)=fall ;
be(m5,25)=aKall;
be(m5,26)=bKall ;
be(m5,.:)=cKall;
be(m5,28)=dKall ;
bc(m5,29)=aPall;
be(m5,30)=bPall;
be(m5,31)=cPall;
be(m5,32)=dPall;
be(m5,33)=RelLp;
be(m5,34)=fa;
be(m5,35)=eKa;
be(m5,36)=ePa;
be(m5,37)=faexpl;
be(m5,38)=al;
be(m5,39)=a2;
be(m5,40)=a3;
be(m5, 41)=a4 ;
be(m5,42)=a5;

be(m5,43)=faexpll ;
be(m5,44)=a6;
be(m5,45)=a7;
be(m5,46)=a8;
be(m5,47)=a9;
be(m5,48)=al0;
be(m5,49)=faexp;
be(m5, 50)=all;
be(m5,51)=al2;
be(m5,52)=al3;
be(m5, 53)=al4 ;
be(m5,54)=al5;



be(m5,55)= I;
be(m5,56)= 2;
be(m5,57)= 3;
be(m5,58)= 1I;

be(m5,59)= 5;
bc (m5,60)=b6;
be(m5,61)= 7 ;
be(m5,62)= 8;
be(m5,63)= 9;
be(m5,64)= 10;
be(m5, 65)=Db Il;
be(m5,66)= 12 ;
be(m5,67)=bl3 ;
be(m5,68)= !4 ;
be(m5,69)= !5;
be(m5,70)= 16;
be(m5,71)= 17;
be(m5,:2,= 18;
be(m5,73)=PPa;

m3=m3+| ;
5=m5+I;
end

para(m4,1)=Q;
para(m4,2)=ufra;
para(m4,3)=Vw;
para(m4,4)=W,
para(m4,5)=H;
para(m4,6)=D;
para(m4,7)=Td;
para(m4,8)=Ft;
para(m4,9)=Tt;
para(m4,10)=kf;
para(m4,11)=kwall;
para(m4,12)=ksd;
para(m4,13)=sdt;
para(m4,14)=st;
para(m4,15)=Fd;
para(m4,16)=T1;
para(m4,17)=Afra;
para(m4,18)=Twl;
para(m4,19)=Tal ;
para(m4,20)=Tw2 ;
para(m4,21)=Ta2;
para(m4,22)=dena;
para(m4,23)=cpa;
para(m4,24)=visa;
para(m4,25)=ka;
para(m4,26)=Pra;
para(m4,27)=denw;
para(m4,28)=cpw;
para(m4,29)=visw,;
para(m4,30)=kw;
para(m4,31)=Prw;
para(m4,32)=0.5*(mal+mall);
para(m4,33)=0.5*(mwl+mwll);
para(m4,34)=MTD;
para(m4,35)=Nt;
para(m4,36)=F1;
para(m4. s 1, =Nm;
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para( 4,38)=Fp;

para( 4,39)=Apr;

para( 4,40)=Tw;

para( 4,41)=Asc;

para( 4,42)=Tp;

para( 4,43)=Aaq;

para( 4,44)=Affa;

para( 4,45)=Aw;

para( 4,46)=Affw;

para( 4,47)=Awall;

para( 4,48)=0.5*(ual+uall) ;
para( 4,49)=0.5*(uwl+uwll);
para( 4,50)=0.5*(RelLpl+RelLpll);
para( '4,51)=Lp;

para( 4,52)=La;

para( 4,53)=L1;

para( 4,54)=0.5*(hal+hall) ;
para( 4,55)=0.5*(ml+ 11);
para( 4,56)=0.5*(11+111);
para( 4,57)= 1!;

para( '4,58)=tanhml;

para( 4,59)=0.5*(effl+effll) ;
para( 4,60)=0.5*(effol+effoil);
para( '4,61)=Dha;

para( 4,62)=0.5*(fal+fall);
para( 4,63)=aPa;

para( 4,64)=bPa;

para( '4,65)=cPa;

para( 4,66)=dPa;

para( 4,67)=ePa;

para ( '4,68) =PPa;

para( '4,69)=Dhw;

para( 4,70)=Dlw;

para( 4,71)=0.5*(ReDhwl+ReDhwll);
para(m4,72)=0.5*(ReDIwl+ReDIwll);
para( 4,73)=0.5*(fwl+fwll);
para( '4,74)=0.5*(hwl+hwll) ;

para( 4,75)=Fpl2;

para( 4,76)=statl;

para( 4,77)=Ftl;

para( 4,78)=Pwl;

para( 4,79)=statll;

para( 4,80)=Ftll;

para( 4,81)=Pwll;

para( 4,82)=Pwtube;

para( 4,83)=Pw;

para( 4,84)=0.5*(Qwl+Qwll);
para( 4,85)=0.5*(Qal+Qall) ;
para( 4,86)=Pwcal;

4= 4+1;

end
end



146
2) FunFIm

function R =FunFI(r)
global Twl Tw2 Tal Ta2

p=(Twl-Tw2)/ (Twl-Tal);
g=(Ta2-Tal)/ (Twl-Tal);

z=0;
for =0:20
for v=0:20
R=((-
1)A(u+v))*factorial(u+v)* ((p/r)A )*((gq/r)Av)/ (factorial( )*factorial(u+1
)*factorial(v)*factorial(v+1) );
Z=7Z+R;
end
end
R=(-r+z);

3) fricwllm
function fs =frictw IlI(f)
global ReDhwll Td Tw

fs=-(fA-0.5)+4*loglO(ReDhwll*(fA0.5))-0.4+4*logl0((1.156+((Td-
2*Tt)) ((Tw-2*Tt)-1))/((Td-2*Tt)/ (Tw-2*Tt));

4) fricwin.m
function fs =frictw IlI(f)
global ReDhwll Td Tw

fs=-(fA-0.5)+4*logl0O(ReDhwlI*(fA0.5))-0.4+4*logl0((1.1256+((Td-
2*Tt)/ ((Tw-2*Tt)-1))/ ((Td-2*Tt)/ (Tw-2*Tt));
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Variables Coefficients std. Error t Sig.
*Q 58.91 3.70 15.92 0.0000
X1 -0.61 0.15 -4.09 0.0001
*2 - - - -
Xa 10.55 2.38 4.44 0.0000
x4 -3.65 177 -2.06 0.0402
X5 -40.27 1.77 -22.69 0.0000
x6 - - - -

X7 3.01 0.56 5.37 0.0000
X8 -2.73 1.05 -2.60 0.0097
X9 7.52 113 6.64 0.0000
X10 2.50 0.35 7.22 0.0000
x12 12.04 3.04 3.96 0.0001
X13 0.63 0.16 3.90 0.0001
X1 -3.12 0.65 -4.82 0.0000
x5 5.57 144 3.87 0.0001
X16 0.36 0.09 3.84 0.0002
X17 -0.94 0.18 -5.27 0.0000
X18 -14.85 4.20 -3.54 0.0005
X19 -15.33 1.96 -7.83 0.0000
2

Model Summary
R R Square Adjusted R Square  Std. Error of the Estimate Durbin-Watson

0.9910 0.9820 0.981 0.093 1.747



(GAMS)
1) normality.gms

2) uncertainty.gms

1) normality.gms

$title

$offlisting
Option solprint=off;
ii

set /0*10/;

alias (ii,jj);

parameter

(i), v (ji) s fu (i), fv (jj),ul(ii)

(101)=0; ('11)=1;

('5')=5 ;

C6')=6; cC7')=17;
ul(ii)= (ii)+1;
V('01)=0; V('1')=1;
V('5')=5,

Vf6')=6; V('7"')=17;

vIign=vap+l;

fu('01)=1;
fu('3')=6;
fu('6')=720;
fu('9'>=362880;

ful(0')=1,
ful('3')=24;
ful('61)=5040;
ful('9')=3628800;

fv('0,)=1
fv('3')=6;
fv('6')=720;
fv('9'>=362880;

NVIEGG), ful(ii)

(‘21)=2; ('3')=3
('8')=8; u('')=9;

v('2y)=2; V('3'> =3

V('81)=8; vV('9)=9

f (m1')=1;

fu('4')=24,

f ('7')=5040;

fu('10'>=3628800;

ful('11)=2;

ful(14°>=120;
ful ('7'>=40320;
ful('10'>=39916800;

fv(1')=1;
fv('4')=24;

fv ('7'>=5040;
fv('10')=3628800;

Design and Optimization of Automotive Radiators

JHviIE(Gi) fuv (iiyji);
: o

('10')=10 ;

, vV('4')=4,

; v('10')=10;

ful ('21)=s6;
ful ('51>=720;
ful ('81)=362880;

fv('2')=2;
fv('5 =120;
fv( '8’ >=40320;



fvI(o
fvI(3
fvl1('6 ' )=5040;

fvI('9 '>=3628800;

=1;

fvi('1)=2;

fvi(

4')=120;

fvI('7'>=40320;
fvI1('101>=39916800;
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fvi(2')=6;
fvI('5' >=720;
fvI('8' >=362880;

table fuv(ii,jj)
0 1 2 3 4
0 1 1 2 6 24
2 1 2 6 24 120
2 2 6 24 120 720
3 6 24 120 720 5040
4 24 120 720 5040 40320
5 120 720 5040 40320 362880
+
6 7 8 9
0 720 5040 40320 362880
1 5040 40320 362880 3628800
2 40320 362880 3628800 39916800
3 362880 3628800 39916800 479001600
4 3628800 39916800 479001600 6227020800
87178291200
5 39916800 479001600 6227020800 87178291200
1.130767E+12;
scalars k,N;
parameters
ufra /81
Vw /6.67e-004/
St /0.0508e-3/
Lpl /10.3/
Dpi /34e-3/
Lp2 /10.3/
Dp2 /34e-3/
D1 /34e-3/
D2 /44e-3/
zl /28e-3/
z2 /13e-3/;
set i /CuB,All/;
parameters kfin(i) /CuB 0.34, All 0.24/
ktube(i) /CuB 0.104, All 0.186/
tfin (i) /CuB 0.045e-3,All 0.08e-3/
ttube (i) /CuB 0.11e-3, All 0.265e-3/
costfin(i) /CuB 129 , ALl 147/
denfin(i) /CuB 8954, All 2707/
costtube(i) /CuB 123, All 147/
dentubel(i) /CuB 8522, All 2707/,

scalars

kf,kwall,Ft, Tt,cf,ct,cs;

5
120
720
5040

40320

362880

3628800

10

3628800
39916800
479001600

6227020800
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parameter qqq,Pwup,Paup, ,D,H,;
qqqg=34.5;
Pwup=10000;
Paup=140;
=0.6708;
H=0.325;
D=16e-3;

Fd, TI,Afra, Twl, Tal, Tw2,Ta2, Tww2, Taa2,Twl, Twll, Tal,Tall,

Tww, Taa,dena,cpa, visa, ka,Pra, denw,cpw,visw,kw,Prw,
denal,cpal,visai,kal,Pral,denwl,cpwl,viswl,kwl,Prwl,
denail,cpall,visall,kall,Prall, denwll, cpwll,viswll,kwll,Prwll,
Twref, Taref,denwl,denw2,viswl,vis 2;

*define parameters

1 C

Twl= 90.55+273;
Tal= 31.75+273;

Tw2= 67.98+273;
Ta2= 51.20+273;
k=1;

N=1000;

while ((k le N),

dena= 5.722447e-8*Taa**3-4.532673e-5*Taa**2+7.847886e-3*Taa+
1.359029e+000;

cpa= -6.772398e-008*Taa**3+6.597090e-005*Taa**2-2.125316e-002*Taa+
3.270914e+000;

visa= -2.398627e-012*Taa**3+2.326925e-009*Taa**2-7.038609e-

007*Taa+

8.498949e-005;

ka= -5.469994e-012*Taa**3+5.254478e-009*Taa**2-1.597851e-006*Taa+
1.802520e-004;

Pra=cpa*visal/ka;

denw=(0.3471*0.274**(-(1-Tww/647.13)**0.28571))*1000;

cpw=(92.053-3.9953e-2*Tww-2.1103e-4*Tww**2+5.3469e-7*Tww**3)/18 ;

visw=10**(-10.2158+((1.7925e3)/Tww)+1.773e-2*Tww-1.2631e-
5*Tww**2)* 1e-3 ;

kw=(-.2758+4.612e-3*Tww-5.5391e-6*Tww**2)*|le-3;

Prw=cp *vi / kw;

Taa2=Tal+qgqq/(dena*ufra*Afra*cpa);
Tww2=Twl-qqq/(denw*Vw*cpw);

if ((abs(Taa2-Ta2)< le-3)and(abs(Tww2-Tw2)< le-3),
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Tw2=Tww2;
k=k+1;
)

)

denwl=(0.3471%0.274**(-(1-Twl/647.13)**0.28571))*1000;
denw2=(0.3471*0.274**(-(1-Tw2/647.13)**0.28571))*1000;

viswl=10%*(-10.2158+((1.7 925e3)/Twl)+1.773e-2*Twl-1.2631e-5*Twl**2)*|e -3
visw2=10**(-10.2158+((1.7925e3)/Tw2)+1.773e-2*Tw2-1.2631e-5*Tw2**2)*le-3

Twref=Tw2-10;
Taref=Tal-10;

Twli=((Twl-Twref)**0.211)*((Tw2-Twref)**0.789)+Twref;
Tal=((Tal-Taref)**0.211)*((Ta2-Taref)**0.789)+Taref;
Twll=((Twl-Twref)**0.789)*((Tw2-Twref)**0.211)+Twref;
Tall=((Tal-Taref)**0.789)*((Ta2-Taref)**0.211)+Taref;

denal= 5.722447e-8*Tal**3-4.532673e-5*Tal**2+7.847886e-
3*Tal+1.359029e+000;

cpal= -6.772398e-008*Tal**3+6.597090e-005*Tal**2-2.125316e-
002*Tal+3.270914e+000;

visal= -2.398627e-012*Tal**3+2.326925e-009*Tal**2-7.038609e-
007*Tal+8.498949e-005;

kal= -5.469994e-012*Tal**3+5.254478e-009*Tal**2-1.597851e-
006*Tal+1.802520e-004;

Pral=cpal*visail/kal;

denwl=(0.3471*0.274**(-(1-Twl/647.13)**0.28571))*1000;
cpwl=(92.053-3.9953e-2*Twl-2.1103e-4*TwlI**2+5.3469e-7*Twl**3)/18;
viswlI=10**(-10.2158+((1.7925e3)/Twl)+1.773e-2*Twl-1.2631e-5*Twl**2)*|e-3
kwl=(-.2758+4.612e-3*Twl-5.5391e-6*Twl**2)*|le-3;

Prwl=cpwl*viswl/kwl;

denall= 5.722447e-8*Tall**3-4.532673e-5*Tall**2+7.847886e-
3*Tall+1.359029e+000;

cpall= -6.772398e-008*Tall**3+6.597090e-005*Tall**2-2.125316e-
002*Tall+3.270914e+000;

visall= -2.398627e-012*Tall**3+2.326925e-009*Tall**2-7.038609e-
007*Tall+8.498949e-005;

kall= -5.469994e-012*Tall**3+5.254478e-009*Tall**2-1.597851e-

006*Tall+1.802520e-004 ;

Prall=cpall*visall/kall;

denwl!l=(0.3471*%0.274**(-(1-Twll/647.13)**0.28571))*1000;
cpwll=(92.053-3.9953e-2*Twll-2.1103e-4*TwlI**2+5.3469e-7*TwlI**3)/18 ;
viswll=10**(-10.2158+((1.7925e3)/Twll)+1.773e-2*Twll-1.2631e-
5*TwTI**2)*le-3;

kwll=(-.2758+4.612e-3*Twll-5.5391e-6*Twll**2)*le-3;
Prwll=cpwll*viswlIl/kwll;

Parameters
ma,Qa,mw,Qw,p,q,Pal;

Pal=101325;
ma=dena*ufra*Afra;
Qa=ma*cpa*(Ta2-Tal) ;
mw=denw*Vw;
Qw=mw*cpw*(Twl-Tw2);
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p=(Twl-Tw2)/ (Twl-Tal);
q=(Ta2-Tal)/ (Twl-Tal);

Integer variable Nt, xI,x2,x6,x7;

Positive variables
Td,FI,Nm,Fp, Apr, Tw, Asc, Tp,Aa, Affa,Aw,Affw,Awall,
ua, ,ReLpl,ReLpll,Lp,La,Ll,hal,hall,ml,mil,1, mil,mill,
tanhmll,tanhmlll,effl,effil,effoi,effoil,Dha,fal,fall,
Pal,Pall,Dhw,DIw,ReDhwl,ReDhwll,ReDIwl,ReDIwll,fwl,fwll,
fwrl,fwrll,fwsl,fwsll,hwl,hwll, hwsl,hwsll,hwrl,hwrll,Pwl, Pwll,
ryMTD,pp,e,Kc,Ke,Ptubel,Ptubell, ReDpl,ReDp2,fpl,fp2,upl,up2,
Ppipe,statl, statu, utl, Ut2, utank, Dhtl, Dht2, Retl, Ret2, Kwtank,
Ptankl,Ptankll,UUAI,UUAII,UUA,Pa, Pw;

Free variable C;

E o} u a t i < 29, esc,
e31,e32,e33,e34,e35,e36,e37,38,e39,e40,e41,e42,e43,e44,e45,
e46,e47,e48,e49,e50,e51,e52,e53,e54,e55,e56,e57,e58,e59,e60,
e61,e62,e63,e64,e65,e66,e67,e68,e69,e70,e71,e72,e73,e74,e75,
e76,e77,e78,e79,e80,e81,e82,e83,e84,e85,e86,e87,e88,e89,e90,
e91,e92,e93,e94,e95,e96,e97,e98,e99,el00,el01,el02,el03,
el04,el05,el06,el07;

el.. Tp=e=FIl+Tw;

e2.. Nt=e=(W+FI)/Tp;

e3.. Nm=e=H*(Nt-1)/ (2*Fp);

ed.. Apr=e=(2*(2*Fp-2*Ft)*Fd+4*(Tw-2*Tt)*Fp)*Nm+2*TI*((Td-2*Tt)+ (Tw-
2*Tt));

e5.. Asc=e=4*(FI-Ft)*Fd*Nra;

e6.. Tp=e=2*FI+Tw;

e7.. Nt=e=(W+2*F1)/ ((Tw+2*F1));

e8.. Nm=e=2*H*(Nt-1)/ (2*Fp);

e9.. Apr=e=((2*Fp-2*Ft)*Fd+2*(Tw-2*Tt)*Fp)*Nm +2*T1*((Td-2*Tt)+ (Tw-2*Tt))
eio.. Asc=e=4*(FI-Ft)*Fd*Nm;

1o Affa="r"=~F"-Ft) * (2*Fp-2*Tt) *Nm;
el3.. Aw=e=2*Nt*TI*((Td-2*Tt) +(Tw-2*Tt));
eld .. Affw=e=(Tw-2*Tt)* (Td-2*Tt)*Nt;
el5.. Awall=e=2*Nt*TI*((Td-2*Tt)+(Tw-2*Tt));

el6.. =e=Vw/Affw;

el7.. uvua=e=ufra*Afral/Affa;

el8.. RelLpl=e=denal*ua*Lp/visal;
el9.. RelLpll=e=denall*ua*Lp/visall;
e20.

hal=e=1/(ReLpl**0.49)*((La/90)**0.27)*((LI/Lp)**0.68)*((Lp/Fp)**0.14)*
((Lp/F1)**0.29)*((Lp/Ft)**0.05)*((Lp/Td)**0.23)*((Lp/(FI+Tw))**
(0.28))*(denal*ua*cpal/(Pral**(2/3))) ;

e2l. .
hall=e=I/(ReLpll**0.49)*((La/90)**0.27)*((LI/Lp)**0.68)*((Lp/Fp)**0.14)*
((Lp/F1)**0.29)*((Lp/Ft)**0.05)*((Lp/Td)**0.23)*((Lp/(FI+Tw))**
(0.28))*(denall*ua*cpall/(Prall**(2/3)));
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e22.. ml=e=(2*hal/(kf*Ft))**0.5;
e23.. mll=e=(2*hall/(kf*Ft))**0.5;

e24.. l=e=((FI-Ft)+(Fp/2-Ft/2))/2;

e25.. mll=e=ml*I;
e26.. mlll=e=mllI*Il;

e27.. tanhmll=e=(exp(mil)-exp(-mil))/ (exp(mil)+exp(-mil));
e28.. tanhmlll=ze=(exp(mill)-exp(-mill))/ (exp(mill)+exp(-mill));

e29.. effl=e=tanhmll/mll;
e30.. effll=e=tanhmlll/mlll;

e3l.. effol=e=Il-Asc/Aa*(l-effl);
e32.. effoll=e=Il-Asc/Aa*(1l-effll) ;

©33.. Dha=e=4*(2*Fp-2*Ft)* (FI-Ft)/ (4*(FI-Ft)+2*(2*Fp-2*Ft));

e34.. fal=e=(4.97*RelLpl**(0.6049-
1.064/(La**0.2)))*((log((Ft/Fp)**0.5+0.9))**
(-0.527))*(((Dha/Lp)*log(0.3*RelLpl))**(-2.966))*((Fp/LI)**((-0.7931)*
Tp/(Tp-Tw)))*((Tp/Tw)**(-0.0446))*((log(l.2+(Lp/Fp)**1.4))**(-3.553))*
(La**(-0.477));

e35.. fall=e=(4.97*RelLpll**(0.6049-
1.064/(La**0.2)))*((log((Ft/Fp)**0.5+0.9))**
(-0.527))*(((Dha/Lp)*log(0.3*ReLpll))**(-2.966))*((Fp/LI)**((-0.7931)*
Tp/(Tp-Tw)))*((Tp/Tw)**(-0.0446))*((log(1.2+(Lp/Fp)**1.4))**(-3.553))*
(La**(-0.477) );

e36.. Ke=e=0.973-1.916*(Affa/Afra)+0.944*((Affa/Afra)**2);
e37.. Kc=e=0.408-0.409*((Affa/Afra)**2);

e38.. Pal=e=denal*(ua**2)/2*(fal*Aa/Affa+tKc+Ke);
e39.. Pall=e=denall*(ua**2)/2*(fall*Aa/Affa+tKc+Ke);

e40.. Dhw=e=(2*(Tw-2*Tt)* (Td-2*Tt) )/ ((Tw-2*Tt) +(Td-2*Tt));
e41.. Dlw=e=(2/3+11*(Tw-2*Tt)*(2-(Tw-2*Tt)/ (Td-2*Tt))/ (24*(Td-2*Tt))) *Dhw;

ed42.. ReDhwl=e=denwl*uw*Dhw/viswl;
ed43.. ReDhwll=e=denwll*uw*Dhw/viswllI;

ed44.. ReDlwl=e=denwl*uw*DIlw/viswl;
ed45. . ReDlwll=e=denwll*uw*DIlw/vj.swll ;

*smooth

ed46.. fwl=e=(0.00128+0.1143*(ReDIwl**(-0.311)));
ed47.. fwll=e=(0.00128+0.1143*(ReDIwll**(-0.311)));

*rib

e48.. fwsl=e=0.00128+0.1143*(ReDIwlI**(-0.311));
e49.. fwsll=e=0.00128+0.1143*(ReDIwll**(-0.311));

e50.. fwrl=e=2/((0.95*(pp/e)**0.53)-2.5*log(2*e/Dhw)-2.5-2.5*log(2*(Td-
2*Tt)) ((Tw-2*Tt)+(Td-2*Tt))))**2;



eb51.. fwrll=e=2/((0.95*(pp/e)**0.53)-2.5*log(2*e/Dhw)-2.5-2.5*log (2*(Td-
2*Tt)/ ((Tw-2*Tt)+(Td-2*Tt))))**2;

eb2.. fwl=ze=((Tw-2*Tt)*fwsl+(Td-2*Tt)*fwrl)/ ( (Tw-2*Tt)+(Td-2*Tt));
e53.. fwllz=e=((Tw-2*Tt)*fwsll+(Td-2*Tt)*fwrll)/ ((Tw-2*Tt)+(Td-2*Tt));

e54.. hwl=e=(fwl1/2)* (ReDIwI-I00O0)*Prwi*kwl/(DIw*(1+12.7*((fw1/2)**0.5)
F(Prwl**(2/3)-1)));

e55.. hwll=e=(fwll/2)* (ReDIwll-
1000)*Prwll*kwll/(DIlw*(1+12.7*((fwl1/2)**0.5)*(Prwll**(2/3)-1)));

e56.. hwsl=e=(fwsl/2)*(ReDIwlI-1000)*Prwl*kwl/(DIw*(1+12.7*((fwsl/2)**0.5)*
(Prwl**(2/3)-1)));

e57.. hwsll=e=(fwsll/2)* (ReDIwlII-1000)*Prwll*kwll/(DIlw*(1+12.7*
((fwsll/2)**0.5)*(Prwll**(2/3)-1))) ;

e58.. hwrl=e=(fwrl/2)/(1+((fwrl/2)**0.5)*(4.5*(e/Dhw*ReDhwl*
((fwrl/2)**0.5))**0.28*(Prwl**0.57)-0.95*(pp/e)**0.53))*denwl* *cpwl;

e59.. hwrll=ze=(fwrll/2)/(12+((fwrll/2)**0.5)*(4.5*(e/Dhw*ReDhwlI*
((fwrll/2)**0.5))**0.28*(Prwll**0.57)-0.95*(pp/e)**0.53))*denwll*uw*cpwll;

e60.. hwl=e=((Tw-2*Tt)*hwsI+(Td-2*Tt)*hwrl)/ ( (Tw-2*Tt)+ (Td-2*Tt));
e6l.. hwll=e=((Tw-2*Tt)*hwsll+(Td-2*Tt)*hwrll)/ ( (Tw-2*Tt)+(Td-2*Tt));

e62.. Ptubel=ze=denwl*( **2)/2*(fwl*Aw/Affw+1.4);
e63.. Ptubell=e=denwll*( **2)/2*(fwll*Aw/Affw+1.4);

e64.. ReDpl=e=denwl*uw*Dpl/viswl;

e65.. ReDp2=e=denw2*uw*Dp2/visw2;

e66.. fpl=e=(0.00128+0.1143*(ReDpl**(-0.311)));
e67.. fp2=e=(0.00128+0.1143*(ReDp2**(-0.311)));
e68.. upl=e=Vw/(3.1416/4*(Dpl**2));

e69.. up2=e=Vw/(3.1416/4*(Dp2**2));

Ppipe=ze=denwl*(upl**2)/2*(4*fpl*Lpl/Dpl)+denw2*(up2**2)/2*(4*fp2*Lp2/Dp2);

e71. . statl=e=denwl* (zI+z2+H)*9.8;
e72 .. statll=e=denwll*(zl +z2+H)*9.8;

e73.. utl=e=Vw/{ *DI) ;

e74. . ut2=e=Vw/( *D2) ;

e75.. utank=e=(utl+ut2)/2;

e76. . Dhtl=e=2*( *DI) ;

e77.. Dht2=e=2*( *D2);

e78.. Retl=e=denwl!*utl*Dhtl/viswl;
e79. . Ret2=e=denw2*ut2*Dht2/visw?2 ;

e80.. Kwtank=e= (3.83e25)*exp ((-0.61*W+10.55*D-3.65*D'l-
40.27*D2+3.01*z2)/Dht2)*

Retl**(2.5-2.73*Dhtl)* (Ret2**(7,52*Dht2) )* ((log (1+W/Dht2))**12.04)*
((log(1+H/Dht2))**0.63)*((log(1+D/Dht2))**(-3.12))*
((log(1+Dhtl/Dht2))**5.57)*((log (I +zI/Dht2))**0.36)*
((log(1+22/Dht2) )**(-0.94))*( (log(0.5*Retl))**(-14.85))*
((log(0.5*Ret2))**(-15.33)) ;

e81l.. Ptankl=e=(denwl*(utank**2))/2*Kwtank;
e82.. Ptankll=e=(denwll*(utank**2))/2*Kwtank;



159
e83.. Pwl=e=Ptankl-statl+(Ptubel+Ppipe);
e84.. Pwll=e=Ptankll-statll+(Ptubell+Ppipe);
e85.. UUAI=e=(1/(1/(effol*hal*Aa)+1/(hwi*Aw)+Tt/(kwall*Awall)));
e86.. UUAIlI=e=(1/(1/(effoll*hall*Aa)+1/(hwll*Aw)+Tt/(kwall*Awall)));
e87.. UUA=e=Il/(0.5*(1L/UUAI+I/UUAII));

fv (D) fv (1)) *((p/r)** (1)) *(Calr)**v(ji)));
e89.. MTD=e=r*(Twl-Tal);
e90.. gqgq=e=UUA*MTD;

e91.. Pa=e=Pal*(1-(1-2*(0.5*UUA*(Pal/UUAI+Pall/UUAII))/Pal)**0.5);
€92.. Pw=e=0.5*UUA*(PWI/UUAI+PwII/UUAII);

e93.. Pa=Il=Paup;
e94.. Pw=I=Pwup;

*without splitter plate
e95.. C=e=cf* ((2*Fp-2*Ft)+4*(FIl-Ft))*Fd+ct*2*Nt*H*((Tw-2*Tt)+ (Tw-2*Tt));
*with splitter plate

€96.. C=e=cf* ((2*Fp-2*Ft)+4*(FI-Ft))*Fd+ct*2*Nt*H*((Tw-2*Tt)+ (Tw-
2*Tt))+CS*D*H*(Nt-1);

e97.. Fl-Ll=g=le-3;
e98.. e/Dhw*ReDhwl*(fwrl/2)**0.5=9g=30;
e99.. e/Dhw*ReDhwll*(fwrll/2)**0.5=9g=30;

eioo.. e/Dhw=g=0.01;
elOl.. e/Dhw=1=0.04;

1 1
el07.. x7=e=Tw*le4;

*initialization

Fp.1=1.5e-3;
Fl.1=8.2e-3;
Tw.1=1.5e-3;
Lp.I=le-3;
Ll1.1=7.2e-3;
La.1=25;
Td.1=14.5e-3;
Nt.1=70;
pp.1=4.06e-3;
e.1=0.25e-3;

* d

Fp.1 =0.00050; Fp.up=0.00200;
Fl.1 =0.005; Fl.up=0.010;

Tw.1l =0.001; Tp.lo=Fl.lo+Tw.1 ;

Td.lo=10e-3; Td.up=Fd;



Lp.1 =0.001;
LI.1 =0.005;

La.1l =20;
Nt.1 =10;
e.lo=le-4;
pp.lo=le-3;

Affw.1 =0.0001;
ua.l =1;
RelLpl.1 =100;
RelLpll.1 =100;
Dha.1 =0.0005;

fal.1 =0.01;
fall.1 =0.01;

hal.l1 =0.05;
hall.1 =0.05;

1.1 =0.001;
mil.1 =0.1;

tanhrall.1 =0.5;
tanhmInTlo=0!5;

effol.1 =o.5;
effoil.1 =0.5;

.1 =0.05;

Dhw.1 =0.0005;
Dlw.1 =0.0005;

ReDhwl.1 =4000;
ReDhwll.1 =4000;

ReDlwl.1 =2500;
ReDIwll.1 =2500;

fwl.1 =0.001;
fwsl.1 =0.001;
fwrl.1 =0.001;

fwll.1 =0.001;
fwsll.1 =0.001;
fwrll.1 =0.001;

hwl.1 =0.5;
hwsl.1 =0.5;
hwrl.l1 =0.5;

hwll.1 =0.5

Lp.up=0.005;
Ll.up=0.010;
La.up=30;

Nt.up=1000;
e.up-2.5e-4;
pp.up=10e-3;
Affa.l1 =0.01;
ua.up=20;
ReLpl.up=1000;
ReLpll.up=1000;
Dha.up=0.01;

fal.up=0.5;
fall.up=0.5;

ml.1 =100;
mil.1 =100;
mill.1 =0.1;
effl.up=lI;
e ffll.up=l;
effol.up=lI;

effoil.up=I;
up=5;

Dhw.up=0.01;
Dlw.up=0.01;

ReDhwl.up=5e5;
ReDhwll.up=5e5;

ReDlwl.up=5e5;
ReDlwll.up=5e5;

hwl.up=30;
hwsl.up=30;
hwrl.up=30;

hwll.up=30;
hwsll.up=30;
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hwrll.lo=0.5;

Nm.1 =1000;
Apr.lo=0.1;

Asc.1 =1;

Awall.1 =0.1;
Aw.1 =0.1;

Aa .lo=Apr.lo+Asc.1

1

hwrll.up=30;

Nm.up=50000;
Apr.up=5;

Asc.up=30;
Awall.up=5;

Aw.up=5;

Aa.up=Apr .up+Asc.up;

Pal.1

Pall.1
Ptubel.1 =100;

=100;
=100;

Pwl.1 =1000;
Pwll.1 =1000;
Ptubell.1 =100;

Ppipe.1 =0.01;

statl

ReDpl.1 =2000;

fpl.1
upl.1
utl.1

.1 =100;
Ptankl.1 =500;

statu.l =100;
Ptankll.1 =500;

ReDp2.1 =2000;

=0.0001; fp2.1 =0.0001;
=0.01; up2.1 =0.01;
=0.01; ut2.1 =0.01;

utank.1 =0.01;
Kwtank.1 =500 ;

r.1 =0.5;
c.1 =0.01;
vz o=o =
UUAI .1 =0.05;
All.l1 =0.05;

UUA.lo=0.05;

Model

Model

Model

smoothl /el,e2,e3,e4,e5,ell,el2,el3,el4,
eI6,eI7,eH,el9,e20,e2.l,622,eﬁ,e2[1,e25,926,e27,e28,e.g\g,e30,
1 1 1 1 1 (I | i 1 1 1
0 Al 111
e73,e74,e75,e76,e77,e78,e79,e80,e81,e82,e83,e84,e85,e86,e87,
e88,e89,e90,e91,e92,e93,e94,e95,e97,el04,el05,el106,el07/;

T—1 i 1 fa o i 9 fi"1Q fa 1l 4 _ 1

el6,el7”el8,el9,e20"e2l[e22”"e23"e24"e25"e26,e27,e28,e29,e30,
e37\1,e 2,e%%,e34,e315,e36,e37,eTS,e39,ezho,eél],e42,e43,e44,e45,
11 11 1 [ ] 1

1 1 9 ’uu’.72'e73.e74,e75.
e76,e77,e78,e79,e80,e81,e82,e83,e84,e85,e86,e87,e88,e89,e90,
e91,e92,e93,e94,e95,e97,e98,e99,el00,el01,el02,el03,
el04,el05,el06,el07/;

smooth2 /e6,e7,e8,e9,eio0,ell,el2,el3,el4,el5,

R N O RN R

e73,e74,e75,e76,e77,e78,e79,e80,e81,e82,e83,e84,e85,e86,e87,
e88,89,e90,e91,e92,e93,e94,e95,e97,el04,el05,el06,el07/;

ribel6 ,éi?:"~?21:'Aol:|71';227?2:1” ;L1;25"':26,e27.e28,!129,a30.
e31,e32,e33,e34,e35,e36,e37,e38,e39,e40,e41,e42,e43,e44,e45,

e B PVl s

e76,e77,e ,679,e80,e81,e82,e83,e84,e85,e86,e87,88,e89,e90,
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e91,e92,93,e94,e95,e97,e98,e99,el00,el01,el02,el03,
el04,el05,el06,el07/;

smoothl.scaleopt=lI;
ribl.scaleopt=I;
smooth2.scaleopt=I;
rib2.scaleopt=1;

Option MINLP=sbb;
Option decimals=7;

parameters reportlc-:1-,:report2¢-.-,,report3¢.. -,,reportd(*,*);
loop (i,

kf=kfin(i);

kwall=ktube(i);

Ft=tfin(i);

Tt=ttube(i);

cf=costfin(i)*denfin(i)*tfin(i);
ct=costtube(i)*dentube(i)*ttube(i);
cs=costfin(i)*denfin(i)*st;

solve smoothl using MINLP minimizing C;
reportl(i,"Fp")=Fp.1;
reportl(i,"F1")=F1.1;
reportl(i,"Lp")=Lp.1;
reporll1(i,"LI")=L1.1;
reportl(i,"La")=La.l;
reportl(i,"Td")=Td.l;
re rtl(i, ")= s

solve ribl using MINLP minimizing C;
report2(i,"Fp")=Fp.l;
report2(i,"F1")=F1.1;
report2(i ,"Lp")=Lp.1;
report2(i,"LI")=L1.1;
report2(i,"La")=La.l;
report2(i,"Td")=T4d.lI;
report2(i,"Tw")=Tw.lI;
report2(i,"Nt")=Nt.1;

' ' 1 1 /\ |l
3it:5 S i,
| 1 I|’

solve smooth2 using MINLP minimizing C;
report3(i,"Fp")=Fp 1.
report3(i ,"FI")=F1.1;
report3(i,"Lp")=Lp.1;
report3(i,"LI")=L1.1;
report3(i,"La")=La.1;
report3(i ,"Td")=Td.lI;
report3(i,"Tw")=Tw.1;
report3(i,"Nt")=Nt.1;

report3(i ,"C")=c.1;
report3(i,"Pa")=Pa.l;
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report3(i,"Pw")=Pw.1;

solve rib2 wusing MINLP minimizing C;
reportd(i,"Fp")-Fp.1;
reportd4 (i,"FI")=F1.1;
reportd(i,"Lp")=Lp.l;
report4 (i,"LI1")=L1.1;
report4(i,"La")=La.l;
reportd(i,"Td")=Td.1;
reportd(i,"Tw")=Tw.I;
reportd (i,"Nt")=Nt.I;

15D
2115 33

file nl /nl.dat/;
nl.pc=4;

nl.nd=10;

put nl;
loop(i,put@3,i .tl,
09,reportl(i,"Fp"),
O12,reportl(l,"FI"),
@15, reportl(i,"Lp"),
017,reportl(i,"LI"),
019,reportl(i,"La"),
021, reportl(i,"Td"),
@23,reportl(i,"Tw"),
@25,reportl(i,"Nt"),
@27,reportl(i,"Cc"),
@29,reportl(i,"Pa"),
@31, reportl(i,"Pw")/);

file 2 In2.dat/;
2.pc=4;

@35,report2(i," ),
@37,report2(i,"La"),
@39,report2(i,"Td"),
@41, report2(i,"Tw"),
@43,report2(i,"Nt"),
@45,report2(i,"e"),
@47,report2(i,"p"),
@49,report2(i,"c"),
@51,report2(i,"Pa"),
@53, report2(i,"Pw")/);



file n3 /n3.dat/;
3.pc=4;
3.nd=10;

put 3;

@59,report3(i,"La"),
@6l,report3(i,"Td"),
@63,report3(i,"Tw"),
@65,report3(i,"Nt"),
@67,report3(i,"c"),
@69,report3(i,"Pa"),
@71,report3(i,"Pw")/);

file 4 In4.dat/;
4.pc=4,

4.nd=10;
put 4;
loop(i,put@3,i .tl,
@9,reportd (i,"Fp"),
@71, reportd <1, "FI"),
@73,reportd (i,"Lp"),
@75,reportd(i,"LI"),
@77,reportd(i,"La"),
@79,reportd (i,"Td"),
@8l,reportd (i,"Tw"),
@83,reportd (i,"Nt"),
@85,reportd(i,"e"),
@87,reportd(i,"p"),
@89,reportd(i,"Cc"),
@91l,reportd(i,"Pa"),
@93,reportd(i,"Pw")/);
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2) uncertainty.gms

$title Design and Optimization of Automotive Radiators

$offlisting
Option solprint=off;

set ii /0*10/;
alias (ii,jj);

(i), v (i) fu (i) fv (i), u b Qi) v EG ) fu b i) fv G y), fuv (i, jj);

('01)=0; (‘1)=1;

("'5")=5;

('6')=6; (‘7)=7;
ul(ii)= (ii)+1;
v('0")=0; V(11")=1;
Y v('7')=7;

Vi) =v(ij)+L

fu('o')y=1;
fu('3’)=6;
fu('6')=720;
fu('9')=362880;
ful('0")=1;
ful('3')=24;
ful('6')=5040;
ful(19')=3628800;
fv('0")=1;
fV(13')=6;
fv('6')=720;

fv('9')=362880;

fvIi('0')=1;
fvi('3')=24;
fv1('6')=5040;
fv1('9')=3628800;

table fuv(ii,jj)

0 1
0 1 1
1 1 2
2 2 6
3 6 24
4 24 120
5 120 720

{'2')=2;

('8)=8 ;

V(2)=2;

V('81)=8;

fu('1)=1;
fu('4')=24;
fu('7')=5040;
fu('10')=3628800;

ful('1l')
ful('4") 0;
ful('7')=40320;
ful('10'>=39916800;

27
2

fv('1')=1;
fv(4")=24;
fv('7')=504 0;
fv('10'>=3628800;

fvi('1)=2;
fvl('4')=120 ;
fvi1('7')=40320;
fv1('10')=39916800;

2 3

2 6

6 24

24 120
120 720
720 5040
5040 40320

('3')=3;

("9')=9;

V(3)=3;

V(9)=9;

("4')=4;
('10")=10;
V(a)=4;
v('10' )=10;
f ('2
f ('S 0;
f ('8 320;
ful( ;
fulf( 20;
ful (° 62880;

4
24

120
720
5040
40320

362880

120

720
5040
40320
362880

3628800
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10
3628800
39916800
479001600

6227020800

6 7 8 9
0 720 5040 40320 362880
1 5040 40320 362880 3628800
2 40320 362880 3628800 39916800
3 362880 3628800 39916800 479001600
4 3628800 39916800 479001600 6227020800
87178291200
5 39916800 479001600 6227020800 87178291200
1.307 67E+12;
scalars k,N;
parameters
ufra / 8/
Vw /6.67e-004/
St /0.0508e-3/
Lpl /10.3/
Dpi / 34e-3/
Lp2 /10.3/
Dp2 / 34e-3/
D1 /[ 34e-3/
D2 [ 44e-3]/
zl /28e-3/
z2 /13e-3/;
set i /CuB,All/;
parameters kfin (i) /CuB 0.34, All 0.24/
ktube (i) /CuB 0.104, All 0.186/
tfin (i) /CuB 0.045e-3,All 0.08e-3/
ttube (i) /CuB 0.11e-3, All 0.265e-3/
costfin(i) /CuB 129 , All 147/
denfin (i) /CuB 8954, All 2707/
costtube (i) /CuB 123, All 147/
dentube{i) /CuB 8522, All 2707/,
scalars kf,kwall,Ft,Tt,cf,ct,cs;
parameter qqq,Pwup,Paup, , ,H;
qqq=34.5;
Pwup=10000;
Paup=140;
==0.6708 ;
H=0.325;
D=16e-3;
Fd, TI,Afra,Twl,Tal,Tw2,Ta2, Tww2, Taa2, Twl,Twll, Tal, Tall,
Tww, Taa, dena, cpa, visa, ka, Pra, denw, cpw, visw, kw, Prw,
denal,cpal,visai,kal,Pral,denwl,cpwl,viswl,kwl,Prwl,
denall,cpall,visail,kali,Prall,denwll,cpwll,viswll,kwll,Prwll,
Twref, Taref,denwl,denw2,viswl,visw2:*
*define parameters
Fd=D;

T1=H;



Afra=W*H;

Twl= 90.55+273;
Tal= 31.75+273;

Tw2= 67.98+273;
Ta2= 51.20+273;

N=1000;

while ((k le N),

Tapirs [T pi 4-Tpi? 9

™ |/

dena= 5.722447e-8*Taa**3-4.532673e-5*Taa**2+7.847886e-3*Taa+

1.359029e+000;
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cpa= -6.772398e-008*Taa**3+6.597090e-005*Taa**2-2.125316e-002*Taa+

3.270914e+000;

visa= -2.398627e-012*Taa**3+2.326925e-009*Taa**2-7.038609e-

007*Taa+

8.498949e-005;

ka= -5.469994e-012*Taa**3+5.254478e-009*Taa**2-1.597851e-006*Taa+

1.802520e-004;
Pra=cpa*visalka;

denw=(0.3471*%0.274**(-(I-Tww/647.13)**0.28571))*1000 ;

cpw=(92.053-3.9953e-2*Tww-2.1103e-4*Tww**2+5.3469e-7*Tww**3)/18;

visw=10**(-10.2158+((1.7 925e3)/Tww)+1.773e-2*Tww-1.2631e-

5*Tww**2)*|le-3;

)

kw=(-.2758+4.612e-3*Tww-5.5391e-6*Tww**2)*le-3;

Prw=cpw*visw/kw;

Taa2=Tal+qqgqqg/(dena*ufra*Afra*cpa);
Tww2=Twl-qqq/(denw*Vw*cpw);

if ((abs(Taa2-Ta2)< le-3)and(abs(Tww2-Tw2)< le-3),

k=N+3;
else
Ta2=Taa?2;
Tw2=Tww2;
k=k+1;

)

denwl=(0.3471%0.274**(-(I-Twl/647.13)**0.28571))*1000;
denw2=(0.3471%0.274**(-(1-TW2/647.13)**0.28571))*1000;

viswlI=10**(-10.2158+((1.7 925e3)/Twl)+1.773e-2*Twl-1.2631e-5*Twl**2)*le-3;
Visw2=10**(-10.2158+((1.7925e3)/Tw2)+1.773e-2*Tw2-1.2631e-5*Tw2**2)*|e-3;

Twref=Tw2-10;
Taref=Tal-10;

Twl=((Twl-Twref)**0.211)*((Tw2-Twref)**0.789)+Twref;
Tal=((Tal-Taref)**0.211)*((Ta2-Taref)**0.789)+Taref;
Twll=((Twl-Twref)**0.789)*((Tw2-Twref)**0.211)+Twref;



Tall=((Tal-Taref)**0.789)*((Ta2-Taref)**0.211)+Taref; 18

denal= 5.722447e-8*Tal**3-4.532673e-5*Tal**2+7.847886¢e-
3*Tal+1.359029e+000;

cpal= -6.772398e-008*Tal**3+6.597090e-005*Tal**2-2.125316e-
002*Tal+3.270914e+000;

visal= -2.398627e-012*Tal**3+2.326925e-009*Tal**2-7.038609e-
007*Tal+8.498949e-005;
kal= -5.469994e-012*Tal**3+5.254478e-009*Tal**2-1.597851e-

006*Tal+1.802520e-004;
Pral=cpal*visall/kal;

denwl=(0.3471*0.274**(-(1-Twl/647.13)**0.28571))*1000;
cpwl=(92.053-3.9953e-2*Twl-2.1103e-4*TwI|**2+5"3469e-7*Twl**3)/18;
viswl=10**(-10.2158+((1.7925e3)/Twl)+1.773e-2*Twl-1.2631e-5*Twl**2}*le-3;
kwl=(-.2758+4.612e-3*Twl-5.5391e-6*Twl**2)*le-3;

Prwl=cpwl*viswl/kwl ;

denall= 5.722447e-8*Tall**3-4.532673e-5*Tall**2+7.84788 6e-
3*Tall+1.359029e+000;

cpall= -6.772398e-008*Tall**3+6.597090e-005*Tall**2-2.125316e-
002*Tall+3.270914e+000;

visall= -2.398627e-012*Tall**3+2.326925e-009*Tall**2-7.038609e-
007*Tall+8.498949e-005;

kall= -5.469994e-012*Tall**3+5.254478e-009*Tall**2-1.597851e-

006*Tall+1.802520e-004;

Prall=cpall*visall/kall ;

denwll=(0.3471%0.274**(-(1-Twll/647.13)**0.28571))*1000;
cpwll=(92.053-3.9953e-2*TwlIl-2.1103€e-4*Twll**2+5.3469e-7*Twll**3)/18 ;
vViswll=10**(-10.2158+((1.7925e3)/Twll)+1.773e-2*Twll-1.2631le-
5*Twll**2)*|le-3;

kwll=(-.2758+4.612e-3*Twll-5.5391e-6*TwlI**2)*|e-3;
Prwll=cpwll*viswlIl/kwlI;

Parameters
ma,Qa,mw,Qw,p, q, Pal;

Pal=101325;
ma=dena*ufra*Afra;
Qa=ma*cpa*(Ta2-Tal);
mw=denw*Vw;

Qw=m *cpw*(Twl-Tw2);

p=(Twl-Tw2)/ (Twl-Tal) ;
g=(Ta2-Tal)/ (Twl-Tal);

Integer variable Nt,xI,x2,x6,x7;

Positive variables
Td,FI,Nm,Fp,Apr,Tw,Asc,Tp,Aa,Affa,Aw,Affw,Awall,

ua, ,RelLpl,RelLpll,Lp,La,LIl,hal,hall,hall,haul,halll,haull,
ml,mil,m_II,m _ul,m_ 111, m _ull, 2, mlil,ml22,mI_II,ml_ 111, ml_ul,ml_ull,

tanhmll,tanhmlll,tanhml_IlI,tanhmlI_IIl,tanhml_ul,tanhml_ull,

effl,effll,eff_|Il,eff_ul,eff_Ill,eff_ull,

effol,effoll,effo_Il,effo_Ill,effo_ !,effo_ull,

Dha, fal,fall,fall,faul,falll,faull,

Pal, Pall, Pall, Pain, Paul, Pauli,
Dhw,DIw,ReDhwl,ReDhwll, ReDlwl, ReDIwll ,
fwl, fwll, fwll,fwlll,fwul,fwull,
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fwrl,fwrll,fwrll,fwrlll,fwrul, fwrull,

fwsl,fwsll,fwsll,fwslll,fwsul,fwsull,
hwil,hwll,hwlil,hwlIll,hwul,hwull,hwsl, hwsll,hwsll,hwslll,hwsul, hwsull,
hwrl,hwrll,hwrll,hwrlll,hwrul,hwrull, Pwl,Pwlill,Pwlil,Pwlll,Pwul,Pwull,

rMTD,pp,e,Kc,Ke,Ptubel,Ptubell, ReDpl,ReDp2,fpl,fp2,upl,up2,
Ppipe,statl,statu, utl, Ut2, utank, Dhtl, Dht2,Retl, Ret2, Kwtank,
Ptanki,Ptankll,UUAI,UUAII,UUA,Pa,Pw,Pal,Pau,Pwl,Pwu;

Free variable C;

? 22?7 ? e2: 2 267 ,¥29 ,«30,
e31,e32,e33,e34,e35,e36,e37,e38,e39,e40,e41,e42,e43,e44,e45,
e46,e47,e48,e49,e50,e51,e52,e53,e54,e55,e56,e57,e58,e59,e60,
e61,e62,e63,e64,e65,e66,e67,e68,e69,e70,e71,e72,e73,e74,e75,
e76,e77,e78,e79,e80,e81,e82,e83,e84,e85,e86,e87,88,e89,e90,
e91,e92,e93,e94,e95,e96,e97,e98,e99,el100,el01,el02,el03,

el04,el05,el06,el07,bl,b2,b3,b4,b5,b6,b7,b8,b9,bl0,bll,bl2,bI3,bl4,bl5,

16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,

!, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,
cl,c2,c3,c4,c5,c6,c7,c8,c9,cl0,cll,cl2,cl3,cl4,
cl5,cl6,cl7,cl8,cl19,c20,c21,¢c22,¢c23,¢c24,c25,c26,c27,c28,¢c29,c30,
c31,¢c32,¢c33,c34,c35,¢c36;

el.. Tp=e=FIl+Tw;
e2.. Nt=e=(W+FI)/Tp;

@41l Apr=e=(2*(2*Fp-2*Ft)*Fd+4*(Tw-2+Tt)*Fp)*Nm+2*TI*((Td-2*Tt) + (Tw-
2*Tt));
e5.. Asc=e=4*(FI-Ft)*Fd*Nm;
e6.. Tp=e=2*FI+Tw;
. Nt=e=(W+2*F1)/ ((Tw+2*F1));
e8.. Nm=e=2*H*(Nt-1)/(2*Fp);
e9.. Apr=e=((2*Fp-2*Ft)*Fd+2*(Tw-2*Tt)*Fp)*Nm +2*TI*((Td-2*Tt)+ (Tw-2+Tt))
eio.. Asc=e=4+(FI-Ft)*Fd*Nm;

D »n - » ,,,
el3.. Aw=e=2*Nt*TI*((Td-2*Tt) +(Tw-2*Tt));
eld.. Affw=e=(Tw-2*Tt)*(Td-2*Tt)*Nt;
el5.. Awall=e=2*Nt*TI*((Td-2*Tt;+(Tw-2*Tt));

el6.. =e=Vw/Affw;

ce11.. uUa=e=ufra*Afra/Affa;

el8. . RelLpl=e=denal*ua*Lp/visai ;
el9.. RelLpll=e=denall*ua*Lp/visall;

hal-e=I/(ReLpl**0.49)*( (La/90)**0.27)*((LI/Lp)**0.68)* ((Lp/Fp)**0.14)*
((Lp/F1)**0.29)*((Lp/Ft)**0.05)*((Lp/Td)**0.23)*((Lp/(FI+Tw))**
(0.28))*(denal*ua*cpal/(Pral**(2/3)));

1.. hall=e=0.85*hal;
2.. haul=e=Il.15*hal;



e2l. .
hall=e=1/(ReLpll**0.49)*((La/90)**0.27)*((LlI/Lp)+*0.68)*((Lp/Fp)+*0.14)*
((Lp/F1)**0.29)*((Lp/Ft)*+0.05)*((Lp/Td)**0.23)+((Lp/(FI+Tw))**

(0.28))*(denall*ua*cpall/(Prall**(2/3) ; 170
cl.. halll=e=0.85*hall;
c2.. haull=e=1.15*hall;
mT=p= (?*hsT/ *ox .
b3 ;e Tii:l=*2~17/U fi*n**8 .5,
4.. m~ul=e=(2*haul/(kf*Ft))**0.5;

e23.. mll=e=(2*hall/(kf*Ft))**0.5;

c3.. m_Ill=e=(2*halll/(kf*Ft))+*0.5;
c4.. m_ ll=e=(2*haull/(kf*Ft))**0.5;
e24.. l=e=((FI-Ft)+(Fp/2-Ft/2))/2;

e25.. mll=e=ml*l;

5.. ml_Ill=e=m _II*I;
6.. ml_ l=e=m_ul*l;
e26.. mlll=e=mll*I;
c5.. ml_Ill=e=m _III*I;
c6.. ml_ ll=e=m _ull+lI;

e27.. tanhmll=e=(exp(mil)-exp(-mil))/ (exp(mil)+exp(-mil));
7.. tanhml_ll=e=(exp(mIl_ID)-exp(-mIl_II))/ (exp(ml_I)+exp(-mI_I1));
8.. tanhml_ul=ze=(exp(ml_ul)-exp(-ml_ul))/ (exp(ml_ul)+exp(-ml_ul));

e28.. tanhmlll=ze=(exp(mill)-exp(-mill))/ (exp(mill)+exp(-mill));

7.. tanhmli_Illl=e=(exp(mI_IlIN-exp(-mI_II1))/ (exp(mI_Ill)+exp(-ml_I1I1))
c8.. tanhml_ ll=e=(exp(ml_ull)-exp(-ml_ull))/ (exp(ml_ull)+exp(-ml_ull))
e29.. effl=e=tanhmll/mll;

9.. eff_ll=e=tanhml_II/ml_II;

10.. eff_ul=e=tanhml_ul/ml_ul;

e30.. effll=e=tanhmlIll/mlll;
c9.. eff _lll=e=tanhmI_IlI/m]1_III;
cio.. eff_ ll=ze=tanhml_ull/ml_ull;

e3l.. effol=e=I-Asc/Aa*(1l-effl);
11.. effo_Ill=e=1-Asc/Aa*(l-eff_IIl);
12.. effo_ l=e=Il-Asc/Aa*(l-eff_ul);

e32.. effoll=e=Il-Asc/Aa*(l-effll);
ell.. effo_lll=e=I1-Asc/Aa*(l-eff_III);
cl2.. effo_ Ill=e=Il-Asc/Aa*(l-eff_ull);

©33.. Dha=e=4*(2*Fp-2*Ft)+ (FI-Ft)/ (4*(FI-Ft)+2*(2*Fp-2*Ft));

e34.

fal=e=(4.97*RelLpl**(0.6049-1.064/(La**0.2)))*((log((Ft/Fp)**0.5+0.9))**
(-0.527))*(((Dha/Lp)*log(0.3*ReLpl))**(-2.966))*((Fp/LI)**((-
0.7931L)*Tp/(Tp-Tw)))*((Tp/Tw)**(- 0.0446))+((log(l.2+(Lp/Fp)*+1.4))**(-
3.553) )+ (La**(-0.477) );

13.. fall=e=Il.15*fal;
14.. faul=e=0.85+fal;
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e35.. fall=e=(4.97*RelLpll**(0.6049-

1.064/(La**0.2)))*((log((Ft/Fp)**0.5+0.9))**(-
0.527))*(((Dha/Lp)*log(0.3*RelLpll))**(-2.966))*((Fp/LI)**((-0.7931)*

Tp/(Tp-Tw)))*((Tp/Tw)**(-0.0446))*((log(1.2+(Lp/Fp)**1.4))**(-
3.553))*(La**(-0.477));

cl3.. falll=e=1.15*fall;
cl4.. faull=e=0.85*fall;

eKKeelOQ?SleG* ;;ffa/5)+0[4*((Affa/Afra)**2)

Sl:: ,
cl6.. Paull=e=denall*(ua**2)/2*(faull*Aa/Affa+Kc+Ke);

e40.. Dhw=e=(2*(Tw-2*Tt)* (Td-2*Tt))/((TW-2+Tt) +(Td-2*Tt));
e41.. Dlw=e=(2/3+11*(Tw-2*Tt)*(2-(Tw-2*Tt)/ (Td-2*Tt))/(24*(Td-2*Tt)))*Dhw;

e42.. ReDhwl=e=denwl*uw*Dhw/viswl;
e43.. ReDhwll=e=denwll*uw*Dhw/viswll;

ed44.. ReDlwl=e=denwl*uw*DIlw/viswl;
e45.. ReDlwll=e=denwll*uw*DIlw/viswll;

*smooth

ed46.. fwl=e=(0.00128+0.1143*(ReDIwI**(-0.311)));
17.. fwll=e=0.85*fwl ;

18.. fwul=e=1.15*fwl ;
e47.. fwll=e=(0.00128+0.1143*(ReDIwlI**(-0.311)));
cl7.. fwlll=e=0.85*fwllI;

cl8.. fwull=e=I1.15*fw |I;
*rib
e4 8.. fwsl=e=0.00128+0.1143*(ReDIwlI**(-0.311));

19.. fwsll=e=0.85*fwsl;
20.. fwsul=e=1l.15*fwsl;

e49.. fwsll=e=0.00128+0.1143*(ReDIwlI**(-0.311));

cl9.. fwslll=e=0.85*fwsll ;

c20.. fwsull=e=l.15*fwsll;

e50.. fwrl=e=2/((0.95*(pp/e)**0.53)-2.5*log(2*e/Dhw)-2.5-2.5*log (2*(Td-

25Tt)/ ((Tw-2*Tt) +(Td-2%Tt))) )**2;

21.. fwrll=e=0.85*fwrl;
22.. fwrul=e=I1.15*fwrl;

e51.. fwrll=e=2/((0.95*(pp/e)**0.53)-2.5*log(2*e/Dhw)-2.5-2.5*log(2*(Td-
2*Tt)) ((Tw-2*Tt)+ (Td-2*Tt)))) **2;

c21l.. fwrlll=e=0.85*fwrll ;
c22.. fwrull=e=I1.15*fwrll;

e52.. fwl=e=((Tw-2*Tt)*fwsl+ (Td-2*Tt)*fwrl)/ ((Tw-2*Tt)+(Td-2*Tt));
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23.. fwll=e=((Tw-2*Tt)*fwsll+(Td-2*Tt)*fwrll)/ ((Tw-2*Tt)+ (Td-2*Tt));
b24.. fwul=ze=((Tw-2*Tt)*fwsul+(Td-2*Tt)*fwrul)/ ((Tw-2*Tt)+(Td-2*Tt));

e53.. fwll=e=((Tw-2*Tt)*fwsll+(Td-2*Tt)*fwrll)/ ((Tw-2*Tt)+(Td-2*Tt));
c23.. fwlll=e=((Tw-2*Tt)*fwslll+(Td-2*Tt)*fwrlll)/ ((Tw-2*Tt)+(Td-2*Tt));
c24.. fwullz=e=((Tw-2*Tt)*fwsull+(Td-2*Tt)*fwrull)/ ((Tw-2*Tt)+(Td-2*Tt));

e54.. hwl=e=(fwl/2)* (ReDIwl-1000)*Prwli*kwl/(DIlw*(1+12.7*((fwl/2)**0.5)*
(Prwl**(2/3)-1))};

b25.. hwll=e=0.85*(fwll/2)* (ReDlwl-
1000)*Prwli*kwl/(DIlw*(1+12.7*((fwlI/2)**0.5)*(Prwl**(2/3)-1)));

b26.. hwul=e=I1.15*(fwul/2)* (ReDIwl-
1000) *Prwl*kwl/ (DIw*(1+12.7*((fwul/2)**0.5)*(Prwl**(2/3)-1)));

e55.. hwll=e=(fwll/2)* (ReDIwll-
1000)*Prwll*kwll/(DIlw*@A+12.7*((fwll/2)**0.5)*(Prwll**(2/3)-1)));

c25.. hwlll=e=0.85*(fwlll/2)*(ReDIwl1-1000)*Prwll*kwll/(DIlw*(1+12.7*
((fwlll/2)y**0.5)*(Prwll**(2/3)-1))) ;

c26.. hwull=e=1.15*(fwull/2)*(ReDIwll-1000)*Prwll*kwlIl/(DIw*(1+12.7*
((fwull/2)**0.5)*(Prwll**(2/3)-1))) ;

e56.. hwsl=e=(fwsl/2)* (ReDIlwl-
1000)*Prwli*kwl/(DIlw*(1+12.7*((fwsl/2)**0.5)*(Prwl**(2/3)-1)));

2 .. hwsll=e=0.85*(fwsllI/2)* (ReDIwl-1000)*Prwl*kwIl/(DIlw*(1+12.7*
((fwsll/2)**0.5)*(Prwl**(2/3)-1) ));

b28.. hwsul=e=1.15*(fwsul/2)*(ReDIwl-1000)*Prwi*kwl/(DIlw*(1+12.7*
((fwsul/2)**0.5)*(Prwl**(2/3)-1)));

e57.. hwsll=e=(fwsll/2)*(ReDIlwll-
1000)*Prwll*kwll/(DIw*(1+12.7*((fwsl11/2)**0.5)*(Prwll**(2/3)-1)));

c27.. hwslll=z=e=0.85*(fwslllI/2)* (ReDIwll-1000)*Prwll*kwll/(DIw*(1+12.7*
((fwslll/2)**0.5)*(Prwll**(2/3)-1)));

c28.. hwsull=e=1.15*(fwsull/2)*(ReDIwl1-1000)*Prwll*kwll/(DIlw*(1+12.7*
((fwsull/2)**0.5)*(Prwll**(2/3)-1)));

e58.. hwrl=e=(fwrl/2)/(1+ ((fwrl/2)**0.5)*(4.5*(e/Dhw*ReDhwl*
((fwrl/2)**0.5))**0.28*(Prwl**0.57)-0.95*(pp/e)**0.53))*denwl* *cpwl;

b29 .. hwrll=e=0.85* (fwrll/2 )/ (1m( (fwrll/2 )**0.5)*(4.5* (e/Dhw*ReDhwl*
((fwrll/2)**0.5))**0.28*(Prwl**0.57)-0.95*(pp/e)**0.53))*denwl* *cpwl;

b30.. hwrul=e=1.25*(fwrul/2)/(1+((fwrul/2)**0.5)*(4. *(e/Dhw*ReDhwl*
((fwrul/2)**0.5))**0.28*(Prwl**0.57)-0.95*(pp/e)**0.53))*denwl*uw*cpwl;

e59..

hwrll=z=e=(fwrll/2)/ (1+((fwrll/2)**0.5)*(4.5*(e/Dhw*ReDhwlI*((fwrll/2)**0.
)**0.28*(Prwll**0.57)-0.95*(pp/e)**0.53))*denwll* *cpwll;

c29.. hwrlll=e=0.85*(fwrll1/2)/(1+((fwrll1/2)**0.5)*(4.5*(e/Dhw*ReDhwll*

((fwrlll/2)**0.5))**0.28*(Prwll**0.57)-0.95*(pp/e)**0.53))*
denwll* *cpwll;

c30.. hwrull=e=1.15*(fwrull/2)/ (I+((fwrull/2)**0.5)*(4.5*(e/Dhw*ReDhwlI*
((fwrull/2)**0.5))**0.28*(Prwll**0.57)-0.95*(pp/e)**0.53))*
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denwll*uw*cpwll ;

e60.. hwl=e=((Tw-2*Tt)*hwsl+(Td-2*Tt)*hwrl)/ ( (Tw-2*Tt)+(Td-2*Tt));
31.. hwll=e=((Tw-2*Tt)*hwsll+(Td-2*Tt)*hwrll)/ ((Tw-2*Tt)+(Td-2*Tt));
32.. hwul=e=((Tw-2*Tt)*hwsul+(Td-2*Tt)*hwrul)/ ((Tw-2*Tt)+(Td-2*Tt));

e6l.. hwll=e=((Tw-2*Tt)*hwsll+(Td-2*Tt)*hwrll)/ ((Tw-2*Tt)+(Td-2*Tt));
c31.. hwlll=z=e=((Tw-2*Tt)*hwslll+(Td-2*Tt)*hwrlll)/((Tw-2*Tt)+(Td-2*Tt));
32.. hwullz=e=((Tw-2*Tt)*hwsull+(Td-2*Tt)*hwrull)/ ((Tw-2*Tt)+(Td-2*Tt));

e62.. Ptubel=e=denwl*( **2)/2*(fwl*Aw/Affw+1.4);
33.. Pwll=e=denwl*( **2)/2*(fwll*Aw/Affw+1.4);
34.. Pwul=e=denwl*( **2)/ 2 *(fwul*Aw/Affw+1.4);

e63.. Ptubell=z=e=denwlI*( **2)/2*(fwll*Aw/Affw+1.4);
c33.. Pwlll=e=denwll*( **2)/2*(fwlll*Aw/Affw+1.4);
c34.. Pwull=e=denwll*( **2)/2*(fwull*Aw/Affw+1.4);

e64.. ReDpl=e=denwl*uw*Dpl/viswl;

e65.. ReDp2=e=denw2*uw*Dp2/visw2;

e66.. fpl=e=(0.00128+0.1143*(ReDpl**(-0.311)));

e67.. fp2=e=(0.00128+0.1143*(ReDp2**(-0.311)));

e68.. upl=e=Vw/(3.1416/4*(Dpl**2));

e69.. up2=e=Vw/(3.1416/4*(Dp2**2));

e70. .
Ppipe=e=denwl*(upl**2)/2*(4*fpl*Lpl/Dpl)+denw2*(up2**2)/2*(4*fp2*Lp2/Dp2)

eli1.. statl=e=denwl*(zl+z2+H)*9.8;
e72.. statll=e=denwll*(zl+z2+H)*9.8;

e73.. utl=e=Vw/( *DI);

e74.. ut2=e=Vw/( *D2);

e75.. utank=e=(utl+ut2)/2;

e76.. Dhtl=e=2*( *DI);

e77.. Dht2=e=2*( *D2);

e78.. Retl=e=denwl*utl*Dhtl/viswl;

e79.. Ret2=e=denw2*ut2*Dht2/visw2;

e80.. Kwtank=e=(3.83e25)*exp((-0.61*W+10.55*D-3.65*D1-
40.27*D2+3.01*z2)/Dht2)*Retl**(2.5-

2.73*Dhtl)* (Ret2**(7.52*Dht2))*((log (1+W/Dht2))**12.04)*
((log(1+H/Dht2)>** .63)*((log(1+D/Dht2))**(-3.12))*
((log(1+Dhtl/Dht2))**5.57)*((log(l+zI/Dht2))**0.36)*
((log(1+z22/Dht2))**(-0.94))*((log(0.5*Retl)>**(-14.85))*
((log(0.5*Ret2)>**(-15.33) );

e81.. Ptankl=e=(denwl*(utank**2))/2*Kwtank;
e82.. Ptankll=z=e=(denwll*(utank**2))/2*Kwtank;

e83.. Pwl=e=Ptankl-statl+(Ptubel+Ppipe);
e84.. Pwll=e=Ptankll-statll+(Ptubell+Ppipe);

e85. .
UUAIl-e=(0.1*(1/(12/(effol*hall*Aa)+1/(hwll*Aw)+Tt/(kwall*Awall)))+
0.8*(1/(1/(effol*hal*Aa)+1/(hwi*Aw)+Tt/(kwall*Awall)))+
0.12*(1/(1/(effol*haul*Aa)+1/(hwul*Aw)+Tt/(kwall*Awall))));

UUAIli=e=(0.1*(1/(1/(effoll*halll*Aa)+1/(hwllI*Aw)+Tt/(kwall*Awall)))+
0.8*(1/(1/(effol*hall*Aa)+1/(hwll*Aw)+Tt/(kwall*Awall)))+
0.1*(1/(1/(effol*haull*Aa)+1/(hwull*Aw)+Tt/(kwall*Awall))));
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e87.. UUA=e=I/(0.5*(1/UUAI+I/UUAII));

e88.. r=e=sum ((ii,jj), (power(-
1, ( (ii)y+v(jj))))*fuv (ii,jj)/ (fu(ii)y*ful(ii)*
fv () fvi(ao))*((p/r)** (ri))*(Calr)**v(ji)));

e89.. MTD=e=r*(Twl-Tal);
e90.. ggqg=e=UUA*MTD;

e91.. Pa=ze=Pal*(1-(1-2*(0.5*UUA*(Pal/UUAI+Pall/UUAII))/Pal)**0.5);
41.. Pal=e=Pal*(1-(1-2*(0.5*UUA*(Pall/UUAI+Palll/UUAII))/Pal)**0.5);
42.. Pau=e=Pal*(1-(1-2*(0.5*UUA*(Paul/UUAI+Paull/UUAII))/Pal)**0.5);

e92.. Pw=e=0.5*UUA*(PwI/UUAI+PwWII/UUAII);
43.. Pwl=e=0.5*UUA*(PWII/UUAI+PwIII/UUAII);
44.. Pwu=e=0.5*UUA*(Pwul/UUAI+Pwull/UUAII);

e93.. Pa=l=Paup;
37.. Pal=I=Paup;
38.. Pau=I=Paup;

e94.. Pw=I=Pwup;

39.. Pwl=I=Pwup;

40.. Pwu=Il=Pwup;
*without splitter plate

e95.. C=e=cf* ((2*Fp-2*Ft)+4*(FI-Ft))*Fd+ct*2*Nt*H*((Tw-2*Tt)+ (Tw-2*Tt));
*with splitter plate

e96.. C=e=cf* ((2*Fp-2*Ft)+4*(FI-Ft))*Fd+ct*2*Nt*H*((Tw-2*Tt)+ (Tw-
2%Tt))+CS*D*H*(Nt-1);

e97.. Fl-Ll=g=le-3;

e98.. e/Dhw*ReDhwl*(fwrl/2)**0.5=¢g=30;
35.. e/Dhw*ReDhwl*(fwrll/2)**0.5=9g=30;
36.. e/Dhw*ReDhwl*(fwrul/2)**0.5=9g=30;

e99.. e/Dhw*ReDhwlI*(fwrll/2)**0.5=9=30;
c35.. e/Dhw*ReDhwll*(fwrlll/2)**0.5=9g=30;
36.. e/Dhw*ReDhwll*(fwrull/2)**0.5=9g=30;

eioo.. e/Dhw=g=0.01;
elO| e/Dhyg=1=0.04 ;

el07.. x7=e=Tw*le4;
*initialization

Fp.1
FIl.1
Tw.1
Lp.l=1l
Ll1.1
La.l
Td.1



Nt.1=70;
PP.1=4.06e-3;
e.1=0.25e-3;

* d

Fp.1 =0.00050;
Fl.1 =0.005;
Tw.1l =0.001;
Td.lo=10e-3;

Lp.1 =0.001;
Ll1.1 =0.005;

La.1 =20;
Nt.1 =10;
e.lo=le-4;
pp.lo=le-3;

Affw.1 =0.0001;
E iiriu o,

RelLpll.1 =100;
Dha.1 =0.0005;

fal.l =0.01;
fall.1 =0.01;

fall.l1 =0.01;
fain. 1 =0.01;

faul.1 =0.01;
faull.1 =0.01;

hal.1 =0.05;
hall.l1 =0.05;

hall.1 =0.05;
haln .1 =0.05;

haul.1 =0.05;
haull.1 =0.05;

1.1 =0.001;
mil.1 =0.1;
mil .1 =0.1;
ml ul.1 =0.1;

tanhmll.1 =0.5
tanhml 11.1 =0.
tanhml ul.lo=0.

effl.1 =0.5
effn .1 =

eff 11.1 =0.5;
eff~-m .1 =

Fp.up=0.00200;
Fl.up=0.010;
Tp.lo=Fl.lo+Tw.1
Td.up=Fd;

Lp.up=0.005;
Ll.up=0.010;
La.up=30;

Nt.up=1000;
e.up=2.5e-4;
pp.up=10e-3;
Affa.1 =0.01;
ua.up=20;
ReLpl.up=1000;
ReLpll.up=1000;
Dha.up=0.01;

fal.up=0.5;
fall.up=0.5;

fall.up=0.5;
fain .up=0.5;

faul.up=0.5;
faull.up=0.5;

ml.1 =100;
mil.1 =100;

m11.1 =100;
m~in .1 =100;

mul.l =100;
mull.1 =100;

min .1 =0.1;
ml_111.1 =0.1;

ml ull.1l =0.1;
tanhml11.1 =0.5;
tanhml!| 111.1 =0.5;
tanhm!| ull.lo=0.5;
effl.up=1I;
effll.up=l;

eff Il.up=1I;

eff Ill.up=l,;



eff ul.lo=0.5;
eff ull.lo=0.5;

effol.lo=0.5;
effoil.lo=0.5;

effo Il.1o=0.5;
effo 111.1 =0.5;

effo ul.lo=0.5;
effo ull.lo=0.5;

.1 =0.05;

Dhw.lo=0.0005;
DIw.lo=0.0005 ;

ReDhwl.1 =4000;
ReDhwll.1 =4000;

ReDIlwl.1 =2500;
ReDlwliyio=2500;

fwl.1 =0.001;
fwsl.lo=0.001;
fwrl.lo=0.001;

fwll.1 =0.001;
fwsll.1 =0.001;
fwrll.lo=0.001;

fwul.lo=0.001;
fwsul.lo=0.001;
fwrul.lo=0.001;

fwll.1 =0.001;
fwsll.1 =0.001;
fwrll.1 =0.001;

fwll11.1 =0.001;
fwslll.1 =0.001;
fwrlll.1 =0.001;

fwull.1 =0.001;
fwsull.1 =0.001;
fwrull.1 =0.001;

hwl.1 =0.5;
hwsl.1 =0.5;
hwrl.1 =0.5;

eff ul.up=I;
eff ull.up=1;
effol.up=I;
effoll.up=lI;
effo 11.up=lI;
effo Ill.up=1I;

effo ul.up=I;
effo ull.up=1I;

.up=5;

Dhw.up=0.01;
Dlw.up=0.01;

ReDhwl.up=5e5;
ReDhwll.up=5e5;

ReDlwl.up=5e5 ;
ReDlwll.up=5e5;

hwl.up=30;
hwsl.up=30;
hwrl.up=30;

hwll.up=30;
hwsll.up=30;
hwrll.up=30;

hwul.up=30;
hwsul.up=30;
hwrul.up=30;

hwll.up=30;



hwsll.1 =0.5;
0.5

hwrll.lo=0.5;
hwlll.lo=0.5;
hwslll.1 =0.5;
hwrlll.lo=0.5;

hwsull.lo=0.5;
hwrull.lo=0.5;
Nm.lo=1000;
Apr.lo=0.1;

Awali?i0=0.1;
Aw.lo=0.1;
Aa.lo=Apr.lo+Asc.lo;

Pal.lo=100;
Pali.lo=100;

Pali.l1 =100;
Pwll.lo=1000;

Pain.lo=100;
Pwlll.lo=1000;

Ptubel.lo=100;
Ppipe.lo=1;
statl.lo=100;
Ptankl.lo=500;

ReDpl.lo=2000;
fpl.lo=0.0001;
upl.lo=0.01;
utl.lo=0.01;
utank.lo=0.01;

r.lo=0.5;
Kc.lo=0.01;
Ke.lo=0.01;

UUAI.lo=0.05;
UUAII.1 =0.05;
UUA.lo=0.05;

Model smoothl /el,e2,e3,e4,e5,ell,el2,el3,el4,el5,

111

hwsll.up=30;
hwrll.up=30;

hwlll.up=30;
hwslll.up=30;
hwrlll.up=30;

hwull.up=30;
hwsull.up=30;
hwrull.up=30;

Nm.up=50000 ;
Apr.up=5;

Asc.up=30;
Awall.up=5;

Aw.up=5;

Aa .up=Apr.up+Asc.up;

Pwl.lo=1000;
Pwll.1 =1000;

Paul.lo=100;
Pwul.1 =1000;

Pauli.1 =100;
Pwull.1 =1000;

Ptubell.l1 =100;

statu.l =100;
Ptankl1l.1 =500 ;

ReDp2.1 =2000;
fp2.1 =0.0001;
up2.1 =0.01;
Ut2.lo0=0.01;
Kwtank.1 =500 ;

e § 1 P

e74,e75,e76,e77,e78,e79,e80,e81,e82,e83,e84,e85,e86,¢87,#88,e89

N

25, 26, 33, 34, 37, 38, 39, 40, 41,

cl4,cl5,cl6,cl7,cl8,c25,c26,c33,¢c34/;

Model ribl

/lel,e2,e3,e4,e5,ell,el2,el3,el4,el5,

42, 43, 44,cio,cil,Cl2,CI3

el6,el7,el8,el9,e20,e21,e22,e23,e24,e25,e26,e27,e28,e29,e30
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c24J028c c30c31032c35J
Model smooghs eb6b _e7.e8_e9.ell0«ell.e .
el6,qa7 . @8 el9,e
[ ] ll
| | , | ]
26 3

25, 3 34, 37, 38, 39, 40, 41, 42, 43, 44,cio,cil,cl2,cl13,
cl4,cl5,cl6,cl7,cl8,c25,c26,c33,c34/;

Model rib2 /le6,e7,e8,e9,eio0,ell,el2,el3,eld4,el5,

c24,c27,¢c28,c29,¢c30,c31,¢c32,¢c35,c36/;

smoothl.scaleopt=l;
ribl.scaleopt=l;
smooth2.scaleopt=1I;
rib2.scaleopt=l;

Option MINLP=sbb;
Option decimals=7;

parameters reportl(*,*),report2(*,*),report3{*1*), reportd(*,*) ;

loop (i,
kf=kfin();
kwall=ktube(i);
Ft=tfin(i);
Tt=ttube(i);

cf=costfin(i)*denfin(i)*tfin(i);
ct=costtube(i)*dentube(i)*ttube(i);
cs=costfin(i)*denfin(i)*st;

solve smoothl using MINLP minimizing C;
reportl(i,"Fp")=Fp.1;
reportl(i,"F1")=F1.1;
reportl(i,"Lp")=Lp.1;
reportl(i,”L1")=L1.1;
reportl(i,"La")=La.l;
reportl(i,"Td")=T4d.lI;
reportl(i,"Tw")=Tw.lI;



solve ribl using MINLP minimizing C;
report2(i,"Fp")-Fp.1;
report2(i,"FI")=F1.1;
report2(i,"Lp")=Lp.1;
report2(i,"LI")=L1.1;
report2(i,"La")=La.l;
report2(i,"Td")=Td.1;
report2(i,"Tw")=Tw.1;
report2(i,"Nt")=Nt.I;
report2(i,"e")=e.1;

report2(i,"p")=pp.l;

N

report2(i,"Pw")=Pw.I;

solve smooth2 using MINLP minimizing C
report3(i,"Fp")=Fp.
report3(i,"FI")=F1.
report3(i,"Lp")=Lp.
report3(i,"LI")=L1.
report3(i,"La")=La.
report3(i ,"Td")=Td.
report3(i,"Tw")=Tw.
report3(i,"Nt")=Nt.

Ll R L e

solve rib2 wusing MINLP minimizing C;
reportd (i,"Fp")-Fp.1;
reportd(i,"FI1")=F1.1;
reportd(i,"Lp")=Lp.1;
reportd (i,"L1")=L1.1;
reportd(i,"La")=La.l;
reportd4 (i ,"Td")=Td.1;
reportd(i,"Tw")=Tw.1;
reportd (i,"Nt")=Nt.1;
reportd(i,"e")=e.1;
reportd(i,"p")=pp.1;

reportd(i,"Pw")=Pw.1;

)

file nl /nl.dat/;
nl.pc=4;

nl.nd=10;

put nl;
loop(i,put@ 3,i.tl,
@9, reportl (i, "Fp"),



SIS D,

file 2/n2dat/;
2.pc=4;

2.nd=10

put =

loop(i,put@ 3,i.tl,
09,report2(i,"Fp"),
@31,report2(l,"FI1") ,
@33,report2(i,"Lp"),
@35, report2(i,"LI"),
@37,report2(i,"La") ,
@39,report2(i,"Td"),
@41l,report2(i,"Tw"),
@43, report2 (i,"Nt"),
045,reDort2(i . MOM
@F)report2(i)"p">)

@53, report2(i,"Pw")/)

file 3 /n3.dat/;
3.pc=4;

3.nd=10;
put 3;
loop(i,put@3,i .tl,
@9,report3{i,"Fp"),
@53, report3 (i, "FI"),
@55,report3(i,"Lp"),
@57,report3(i,"LI"),
@59, report3(i,"La"),
@65, report3(i,"Nt"),
@67,report3(i,"c"),
@69,report3(i,"Pa"),
@71,report3(i,"Pw")/)

file 4 In4.dat/;
4.pc=4,;

4.nd=10;

put 4,

loop(i ,put@3,i .tl,
@9,reportd(i,"Fp"),
@71,reportd (1, "FIl ),
@73, reportd(i,"Lp"),
@75, reportd (i,"LI"),
@77,reportd(i,"La"),
@79,reportd (i,"Td"),
@8l, reportd(i,"Tw"),
@83,reportd (i,"Nt"),
@85,report4d(i,"e"),
@87,reportd (i,"p"),
@89,reportd (i,"C"),
@91l,reportd(i,"Pa"),
@93,reportd(i,"Pw")/)
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