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heco := Nuc*k_air(Tc)/od;

w = 0.5%od*(((od+2*fh)/od)-1)*(1+0.35*In((od+2*th)/od));
effe := (tanh(sqrt(2*heo/(ft*k))*w)/(sqrt(2*heo/(ft*k))*w));
effc := (tanh(sqrt(2*hco/(ft*k))*w)/(sqrt(2 *hco/(fi*k))*w));

End;
If fintype = 3 then
Begin
Afe = ((nc+0.5)*St*Sl-nc*3.14159*0d*0d*0.25)*2*

(Le*fn/0.0254);
Abe = ((nc*Le*3.14159)/(fstii))*od*fs;
= ((nc+0.5)*St*S]-nc*3.14159*0d*0d*0.25)*2*
(Lc*10/0.0254);

Abc = ((nc*Lc*3.14159)/(fs+t))*od*fs;
mfae = 2*nc*Le*(Sd-od-(2*ft*th)/(fs+t));
mfac := 2*nc*Lc*(Sd-od-(2* ft* fh)/(fs+f);

Vmaxe = mh/(den _air(Th)*mfae);

Vmaxc ;= mc/(den_air(Tc)*mfac);

Ree := Vmaxe*od*den_air(Th)/vis_air(Th);

Rec = Vmaxc*od*den_air(Tc)/vis_air(Tc);

Pre = Cp_air(Th)*vis_air(Thyk_air(Th);

Prc := Cp_air(Tc)*vis_air(Tc)k air(Tc);

heo = 0.14*exp(-0.328*In(Ree))*exp(-0.502*In(St/S1))
*exp(0.031*In(fs/od))*den_air(Th)*Vmaxe*Cp_air(Th)
*exp((-2/3)*In(Pre));

heo = 0.14*exp(-0.328*In(Rec))*exp(-0.502*In(St/S1))
*exp(0.031*In(fs/od))*den _air(Tey* Vmaxc*Cp_air(Tc)
*exp((-2/3)*In(Prc));

fp = 1.27%(St2)/(0. S*od))*sqrt((sqrt((SU’2)"‘(St/2)+Sl"‘Sl)fZ)
A(St/2)-0.3);

w = (fp-1)*(1+0.35*In(fp));
effe := (tanh(sqrt(2*heo/(ft*k)y*w*(od/2))/(sqrt(2*heo/(ft*k))*w

*(0d/2)));
effc = (tanh(sqri(2*hco/(fi*k))y*w*(0d/2))/(sqrt(2*hco/(fi*k))*w
*(0d/2)));
End,;
End,;
Aeo = effe*Afet+Abe; .
Aco = effe*Afc+Abc;
Aet = 3.14159*id*Le*nc;

Aci = 3.14159*%id*Lc*nc;

T = (Th+Tc)/2;

If T <= 55 then

Begin

Re = {(Q/Aei)/(VwI(TY*Lw(T))*(sqrt(Sw(T)/(9.81*(dwl(T)-dwg(T)))));
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Pr = Cpw(Ty*Vwi(T)kw(T);

hei = exp(In(41.27)+0.37*In(Re)+0.4*In(Pr))*kw(T)/
(sqrt(Sw(T)/(9.81*(dwl(T)-dwg(T))));

hei = exp(1.324*In(0.94* (exp(0.245* In(dwl(T)*(dwl(T)-dwg(T})*9.81
*kw(T)y*kw(TY kw(TY*Lw(TY/(VWIT)*Le*(Q/Aci))N);

End;

If T > 55 then

Begin

x = (VVwWIT*Lw(T)))*sqrt(Sw(T)/(9.81*(dwl(T)-dwg(T))));

y = Lw(T)y*Vwl(TYkw(T);

hei = exp(0.9332*(In(18.688)-In(x)-1.0716*In(y)+0.0716*In(Q/Aci)));
hei = exp(1.30378%(In(0.943)+0.233*In(sqr(dwi{T))*9.8 1 *Lw(T)*
. kw(D)*kw(T)*kow( TY* Aci/(VWI(T)*Le* Q))));

nd;

UAQ01 = 1/(1/(heo*Aeo)+1/(hco* Aco)+1/(hei*Aei)+1/(hei* Aci)
+In{od/id)/(2*3.14159*k*Le*nc)+in(od/id)/(2*3.14159*k*Le*ne));

End;

Function UA002(Th,Tc,mh,mc,(Q,nc:real):real;{calculate UA of ethanol}

Const k = 14.9; ({thermal conductivity of metal}

Var  Aeo,Aei,Aco,Act,Afe,Afc, Abe,Abc,heo,hel,
hco,hei,mfac,mfae, Vmaxe, Vmaxc,Ree,
Rec,Pre,Pre,Nue,Nuc,w,effe effc,Z¢c,Zef, Zep,phe2,phe3,T,Z, Re,a : real;
del_Tsat,x,y,heif heip,Pr,fp : real;

Ve, Ve, Vmaxel, Vmaxe2, Vmaxcl,Vmaxc?2 : real;

Begin
If arrangement = 1 then
Begin
If fintype = 1 then
Begin

Abe := nc*Le*3.14159%0d;
Abc = nc*Lc¢*3.14159*04;
Afe =0,
Afe = 0
Ve = mh/(den_air(Th)*cross_section_area);
Ve = mec/(den_air(Tc)*cross section area);

Vmaxe = St*Ve/(St-od);
= St*Vc/(St-od);
= den_air{(Th)*Vmaxe*od/vis_air(Th);
:= den_air(Tc)*Vmaxc*od/vis_air(Tc);
Pre := Cp_air(Th)*vis_air(Th)/k_air(Th);

Prc Cp_air(Tc)*vis_air(TceYk_air(Tc);

Nue C_aligned(Ree)*exp(m_aligned(Ree)*In(Ree))
*exp(0.36*In(Pre));

Nuc := C aligned(Rec)*exp(m_aligned(Rec)y*In(Rec))
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*exp(0.36*In(Prc));
heo := Nue*k_air{Th)/od;

heo := Nuc*k_air(Tc)/od;
effe := 0;
effc := 0
End;
If fintype = 2 then
Begin
Afe = ((nc*Le*3.14159)/(fs+t))*(0.5*(sqr(od+2*fh)-sqr{od))

+(od+2* fh)*ft);

Abe :=((nc*Le*3.14159)/(fs+ft))*od*fs;

Afc = ((nc*Lc*3.14159)/(fs+Hi))* (0.5* (sqr(od+2*fh)-sqr(od))
+Hod+2*fh)*ft);

Abc = ({nc*Lc*3.14159)/(fs+f1))*od*fs;
mfae = nc*Le*(St-od-(2*ft*th)/(fs+ft));
mfac = nc*Lc*(St-od-(2*ft*th)/(fs+ft));

Vmaxe := mh/(den_air(Th)*mfae);

Vmaxc = mc/(den_air(Tc)*mfac);

Ree = Vmaxe*od*den_air(Th)/vis_air(Th);

Rec = Vmaxc*od*den_air{Tc)/vis_air(Tc);

Pre Cp_air(Th)*vis_air(Thyk_air(Th);

Prc Cp_air(Te)*vis_air(Tc)k _air(Tc);

Nue = 0.30%exp(0.625*In(Ree))*exp(-0.375*
In{(nc*Le*3.14159%0d)/(Afe+Abe)))
*exp(0.333*In(Pre));

Nuc = 0.30%exp(0.625*In(Rec))*exp(-0.375*
In{(nc*Le*3.14159*0d)/(Afc+Abe)))
*exp(0.333*In{Prc));

heo = Nue*k_air(Th)/od;

hco := Nuc*k_air(Tc)/od;

0.5*od*(((od+2*th)/od)-1)*(140.35*In((od+2*th)/od));

W=
effe = (tanh(sqri(2*heo/(ft*k))*w)/(sqrt(2*heo/(ft*k))*w));
effc := (tanh(sqrt(2*hco/(ft*k))*w)/(sqrt{2*hco/(ft*k))* w));
End;
End;
If arrangement = 2 then
Begin .
If fintype = 1 then
Begin

Abe = nc*Le*3.14159*0d;

Abc = nc*Lc*3.14159*0d;

Afe = 0;

Afc =0

Ve = mh/(den_air(Th)*cross_section_area);
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Ve = mc/(den_air(Tc)*cross_section_area);

Vmaxel:= St*Ve/(St-od);

Vmaxcl:= St*Vc/(St-od);

Vmaxe2:= St*Ve/(2¥(8d-od));

Vmaxc2:= St*¥*Ve/(2%(Sd-od));

If Vmaxel > Vmaxe2 then Vmaxe := Vmaxel

else Vmaxe ;= Vmaxe2;

If Vmaxcl > Vmaxc? then Vmaxc := Vmaxcl

else Vmaxc = Vmaxc2;

Ree := den_air(Th)*Vmaxe*od/vis_air(Th);

Rec := den_air(Tc)*Vmaxc*od/vis_air(Tc);

Pre := Cp_air(Th)*vis_air(Thyk_air(Th);

Prc = Cp_air(Tc)*vis_air(Tc)k_air(Tc);

Nue = C_staggered(Ree,St,SI)*exp(m_staggered(Ree)*In(Ree))
*exp{(0.36*In(Pre));

Nuc = C_staggered(Rec,St,S)*exp(m_staggered(Rec)*In(Rec))
*exp(0.36*In(Prc));

heo := Nue*k air(Th)/od;

hco = Nuc*k_air(Tc)/od;

effe := 0;
effc = 0;

End;

If fintype = 2 then

Begin

Afe = ((nc*Le*3.14159)/(fs+t)*(0.5*(sqr{od+2*th)-sqr(od))
+{od+2*fh)*ft);

Abe ((nc*Le*3.14159)/(fs+1))*od*fs;

[

Afc = ((ac*Lc*3.14159)/(fs+t))*(0.5*(sqr(od+2*th)-sqr(od))
+(od+2*th)*ft);

Abe = ((nc*Lc*3.14159)/(fs+f1))*od*fs;

mfae = 2*nc*Le*(Sd-od-(2*ft*th)/(fs+it));

mfac = 2*nc*Le*(Sd-od-2*ft*th)/(fs+1ft));

Vmaxe := mh/(den_air(Th)*mfae);
Vmaxc = mc/(den_air(Tcy*mfac);
Ree := Vmaxe*od*den air(Th)/vis air(Th),

Rec := Vmaxc*od*den_air(Tc)/vis_air(Tc); ”
Pre = Cp_air(Th)*vis_air(Thyk_air(Th);
Prc¢ := Cp_air(Tc)*vis_air(Tc)/k_air(Tc);

Nue := 0.242*exp(0.658*In(Ree))*exp(0.297*In(fs/th))
*exp(-0.091*In(St/SH)Y*exp(0.33333*In(Pre));

Nuc = 0.242*exp(0.658*In(Rec))*exp(0.297* In(fs/th))
*exp(-0.091*In(St/S1)) *exp(0.33333*In(Prc));

heo := Nue*k_air(Th)/od;

heo = Nuc*k_air(Tc)od;
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w = 0.5%od*{((od+2*fh)/od)-1)*(1+0.35*In((od+2*th)/0d));
effe = (tanh(sqrt(2*heo/(ft*k))* w)/(sqrt(2*heo/(ft*k))*w));
effc = (tanh(sqrt(2*hco/(ft*k))* w)/(sqrt(2*hco/(ft*k))*w));

End;
If fintype = 3 then
Begin
Afe = ((nc+0.5)*St*Sl-nc*3.14159*0d*0d*0.25y*2*

(Le*fn/0.0254),

Abe = ((nc*Le*3.14159)/(fs+ft))*od*fs;

Afc = ((nc+0.5)*S8t*Sl-nc*3.14159*0d*0d*0.25)*2*
{Lc*10/0.0254);

Abc = ((nc*Lc*3.14159)/(fsH))*od*fs;

mfae = 2*nc*Le*(Sd-od-(2*ft*fh)/(fs+{t));

mfac := 2¥nc*Le*(Sd-od-(2*fi*fh)/(fs+£t));

Vmaxe := mb/(den_air(Th)*mfae);

Vmaxc = mec/{(den_air(Tc)*mfac);

Ree = Vmaxe*od*den_air(Th)/vis_air(Th);

Rec = Vmaxc*od*den_air(Tc)/vis_air(Tc);

Pre := Cp_air(Th)*vis_air(Th)/k_air(Th),

Prc := Cp_air(Tc)*vis_air(Tc)k_air(Tc);

heo 0.14*exp(-0.328*in(Ree)) *exp(-0.502*In(St/S1}))
*e¢xp(0.03 1*In(fs/od))*den_air(Th)* Vmaxe*Cp_air(Th)
*exp((-2/3)*In(Pre));

hco = 0.14*exp(-0.328*In(Rec))*exp(-0.502*In{St/SI))
*exp(0.031 *In(fs/od))*den_air(Tc)*Vmaxce*Cp_air(Tc)
*exp((-2/3)*In(Prc));

fp = 1.27*(St/2)/(0.5*od))*sqrt{(sqrt((St/2)*(St/2)+S1*S1)/2)
/(St/2)-0.3);

w = (fp-1)*(1+0.35*In(fp));

effe ;= (tanh(sqrt(2*heo/(ft*k)y*w*(0d/2))/(sqrt(2*heo/(ft*k))*w
*(0d/2)));

effc := (tanh(sqrt(2*hco/(ft*k)y*w*(0d/2))/(sqrt(2*hco/(ft*k))*w
*(od/2)));

End;
End;
Aeo = effe*Afet+Abe;
Aco = effe*Afct+Abe,

Aei = 3.14159*id*Le*nc; i
Aci = 3.14159*id*Lc*ne;
T = (Th+Tc)2;

x = (1/(Vel(TY*Lae(T)))*sqrt(Se(T)/(9.81*(del{T)-deg(T))));

y = Lae(T)*Vel(T)/ke(T),

hei exp(1.01*(In(17.625)-In(x)-0.99*In(y)-0.01 *In(Q/Aei)));
hei exp(1.35135*(In(0.93)+0.26*In(sqr(del{T))*9.8 1 *Lae(T)*
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ke(T)*ke(T)*ke(Ty* Ac/(Vel(T)*Le*Q)));
UA002 := 1/(1/(heo* Aeo)+1/(hco*Aco)+1/(hei* Aei)+1/(hei* Aci)
+In{od/id)/(2*3.14159*k*Le*nc)+In(od/id)/(2*3.14159*k*Lc*nc));

End; .
Function =~ UAmix(Th,Tc,mh,mc,Q,n,wc:real):real;
Begin o
UAmix := UAQ01(Th,Tc,mh,mc,Q,n)*wc+UA002(Th, Tc,mh,mc,Q,n)*(1-wc);
End;
Begin  {main program} |
writeln(' PROGRAM HEAT PIPE 001 ;
writeln;

Writeln(' This program is used for calculating performance of the thermosyphon');
writeln(’ heat exchanger operating at low temperature with 2-kinds of working");
writeln(’ fluids (water-ethanol)");

writeln;

writeln(' Developed by Atipoang Nuntaphan, Ph.D. student *);

writeln(’ Thermal Technology Division, School of Energy and Materials,",
writeln(' King Mongkut"s'," University of Technology Thonbun'),
mteel{ll; 1 *!k*******!It*****!k*!l=***!I=******t*****t************t');
writeln;

writeln(’ Please enter informations below ');

writeln(’ 1. Heat exchanger informations");

write(' 1.1 Input number of rows ;
readIn(por);

write(' 1.2 Input number of column "
readln{nc);

write(" 1.3 Input outside diameter of tube (m) "
readln{od);

write(’ 1.4 Input inside diameter of tube (m) BH
readin(id);

write(" 1.5 Input evaporator length (m) ";
readin(Le);

write(' 1.6 Input condenser length (m) "
readln(Lc);

writeln(' 1.7 Input type of fin R
write(’ 1. bare tube 2. circular finned 3. plain plate finned 79;
readin(fintype});

write(' 1.8 Input fin thickness (m) (input 0 for bare tube) R
readin(fi),

write(" 1.9 Input fin gap (m) (input 0 for bare tube) "
readin(fs);

write(" 1.10 Input fin height (m) (input 0 for bare tube) Y

readln(fh);
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write(" 1.11 Input number of fins (fin/inch) (input O for bare tube) 7;

readln{fn);

writeln{" 1.12 Input pipe arrangement
write(' 1. aligned 2. staggered
readln{arrangement);

write(' 1.13 Input transverse pitch (St) (m)
readin{St);

write(' 1.14 Input longitudinal pitch (S1) (m)
readln(S});

write(" 1.15 Input directional pitch (Sd) (m) (input 0 for aligned)

readin(Sd);
write(" 1.16 Input cross section area of duct (m”2)
readIn(cross_section_area};
writeln;
writeln(' 2. Working conditions "),
write(" 2.1 Input inlet temperature of hot gas (C)
readin(Thi);
write(" 2.2 Input inlet temperature of cold gas (C)
readin(Tci),
write(" 2.3 Input mass flow rate of hot gas (kg/s)
readin(mh);
write(" 2.4 Input mass flow rate of cold gas (kg/s)
readin(mc);
writeln(" 2.5 Input flow pattern
write(’ 1. parallel flow 2. counter flow
read(flowpattern);
writeln;
If flowpattern = 1 then
Begin
Th[1] = Thi
Tc[1] := Tci;
Fori:=1tonrdo
Begin
write(’ row = ",i};
Q] = 1200;

%
PR

;
PH

Q[i] := UAO001(Th[i],Tc[i],mh,mc,Q[i)/nc,nc)*(Th[i]- Tc[l])

Th[i+1] := Th[i]-Q[i}/(mh*Cp_air(Th[i]});
Te[i+1] == Q[i]/(me*Cp_air(Te[i}))+Tc[i];
Forj :=1to 200 do

Begin

Imtd = ((Th[i}-Te[i])-(Th[i+1]-Te[i+1DVIn((Th[i]-Te[i])

/(Th[i+1]-Te[i+1]));

Q] := UAOOI((TR[i]+*Th{i+1])/2,(Te[i]+ Te[i+1])/2,mh,me,

Q[i)/nc,nc)*Imtd;
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Th{i+1] = Th[i]-Q[i]/(mh*Cp_air((Th[i]+Th[i+1])/2));
Tcli+1] = Te[i]l+Q[i)/(me*Cp_air((Tc[i]+Tc[i+1])/2));
End;
Qw = Q[i]; Thow := Th[i+1]; Tcow = Te[i+1];
Forj:=11t0200do
Begin
Imtd = ((Th[i]-T¢[i})-(Th[i+1]-Te[i+1)}¥In{(Th[i]-Tcli])
HTh[i+1]-Te[i+1]));
Q[i] := UAOO2((Th[i]+Thfi+1])/2,(Te[i]+Tc[i+1]}/2,mh,mc,
Qli)/nc,nc)*Imitd,;
Thli+1] = Th[i]-Q[i}/(mh*Cp_air((Th[i]+Th[i+1])/2));
Te[i+1] = Tc[i]+Q[i]/(mec*Cp_air((Tcli]+Tc[i+1])/2));
End;
Qe := Q[i]; Thoe := Th[i+1]; Tcoe = Tc[i+1];
If Qw > Qe then
Begin
Th[i+1] = Thow;
Te[i+1] := Tcow;
Qi] =Qw;
writeln(" Th,out= "Th[i+1]:1:2,' Tec,out= "Te[i+1]:1:2,
' Q = ",Q[i]:1:2, water');
End;

If Qe > Qw then
Begin
Th[i+1] := Thoe;
Tefi+1] = Teoe;
Q[i] =0Qe;
writeln(" Th,out = ", Th[i+1]:1:2, Te,out= "Te[i+1]:1:2,
"'Q = Qli]:1:2, ethanol’);
End;
End;
Qtotal :=0;
fori:=1tonrdo
Begin
Qtotal := Qtotal+Q[i];
End;
writeln(' Qtotal =",Qtotal:1:2), -
End;
If flowpattern = 2 then
Begin
fori:=1tonrdo
Begin
Q[i] = 1200;
weli] = 1;
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End;
fori:=1to nr+i do
Begin
Th[i] = Thi-2*(i-1);
Tefi] := Tei+r2*(nr+1-i);
End;
for j := 1 to nr do {start row j}
Begin
wefj] .= 1;
fora:=1t0200do
Begin
fori = 1tonrdo
Begin
Q[i] := UAmix((Th[i|+Th[i+1])/2,(Tc[i]+
Tefi+1])/2,mh,me,Q]i}/nc.ne,weli])*
abs((Th[i]+Th[i+1]-Te[i]-Tc[i+1])/2);
Tcli] = Q[il/(me*Cp_air((Tc[i]+Te[i+1])/2))+Tcli+1];
Th[i+1] := Th{i]-Q[i}/(mh*Cp_air((Th(i}+Th{i+1])/2));
End;
End;
fora:=11to0200do
Begin
fori:=1tonrdo
Begin
Qli] = UAmix((Th[i]+Th[i+1])/2,(Te[i]+
Te[i+1])/2,mh,me,Q[i}/nc,nc,weli])*
((Th(i]-Te[i])-(Th[i+1]-Te[i+1 ))/In((¥hii]-Te[i])/
(Th{i+1)-Te[i+1]));
Teli] = Q[i)/(mc*Cp_air((Te[i]+Te[i+1])/2))+Tc[i+1];
Thli+1] := Th{i]-Q[i)/(mh*Cp_air((Th[i]+Th[i+1])/2));
End;
End;
Qw :=Q[l;
we[j] :=0;
fora:=11t0200do
Begin
fori:==1tonrdo
Begin
Q] := UAmix((Th[i]+Th[i+1])/2,(Tcli]+
Te[i+1])/2,mh,me,Q[i])/nc,ne, weli])*
abs((Th[i}+Th{i+1]}-Te[i]-Te[i+1])/2);
Te[i] = Q[i}J/{me*Cp_air((Te[i]+Te[i+1])2))+Te[i+1];
Th[i+1] = Th[i]-Q[i]/(mh*Cp_air((Th[i]+Th[i+1])/2)};
End;
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End;
fora:=1to 200 do
Begin
fori:=1tonrdo
Begin
Qli] = UAmix{((Th[i]+Th[i+1])/2,(Tc[i]+
Te[i+1])/2,mh,mc,Q[i)/nc,nc,we[1])*
((Th[i]-TeliD-(Th[i+1]-Te[i+1 D) n((Th[i}-Tefi])y/
(Thfi+1]-Te[i+1]);
Te[i] = Q[i)/(mc*Cp_air((Te[i]+Te[i+1]¥2))y+Te[i+1];
Th{i+1] = Th[i]-Q[i}/(mh*Cp_air((Th[i}+Th{i+1])/2)),
Endg;
End;
Qe = Q[jJ;
If Qw > Qe then wefj] =1 else welj] := 0;
fora:=11to 200 do

Begin
fori:=1tonrdo
Begin

Q[i] := UAmix((Th[i]+Th[i+1])/2,(Tc[i]+
Te[i+1])/2,mh,me,Q[i]/nc,nc, weli])*
abs((Th[i]+Thli+1]-Tc[i]-Tefi+11)/2);

Teli] = Q[i)(me*Cp_air((Te[i]+Te[i+1])/2)+Tefi+1];

Th[i+1] := Th{i]-Q[i)/(mh*Cp_air({Th[i]+Th[i+1])/2));

End;
End;
fora:=11to 200 do
Begin
fori:=1tonrdo
Begin

Q[i] = UAmix((Th[i]+Th[i+1])/2,(Tc(i]+
Te[i+1])/2,mh,me,Qfi)/nc,ne,weli]y*
((Th{i]-Te[1)-(Th[i+1]-Te[i+1 D) In((Th[i]-Tc[i])/
(Thli+1])-Te[i+1]));

Teli] = Q[i]{mc*Cp_air((Te[i]+Tefi-+11)/2)+Tefi+1];

Thfi+1] := Th[i]-Q[i}/(mh*Cp_air((Th[i]+Th[i+1])/2));

End; v
End;

End; {end row j}
forj:=1tonrdo
Begin

writeln(' row 'j,’ Q =",Q[j]:1.:2);
If we[j} =1 then
Begin
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writeln(’ working fluid = water");
End;
If we)] = 0 then
Begin
writeln(’ working fluid = ethanol’);
End;
writeln(’ Thi =, Th[j].1:2, Tho =",Th[j+1]:1:2,' Tei =" Tc[3+1]:1:2,
"Teo =", Tc[j]:1:2);
End;
Qtotal :=0;
forj:=1tonrdo
Begin
Quotal := Qtotal+Q[j];
End;
writeln(' Qtotal = ',Qtotal:1:2);
End;
End.
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A2 Simulation Program for Selecting the Suitable Mixture Content of TEG-Water for
High Operating Temperature Thermosyphon Heat Exchanger

1. Method for Using Program

This program is used to calculate the suitable mixture content of TEG-water in
each row of the thermosyphon heat exchanger for reducing the flooding phenomenon of
the working fluid inside the thermosyphon. The method for input primary data is similar
to that of previous program. The outputs of this program are the suitable mixture
content, the heat transfer rate and the inlet and the outlet temperature of the hot and the

cold streams in each row.

2. Detai] of the Program

Program Heat Pipe 002; {heat transfer rate at high operating temperature}
Uses Winert;
Var  Thi,Tci,Qtotal factor,Bo,Xvteg, T : real;
mh,me,Le,Le,fs,th,ft St,8d,S10d, fn,id,Qc : real;
Q :array[l1..100] of real;
Th : array[1..100] of real;
Tc :array[1..100] of real;
Qcc : array[1..100] of real;
Xvtege : array[1..100] of real;
Imtd, Thow,Tcow, Thoe, Tcoe : real;
fintype,arrangement,flowpattern,cross_section_area: real;
a,nr,nc,i,j,k : integer;
we ; array[1..100] of real,;
mixture : string[10];
Function den_air(T:real):real; {calculate density of air}
Begin
den_air ;= 0.000005*sqr(T+273.15)-0.0063*(T+273.15)+2.6043;
End;
Function vis_air(T:real):real; {calculate viscosity of air}
Begin
vis_air ;= (-0.0003*sqr(T+273.15)+0.6361*(T+273.15)+17.349)/10000000;
End;
Function Cp_air(T:real):real; {calculate Cp of air}
Begin
Cp_air := (0.0000004*sqr(T+273.15)-0.0002*({T+273.15)+1.0324)*1000;
End;
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Function k air(T:real):real; {calculate thermal conductivity of air}
Begin
k_air ;= (-0.00003*sqr(T+273.15)+0.0955*(T+273.15)+0.24)/1000;
End;
Function Pw(T:real):real; {vapor pressure of water}
Var Pc,Tc,bl,b2,b3,b4,Tr: real;

Begin
Pc:=22.093*1000000; Tc :=647.25;
bl :=-7.78747, b2 ;= 1.50255;
b3 =-2.81152; b4 = -1.22268;

Tr = (T+273.15)/Tc;
Pw = exp(In(Pc)+H(1/Tr)* (b1 *(1-Tr}+b2*exp((3/2)*In(1-Tr))
+b3*exp(3*In(1-Tr)}+bd*exp(6*In(1-Tr))));
End;
Function Dwi(T:real):real; {density of liquid water}
Var dc,Te,bl,b2,b3,b4,Tr : real;
Begin
dc =315.5; Te :=647.25;
bl :=2.24670; b2 :=-2.09405;
b3 :=2.73700; b4 :=-1.74750;
Tr = (T+273.15)/T¢;
Dwl = dc*exp(bl *exp((1/3)*In(1-Tr))+b2*exp((2/3)*In(1-Tt))
+b3*(1-Tr)+b4*exp((4/3)*In(1-Tr)));
End;
Function Dwg(T:real):real; {density of vapor water}
Var dec,Te,bl,b2,b3,b4,Tr : real;
Begin
de :=315.5; Tc := 647.253;
bl :=-1.38200; b2 :=-6.06253;
b3 :=5.91090; b4 :=-6.68477,
Tr = (T+273.15)/Tc;
Dwg = de*exp(bl *exp((1/3)*In(1/Tr-1))+b2*exp((2/3)*In{1/Tr-1})
+b3*(1/Tr-1)+b4 *exp((4/3)*In(1/Tr-1)));
End;
Function Lw(T:real):real; {latent heat of water}
Var Te,bl,b2,b3,b4,Tr : real;
Begin
Tc = 64725,
bl = 1.7035*100000; b2 :=1.12332*10000000;
b3 = -1.47041*10000000; b4 :=6.35750*1000000;
Tr = (T+273.15)/T¢;
Lw = bl *exp((1/3)*In(1-Tr))+b2*exp((2/3)*In(1-Tr))
+b3*(1-Tr)+bd*exp((4/3)*In(1-T));
End;



135

Function Cpw(T:real):real; {density of liquid water}
Var Tec,bl,b2,b3,b4,Tr: real;
Begin
Tc = 647.25;
bl :=-1.4995%10000; b2 :=8.8%0.01;
b3 :=-6.82%0.1, b4 :=-7.05%0.1;
Tr .= (T+273.15)/T¢;
Cpw = b1*(1+b2*exp((-2/3)*In(1-Tr))+b3*exp((-1/3)*In(1-Tr))
+ba*exp((1/3)*In(1-Tr)));
End;
Function Vwl(T:real):real; {dynamic viscosity ofliquid water}
Var Tc,bl,b2,b3,b4,Tr: real;
Begin
Tc :=647.25;
bl :=-1.01083*10; b2 :=1.39621;
b3 :=4.8431%0.1;, b4 :=7.1019*0.1;
Tr == (T+273.15)/T¢;
Vwl == exp(b1+b2*exp((1/3)*In(1/Tr-1))y+b3 *exp((4/3)*In(1/Tr-1))
+b4*exp((7/3)*In(1/Tr-1)});
End;
Function Vwg(T:real):real; {dynamic viscosity of vapor water}
Var Tec,bl,b2,b3,b4,Tr: real;

Begin
Tc := 647.25;
bl :=-1.0373*10; b2 :=-8.6737*0.1;

b3 :=-2.9699*0.1; b4 :=9.051*%0.01;
Tr = (T4273.15)/Tc;
Vwg = exp(bl+b2*exp({(1/3)*In(1/Tr-1))+b3*exp((4/3)*In(1/Tr-1))
+b4*exp((7/3)*In(1/Tr-1)));
End;
Function kw(T:real):real; {thermal conductivity water}
Var Tc,bl,b2,b3,b4,b5 Tt : real;

Begin
Tc .= 647.25;
bl :=-1.63975; b2 :=1.11421*10;
b3 :=-2.00805*10; b4 :=1.67447*10;
bs ;= -5.78763;
Tr = (T+273.15)/Tc;
kw := bl+b2*Tr+b3* Tr* Tr+bd* Tr* Te* Tr+bS* Tr* Tr* Tr* T,
End;
Function tanh(x:real):real; {calculate hyperbolic tangent}
Begin

tanh := (exp(x)-exp(-x))/(exp(x)+exp(-x)};
End;
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Function Sw(T:real):real; {surface tension water}
Var Tc,bl,b2,b3,b4,Tr: real,

Begin
Tec :=647.25;
bl :=2.358*0.1; b2 :=-6.25*0.1;
b3 = 1.256;

Tr :== (T+273.15)/Tc;
Sw = bl *exp(b3*In(1-Tr))*(1+b2*(1-Tr));
End;
Function Pt(T:real):real; {vapor pressure of TEG}
Var a,b:real;

Begin
a = (T+273.15)/710.15;
b :=-3.2121*%(1/exp(2.3086*In(a))-1)+1.1106* (exp(7*In(a))-1);
Pt == 101325*33.2*exp(b);
End;
Function Dtl(T:real):real; {density of liquid TEG}
Begin
Dtl:=-1.2979*T+1212.3;
End;
Function Dtg(T:real):real; {density of vapor TEG}
Begin
Dtg:= -4*0.00000 1 *T*T*T-+0.0012*T*T-0.0712*T+1.5854;
End;
Function Lt(T:real):real; {latent heat of TEG}
Var x,Tr,Tbr: real;
Begin
Tr :=(T+273.15)/710.15;
Tbr ;= 0.7857,
X = (Tbr/Tr)*(1-Tr)/(1-Tbr);
Lt :=502046*(Tr/Tbr)*(x+exp(0.35298*In(x)))/(1+exp(0.13856*In(x)));

End;
Function Cpt(T:real):real; {density of liquid TEG}
Begin
Cpt :=4.5756*T+2037.2;
End; )
Function Vtl(T:real):real; {dynamic viscosity of liquid TEG}
Begin
Vili= 1.3994*exp(-1.159*In(T));

End;
Function kt(T:real):real; {thermal conductivity TEG}

Begin
kt == -0.00004*T+0.1975;

End;
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Function Ste(T:real):real; {surface tension TEG}
Begin
Ste == 0.001*(126.314+exp((11/9)*In(1-(T+273.15)/710.15)));
End;
Function Dml(T,Xvteg:real):real; {density of liquid water-TEG mixture}
Var x:real;
Begin
x = dtl(Ty*Xvteg/(dtl(Ty* Xvteg+dwl(T)*(1-Xvteg));
Dml:= dtl(Ty*x+dwl(T)*(1-x);
End;
Function Dmg(T,Xvteg:real):real; {density of vapor water-TEG mixture}
Begin
If Xvteg = 0.25 then

Begin
Dmg = 0.0071*exp(1.3375*In(T));
End;
If Xvteg = 0.5 then
Begin
Dmg = 0.0004*exp(1.9077*In(T));
End;
If Xvteg = 0.75 then
Begin
Dmg := 0.00006*exp(2.3188*In(T));
End;

End;
Function Lm(T,Xvteg:real).real; {latent heat of water-TEG mixture}
Var x:real,
Begin
x = D(T)*Xvteg/(D(T)*Xvteg+DwI(T)*(1-Xvteg));
Lm = Ly(Ty*x+Lw(T)*(1-x);
End;
Function Sm(T,Xvteg:real):real; {surface tension of water-TEG mixture}
Var Ww,Wt,B,W, Ww] Ww2 xm,x : real;
Begin
xm = (1-Xvteg)*Dwl(T)/(Xvteg*Dt(T)+(1-Xvteg)*Dwl(T));
x = (an/18)/((xm/18)+((1-xm)/150));
Ww = x*(150/D(T))(x*(150/DUTH)+(1-x)*(18/Dwl(T))); .
Wt = (1-x)*(1S0/DU(TH)/(x*(150/DH(T)H)+(1-x)* (1 8/DwT))),
B := In(exp(6*In{Ww))/Wt)/In(10),
W= (0.441*6/(T+273.15))*((Ste(T)*exp(0.667* In(150/DtI(T)))/6)
-Sw(T)*exp(0.667*In(18/DwI(T))));
Wwl = 0.1;
Fori:=1to 100 do
Begin
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Ww2 = l-exp(6*In(Ww1 )/ (exp((B+W)*In(10}));
Wwl = Ww2;
End;
Sm = exp(@*In(Ww1*sqrt(sqri(Sw(T)))+(1-Wwl)*sqrt(sqrt(Ste(T)))));
End;
Function C_staggered(Re,St,Sl:real):real; {Zhukauskas factor}
Var s:real;
Begin
If Re<100 then C_staggered := 0.9
Else
Begin
If Re<1000 then C_staggered :=0.51
Else
Begin
s ;= St/Sl;
If Re<200000 then
Begin
If s <2 then C_staggered := 0.35%exp(0.2*In(s))
else C_staggered :=0.4;
End
Else
Begin
If Re<1000000 then C_staggered := (.022;
End;
End;
End;
End;
Function m_staggered(Re:real):real; {Zhukauskas factor}
Begin
If Re<100 then m_staggered = 0.4
Else
Begin
If Re<1000 then m_staggered := 0.5
Else
Begin
If Re<200000 then m_staggered = 0.6
Else .
Begin
If Re<1000000 then m_staggered := 0.84;
End;
End;
End;
End;
Function C_aligned(Re:real):real; {Zhukauskas factor}
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Begin
If Re<100 then C_aligned := 0.8
Else
Begin
If Re<1000 then C_aligned :=0.51
Else
Begin
If Re<200000 then C_aligned :=0.27
Else
Begin
If Re<1000000 then C_aligned :=0.21;
End;
End;
End;
End;
Function m_aligned(Re:real):real; {Zhukauskas factor}
Begin
If Re<100 then m_aligned := 0.4
Else
Begin
If Re<1000 then m_aligned := 0.5
Else
Begin
If Re<200000 then m_aligned = 0.63
Else
Begin
If Re<1000000 then m_aligned = 0.84;
End;
End,;
End;
End;

Function UA003(Th,Tc,mh,me,Q,nc, Xvteg:real):real;{calculate UA of water-TEG}
Const k = 14.9; {thermal conductivity of metal}
Var
Aeo,Ael,Aco,Aci,Afe,Afc,Abe,Abc,heo,hei,hco,hei,mfac,mfae, Vmaxe, Vmaxc,Ree,
Rec,Pre Prc,Nue Nuc,w,effe effc,Zc, Zef, Zep,phe2,phe3.T,Z,Re,a : real;
del Tsat,x,y,heif heip,Pr,fp,P xw xt,yw,yt : real;
Ve, V¢, Vmaxel, Vmaxe2,Vmaxcl,Vmaxc2,heiw,heit,hciw,heit : real;

Begin
If arrangement = 1 then
Begin
If fintype = 1 then
Begin

Abe := nc*Le*3.14159%0d;
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Abc = nc*Lc*3.14159%0d;

Afe = 0;

Afc = 0;

Ve = mh/(den_air(Th)*cross_section_area);
Ve ;= me/{den_air(Tc)*cross_section_area);

Vmaxe = St*Ve/(St-od);
Vmaxc := St*V¢/(St-od);

Ree := den_air(Th)*Vmaxe*od/vis_air(Th);
Rec := den_air(Tc)*Vmaxc*od/vis_air(Tc);
Pre := Cp_air(Th)*vis_air(Th)/k_air(Th);

Prc = Cp_air(Tc)*vis_air(Tc)yk_air(Tc);
Nue := C_aligned(Ree)*exp(m_aligned(Ree)*In(Ree))

*exp(0.36*In(Pre));
Nuc := C_aligned(Rec)*exp(m_aligned(Rec)*In(Rec))
*exp(0.36*In(Prc));
heo = Nue*k air(Th)/od;
heo = Nuc*k_air(Tc)/od;
effe = @
effc := 0;
End;
If fintype = 2 then
Begin
Afe = ((nc*Le*3.14159)/(fs+{t))*(0.5*(sqr{od+2*fh)-sqr(od))
+(od+2*fh)*ft);

Abe = ((nc*Le*3.14159)/(fs+ft))y*od*fs;

Afc = ((nc*Lc*3.14159)/(fs+ft))*(0.5*(sqr(od+2*fh)-sqr(od))
+Hod+H2*th)*ft);

Abc = ((nc*Lc*3.14159)/(fs+t))*od*fs;

mfae = nc*Le*(St-od-(2*ft*th)/(fs+ft));

mfac := nc*Lc*(St-od-(2*ft*th)/(fs+ft));

Vmaxe := mh/(den_air(Th)*mfae);

Vmaxc = mc/(den_air(Tcy*mfac);

Ree := Vmaxe*od*den_air(Th)/vis_air(Th);

Rec := Vmaxc*od*den_air{Tc)/vis_air(Tc);

Pre = Cp air{(Th)*vis_air(Th)/k_air(Th};

Prc = Cp_air(Tc)*vis_air(Tc)/k_air(Tc);

Nue = 0.30%exp(0.625*In(Ree))*exp(-0.375* v
In{(nc*Le*3.14159*0d)/(Afet+Abe)))
*exp(0.333*In(Pre));

Nuc = 0.30%exp(0.625*In(Rec))*exp(-0.375*
In((nc*Lc*3.14159*0d)/(Afc+Abe)))
*exp(0.333*1n(Prc));

heo := Nue*k_air(Th)/od;

heco := Nuc*k_air(Tc)/od;
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w = 0.5%od*(((od+2*fh)/od)-1)*(1+0.35*In((od+2*fh)/od));
effe := (tanh(sqrt(2*heo/(fi*k)y*w)/(sqrt(2*heo/(ft*k))* w));
effc = (tanh(sqrt(2*hco/(ft*k))* w)/(sqrt(2*heo/(fr*k))*w)):

End;
End;
If arrangement = 2 then
Begin
If fintype = 1 then
Begin

Abe = nc*Le*3.14159*0d;
Abc = nc*Lc¢*3.14159*0d,

Afe = 0;
Afc = 0
Ve = mh/(den_air(Th)*cross_section_area);
Ve = mc/(den_air(Tc)*cross_section_area);

Vmaxel:= St*Ve/(St-od);

Vmaxcl:= St*Vc/(St-od);

Vmaxe2:= St*Ve/(2*(Sd-od));

Vmaxc2:= St*Vc/(2*(8d-od));

If Vmaxel > Vmaxe2 then Vmaxe := Vmaxel

else Vmaxe ;= Vmaxe2;

If Vmaxcl > Vmaxc2 then Vmaxc := Vmaxcl

¢lse Vmaxc = Vmaxc2;

Ree := den_air(Th)*Vmaxe*od/vis_air(Th);

Rec = den air(Tc)*Vmaxc*od/vis_air(Tc);

Pre := Cp_air(Th)*vis_air(Th)/k_air(Th);

Prc = Cp_air(Tc)*vis_air(Tc)’k air(Tc);

Nue ;= C staggered(Ree,St,S))*exp(m_staggered(Ree)*In(Ree))
*exp(0.36*In(Pre));

Nuc = C_staggered(Rec,St,SI)*exp(m_staggered(Rec)*In(Rec))
*exp(0.36*In(Prc));

heo := Nue*k air(Th)/od;

hco = Nuc*k air(Tc)lod;

effe := 0;
effc = 0;
End;
If fintype =2 then v
Begin
Afe = ((nc*Le*3.14159)/(fs+1t))*(0.5*(sqr(od+2*th)-sqr(od))
+(od+2*fh)*ft);

Abe = ((nc*Le*3.14159)/(fs+ft))*¥od*fs;

Afc = ((nc*Lc*3.14159)/(fs+f1)y*(0.5*(sqr(od+2*th)-sqr(od))
+(od+2*th)*ft);

Abc = ((nc*Lc*3.14159)/(fs+ft))y*od*fs;
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mfae = 2*nc*Le*(Sd-od-(2*ft*fh)/(fs+{1));
mfac := 2*nc*Lc*(Sd-od-(2*fi*th)/(fs+ft));
Vmaxe := mh/(den_air(Th)*mfae);
Vmaxc = mc/(den_air(Tc)*mfac);
Ree = Vmaxe*od*den air(Th)/vis_air(Th);
Rec = Vmaxc*od*den_air(Tc)/vis_air(Tc);
Pre := Cp_air(Th)*vis_air(Th)/k_air(Th);
Pr¢ := Cp_air(Te)*vis_air(Tc)k_air(Tc);
Nue = 0.242*exp(0.658*In(Ree))*exp(0.297*In(fs/fh})
*exp(-0.091*In(St/S1))*exp(0.33333 *In(Pre));
Nuc := 0.242*%exp(0.658*In(Rec))*exp(0.297*In(fs/fh))
*exp(-0.091*In(St/SI)Y*exp(0.33333*In(Prc));
heo := Nue*k_air(Th)/od;
heo := Nuc*k air(Tc)/od;
w = 0.5%od*(((od+2*fh)/od)-1)*(140.35*In((od+2*fh)/od));
effe := (tanh(sqrt(2*heo/(ft*k))*w)/(sqrt(2*heo/(ft*k))*w));
effc = (tanh(sqrt(2*hco/(ft*Kk))*w)/(sqrt(2*hco/(ft*k)*w));
End;
If fintype = 3 then
Begin
Afe = ((nc+0.5)*St*Sl-nc*3.14159%0d*0d*(.25)*2*
(Le*fn/0.0254);
Abe = ((nc*Le*3.14159)/(fstft))*od*fs;
Afc = ((nc+0.5)*St*Sl-nc*3.14159*0d*0d*0.25)*2*
(Lc*10/0.0254),

o

Abc = ((nc*Lc*3.14159)/(fs+it))*od*fs;
mfae = 2*nc*Le*(Sd-od-(2*fi*th)/(fs+t));
mfac := 2*nc*Lc*(Sd-od~(2*ft* th)/(fs+ft));

Vmaxe = mbh/(den_air(Th)*mfae);

Vmaxc := mc/(den_air(Tc)*mfac);

Ree := Vmaxe*od*den_air(Th)/vis_air(Th};

Rec = Vmaxc*od*den_air(Tc)/vis_air(Tc);

Pre = Cp air(Th)*vis_air(Th)k_air(Th);

Prc = Cp _air(Tc)*vis_air(Tc)k _air(Tc);

heo = 0.14*exp(-0.328*In(Ree))y*exp(-0.502*In(St/S1))
*exp(0.031*In{fs/od))*den_air(Th)*Vmaxe*Cp_air(Th)
*exp((-2/3)*In(Pre));

heo = 0.14%exp(-0.328*In(Rec))*exp(-0.502*In(St/S1))
*exp(0.031*In(fs/od))*den air(Tc)* Vmaxc*Cp_air(Tc)
*exp((-2/3)*In(Prc));

fp = 1.27%((SU2)/(0.5*od)y*sqrt((sqri((St/2)* (St/2)+Si*S1)/2)
/(St/2)-0.3);

w = (fp-1)*(140.35*In(fp));

effe = (tanh(sqri(2*heo/(ft*k))*w*(0d/2))/(sqrt{2*heo/(ft*k))*w
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*(0d/2)));
effc := (tanh(sqrt(2*hco/(ft*k))*w*(od/2))/(sqrt(2*hco/(ft*k))*w
*(od/2)));
End;
End;

Aeo = effe*Afe+Abe;
Aco = effe*AfctAbe;
Aei 3.14159*1d*Le*nc;
Aci = 3.14159*1d*Lc*nc;
T = (ThtTc)/2;
If Xvteg > 0 then
Begin
If Xvteg <1 then
Begin
P = (-8.6856*sqr(Xvteg)+4.3062*Xvteg+10.71 1 )*T*T
+(1561.8*sqr(Xvteg)-1564.4* Xvteg-101.65)*T
+(-5337.6*sqr(Xvteg)-7864.8*Xvteg+16019);
xw = (P-PUT))/(Pw(T)-PHT));

}

xt = l-xw;
yw = (I/P-(U/P(DN((/PWT)-(1/PHTY);
yt = lyw;

{calculate heat transfer coefficient of water}

x = (VYwHTY*Lw(T))*sqri(Sw(T)/(9.81 *(DwI(T)-Dwg(T))));

y = Lw(Ty*Vwi(T)kw(T);

heiw = exp(0.9332*(In(18.688)-In(x)-1.0716*In(y)+0.0716*In{Q/Ael))),

heiw = exp(1.30378*(In(0.943)+0.233*In(sqr(DwI(T)}*9.8 1 *Lw(T)*
kw(T)y*kw(T)*kw(T)* Aci/(VWI(T)*Le*Q))));

{calculate heat transfer coefficient of TEG}

x = (MAVI(T)*Ly(T)))*sqri(Ste(T)/(9.81*(DU(T)-Dtg(T))));

y = LT VI(TYk(T);

heit = exp(0.910249*In(20.565*exp(0.0986*In(Q/Aei))/
(x*exp(1.0986*In(y)))));

heit = exp(1.2195%In(0.943 *exp(0.18* In(sqr(Dt{ T)*9.8 1 *L(T)*
kt(T*kt(TY*k(TY* AcU(VETI*Lc*Q)));

{calculate heat transfer coefficient of mixture}

hei xw*(heiw)+xt*(heit);

hei yw*(hciw)+yt*(hcit), -

End;

If Xvteg = 1 then

Begin

X = (/(VI(TY*Le(T)))y*sqrt{Ste(T)/(9.81*(DtI(T)-Dtg(T))));

y = L(Ty*Vil(T)yky(T);

hei = exp(0.910249¥In(20.565*exp(0.0986*In(Q/Aei))/
(x*exp(1.0986*In(y))));

it
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hei == exp(1.2195%1n(0.943*exp(0.18*In(sqr(DtI{T))*9.8 1 *Li(T)*
k(Ty*kt(T)*ki(T)* Aci/(VII(T)*Le*Q))N);
End;
End;
If Xvteg = 0 then
Begin
{calculate heat transfer coefficient of water}
x = (VVwWI(TY*Lw(T)))*sqri(Sw(T)/(9.81 *(DwI(T)-Dwe(T))));
y = Lw(D*Vwi(T)/kw(T);
hei exp(0.9332*(In(18.688)-In(x)-1.0716*In(y)+0.0716*In(Q/Aei)));
hci exp(1.30378*(In(0.943)+0.233*In(sqr(DwI(T))*9.81* Lw(T)*
kw(Ty*kw(T)y*kw(T)*Aci/{VWI(T)*Lc*Q)));

i

End;
UA003 := 1/(1/(heo* Aeo)+1/(hco* Aco)+1/(hei* Aei)+1/(heci* Aci)
+ln(od/id)/(2*3.14159*k*Le*nc)+In(od/id)/(2*3.14159*k*Le*nc));
End;
Begin  {main program}
writein{' PROGRAM HEAT PIPE 002 %
writeln;
Writeln(’ This program is used for calculating performance of the thermosyphon'),
writeln(’ heat exchanger operating at high temperature with binary working'");
writeln(’ fluids (water-TEG";
writeln,
writeln(' Developed by Atipoang Nuntaphan, Ph.D. student ');
writeln(' Thermal Technology Division, School of Energy and Materials,");
writeln(’ King Mongkut"s',’ University of Technology Thonburi"),
writeln;
Writeln(' *************************************************');
writeln;
writeln(’ Please enter informations below ");
writeln(' 1. Heat exchanger informations');
write(" 1.1 Input number of rows %
readin(nr);
write(" 1.2 Input number of column ;
readln(nc);
write(' 1.3 Input outside diameter of tube (m) %
readin(od); .
write(" 1.4 Input inside diameter of tube (m) %
readln(id);
write(" 1.5 Input evaporator length (m) %
readln(Le);
write(" 1.6 Input condenser length (m) %
readIn(Lc);
writeln(" 1.7 Input type of fin Y
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write(’ 1. bare tube 2. circular finned 3. plain plate finned ');
readin(fintype);

write(’ 1.8 Input fin thickness (m) (input 0 for bare tube) "%
readin(ft);

write(' 1.9 Input fin gap (m) (input 0 for bare tube) %
readin(fs);

write("  1.10 Input fin height (m) (input 0 for bare tube) %
readln(fh);

write(" 1.11 Input number of fins (fin/inch) (input 0 for bare tube) '),
readin(fn);

writeln(" 1.11 Input pipe arrangement %
write(’ 1. aligned 2. staggered 7
readln(arrangement);

write(" 1.12 Input transverse pitch (St) (m) %
readIn(St);

write(' 1.13 Input longitudinal pitch (S1) (m) %
readIn(Sl};

write(" 1.14 Input directional pitch (Sd) (m) (input O for aligned) );
readin{Sd);
write(' 1.15 Input cross section area of duct (m”2) "
readln(cross_section_area);
writeln;
writeln(' 2. Working conditions ");
write(" 2.1 Input inlet temperature of hot gas (C) ;
readIn(Thi);
write(" 2.2 Input inlet temperature of cold gas (C) "
readln(Tci),
write(" 2.3 Input mass flow rate of hot gas (kg/s) %
readin(mh);
write(' 2.4 Input mass flow rate of cold gas (kg/s) "
readin(mc);
writeln( 2.5 Input flow pattern "
write(’ 1. parallel flow 2. counter flow ;
read(flowpattern),
writeln;
{PARALLEL FLOW}
If flowpattern = 1 then
Begin

Th[1] := Thi;

Te[1] := Tci;

Fori:=1tonrdo

Begin

write(' row = ",i);
Q[i] = 1200,
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Xvteg = 0;
Q[i] = UAOQ03(Th{i], Tcli),mh,mec,Qfi]/nc,nc,Xvieg)*(Thi}-Tcli]);
Thi+1] == Th[i]-Q[i}/(mh*Cp_air(Th{i]));
Te[i+1] := Qi) (mec*Cp_air(Te[il)+Telil;
Forj:=1to 200 do
Begin
Imtd = ((Th{i]-Tc[i])-(Th[i+1]-Te[i+1 D)} In{(Th[i]-Tc[i])
f(Th{i+1}-Tcli+11]));
Qi) = YAOQO3((Th[i]+Th[i+1])/2,(Te[i]+Te[i+1])/2,
mh,me,Q[i)/nc.ne, Xvteg)*lmtd,;
Th(i+1] = Th{i]-Q[i]/(mh*Cp_air((Th{il+Th[i+1])/2));
Tc[i+1] = Tc[il+Q[i)/(mc*Cp_air((Tc[i]+Tc[i+1])/2));
End;
{calculate critical heat flux of water}
T = 0.5*%(Th[i+Th[i+1])/2+(Tec[i]+Tec[i+1])/2);
Bo = id*sqrt(9.81*(DwI(T)-Dwg(T))/Sw(T));
factor := exp(0.14*In(DwI(T)/Dwg(T)))*sqr(tanh{exp(0.25*1n(Bo))));
Qc = 0.69*factor*Lw(T)*(3.14159*id*id/4)*
exp(0.25*In(9.81* Sw(T)*(DwI(T)-Dwg(T)))*
exp(-2*In{exp(-0.25*In(Dwg(T))+exp(-0.25*In(DWI(T)))));
If Q¢ > Q[i] then
Begin
Qi = QQl;
End;
If Qc < Q[i] then
Begin
Repeat
Xvteg = Xvtegt0.25;
For j := 1 to 200 do
Begin
Imtd = ((Thfi]-Te[i])-(Th{i+1]-Tefit+1]))
An((Th[i}-Te[i)/Th{i+1]-Te[i+1]));
Q[i] = UAO0O3((Th[i}+Th[i+1])/2(Tc[ij+Tefi+11)/2,
mh,mec,Q[1)/nc,ne, Xvteg)*Imtd;
Th[i+1] = Th[i]-Q[i}/(mh*Cp_air((Th{i]+Th{i+1])/2));
Te[i+1] = Teli]+QLi)/(me*Cp_air((Tefi]+Teli+1])/2));
End; "
{calculate critical heat flux of mixture}
T = 0.5*((Thfi]+Th[i+1])/2+(Te[i]+Tc[i+1])/2);
Bo = id*sqrt(9.81*(Dmi(T,Xvteg)-Dmg(T,Xvteg))/
Sm(T,Xvteg));
factor == exp(0.14*In(Dmi(T,Xvteg)/Dmg(T, Xvteg)))*
sqr{tanh(exp(0.25*In(Bo))));
Q¢ = 0.69*factor*Lm(T,Xvteg)*(3.14159*id*id/4)*
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exp(0.25*In(9.81*Sm(T,Xvteg)*(Dml(T,Xvteg)-
Dmg(T,Xvteg)))*exp(-2*In(exp(-0.25*In(Dmg(T, Xvteg)))+
exp(-0.25*In(DmI(T,Xvteg)))));
Until Q[i] < Qc;
End;
Writeln(' row ",1," Q =",Qli}:1:2, Tho =", Th[i+1]:1:2, Teo =",
Tefi+1]:1:2, Xteg =", Xvteg:1:2);
End;
Qtotal == 0;
fori:==1tonrdo
Begin
Qtotal == Qtotal+Q[i];
End;
writeln(' Qtotal =’,Qtotal:1:2);
End;
{COUNTER FLOW}
If flowpattern = 2 then
Begin
fori:=1 tonrdo
Begin
Qli] = 1200,
End;
fori:=1 tonr+l do
Begin
Th[i] = Thi-2*(i-1);
Te[i] ;= Tci+2*(nr+1-1);
End;
fora:=1 to 200 do
Begin
fori:=1tonrdo
Begin
Q] := UAOO3((Th[1)}+Th[i+1])/2,(Tc{i]+Tc[i+1])/2
;mh,mc,Q[i]/nc,nc,0)*
abs((Th[i[+Th{i+1]-Tc[i]-Te[i+1])/2);
Te[i] = Qi) (mc*Cp_air((Tc[i]+Teli+1])/2))+Te[i+1];
Th[i+1] = Th[i}-Q[i}/(mh*Cp_air((Th[i]+Th[i+1]1)/2));
End;
End;
fora:=11to 200 do
Begin
fori=1tonrdo
Begin
Q] = UAQO3((Th[i]+Th[i+1])/2,(Te[i]+Te[i+1])/2,
mh,mc,Q[i)/nc,ne,0)*



148

((Th[i)-Te[i)-(Th[i+1]-Te[i+1]))/
In((Th[i]-Te[i])/(Th[i+1]-Tc[i+11));
Te[i] = Q[i)/(mc*Cp_air((Tcli]+Te[i+1])/2))+Te[i+1];
Thii+1] == Th[i]-Q[i}/(mh*Cp_air((Th[i]+Th[i+1])/2));
End;
End;

{Calculate critical heat flux}
fori:=1tonrdo
Begin

T = 0.5%(Th{il+Th[i+1])/2HTe[i]+Tefi+1])/2);

{water}

Bo := id*sqrt(9.81*(DwI(T)-Dwg(T))/Sw(T));

factor ;= exp(0.14*In(DwI(T)/Dwg(T)))*sqr(tanh{exp(0.25*In(Bo))));

Qec[1] == 0.69*factor*Lw(T)*(3.14159*id*id/4)*
exp(0.25*In(9.8 1 *Sw(T)*(DwI(T)-Dwg(T)))*
exp(-2*In(exp(-0.25*In(Dwg(T)))+exp(-0.25*In(DwI(T))))));

{25% TEG}

Xvteg = 0.25;

Bo = id*sqrt(9.81*(Dml(T,Xvteg)-Dmg(T, Xvteg))y/Sm(T,Xvteg));

factor == exp(0.14*In(Dml(T,Xvteg)/Dmg(T,Xvteg)))*
sqr(tanh(exp(0.25*n(Bo))));

Qce[2] == 0.69*factor* Lm(T,Xvteg)*(3.14159*id*id/4)*
exp(0.25*In{9.81*Sm(T Xvteg)*(Dml(T,Xvteg)-
Dmg(T, Xvteg)))*
exp(-2*In(exp(-0.25*In(Dmg(T,Xvteg)))+
exp(-0.25*In(DmlI(T, Xvteg)))));

{50% TEG}

Xvteg = 0.50;

Bo = id*sqrt(9.81*(Dml(T,Xvieg)-Dmg(T,Xvteg)/Sm(T,Xvieg));

factor := exp(0.14*In(DmlI(T,Xvteg)/Dmg(T,Xvteg)))*
sqr(tanh(exp(0.25*In(Bo)))):;

Qce[3] = 0.69*factor*Lm(T,Xvteg)*(3.14159*id*id/4)*
exp(0.25*In(9.81*Sm(T,Xvteg)*(Dml(T,Xvteg)-
Dmg(T, Xvteg))*
exp(-2*In(exp(-0.25*In(Dmg(T,Xvteg)))+
exp(-0.25*In(Dml(T,Xvteg))))); r

{75% TEG}

Xvteg = 0.75;

Bo = id*sqrt(9.81*(Dml(T,Xvteg)-Dmg(T Xvteg))/Sm(T, Xvteg));

factor := exp(0.14*In(Dml(T,Xvteg)/Dmg(T,Xvteg)))*
sqr{tanh(exp(0.25*In(Bo))));

Qcc[4] == 0.69*factor*Lm(T,Xvteg)*(3.14159*id*id/4)*
exp(0.25%In(9.81*Sm(T,Xvteg)* (Dml(T,Xvteg)-
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Dmg(T,Xvteg)))*
exp(-2*In(exp(-0.25*In(Dmg(T,Xvteg)))+
exp(-0.25*In{Dmi(T , Xvteg))))));
{TEG}
Bo = id*sqrt(9.81*(Dtl(T)-Dtg(T))/Ste(1));
factor .= exp(0.14*In(Dtl{T)/Dtg(T)))*sqr(tanh(exp(0.25*In(Bo))));
Qcc[5] = 0.69*factor*Li(T)*(3.14159*id*id/4)*
exp(0.25%In(9.81* Ste(T)*(DtI(T)-Dtg(T))*
exp(-2*In(exp(-0.25*In(Dtg(T)))+exp(-0.25*In(DU(T))))));
If Q[i] < Qce[1] then Xvtege[i] =0
else
Begin
If Q[i] < Qcc[2] then Xvtegefi] := 0.25
else
Begin
If Q[i] < Qcc[3] then Xvtege[i] := 0.50
else
Begin
If Q[1] < Qce[4] then Xvtege[i] :=0.75
else
Begin
If Q[i] < Qcc[5] then Xvtegeli] == 1.0
else writeln(’ critical heat flux higher than that of TEG
in row ',1);
End;
End;
End;
End;
End;
{Re-~calculate heat transfer rate}
for a :== 1 to 200 do
Begin
fori:=1 to nrdo
Begin
Q] = UAOO3((Th[i]+Th[i+1])/2,(Te[i}+ Tc[i+1])/2,
mh,mc,Q|i}/nc,nc, Xvtege[i])*
((Th[i)-Te[i])-(Th[i+1]-Tc[i+1]))/
In((Th[1])-Te[i])/(Th[i+1]-Tc[i+1]));
Teli] = Q) (mec*Cp_air((Tc[i]+Te[i+1])/2)+Te[i+1];
Thli+1] = Th[i]-Q[i)/{(mh*Cp_air({Th[i]+Th[i+1])/2));
End;
End;
{Show data}
forj:=1tonrdo
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Begin
[f Xvtege[j] =0 then mixture := 'water 100%",
If Xvtegc[j] = 0.25 then mixture .= 'TEG 25%";
If Xvtege[j] = 0.50 then mixture := "TEG 50%';
If Xvtege(j] = 0.75 then mixture := 'TEG 75%;
If Xvtege[j] = 1.0 then mixture := "TEG 100%";
writeln(’ row 'j,' Q =",Q[1]:1:2,' %TEG = ',mixture);
writeln(’ Thi =", Th[j]:1:2,' Tho =", Th[j+1]:1:2, Tei =,
Te{j+1]:1:2, Teo =", Te[j]:1:2);
End;
Qtotal := 0;
forj:=1tonrdo
Begin
Qtotal = Qtotal+Q[j];
End;
writeln(' Qtotal ="',Qtotal:1:2);
End;
End.
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Thermal performance af a thermosyphon heat pipe using ethanol-water and TEG-water
with variations of parameters such as the midure confent, the pipe diameter, and the
working temperature have been studied in this reseqrch work. From the experiments, it is
Sfound thar ot low temperature of heat source (less than 80°C), the ethanol-water midture
has a higher heat transfer rate than that of warer and ciose to that of pure ethanol. In the
case of TEG—water mixture, the heat tronsfer rate of the thermosyphon varies with the
coniend of TEG in the mixture, and it is found that TEG in the mixture can increase the
critical heat flux due to the flooding limit in a small thermosyphon.

The boiling equation of Rohsenow and the condensation equation of Nusselt are
modified to predict the heat transfer coefficients inside the thermosyphkon. For the mitures,
the weighted averoge of the heat transfer coefficlent of each component can be used (o
predict the total heat transfer coefficient. Furthermore, &t is found that Faghri's equation
can be used to predict the critical heat flux due to the flooding limit of the thermosyphon
with the binary midures,

At present, development of heat exchangers for energy recovery from indus-
trial waste heat has become an interesting topic for energy conservation programs.
The thermosyphon heat pipe, one type of heat exchanger, has been used in many
industrial processes because of its advantages, such as high thermal conductivity,
low cost, and ease of construction,

The thermosyphon heat pipe shown in Figure I can be divided into three
parts, evaporator, adiabatic, and condenser. When heat is added at the evaporator
section, the working fluid inside the heat pipe vaporizes and carries heat from the
heat source to the condenser section where heat is rejected to the heat sink. The
working fluid condensate returns to the evaporator section by gravity.

The thermosyphon normally uses a single component, usually water, as a
working fluid, because water has a high working temperature range (50-200°C) [1]
and high latent heat of vaporization. However, in some working conditions, the
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NOMENCLATURE
A area,m? Subscripts
Bo Bond number
C, heat capacity, J/kg K, J/mol °C 1 high-volatile component
D diamter of pipe, m 2 low-volatile component
g  gravitational acceleration (= 9.81 m/s?) ave average
h heat transfer coefficient, W /m?* K ¢ condenser
k thermal conductivity, W/m K cs  Cross section
L length, m e evaporator
it mass rate of low, kg /s i inlet, inside
Pr  Prandt] number, (C, u/k) id  ideal
Q keat transfer rate, W i liquid
T temperature, °C, K max maximum
x mole fraction o outlet
Z thermal resistance, K /W 5 surface
A iatent heat of vaporization, J /kg v vapor
o viscosity, kg/ms w  water
p  density, kg/m’
a surface tension, N/m

temperature of the heat source may be lower or higher than that of the normal
range and the heat transfer rate of the thermosyphon heat pipe tends to decrease.
Some experiments {2] showed that some binary mixtures could give better perfor-
mance than that of a single working fluid.

In the case of a lower-temperature heat source (lower than 80°C), ethanol-
water is proposed as a working fluid because ethanol has a lower boiling peint than
water. Consequently, it can be boiled casily and higher performance of the
thermosyphon should be obtained. In the case of a higher-temperature heat source
(more than 200°C), for water, the transfer of heat may be hindered by a critical
limit, particularly the flooding or dryout limit. To extend these limits, triethylene
glycol (TEG)-water is proposed as a working fluid. Because TEG has a high

*+— YTV -
Heat Sink +—— —» Condenser Section
+— —
/
Insuiation ———} | F1  Adiabatic Secton
oy 4
] y
—> L w‘—
Heal Source —» |\ Jof €— Evaporator Section
—>|Goo|4—
oo Figure 1. The thermosyphon heat pipe.
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boiling point (278°C at normal pressure), TEG in the mixture may retard the limits
[3].

The aim of this research work is 1o study the performance of a thermosyphon
using binary working fluids, ethanol-water and TEG-water, and find a heat
transfer model which can predict the heat transfer coefficients of the mixtures.

THE EXPERIMENT AND TEST PROCEDURE

Figure 2 shows a schematic diagram of the experimental apparatus. It consists
of a thermosyphon heat pipe, a heat source, and a heat sink. In this experiment,
three diameter sizes of thermosyphon, 25.40, 19.05, and 12.70 mm with 2-mm wall
thickness, have been tested. All of the pipes are made of 304 stainless steel. The
total length of cach is 100 cm, of which 40 cm is for the evaporator, 40 cm is for the
condenser, and 20 cm is for the adiabatic section. There is a pressure gauge at the
top of each pipe for measuring the inside pressure. The evaporator section of the
thermosyphon is dipped in a hot cil bath and the condenser is cooled by water
from a constant-head tank.

water supply =
constart head tank d\mfn
pressure gage
saal valve e o thermocouple
EWK water facket —— ¥
3 —®
SN | N K
1 control vatve
E thermosyphon —————»] r.@
3 ' R SiSEE -~ temperature control bax
5 gr i e =19 O O .
& S i
E;J hotoflbath — S g
9 L
D
* drain vahe
Y

Figure 2. The experiment apparatus.
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Seven K-type thermocouples with +0.5% accuracy are attached to the outer
surface of the thermosyphon at 5, 20, 35, 50, 63, 80, and 95 cm from the evaporator
end. Moreover, for the biggest tested thermosyphon, seven thermocouples are
inserted into the pipe to measure the inside temperatures, and they are located at
the same distances as the outer surface measurement.

A hot paraffin oil bath, which is a cylinder of 8.89 cm in diameter and 50 cm
in length, is used to generate heat to the thermosyphon. To achieve a uniform oil
temperature, air bubbles are supplied to perturb the oil.

The heat sink is a well-insulated water jacket having water flowing in and out
to absorb heat at the condenser section. The water jacket is a 5-cm cylindrical tube,
45 cm long. Two thermocouples are inserted into the inlet and outlet ports of the
water jacket to measure the water temperature. The flow rate of the cooling water
is controlled by a constant-head tank between 6 and 19 g/s.

Ethanol-water and TEG-water at 0, 25, 50, 75, and 100% by volume of
higher-volatile component are used as working fluids. The filling ratio for all tests
is 50% of the evaporator section’s volume. The temperature of the hot oil is
controiled within a range of 50 to 225°C. The experiments have been carried out
under steady-state conditions.

RESULTS AND DISCUSSION

Temperature Distributions Inside the Thermosyphon

The temperature distributions inside the thermosyphon are shown in Fig-
ures 3¢ and 3b for ethanol-water and TEG-water, respectively.

In Figure 3¢ it is found that the temperature difference of the evaporator
and the condenser sections for the low-temperature heat source (60°C) are depen-
dent on the amount of ethanol in water. At this heat source temperature, a small
amount of water could be vaporized, so the transfer of heat is hindered and a high
temperature difference berween the evaporator and the condenser sections is
obtained. At the higher heat source temperature (150°C), both components in the
binary mixtures can be boiled and heat transfer rates are high, so the temperature
distributions of the fluids inside the thermosyphon are nearly uniform.

The temperature distributions of TEG-water are shown in Figure 3b. Siace
TEG has a very high boiling point (278°C} so even the heat source temperature is
150°C, a small amount of TEG could be vaporized, which results in low heat
transfer rate and high temperature difference between the evaporator and the
condenser sections. But when water is mixed with the TEG, better heat transfer is
achieved,

Heat Transfer Rate
The heat transfer rate can be calculated by

Q =1, C(T,, — T,,) )

where m, is the flow rate of the cooling water, and 7,,; and T,,, are the average
temperatures at the inlet and the outlet of the cooling water at the water jacket,
respectively.
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Figure 3. Temperature distributions along the thermosyphon al various conditions:
(&) working fluid ethanol-water, tube diameter 254 mm; (b) working fluid
TEG-water, tube diameter 25.4 mm.

The heat transfer rates at various hot ¢il temperatures are shown in Fig-
ures 4a-4f. In the case of ethanol-water mixtures (Figures 4a—4c), it is found
that, at low hot-oil temperature, the heat transfer rates of ethanol~water mixtures
are higher than for pure water and close to that of pure ethanol. But when the
hot-oil temperature is increased, the heat transfer rate for pure water increases
more rapidly than those of the mixtures and overcomes the mixtures at high
temperaiure. This phenomenon occurs because at low temperature, ethanol can be
boiled more easily than water and a better heat transfer rate is obtained. At high
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Figure 4. The relations between heat transfer raie of the thermosyphon heat pipe with binary mixtures
and the hot oil temperature at various conditions: {e) warking fluid ethanol-water, tube diameter 12.7
mim; (&) working fluid ethanol-water, tube diameter 1%.05 mm; (¢) working fluid ethanol-water, tube
diameter 25.4 mm; (d) working fluid TEG-water, tube diameter 12.7 mm; (e} working fluid TEG-water,
tube diameter 19.05 mm; () working fluid TEG-water, tube diameter 25.4 mm.
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temperature, both ethanol and water can be boiled, and since the latent heat of
vaporization of water is higher than that of ethanol, at this condition the ther-
mosyphon with pure water can transfer more heat than those of ethanol or
mixtures.

Flooding of working fluid in a small thermosyphon (12.70 mm diameter) has
been found in the experiment. This phenomenon is due to the interaction between
the countercurrent liquid and vapor flows occurring at the liquid-vapor interface
in the thermosyphon. The viscous shear force at the interface may retard the
return of liquid to the evaporator [4]. From Figure 44, as the hot-oil temperature
increases, the heat transfer rate of each working fluid also increases until the
flooding limit has been obtained. After that the heat transfer rate drops drastically.
This phenomenon always occurs when using a small thermosyphon with high
temperature [4]. The critical heat flux at the flooding limit also depends on the
compaosition of the mixtures.

The latent heat of vaporization of the working fluid plays an important role in
controlling the flooding limit {4], and higher latent heat results in higher critical
heat flux. In the case of ethanol—water mixtures, the latent heat of vaporization of
water is very high compared to that of pure ethanol. Therefore, higher water
content in the mixtures results in higher critical heat flux at the flooding limit.

TEG has a high boiling point, therefore the TEG-water mixtures could be
vaporized well at high temperature. The heat transfer rate increases as the content
of TEG in the mixture decreases. The results are shown in Figures 4d4-4f. It was
also found that no flooding occurs or the flooding limit is retarded in the working
temperature range. From Figure 44, it is found that with a small amount of TEG
(25%) content in the mixture, the heat transfer rate is ncarly the same as with pure
water and no flooding occurs at high temperature even if the syphon diameter is
smali.

Thermal Resistance

The thermal resistance, Z, of the thermosyphon is calculated from

Tse‘ave - T;c‘a\re
—— (2)

Z=7"3

where 7, ,,. and T, . are the average outside surface temperatures at the
evaporator and the condenser, respectively.

For ethanol-water mixtures (Figures 5a-5¢), it is found that at low heat
source temperature the resistance is very high, especially for water because a low*
amount of vapor could be generated. The thermal resistance of pure ethanol and
the ethanol-water mixtures are lower than that of pure water because ethanol has
a lower beiling point than water. For the high-temperature heat source, a large
amount of both ethanol and water could be vaporized and transfer heat at the
condenser, resulting in low thermal resistance. The resistances for all the working
fluids are close to the values at high temperature. However, the resistance for pure
water is lower than the others because of its high latent heat. Moreover, it is found
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and the hot oil temperature at vanious conditions: (¢} working fluid ethanol-water, tube diameter 12.7 »
mm; {&) working fluid ethanol-waler, ube diameter 19.05 mm; (¢) working fluid ethancl-water, tube
diameter 25.4 mm; (d) working fluid TEG-water, tube diameter 12.7 mm; {¢) working fluid TEG-water,
twbe diameter 19.05 mm; (f) working fluid TEG-water, tube diameter 25.4 mm.
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that, as the diameter of the thermosyphon increases, the thermal resistance
decreases, since a bigger thermosyphon results in a larger heat transfer area.

From Figure 5a, it is found that for the high-temperature heat source, the
thermal resistance increases again because of flooding inside the thermosyphon.

In the case of TEG-water mixtures (Figures 54-5f), it is found that the
thermal resistance of pure water is the lowest, since water can be vaporized more
easily than TEG. The effects of diameter and temperature on the thermal resis-
tance are similar to those of ethanol-water mixtures. Again, for 25% volume
content of TEG in the mixture, the performance is close to that of pure water but
flooding does not occur even when the thermosyphon is operated at high tempera-
ture and the pipe diameter is small.

Heat Transfer Medels

The heat iransfer model of heat transfer coefficient of pure working fluids
has been correlated. The pool boiling equation of Rohsenow [5] is modified to
predict the boiling heat transfer coefficient inside the thermosyphon. The equation
is

h ——Cl a7’ ” 3
<" AT.A [7?]
where
1 o
A= / 8
mAr Y glo — o)

and

AP,

CP!

where A, is the boiling heat transfer coefficient of the thermosyphon, AT, is the
temperature difference between the fluid inside and the surface at the evaporator
section, g, is a conversion factor (in SI units, g, is equal to 1 kgm/Ns?), and C,
and C, are empirical constants. Rohsenow’s equation is developed for pure pool
boiling, but in a thermosyphon, parts of the liquid return from the condenser
sections also evaporate,

The factors C, and C, of each pure substance in Eq. (3} modified for the
thermosyphon can be found from our experiments and are shown in Table 1.

Table 1. Factors C; and C; from the experiments

Working fluid C C,
Water 18.688 0.3572
Ethanol 17.625 0.3300

TEG 20.565 0.3662
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Figore 6. Comparisons of boiling heat transfer coefficients from the experi-
ments and Eq. (3).

Figure 6 shows the results of the heat transfer coefficients of the pure
working fluids, calculated from Eq. (3) and compared with those of the experimen-
tal data. Most of the calculated values are within + 15% of the experimental data.

At the condenser section, Nusselt’s equation of condensation [5] is modified
to predict the heat transfer coefficient of the condenser section. The equation is

h.=C; (4)

plgak? <
L, AT,
where h_ is the condensation heat transfer coefficient, L, is the length of
condenser section, AT, is the temperature difference between the fluid inside and
the surface at the condenser section, and €, and €, are empirical constants.

With our experimental results, the constants C, and C, for the pure working
fluids are shown in Table 2. Comparison of the calculated condensation heat
transfer coefficients with those of the experiments are shown in Figure 7. It is
found that the boiling and condensation heat transfer coefficients of pure water
and pure ethanol are close 1o those of Shiraishi et al’s experiment [6].

Table 2. Factors Cy and C, from the experiments

Working fluid G, C,
Water 0.943 0.233
Ethanol 0.930 0.260

TEG 0.943 0.180
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Figure 7. Comparisons of candensation heat transfer coefficients from the
experiments and Eq. (4).

Heat Transfer Modef of Binary Working Fluids

For a binary mixture, a method to evaluate the mixture heat transfer
coefficient from each component {7] has been proposed as

h, =xh, + (1 —x)h, )
where h,, is the total heat transfer coefficient of the mixture, 4, and Ak, are the
heat transfer coefficients of high- and low-volatile components, respectively, and x
is the mole fraction of the high-volatile component.

Normally the heat transfer coefficient of the binary mixture calculated from
Eq. (5) could be predicted precisely for very low working pressure (ideal case)
[7-10). In the case of the experimental thermosyphon, the partial pressure of each
working fluid inside the pipe is found to be very low, thus Eq. (5) can be used to
predict the heat transfer coefficient very well. The results are shown in Figures 8
and ¢ for boiling and in Figures 10 and 11 for condensation.

The composition of e¢ach component in liquid and vapor phases can be
evatuated by Raoult’s law and Dalton’s law [11], and from the heat transfer
coefficient of each pure component the heat transfer coefficient of the binary
mixtures can be evaluated. The comparison of the heat transfer coefficients from
the experiments and those from Eq. (5) are shown in Figures 8-11 for boiling and
condensation at the evaporator and the condenser, respectively. It is found that the
weighted-average method can be used to predict both boiling and condensation
heat transfer coefficient within +15% of the experimental values. Moreover, it is
found that the heat transfer coefficients of those mixtures are between those of the
pure working fluids.
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Figure 8. Comparisons of boiling heat transfer coefficients of ethanol-water
mixtures from the experiments and Eq. {5).
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Figure 9. Comparisons of boiling heat transfer coefficients of TEG-water
mixtures from the experiments and Eq. {5).
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Flooding Limit of the Thermosyphon

Flooding always occurs in small thermosyphons with high temperature.
Faghri’s equation is normally used to calculate the critical heat flux due to the
flooding limit {1] and is of the form

Ormax = KAAL[go (o~ p)1 "% (p70% 4+ p;03) 77 (6)
where
0.14
K= (ﬂ] tanh? Bo®%
Pe
and
(o~ p.) 0.5
Bo — D‘[u
a

where A, is the cross-sectionai area of the thermosyphon, D, is the inside
diameter of the pipe, and Bo is the Bond number.

Faghri’s equation has been applied for single working fluids. In this research
work, for a binary mixture, ethanol-water, the properties of the mixture [12-17]
have been used and it could be found that the prediction of the maximum heat
transfer evaluated from the equation could be applied quite well (Figure 12).

Faghn's equation

0 20 40 60 80 100

%%ethanol in mixture

Figure 12. Prediction of the maximum heat transfer rate due to the
flooding limit. The binary mixture is ethanol-water,
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CONCLUSION

There is a high potential to improve performance of a thermosyphon heat
pipe by using binary mixtures. Ethanol-water mixtures give a higher heat transfer
rate than water at the low-temperature heat source (less than 80°C). In the case of
TEG-water mixtures, the heat transfer rate of the thermosyphon decreases with
the content of TEG in the mixture and it is found that a small amount of TEG in
the mixture (25%) can enlarge the critical heat flux due to the flooding limit of the
small size of the thermosyphon while the heat transfer rate is reduced slightly.

The boiling equation of Rohsenow and the condensation equation of Nusselt
can be used to predict the heat transfer coefficients of boiling and condensation
inside the thermosyphon. In the case of binary mixtures, the weighted average of
the heat transfer coefficient of each component can be used to predict the total
heat transfer coefficient. At the critica) limit for flooding of the thermosyphon, it is
found that Fapghri’s equation can be applied to calculate the maximum heat
transfers of both pure water and ethanol-water mixtures.
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ABSTRACT

In this study, the concept of introducing two-fluid thermosyphons is examined.
Calculations were performed for both low and high temperature ranges with parallel
and counter flow arrangements. For lower temperature application, 125 °C > Tp; > 75 °
C, use of ammonia in some rows and water in the rest of the thermosyphon can slightly
improve the associated heat transfer performance for balanced counter flow
arrangement. However, for balanced parallel flow arrangement at both low and high
temperature applications, the concept of using two-fluid thermosyphons may not
Jeasible. The use of two-fluid thermosyphons is especially advantageous for high
temperature application. For instance, in the range of 375 °C > Ty > 350 °C, the two-
Sluid thermosyphons (dowtherm A- water) shows a 15~99% increase of heat transfer
performance relative to dowtherm A alone.

Keywords: Thermosyphon, two-fluid, heat transfer augmentation

INTRODUCTION )
The thermosyphon is the heat exchanger that carries heat from the higher
temperature heat source to the lower temperature heat sink via boiling and condensation

of the working fluid inside the tube. Advantages of the thermosyphon heat exchangers
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include high thermal conductivity, low cost, and easy construction. The thermosyphon
heat exchanger shows potential in energy recovery from industrial waste heat and has
become an interesting topic for energy conservation.

The thermosyphon heat pipe shown in Figure 1a can be divided into three parts,
namely the evaporator, the adiabatic, and the condenser section. When heat is added to
the evaporator section, the working fluid inside the thermosyphon is vaporized. The
vapor carries heat from the heat source, flows to the condenser section and rejects heat
to the heat sink. The condensate of the working fluid then returns to the evaporator
section by gravity.

In practical application, multi-row thermosyphon heat exchangers filled with one
kind of working fluid are employed. For applications involved with a medium
temperature heat source (40-350 °C), water is known as the best working fluid because
of its high latent heat and low investment cost [1]. But it should be noticed that for
temperature in the range of 40-100 °C, water may not be the best choice for its
comparatively lower heat transfer coefficient than other work fluids (e.g. ammonia). In
addition, for other applications having heat source higher than 350 °C, water
thermosyphon may be inappropriate due to possible occurrence of critical heat flux.
Hence, to enlarge the application scope, we propose to use two kinds of substances in
the multi-row thermosyphon heat exchangers application. For low temperature
application (Ty < 100 °C), combination of ammonia and water heat pipes may be
applicable. For application in the higher temperature range (73 > 300 °C), it is likely

that the water thermosyphon may fail due to the occurrence of local dry out and
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flooding. To avoid this condition, it is possible to apply thermosyphons using dowtherm
A in several initial rows to reduce the hot-gas temperature and then use water
thermosythons in the rest of tube row to effectively increase the heat tfransfer
performance. It is the main objective of this study to present the feasibility of this two-

fluid thermosyphons implementation.

HEAT TRANSFER ANALYSIS

Figure 1b shows the thermal resistances of the thermosyphon heat exchangers. In
the present modeling, the pressure drops from the evaporator to the condenser end and
the axial conduction along tth: pipe wall are assumed negligible. Detailed evaluations of
the thermal resistance are described as follows,

The external air-side thermal resistance of the evaporator (Z,,) and the condenser

(Z..) section can be calculated from

Z, = 1
eQ hw Aw ( )
1
Z,= 2
=4 hco Am ( )

where A,, and k., denote the external air-side heat transfer coefficient in the evaporator
and condenser, respectively. For circular finned tube having staggered array, Hewitt et

al. [2] proposed the following correlation:

0297 -0.091
N_’u =(.242 Reﬂ.ﬁﬁ[i—"_J [ﬁ{.] Pr0,333 (3)

h
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where S; and S; are the transverse and longitudinal pith of the staggered array. Related
information for calculating the fin surface area A4; bare tube surface A,, and fin

efficiency 7jrare given as:

4 = f”i’} (05(p2 -D?)+ D, %, +D,£.) (4)
5
4, = f f, (%

_aant\\2h, / Fik, % o) ©
Tk, J Tk, %

D D
p= % [D_f-l][1 +0.351n3f] 7

Note that the fin efficiency 7ris computed from Schmidt’s approximation [3].

The wall resistance in the evaporator and condenser can be calculated from

Equations (8) and (9), respectively.

z, -2 ln) ®
2k L,

z,=on) ©)
2mk, L,

The related in-tube resistances in the evaporator (Z,;) and condenser (Z;) can be

calculated from: .

(10)

(11)
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Notice that the internal resistance is around 3-5% of the outside resistance. For
applications of the thermosyphon, there are many correlations for evaluation of the in-
tube heat transfer coefficients for boiling and condensation. Depending on the flow
condition, heat transfer mechanism in the evaporator may involve pool boiling or falling
film evaporation. Therefore it is necessary to select the suitable correlation in
association with heat transfer mechanism. Relevant correlations are described as
follows: For lower temperature application (7 < 80 °C), the Rohsenow [4] correlation

for pool boiling is used:

Cp AT . s 1276 Cope Cyel
{ € =C fll 12
l: A :| jf{“:l[g(p:_pv)} J l: k; :' .

where Cyr= 0.013, C; = 0.33, and C; = 0 for water and 0.7 for another fluids.

In addition, in the case of falling film evaporation in the evaporator section for

lower temperature, Nusselt’s equation [5] can be also used for calculation [6], i.c.,

1/4
h ; =0943!igpf(p.'_pv)j'k-’3:'
e, *

13
ufT, ~T.)L,, (9

where 4,7 is the evaporation heat transfer coefficient of the falling film.

The heat transfer coefficient in the condenser can be calculated from Nusselt’s

theoretical results [5]:

1/4
gei(p - p, f]
h, =0.943 (14

[ #I (Tw - ?;}Lc )
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For application of water at higher temperature (7, > 80 °C), the correlation for
boiling and condensation developed by Kiatsiriroat et al. [7] is adopted, i.e.,

Boiling heat transfer coefficient of water:

1 03572
j, - 18688 (AL, , (15)
ATX | Y

A
where X = ] !’ 89 _and ¥= Py X
A g(P.' _pv) Cp,

Condensation heat transfer coefficient for water;

2
h, =0943 —B220 (16)
“‘:"(Tw - T:)Lc

For high temperature application, dowtherm A is regarded as the working
medium in this study. ESDU [8,9] proposed several correlations for both evaporator and
condenser that is also applicable for downterm A, and is given as below:

Thermal resistance due to pool boiling in the evaporator section:

1

Zar $,8°%Q"*(nD,L,)"* 47
023
) _032M[5} (18)
| 025404 0.1
pv l’ ,J'.’ Pa

Thermal resistance due to falling film evaporation in the evaporator section:

__0.2350™
el f D{4;3g|r3Le¢;u

(19)
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, =[“"—’°2] @0)
H

The total thermal resistance due to boiling in the evaporation can be calculated
as:

z,=2, (1-F)+Z2,,F 1)

where F is filling ratio of the working fluid.
Thermal resistance in the condenser:

_ 0.23501/3
o D;‘”g‘”LC(a;”

(22)

The overall heat transfer resistance of the thermosyphon heat exchanger is then

the summation from separate resistance described above,

1 1 ln(rD/r_‘)_l_ 1o, 1 +1n(r0/r,)+ 1

= +
(UA )mwi heo Aeo,mraf 2‘.’I:k f L e lotal he.‘ Ae:,mm! hca Am,mm;' 21'Ck, Lc,m.fa! hcf Acc,rotal

(23)

Note that the properties to evaluate the inside heat transfer coefficients are based
on the saturated temperature inside the thermosyphon [8], i.e.

Zl +Zc:' +Zco
-47_'"—(?} -T,) (24)

rotal

Figures 2(a) and 2(b) show the schematic of the arrangement of the
thermosyphon heat exchanger considered in the calculations. Both counter and paraliel
flow arrangement is investigated. The sample heat exchanger consists of seven rows of
heat pipe. The overall heat transfer rate of the sample heat exchangers can be calculated

as
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Oui =3 0=0,+0,+ 0, + 0, +0, +0, + 0,

= (UA), s (LMTD) (25)
= mhcph (T}u _Tha)
= mccpc (Tco - T:':r)

where LMTD is log mean temperature difference.

SIMULATION PROGRAM

For better understanding of applicable temperature range of related applications,
different simulation algorithms were adopted in the implementation of the
thermosyphon heat exchanger. In the first part, performance of the thermosyphon heat
exchanger at low temperature range is investigated (73, < 100 °C). In this part, the
working fluids in the thermosyphons are ammonia and water. As mentioned in the
introduction section, the thermosyphon heat exchanger that uses water in this range may
possess a poor heat transfer characteristics. Therefore, it would be beneficial to use the
thermosyphons that containing ammonia in some rows of the heat exchanger. This is
because of better heat transfer performance of ammonia than water at this temperature
range. The simulation program is capable of selecting the suitable working fluid for each
row between water and ammonia, and of calculating the overall performance of the heat
exchanger. Detailed flow chart for low temperature application can be seen from Figure
3.

As seen in Figure 3, both counter and paraliel flow arrangements are
implemented. For the counter flow arrangement at the starting stage of iteration,

temperatures of the inlet hot and cold streams are prescribed and the inlet and outlet
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temperatures of the fluids at each row are assumed by considering ali rows to be water.
Iteration then starts by setting ammonia to the first row. Comparison is made with
original water thermosyphon. Ammonia is selected if the related heat transfer
performance outperforms the original water thermosyphon. The selection process
continues from the second row to the last row. In case of the parallel flow, similar
process has been carried out from the first row to the last row. As a result, appropriate
fluid in every row of the thermosyphon heat exchanger is obtained.

In the second part of higher temperature application {7 > 300 °C), water and
dowtherm A were used as working fluids. The computer programs were constructed to
calculate the performance of the heat exchanger and also to find the suitable working
fluid from row to row of the thermosyphon heat exchanger subjected to the constraint of
critical heat flux of water thermosyphon. The basic rule of thumb for water is the
temperature [imit of interior saturation temperature should be less than 300 °C (the
highest recommend temperature for water [1]). Beyond this temperature, some critical
conditions such as flooding or dry out may occur [1,8,10,11]. These critical conditions
not only considerably deteriorate the performance of the heat exchanger but also may
damage the thermosyphon as well. In this connection, for higher temperature
application, dowtherm A may be chosen as an alternative. However, its heat transfer
performance is relatively low when comparing with water [8,9]. For optimization the
system performance, it is necessary to make a combination of two-fluid thermosyphons.
Figure 4 shows the related flow chart for the high temperature application. Relevant

conditions for the heat exchanger are tabulated in Table 1.
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The procedure in Figure 4 is similar to that in Figure 3 but the selection of the
working fluid in each row has been carried out subjected to critical temperature
constraint. When the inside temperature is lower than 300°C, water should be used as a
working fluid and when the inside temperature is over 300°C, dowtherm A is chosen

instead.

RESULTS AND DISCUSSION
Part 1 - Results of Low Temperature
Table 2 shows calculated results from the simulation program in the case of the

balanced counter flow arrangement (s, =m,) at various working conditions.

Calculations were performed at a fixed 7 of 20 °C. Range of T is from 75 °C to 125 °©
C with a mass flow rate of 0.1 ~ 0.4 kg/s. As can be seen from Table 2, one can see that
all-water thermosyphons would be the best choice for Tj; = 125 °C while all-ammonia
thermosyphons show the highest performance for T, < 75°C. For 75 °C < T < 125 °C,
it can be shown that use of both kinds of thermosyphons would be advantageous.
However, one can see that only a slight increase of performance is observed. This is
because that the heat transfer coefficient for water and ammonia are comparable in this
range. It should be pointed out that water thermosyphons should be placed at the hot air
inlet consecutively in order to get the best performance. For detailed evaluations the
appropriate number of water thermosyphons of various T, one can see Figure 5. As
seen in the figure, the appropriate number of the number of tube row of water

thermosyphons increases with T3 and m . For an application condition of # < 0.1kg/s
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and Ty < 90°C, performance improvement by use of water thermosyphons is not
attainable. Meanwhile, for an application of m 2 0.4kg/s and T} > 90°C, it would be
better to use all-water thermosyphons to achieve optimal performance.

In the case of thermosyphon heat exchanger with balanced parallel flow

arrangement (#, =, ), the calculation indicates that use of ammonia and water is not

beneficial throughout the range when comparing to water or ammonia thermosyphon
alone. Explanation of this phenomenon can be seen from Figure 6. As depicted from
Figure 6, in the case of balanced parallel flow, the temperature profiles of hot and cold
stream are quite symmetric and lead to nearly uniform inside temperature of the
thermosyphons from the first to the last row. Therefore, the inside resistance for this
situation is almost fixed from row to row. Therefore, use of two kinds of thermosyphon
is not so beneficial when comparing to those of counter flow arrangement.

Unlike those of balanced parallel flow arrangement, for the case of unbalanced

parallel flow thermosyphon heat exchanger (1, # ), the temperature profiles of hot

and cold stream are not symmetric. The concept of employing the two-fluid
thermosyphons is still feasible. Table 3 and Figure 7 shows the calculated results of

m, = 02kg/s with i, = 0.1, 0.2, and 0.4 kg/s, respectively. Analogous to the results of

counter-flow arrangements, the calculated results show a detectable influence of the
inlet temperature and mass flow. However, it should be pointed out that the applicable
temperature range of using two-fluid thermosyphons for unbalanced parallel flow is

comparatively small than those encountered in counter flow arrangement. For instance,

the applicable range for the un-balanced parallel flow arrangement shown in Figure 7 is
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80 °C < Ty < 110 °C relative to 75 °C < Ty < 125 °C for the balanced counter flow
arrangement. The results are not surprising due to change of inner temperature of the
thermosyphon is more pronounced for counter flow arrangement. The concept of using

two-fluid thermosyphon is especially advantageous for large variation of temperatures.

Part 2 — Results of High Temperature

Results of the high temperature application using dowtherm A and water for
balanced counter current flow thermosyphon heat exchanger are tabulated in Table 4.
The inlet temperature of cold gas is 200 °C and 250 °C, respectively. The calculated
results indicate that use of two-fluid thermosyphon is much more beneficial than those
in low temperature application. Typical increase of heat transfer rate for water-
dowtherm A thermosyphons relative to dowtherm A thermosyphon alone is from 15 ~
99%. However, use of water thermosyphon is subjected to the constraint that the—int:erior
saturation temperature of water should be less than 300 °C. Therefore, in the case of
water- dowtherm A, the heat transfer rate tends to decrease for increase of Ty, In
addition, one can experience a further drop of heat transfer performance when 7, is

raised to 250°C at m =0.3 or 0.4 kg/s . These phenomena come from the effect of the

number of tube row that uses water as a working fluid. At higher inlet temperature of
hot air, the number of tube row containing water thermosyphons are eventually
decreased while the number of tube row for downterm A thermosyphons is increased.
Figure 8 shows the variation of saturated temperature inside each row of thermosyphon

vs. tube row at various conditions. As seen, when the interior saturation temperature
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drops below the constraint temperature of 300°C, it would be beneficial to employ the
water thermosyphons in these tubes. Because of the considerable improvement of the
heat transfer performance of water thermosyphon, the associated hear transfer rate can
be increased dramatically. However, it shiould be noted that for 7; > 375 °C, no water
thermosyphons can be inserted. In summary, for the counter flow arrangement, the
applicable range of the two-fluid thermosyphons concept is limited to 7,~ 325 ~ 375°C,

Similar results for the parallel flow thermosyphon heat exchanger using water-
dowtherm A as working fluids are tabulated in Table 5. Figures 9 and 10 shows the
change of interior saturation temperature vs. the number of tube row for balanced and
un-balanced parallel flow arrangement. For balanced parallel flow arrangement shown
in Figure. 9, the concept of two-fluid thermosyphon is not feasible. Explanation is
identical to those of low temperature application due to the constant temperature
situation. Thus for balanced paralle]l flow arrangement, if the inside saturation
temperature is higher than 300 °C, all- dowtherm A thermosyphons may be used. On the
other hand, if the inside temperature is lower then 300 °C, all-water thermosyphon
would be more suitable. However, in the case of un-balanced parallel flow arrangement,
as seen in Figure 10, the temperature profile of hot and cold stream are not symmetric,
thus the inside temperature of each row can vary from row to row. Thus the concept of
two-fluid thermosyphons is applicable. From the temperature distribution of Figure 10,
one can see that it would be very beneficial to insert some rows of water thermosyphons

into the heat exchanger (especially in row 5, 6, and 7).
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CONCLUSION

In this study, the concept of using two-fluid thermosyphons is implemented for

examining the performance improvement of thermosyphon heat exchangers.

Calculations were made for both low temperature and high temperature application.

Major results are summarized as follows:

(H

@

(3)

(4)

&)

For lower temperature application and 75 °C < T < 125 °C, use of
ammonia in some rows can slightly improve the associated heat transfer
performance for balanced counter flow arrangement.

For balanced parallel flow arrangement at low and high temperature
application, the concept of using two-fluid thermosyphons may not be
feasible.

For un-balanced counter flow arrangement, the boncept of using two-fluid
thermosyphons is also applicable. However, the associated range of Tj, is
comparatively smaller than those of counter flow arrangement.

For un-balanced paralle] flow arrangement, the concept of using two-fluid
thermosyphons is applicable.

For higher temperature application, benefits of using two-fluid
thermosyphons are much more pronounced than those in lower
temperature application. However, the related applicable range of 7}, may
be smaller than those in high temperature application due to the constraint

of critical heat flux of water.



185

ACKNOWLEDGEMENT

The authors gratefully acknowledge the support provided by the Thailand
Rescarch Fund for carrying out this study. Part of the finacial support provided by the
Energy R&D foundation funding from the Energy Commission of the Ministry of

Economic Affairs, Taiwan is also appreciated.

NOMENCLATURE
A area, m” (fY")
Cia empirical constants
Cp  specific heat, J/kg®°C (Btu/lby,°F)
Cy  liquid-surface constant
D diameter of tube, m (ft)
I fin hight, m (ft)
Js fin gap, m (ft)
1 fin thickness, m (ft)
F filling ratio of working fluid
g gravitational acceleration, 9.81 m/s* (ft/s?)
g conversion factor, 1 kg m/N s? (32.17 Ibm-f/Ibf sec?)
h heat transfer coefficient, W/m?°C (Btwh £ °F)
k thermal conductivity, W/m °C (Biwh ft °F)
L length, m (ft)
LMTD log mean temperature difference, °C (°F)
F mass flow rate, kg/s (Ibn/s)
number of tube

m

n

Nu  Nusselt number

P pressure, Pa (lbdinz)

Pr Prandtl number

q heat flux, W/m? (Btwh ft)

0 heat transfer rate, W (Btuw'h)

r radius of tube, m (ft)

Re Reynolds number

Sg diagonal pith of staggered v
Array, m (ft)

S longitudinal pith of staggered array, m (ft)

S transverse pith of staggered
Array, m (ft)

Tei inlet temperature of cold gas, °C (°F)

T.c  outlet temperature of cold gas, °C (°F)

T inlet temperature of hot gas, °C (°F)
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Twe  outlet temperature of hot gas, °C (°F)
AT,  temperature difference between inside surface
and liquid at condenser section, °C (°F)
AT,  temperature difference between inside surface
and liquid at evaporator section, °C (°F)
overall heat transfer coefficient-area, W/°C (Btwh °F)
thermal resistance, °C/W (°F h/Btu)

S

reek symbols
function
efficiency
function
latent heat of vaporization, J/kg (Btu/lby,)
dynamic viscosity, Pa s (Ibn/ft 5)
density, kg/m® (Ib/R)
surface tension, N/m (lb/ft)

Qo R g 39N AN

Subscripts

air, atmospheric
bare tube
condenser, cold
evaporator

fin, film

hot

inlet, inside
liquid

outlet, outside
root

saturated

tube

wall

vapor

< gL To ~xthe oo
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Captions of Tables and Figures

Table 1 Testing conditions and related geometrical parameters of the thermosyphon
heat exchanger.

Table 2 Results of simulation in the case of balanced counter flow arrangement for low
temperature application; working fluid: ammonia (NHj;) -- water (H;0).

Table 3 Results of simulation in the case of unbalanced parallel flow arrangement for
low temperature application; working fluid: ammonia (NHj) - water (H;0),
m, =0.2kgfs.

Table 4 Results of simulation in the case of balanced counter flow arrangement for
high temperature application; working fluid: water- dowtherm A.

Table § Results of simulation in the case of unbalanced paralle] flow arrangement for
high temperature application; working fluid: water- dowtherm A. .
Figure 1 Schematic of the thermosyphon heat pipe - (a). Operating principle;

(b). Thermal resistance circuit.

Figure 2 Flow arrangement of the thermosyphon heat exchanger.
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Figure 3 The flow chart of the two-fluid thermosyphons in low temperature application.

Figure 4 The flow chart of the two-fluid thermosyphons in high temperature
application.

Figure 5 Relation of the appropriate number of water thermosyphons vs. inlet
conditions for balanced counter flow arrangement at 7., = 20 °C.

Figure 6 Temperature profiles of the balanced parallel flow thermosyphon heat
exchanger using water and ammonia as working fluids.

Figure 7 Relation of the appropriate number of water thermosyphons vs. inlet
conditions for unbalanced parallel flow arrangement at 7., =20 °C and s, = 0.2 kg/s.

Figure 8 Interior saturation temperatures of each row of counter flow heat exchanger at
various  conditions; mass flow rate of air = 0.3 kg/s.

Figure 9 Temperature profile of the balanced parallel flow heat exchanger using water
and dowtherm A as working fluids.

Figure 10 Temperature profile of the unbalanced parallel flow heat exchanger using
water and dowtherm A as working fluids.
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Table 1 Testing conditions and related geometrical parameters of the thermosyphon

heat exchanger.

{tems

Conditions

f—

Flow arrangement
2. Temperature of hot air

3. Temperature of cold air

Mass flow rate of air
Thermosyphon arrangement

bl

6. Number of tube row
7. Number of column
8. Diameter of thermosyphon (bare tube)
9. Typeoffin

10. Size of fin

11. Filling ratio of working fluid

12. Material of pipe and fin

Parallel and counter flow
50-125 °C for low temperature
325-400 °C for high temperature
20 °C for low temperature
200-250 °C for high temperature
0.05-0.4 kg/s
Staggered array
$;=0.053m, $4=0.053 m, S,=0.046 m
7
7
0.027 m
Circular fin
Fin height = 0.1 m and fin pitch = 10
fins/inch
50%

Stainless steel 304
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Table 2 Results of simulation in the case of balanced counter flow arrangement for low
temperature application; working fluid : ammonia (NH3) — water (H20).

L I ” QH’O QNH’ QH‘O-NH’ i T Rclative% tomcre;s:lative to
GO CO | ke | W) (W) (W) HO0 | NH; .0 NH;
20 | 125 0.1 5155.09 [ 487282 | 5155.09 7 0 0.00 5.79
20 125 0.2 7456.00 | 6779.58 | 7456.00 7 0 0.00 9.98
20 125 0.3 8882.18 | 7850.84 | 8882.18 7 0 0.00 13.14
20 | 125 0.4 9865.96 | 8553.55 | 9865.96 7 0 0.00 15.34

| 20 100 0.1 3761.03 | 377879 | 3826.01 3 4 1.73 1.25
20 100 0.2 546749 | 531922 | 5488.06 5 2 0.38 3.17
20 100 0.3 6506.54 | 6201.61 | 6506.54 7 0 0.00 492
20 100 0.4 722334 | 678723 | 7223.34 7 0 0.00 6.43
20 95 0.1 3491.61 | 355224 | 357562 2 5 241 0.66
20 95 0.2 5071.65 | 5012.1 5113.46 4 3 0.82 2.02
20 95 0.3 6033.43 | 5851.68 | 604320 6 1 0.16 327
20 95 0.4 6696.93 | 641027 | 6696.93 7 0 0.00 4.47
20 90 0.1 3222.87 | 332342 ] 333090 2 5 3.35 0.23
20 90 02 4676.74 | 470036 | 4749.82 3 4 1.56 1.05
20 50 0.3 556143 | 5495.50 | 5596.36 4 3 0.63 1.84
20 90 0.4 617170 | 6025.85 | 6182.09 5 2 0.17 2.59
20 85 0.1 295492 | 3092.44 | 3092.44 0 7 4.65 0.00
20 85 0.2 4283.02 | 4384.14 | 4398.77 2 5 2.70 0.33
20 85 0.3 5090.79 | 5133.17 | 517042 3 4 1.56 0.73
20 85 0.4 5647.95 | 5634.03 5696.8 4 3 0.86 111
20 30 0.1 2687.93 | 285942 | 285942 0 7 6.38 0.00
20 30 0.2 3890.70 | 4063.53 | 4063.53 0 7 4.44 0.00
20 80 0.3 4621.82 | 476477 | 476835 1 6 3.17 0.08
20 80 0.4 5126.02 | 5234.94 | 524341 2 5 2.29 0.16
20 75 0.1 2422.11 | 2624.39 | 2624.39 0 7 8.35 0.00
20 75 02 3500.14 | 3738.65 | 3738.65 0 7 6.81 0.00
20 75 03 4154.91 | 439043 | 439043 0 7 5.67 0.00
20 75 0.4 460635 | 4828.61 | 4828.61 0 7 4.83 0.00

-
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Table 3 Results of simulation in the case of unbalanced parallel flow arrangement for
low temperature application; working fluid: ammonia (NH3) — water (H,O),

m, =0.2kg/s.
T :
T. T, 1, QH,O QNH] QH,O—NH, No. of tube row o :’:0 mcre;s;aﬁve -
COTCO  kgsy | W | W (W) H0 | NH H,0 NH,
20 110 0.1 4587.09 | 444408 | 4587.09 7 0 0.00 322
20 110 0.3 6500.33 | 6219.93 | 6500.33 7 0 0.00 4.51
20 110 0.4 6859.51 | 6559.15 | 6859.51 7 0 0.00 4.58
20 100 0.1 4016.58 | 3976.97 | 4033.43 5 2 042 1.42
20 100 03 5676.76 | 55826 5705.28 5 2 0.50 220
20 100 0.4 5988.52 | 5889.68 | 6024.55 5 2 0.60 2.29
20 20 0.1 344736 | 3499.02 | 3508.11 2 5 1.76 0.26
20 90 03 4856.82 | 4927.58 | 495725 3 4 207 0.60
20 o0 0.4 5121.66 | 520131 5236.26 3 4 2.24 0.67
20 80 0.1 2880.37 | 3011.31 3011.31 0 7 4,55 0.00
20 80 03 4042.06 | 425573 | 425573 0 7 5.29 0.00
20 80 0.4 4260.53 | 449478 | 4494.78 0 7 5.50 0.00
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Table 4 Results of simulation in the case of balanced counter flow arrangement for high
temperature application; working fluid: water-dowtherm A.

o

T. T, 0 QH,o-dow:hem O oo No. of tube row % increase
°C) | (°C) | (kg/s) (W) W) H,O | dowtherm A | relative to dowtherm A
200 | 325 0.2 14,801.24 8,586.18 7 0 7238
200 | 325 0.3 19,733.14 9,924.58 7 0 98.83
200 | 3235 0.4 23,910.64 10,794.05 7 0 121.52
200 | 350 0.2 16,278.12 10,180.31 5 2 59.90
200 | 350 0.3 21,261.08 11,722.44 5 2 81.37
200 | 350 0.4 25,367.74 12,717.51 5 2 99.47
200 | 375 0.2 16,695.81 11,734.56 3 4 4228
200 | 375 03 21,136.830 13,464.64 3 4 56.98
200 | 375 0.4 24,643.56 14,574.15 3 4 69.09
250 § 325 0.2 8,215.36 5311.22 4 3 54.68
250 | 325 0.3 10,749.66 6,183.04 4 3 73.86
250 | 325 0.4 12,843.12 6,756.87 4 3 90.07
250 | 350 02 8,912.57 6,977.37 2 5 27.74
250 | 350 0.3 11,077.11 8,078.91 2 5 37.11
250 | 350 0.4 12,735.22 8,796.64 2 5 44.17
250 | 375 0.2 9,937.70 8,591.39 1 6 15.67
250 | 375 0.3 9,900.76 9,900.76 0 7 0.00
250 | 375 0.4 10,746.83 10,746.83 0 7 0.00

Table § Resuits of simulation in the case of unbalanced parallel flow arrangement for
high temperature application; working fluid: water-downterm A.

T, T, ", /mc Qﬂzo_dommm demm No. of tube row % increase
(°C) | °C) (kg's) (W) (W) H,O | dowtherm A | relative to dowtherm A
250 | 375 1 0.1/03 9,58t.41 7,255.79 7 0 32.05
250 | 375 | 0.15/03 12,172.92 8,349.21 ] 1 i 45.80
250 | 375 | Q.17/0.3 11,597.18 8,639.07 3 4 34.24
250 | 375 0.2/0.3 9,070.19 9,070.19 0 7 0.00
250 | 400 | 0.05/0.3 6,752.08 6,036.20 7 0 11.86
250 | 400 | 0.1/03 11,404.50 8,654.23 6 1 31.78
250 | 400 | 0.12/0.3 11,769.60 8,309.16 3 4 41.65
250 | 400 | 0.2/03 10,629.87 10,629.87 0 7 0.00
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Figure 1 Schematic of the thermosyphon heat pipe.
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b. Parallel flow thermosyphon heat exchanger.

Figure 2 Flow arrangement of the thermosyphon heat exchanger.
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Figure 3 The flow chart of the two-fluid thermosyphons in low temperature
application.
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Figure 4 The flow chart of the two-fluid thermosyphons in high temperature

application.
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Figure 6 Temperature profiles of the balanced parallel flow thermosyphon heat
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Figure 7 Relation of the appropriate number of water thermosyphons vs. inlet
conditions for unbalanced parallel flow arrangement at T, = 20 °C and
m, =0.2kg/s.
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Figure 8 Interior saturation temperatures of each row of counter flow heat
exchanger at various  conditions; mass flow rate of air = 0.3 kg/s.
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Figure 9 Temperature profile of the balanced parallel flow heat exchanger using
water and dowtherm A as working fluids.
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using water and dowtherm A as working flnids.
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Enhancement of Heat Transport in Thermosyphon Air
Preheater at High Temperature with Binary Working Fluid:

A Case Study of TEG-water
A. Nuntaphan and J. Tiansuwan
School of Energy and Materials, King Mongkut’s University of Technology Thonburi,
Bangkok 10140, Thailand
T. Kiatsiriroat

Department of Mechanical Engineering, Chiang Mai University,
Chiang Mai 50200, Thailand

Abstract - In this research, the critical heat flux due to flooding limit of thermosyphon
heat pipe using TEG-water mixture has been investigated. From the experiment it is
found that, use of TEG-water mixture can extend the heat transport limitation compared
with pure water and higher heat transfer is obtained compared with pure TEG at high
temperature applications. Moreover it is found that ESDU equation can be used to
predict the critical beat flux of the thermosyphon in case of TEG-water mixture.

For thermosyphon air preheater at high temperature applications, it is found that
with selected mixture content of TEG-water in each row of the thermosyphon the
performance of the system could be increased approximately 30-80% compared with
pure TEG for parallel flow and 60-115% for counter flow configurations. The
performances also increase approximately 80-160% for parallel flow and 140-220% for
counter flow compared with those of pure dowtherm A which is the co.mmon working

fluid at high temperature applications.
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1. INTRODUCTION

The thermosyphon air preheater, at present, has become an important equipment
for energy recovery from industrial waste heat because of its low investment cost and
high thermal conductivity.

The thermosyphon air preheater consists of many tubes of thermosyphon heat
pipes. The thermosyphon heat pipe shown in Fig. 1a can be divided into three parts,
evaporator, adiabatic and condenser. When heat is added to the evaporator section, the
working fluid inside the tube boils, vaporises and carries heat from the high temperature
heat source to the low temperature heat sink where the working fluid condenses. The
condensate from the condenser returns to the evaporator by gravitational force.

Water, normally, has been used as a working fluid inside the thermosyphon
because of its high latent heat of vaporization and wide working temperature range,
(approximately 50-300°C) [1-3]. However, in some conditions of waste heat such as the
flue gas from ceramic furnace, the temperature of hot gas is higher than 300°C and the
critical heat flux (CHF) due to flooding limit may occur when using pure water as the
working fluid. Dowtherm A is recommended for this high temperature range [4]
however the heat transfer rate when using dowtherm A is very low compared to the
water [5). .

From a previous study [6], it was found that using Trethylene glycol (TEG;
CgH,404) — water mixture as a working fluid could reduce the flooding phenomenon of
the thermosyphon while the heat transfer rate slightly decreases. However, the

information of the TEG concentration effect on the heat transport is very limited. In this
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research work the critical limit of the thermosyphon heat pipe using TEG-water has
been investigated. Selection of the suitable fraction of TEG in the working fluid mixture
in each row of a thermosyphon air preheater operated at high temperature has also been

carried out,

2. FLOODING LIMIT OF THE THERMOSYPHON

2.1. Critical heat flux equation
Flooding phenomenon of working fluid inside the thermosyphon always occurs
at high operating temperature. ESDU [7] proposes a the correlation to calculate this

critical heat flux due to flooding limit and is in the form of

Qmar = Fif2f 344 (golp, - p, )% p2° L)

where A, is cross-sectional area of the thermosyphon, D is inside pipe diameter. The
factor f; is the function of Bond number (Bo) and it can be evaluated from

f, =-0.033180° + 0.8161B0 + 3.2134 (2)

0.5
where Bo = D{M] . 3)

a

The factor /7 is a function of the dimensionless pressure parameter (K,) which is defined
as

P

"~ lolor -2, o)

K (4)

and
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f, = K;"'” if K, <40000 (3

f,=0165 if K,>40000. (6)

The function f; is unity if the pipe is in vertical direction.

2.2, Experimental Set-up

The CHF due to flooding limit of a TEG-water thermosyphon has been
investigated and Fig. 2 shows a schematic diagram of the experimental apparatus. A 9.5
mm diameter copper tube with 1 mm thickness has been used as a thermosyphon. The
length of evaporator, adiabatic and condenser sections are 40, 20 and 40 cm
respectively. Four K-type thermocouples are attached at the outer surface of the tube
along the length of the evaporator section and the others four are also attached at the
condenser section for measuring the surface temperature. The pressure gage is mounted
on the top of the tube for measuring inside pressure. Hot paraffin oil bath with an
electric heater and a temperature control box is used as the heat source of the evaporator
section. The air bubble is also injected to the paraffin oil to make a uniform temperature.
The condenser section is inserted into the cooling jacket. The mass flow rate of cooling
water 1s controlled by a constant head tank and the water flows through the jacket to
absorb heat from the condenser section. The inlet and the outlet temperatures of cooling
water are measured by a set of thermocouples and a flow meter is used to measure the
mass flow rate. These values are used to calculate the heat transfer rate of the

thermosyphon.



208

In this study, the temperature of hot paraffin oil is controlled from $0-200°C and
the temperature of the cooling water is kept constant at 30°C and the mass flow rate is
0.0054 kg/s. The working fluid inside the thermosyphon is TEG-water mixture at 0, 285,
50, 75 and 100% by volume of TEG. The filling ratio is 50% of the evaporator volume.

The experiments have been carried out under steady-state conditions.

2.3. Critical heat flux of TEG-water mixture

Fig. 3 shows the critical heat flux of the thermosyphon heat pipe using various
contents of TEG-water mixture. It is found that using TEG-water can extend CHF due to
flooding limit and this limit is proportional to the content of TEG in the mixture. The
heat transfer rate of the thermosyphon using pure TEG is the lowest compared to those
of pure water and the binary mixture because of very low latent heat of pure TEG and its
high normal boiling point (278°C at normal pressure for TEG).

Fig. 4 shows the comparison of the experimental results critical heat flux with
those calculated from the ESDU correlation. Both results agree quite well. Note that the

properties of the binary mixture can be evaluated from the methods in references [8-13].

3. THERMOSYPHON AIR PREHEATER USING TEG-WATER — A CASE STUDY

3. 1. Thermal resistances of the thermosyphon air preheater
Fig. 1b shows the thermal resistance circuit of the thermosyphon. In this research

work, the pressure drops from the evaporator to the condenser end and the axial
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conduction along the pipe wall are assumed to be negligible. Evaluation methods of the
thermal resistance are described as follows:

The external air-side thermal resistances of the evaporator (Z,,) and the
condenser (Z,,) section can be calculated from

1

Loy = ; 7
A @)
1
Lo = . 8
C huA, ®)

h., and k., are the external air-side heat transfer coefficient at the evaporator and
the condenser, respectively. For plain plate finned tube having staggered array, Webb

[14] proposed a following correlation as

R 0.031
j=014Re™* [i—:] [-g:] , (9
where j is Colburn factor which is defined as:
j——mh" Pré/i . (10)

PV CD,
Related information for calculating the fin surface area A the bare tube surface

Ay, and the fin efficiency 7 are given as:

A, =2n,(n, +0.5)S,S, -0.25=n,D2), (11)
an. L
A, =| Zete \p f
/ol [f5+ftJ at s (12)

tanhl,;Zho S hk xp (13)
= ,
T J2h, Sk, g
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o=(¢-1N1+0.35n¢), (14)
e 1,2
¢ =12.7ir“-’+t;\:—‘e0.3] , (15)
M
2
X;=05[%{]+Sf, (16)
Xy =0.5S,. (17

Note that the fin efficiency rris computed from Schmidt’s approximation [15,16].

The wall resistances in the evaporator and the condenser sections can be

calculated from
a !n!ro Var l
inlr, /1
Z, = 2ok L (19)

The boiling and condensation resistances in the evaporator (Z,;) and condenser

section (Z,;) can be calculated from

z
Zy = 2
o =ih o)
1
2=
S @

Kiatsiriroat et al. {6] has proposed correlations for calculating the boiling and
condensation heat transfer coefficients inside the thermosyphon as

Boiling:

C
o G |(4T, T o)
car, x|l Yy ’
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1 g, APr,
where X = 1' and =—".
wAXalo -p,) Cp,

Condensation:

Ce
gpf)h'(f
h, =0, ————"—1| . 23
“ S[ﬂf(rw"rsyc} @3

The correlation constants C-Cy for water and TEG are shown in Table 1.

In case of binary working fluid, Kiatsiriroat et al. {6] also proposed a correlation

for predicting the heat transfer coefficient as
Rocore = M2, + 1y (1-x,), (24)
where x; means the mole fraction of component | in the mixture.

For high temperature application, dowtherm A, is normally used as the working
fluid. ESDU [7] proposed correlations for calculating the thermal resistances due to
boiling and condensation inside the thermosyphon.

Thermal resistance due to pool boiling in the evaporator section:

1

Z,, = . 25
N4 ¢!g0.25QG.J(EDfLe )0.6 ( )
065 §.0.3 07 3 .23
where 4,=0. 32% [P—} . (26)
¥ [ a

Thermal resistance due to falling film evaporation in the evaporatgr section:

0.235Q"°
as = i3 iiiy 5903 27
S D;”g”jLeqﬁ;” ( )
UL
where ¢, = [MJ (28)
M
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The total thermal resistance due to boiling in the evaporation can be calculated
as:
z,=2,l-F)+2,,F (29)
where F is filling ratio of the working fluid.

Thermal resistance in the condenser:

73
6= 4?3233? 473 (30)
D i g Lc¢2
The overall thermal resistance of the thermosyphon air preheater can be
calculated from

.
(UA )ro:a.'

=ZpVvZ, +2,vZ vZ +Z, 3
where (UA )i 1s the overall thermal resistance of the thermosyphon air preheater.
The overall heat transfer rate of the thermosyphon air preheater from Fig. 5 for

paralle] flow and counter flow arrangements can be evaluated as

Q.-ara = (UA):mal ATMD
=m, Cp, (T Ty )- (32)
= ”:‘c Cpc(Tm _Ta)

AT pez could be calculated from

for parallel flow

Aﬂm,«d - (Thf — Tc.- ) — (Tho - Tm)

n 7:‘" _Tc.i
r&o _Tm

(33)

for counter flow
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ATM - (be —Tm)— (rho - Tcr) . (34)

in Thf 'Tco
Tho - Tci

3.2. Simulation program

This part is the case study of using TEG-water as a working fluid in the
thermosyphon air preheater. Table 2 shows testing conditions and related geometrical
parameters of the thermosyphon air preheater using in the simulation program. The
concept of the program is to find out the suitable mixture content of TEG-water in each
row of the air preheater. Note that the contents of TEG in the binary mixture are 0, 25,
50, 75 and 100% by volume.

Fig. 6 shows the flow chart of the calculation method. It can be divided into two
parts, counter flow and parallel flow. In the counter flow part, firstly input all of
working conditions and also dimensions of the air preheater then assume values of injet
and outlet temperatures of the hot and the cold streams and also heat transfer rate in each
row. Next, set the working fluid of each row as water and using trial and error technique
for finding out the real value of the temperatures and the heat transfer rate of each row.
Then check the critical heat flux of each row and select the suitable working fluid which
gives the highest heat transfer rate. Re-calculate until all the computational values are
constant. The calculation continues to the last row of the heat exchanger, .

For the parallel flow part, starting with row 1 by assume the value of O and

using water as working fluid. Then, by trial and error technique, the real value of the

outlet temperature of the hot and the cold air and also the heat transfer rate are obtained.
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Next check the critical heat flux of this row and compute the heat transfer rate then
select the suitable mixture content and recalculate again until every value is steady. Next

starting with row 2 by the same method until the last row is carried out.

3.3. Results and discussion

Tables 3 and 4 show the results of the heat exchanger from the simulation
program for the parallel flow and the counter flow respectively. It is found that the heat
transfer rate increases significantly in some conditions compared to pure TEG when
using suitable mixture content in each row of the air preheater. Normally water caunot
be used as a working fluid in this temperature range (300-400°C) because of the
flooding limit. However, TEG-water can extend this condition and the performance
increases approximately 30-80% for parallel flow and 60-115% for counter flow
compared to pure TEG. When compared with a common working fluid, dowtherm A, it
is also found that using TEG-water can also increases the heat transfer rate
approximately 80-160% for parallel flow and 140-220% for counter flow
configurations.

In case of parallel flow, it is found that the content of TEG should be high in the
first rows and water is a good working fluid in the last rows. These results can be
explained by Fig. 7 which shows the temperature profiles of the parallel flow air
preheater. Normally the gap between the hot and the cold streams is large at the initial
rows and narrow at the last rows. Consequently the heat transfer rate of the initial row is

higher than that of last row and it has a high opportunity to reach the critical limit and
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therefore high content of TEG or pure TEG are the suitable working fluids in this range.
On the other hand, water or lower content of TEG in the mixture is suitable for the last
rows. In Fig. 7 it also shows the comparison between using TEG-water and pure TEG.
This result comes from the simulation program shown in Table 3 (No.7). It is found that
using 75% and 25% of TEG in rows 3 and 4 and pure water in row 5 and 6, the
temperature difference between the hot and the cold air streams is smaller significantly
compared with pure TEG ,therefore, higher heat exchange is obtained.

In case of counter flow, from Table 4, it is found that in case of balance counter

flow (m, = m_) the mixture content in each row is nearly the same. This phenomenon

can be explained by Fig. 8 which shows the comparison of temperature profiles of
balance counter flow between using TEG-water mixture and pure TEG. Actually in this
case the temperature gap of the hot and the cold streams is nearly constant in this case.
Consequently the heat transfer rate of each row is also nearly constant and this value is

suitable for only one mixture content. However, in case of unbalance counter flow

(m, # m_ ), the temperature difference is not constant including the heat transfer rate,

therefore, the mixture content in each row will affect the performance. Fig. 9 shows the
result obtained from Table 4 (No.18). Use of TEG content of 75% in row 1-3 and 100%
in rows 4-6 shows better heat exchange compared with pure TEG in all rqws.

[t could be seen that, the system performance when using TEG-mixture is also
higher than using dowtherm A which is a common working fluid of high temperatures.
From Tables 3 and 4, the performance increases about 80-160% for parallel flow and

140-220% for counter flow.
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4. CONCLUSIONS

In this research, the concept of using TEG-water in the thermosyphon heat pipe
has been studied. Major results are summarized as follow:

1. Using of TEG-water can extend the critical limit due to flooding inside the
thermosyphon and the limit is directly proportional to the content of TEG in the
mixture.

2. Suitable mixture content of TEG-water in each row of the thermosyphon air
preheater can increase the performance of the system approximately 30-80% for
parallel flow and 60-115% for counter flow air preheater compared with pure TEG.

3. The heat exchanger with suitable content of TEG-water also shows better

performance than that with dowtherm A.
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NOMENCLATURE

A area (mz)

Az cross sectional area (mz)
Bo Bond oumber

C,;.¢ empirical constants

Cp  specific heat (J/kgK)

D diameter ()
fr3  parameter
Js fin gap (m)

I fin thickness (m)
g gravitational acceleration (9.81 m/s%)

g conversion factor (1 kgm/Ns?)

h heat transfer coefficient (W/m’K) .
¥, Colburn factor

k thermal conductivity (W/mK)

K,  parameter

L length (m)

m mass flow rate (kg/s)

n, number of column of tube bank

ny total number of fin

¢ heat transfer rate (W)
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radius (m)

longitudinal pith of tube bank (m)

transverse pith of tube bank (m)

temperature (°C)

temperature difference between inside surface
of evaporator tube and working fluid (°C)
temperature difference between inside surface
of condenser tube and working fluid {°C)

log mean temperature difference (°C)

mole fraction

factor

factor

factor

factor

thermal resistance (K/W)

reek symbols

factor

efficiency

factor

latent heat (J/kg)
dynamic viscosity (Pas)
density (kg/m®)

surface tension (N/m)

ubscripts

bare tube

condenser section, cold air
evaporator section
fin, film evaporation
hot air

inside, inlet

liquid

outside, outlet

pool boiling

surface

vapor

working fluid
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CAPTIONS OF FIGURES AND TABLES

Fig. 1. Schematic of the thermosyphon heat pipe. a. Operating principle. b. Thermal
resistance circuit.

Fig. 2. The experimental set-up.
Fig. 3. Critical heat flux of thermosyphon heat pipe using TEG-water mixtures.

Fig. 4. Comparison of critical heat flux from the experiment and the ESDU model at
various mixtures content of TEG.

Fig. 5. Thermosyphon air preheater. a. Parallel flow arrangement. b. Counter flow
arrangement.

Fig. 6. Flow chart for calculating the suitable mixture content of TEG-water in each row
of the thermosyphon air preheater.

Fig. 7. Comparison of temperature profile of parallel flow thermosyphon air preheater
between using TEG-water mixtures and pure TEG {(no. 7 in Table 3).

Fig. 8. Comparison of temperature profile of balance counter flow thermosyphon air
preheater between using TEG-water mixtures and pure TEG (no. 3 in Table 4).

Fig. 9. Comparison of temperature profile of unbalance counter flow thermosyphon air
preheater between using TEG-water mixtures and pure TEG (no.18 in Table 4).

Table 1. Empirical constants of Kiatsiriroat et al. Correlation.

Table 2. Testing conditions and related geometrical parameters of the thermosyphon air
preheater.

Table 3. Results of simulation in case of parallel flow arrangement; inlet temperature of
cold air = 30°C.

Table 4. Results of simulation in case of counter flow arrangement; inlet temperature of
cold air = 30°C, .
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Fig. 1. Schematic of the thermosyphon heat pipe.
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Fig. 3. Critical heat flux of thermosyphon heat pipe using TEG-water mixtures.
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Fig. 7. Comparison of temperature profile of paralle]l flow thermosyphon
air preheater between using TEG-water mixtures and pure TEG (no. 7 in
Table 3).
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Fig. 9. Comparison of temperature profile of unbalance counter flow
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Table 1. Empirical constants of Kiatsiriroat et al. correlation.

Working fluid C, C;, | G C

Water 18.688 0.3572 f0.943 1 0.233
TEG 20.565 0.3662 0.943 0.180
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Table 2. Testing conditions and related geometrical parameters of the thermosyphon air

preheater.
Items Conditions
1. Flow arrangement Parallel and counter flow
2. Temperature of hot air 300-400 °C
3. Temperature of cold air 30°C
4, Mass flow rate of air 0.1-0.5 kg/s
5. Thermosyphon arrangement Staggered array
S,=0.02m,S5;=002m, 5=0.0173m
6. Number of tube row 6
7. Number of column 10
8. Diameter of thermosyphon (bare tube) 0,0095 m
9. Type of fin Plain plate fin
1

0. Size of fin

11. Filling ratio of working fluid
| 12. Material of pipe and fin

fin pitch = 6 fins/inch
fin thickness = 0.0005 m
50%
Copper for pipe and Aluminum for fin
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Parameters Affecting Exergy Loss of Thermosyphon Air Preheater

T. Kiatsiriroat
Department of Mechanical Engineering Chiang Mai University
Chiang Mai Thailand 50202

A, Nuntaphan and J. Tiansuwan
School of Energy and Materials King Mongkut’s University of Technology Thonburi
Bangkok Thailand 10140

ABSTRACT

The parameters affecting the exergy loss of the thermosyphon air preheater was studied in
this research work. The effect of the ratio of mass capacity flow rate, the inlet temperature ratio,
the pipe arrangement and the flow direction had been considered as the parameters and the
simulation program was used to calculate the exergy loss of the system. The dimensionless of
exergy loss per dimensionless heat transfer rate formulated from the simulation program was

used as the criteria for varicus conditions.

From the simulation program, it was found that the parallel flow and aligned array give more
exergy loss than the counter current flow and staggered array respectively. Moreover it was
found that the exergy loss per unit heat transfer vary in reverse direction with the ratio of mass
capacity flow rate but directional to the inlet temperature ratio.

Key Words : Exergy analysis, Thermosyphon air preheater.

INTRODUCTION

At present, the second law efficiency of
thermodynamic that used for evaluate the
performance of the mechanical system has
become interesting topic of a new research
work. The entropy generation or the exergy
loss is used as a scale to determine
quantitatively the quality of thermal energy
transformation.

Gool [1] used the exergy concept for
analysis the industrial processes to find the
exergy loss and the second law efficiency.
Nikolaidis and Probert [2] studied the
behavior of two-stage compound
compression cycle, with flash intercooling,
using R-22 by exergy method. Kotas and
Jassim [3] and McGovern [4] analyzed the
exergetic cost with the optimizaticn

technique to find the suitable condition and
size of the thermal system.

In the case of heat exchanger, normally
the effectiveness is used as a parameter to
determine the performance. However this
quality gives very limited information on the
quality of energy transformation in the
system [5]. Consequently, in this research,
the concept of second law efficiency of
thermodynamic is applied to evaluate the
performance of the thermosyphon air
preheater. The thermosyphon air preheater is
an economic type of heat exchanger because
of its many advantages such as low
investment cost, high thermal conductivity,
no energy consumption and moving part.
Normally this equipment is used to recover
heat from the exhaust gas to produce hot air.
So it can improve the performance of overall
system.



THEQRETICAL ANALYSIS

The method for analysis of exergy loss
of Teke et al. [6] had been used in this
research work and the details are as follow.

o ([
ma |[1111]

JHRSE:

Figure 1 Flow direction of the thermo-
syphon air preheater.

Figure 1 shows the flow pattern of the
thermosyphon air preheater and the exergy
loss from the heat transfer is

T, T,
E=T, [m,,Cph In(_r—*:} m.Cp, In[%ﬂ

[1]

where E is the exergy loss of the air
preheater. The effectiveness of the air
preheater when the heat capacity flow rate of
hot fluid is minimum, can be evaluated as

g= 1— % [2]

The inlet temperature ratio and the ratio
of heat capacity flow rate is defined as

3]
[4]

where Tr is inlet temperature ratio and
Cr 1s heat capacity flow rate ratio. A
dimensionless exergy loss and a
dimensionless heat transfer rate are defined
as
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where e is a dimensionless exergy loss and q
is a dimensionless heat transfer rate.

From equations 1-6 the dimensionless of
exergy loss per dimensionless heat transfer

rate can be evaluated as
e Inft-et -~/ Tr))]+Q/Cr)inft + eCr(Tr-1)
q N e(Tr - 1)

[7]

where e/q is the dimensionless of exergy
loss per dimensionless heat transfer rate.
Higher e/q is mean that the irreversibility of
system increases.

The simulation program had been
constructed by the method of Nuntaphan et
al. [7] to calculate the e/q at various
conditions such as the inlet temperature, the
flow pattern of the air preheater, the pipe
arrangement and the mass flow rate of hot
and cold streams.

EXPERIMENTAL SETUP

In this research work, the counter and
parallel flow heat pipe air preheaters with
staggered and aligned arrangement had been
used fo calculate the exergy loss per
dimensioniess heat transfer rate. Importance
conditions of these heat exchangers are
shown in Table 1.

RESULTS AND DISCUSSION

Figure 2 shows the relation between the
dimensionless of exergy loss per
dimensionless heat transfer rate (e/q) and the
inlet temperature ratio (Tr) at various
conditions of heat capacity flow rate ratio
(Cr), pipe arrange and flow pattern. -

From figure 2, it was found that the
factor e/q vary with the inlet temperature
ratio. It means that higher difference of inlet



temperature of hot and cold stream gives
higher e/q. The increase of factor e/q
indicates that the irreversibility of the
system increase. In the case of the heat
exchanger, the second low efficiency equals
to unity in the reversible process. It means
that no exergy loss. From equation 1, no
exergy loss occurs when the inlet
temperature of hot stream equals to the
outlet temperature of cold stream and on the
other hand the outlet temperature of hot
stream equals to the inlet temperature of
cold stream. Moreover the heat capacity
flow rate ratio must equals to unity. These
mean that there is no gap between the
temperature profile of hot and cold stream.
So, it can be concluded that the exergy loss
can be reduced by reduce the gap of the
temperature profile of both stream.

The effect of the inlet temperature ratio
plays an important role on the factor e/q and
the increase of this factor creates the
enlargement of the temperature gap between
hot and cold stream. Consequently, high e/q
is obtained.

The same affect as the inlet temperature,
the heat capacity flow rate ratio equals to
unity give lowest factor e/q. Because the rate
of flow can decreases the temperature gap of
hot and cold stream. In the case of flow
pattern, counter flow has lower factor e/q
than parallel flow because of it nature of the
flow pattern. Counter flow can reduces the
temperature gap more efficiently than
parallel flow. It means that the area between
the two stream of counter flow is lower than
that of parallel flow. However at low ratio of
heat capacity flow rate, factor e/q of parallel
flow is slightly higher than counter flow
because the unbalance of the flow pattern.

The pipe arrangements have also affect
to the factor e/q. Staggered array gives lower
factor efq than aligned array. Normally
staggered array has high heat transfer rate
than aligned array. Therefore, the
temperature change of both streams is
greater than that of aligned array and it
means that the gap of temperature or both
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streams is reduced and the irreversibility of
system is decreased.

CONCLUSION

The exergy loss of the thermosyphon air
preheater can be decreased by reduce the
temperature gap of hot and cold stream. The
increase in the inlet temperature different
and decrease the heat capacity flow rate
bring to enlarge this temperature gap and
high exergy loss is obtained.

The counter flow air preheater has lower
exergy loss than that of parallel flow
because of it's more effictently transfer of
heat and the area of gap between two
streamns is lower than that of parallel flow.
The staggered array arrangement of pipe in
the thermosyphon air preheater give lower
exergy loss than that of aligned arrangement
because of its high efficiency of heat.
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NOMENCLATURE

Cp = specific heat (J/kgK)

Cr = heat capacity flow rate ratio

¢ = dimensionless exergy loss

E = exergy loss (W)

T = temperature (K}

Ty = ambient temperature (K)

Tr = iulet temperature ratio

q = dimensionless heat transfer

rate -

Q = heat transfer rate (W)
Subseripts

c = cold stream

h = hot stream

m = mass flow rate (kg/s)
Greek symbol

g = effectiveness

1 = inlet

o = outlet
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Items Conditions
1. Flow arrangement Parallel and counter flow
2. Thermosyphon arrangement
Staggered array =0.053m, S4=0.053m, $;=0.046 m
Aligned array 5(=0.053 m, $=0.053 m
3. Number of tube row 7
4. Number of column 7
5. Diameter of thermosyphon (bare tube) 0.027 m
6. Length
Evaporator section 0.4m
Condenser section 0.4m
Adiabatic section 02m
7. Type of fin Circular fin

8. Sizeof fin

9. Filling ratio of working fluid

| 10. Matenial of pipe and fin

Fin height=0.1 m
fin pitch = 10 fins/inch
50%
Stainless steel 304

[
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Figure 2 The dimensionless of exergy loss per dimensionless heat transfer rate at
various working conditions of the thermosyphon air preheater.
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SECOND LAW ANALYSIS OF A THERMOSYPHON AIR PREHEATER
WITH BINARY MIXTURES

ABSTRACT  Performance of different binary working fluids in a
thermosyphon heat exchanger has been considered by evaluating the 2nd
law efficiency. The binary working fluids used are ethanol-water and TEG.-
water and the heat exchanger is desigoed as an air preheater of a longan
dryer; ambient air is considered as the cold stream and the flue gas from the
dryer as the hot stream. The performances havs been compares with that of
pure water.

It was found that the ethanol-water working fluid resulted in the highest
second law efficiency. An efficiency of 0.34 was found at 57 rows for the
19.05 mm. thermosyphon size, and at 90 rows for the 12.7 mm.

A. Nuntaphan

School of Energy and Materials
King Mongkut’s University of
Technology Thonburi

Bangkok Thailand

K. Pearce

Dept. of Chemical Engineering
Melboumne University
Melbourne Australia

thermosyphon size at a flue gas temperature of 80°C.

T. Kiatsiriroat

Dept. of Mechanical Engineering
Chiangrai University

Chiangmai Thailand

1, INTRODUCTION

A longan dryer is used to removed moisture from
longan, an important fruit of Thailand. Normally
consumes 2 lot of thermal energy. To save such energy, a
heat exchanger is designed to recover waste heat from
the dryer by using the exhaust flue gas from the dryer is
the input hot stream which ranges from 60-80°C. The
cojd stream gas is the ambient air ranging 25-40°C.

A thermosyphon heat exchanger is used to recover
the waste heat. The simple working fluid instde is water.
However, there is an idea to improve the heat exchanger
by using binary mixture and the fluid pairs of ethanol-
water and TEG.-water have been selected. In this paper,
comparison of the heat exchanger performance of the
binary mixtures with the pure water have been carried
out and the second law efficiency is the tool to estimate
the system,

2, THERMOSYPHON HEAT EXCHANGER
2.1 The Longan Dryer

Longan is an important fruit of Thailand. In order 10
increase the life of the fruit, and decrease the weight and
volume of the fruit for storage and handling they are
often dried. A direct dryer is usually used to dry the
whole fruit, outer skin and seed included. Ambient air is
usually combusted with LPG and the resulting hot gas
passed directly over the longans,

In order 1o conserve energy the flue gas ranges of
about 60-80°C from the dryer may be used to pre-heat
ambient air of about 25-40°C before it is combusted with
LPG.

Edoust G [

At Prghater

Lodgan Dryw

Fig. 1 The longan drying process and air preheater

2.2, Principals of Thermosyphon

A thermosyphon is a heat transfer device that utilizes
the high heat transfer ability of boiling and condensation
process. A small quantity of working fluid is placed in
the bottom of a tube from which air has been evacuated.
The tube is then sealed. Heat is applied to the lower end
of the tube, causing vapor to form and move up to the
cold end where it is condensed. The condensed liquid
returns via gravity to the evaporator section. Because the
latent heat of vaporization is large considerable
quantities of heal may be transported with a small
temperature difference. A thermosyphon has high
effective thermal conductance,
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Fig. 2 Thermeosyphon

2.3. Iuternal Resistance in Thermosyphon

In order to determine the amount of heat transferred
through a heat pipe, the resistance in the heat pipe taust
be determined.

The internal resistance of the heat exchanger
incorporates the boiling and condensing beat transfer
resistance, an axial resistance, vapor/liquid interface
resistance and pressure drop resistance and the wall
resistance in the evaporator and condenser sections of the
thermosyphon.

Experimental data tests were carried out on a single
thermosyphon. The thermosyphon had cooling water
flowing over the condenser section and the evaporator
section was heated by a hot oil bath. The temperature of
the oil bath, the evaporator wall, the inlet and outlet
cooling water temperatures and the temperature of the
condenser wall were measured. These were used to
determine the internal resistance of the thermosyphen.

An energy balance over the condenser section
enables Q, the heat transferred to be determined,

Q=m. C, AT, (1)
This could then be used to determine internal
thermal resistant of heat pipe from

=(T _Tcd)

£V

Q

Where T., and T4 are surface temperature of heat
pipe at evaporator and condenser section respectively.

The relations between internal resistance and log
mean temperature difference for ethanol-water, TEG.-
water and water are shown in equation 3 and table 1.

R 2)

R, =a(LMTD)+b 3)
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Table 1 The values of a and b in equation 3
Substant a b

water (d = 12,7 mm.) -0.0160 | 1.5798
ethanol-water (d = 12.7 mm.) -0.0010 | 0.2195
TEG.-water (d= 12.7 mm.) -0.0100 | 1.2453
water ( d = 19.05 mm.) -0.0047 | 0.4989
ethanol-water (d = 19.05 mm.) 0.0013 | 0.1774
TEG.-water { d= 19.05mm.) -0.0060 | 0.6353

2.4 Heat Exchanger Configuration

The heat exchanger was assumed to be of a
staggered, counter-current configuration. The spacing
between thermosyphons was set at 0.023m, in the
direction of flow and perpendicular to the direction of
flow.

The benefits of a thermosyphon beat exchanger over
a the standard heat exchangers is that there is no
opportunity for cross-contamination, there are no moving
parts required, the design is compact, there is no need for

an external energy supply and they have low
maintenance and operating costs.
Tll i mh Tm H mh
Q

Fig 3 Counter-current Thermosyphon Heat
Exchanger Configuration

2.5 Second Law Efficiency

The first law of thermodynamics states that energy
must always be conserved. The concept of first law
efficiency relates to minimizing energy losses from a
process. In the case of a heat pipe the energy losses are
minimal and the first law efficiency can be taken as
100%.

The second law of thermodynamics states the
entropy of an isolated system camnot decrease. Thus,
although energy must always be conserved, a given
amount of energy will not always have the same potential
for use. Potential for use or availability of a system can
be destroyed by irreversibility. Irreversibility of a system
may be due to a finite temperature difference, pressure
differences and friction. In the case of a heat exchanger
the main factor is that of minimizing the temperature
difference.

The 2™ law efficiency uses the concept of
availability in assessing the effectiveness of energy
resource utilization. By comparing the second law
efficiency obtained for various designs the most
thermodynamically effective use of energy can be
determined.

[n 2 counter-current heat exchanger as considered
here and assuming the pressure drop over the length of a



J heat pipe is negligible, the second law efficiency can be
evaluated as

T
Cp ln(-]%)J

1

g=
» T.
mh[cph (Th.l - Tho) - Tambcph ]‘n(?]!l_))
ko /

f;lc(cpc(—rw _Tci ) _Tamb

@)

2.6 External Resistance

The external resistance over the evaporator and
condenser are evaluated according to convective heat
transfer relations for the flow over a bank of tubes.

Rcv.o = 1"‘ (hw.ko,o)
Rod,o = 1 / (hcd,oAcd,o)

&)
(6)

| The average heat transfer coefficient for the entire
tube bundle can be found using the correlation
Nu=C, Re™_ Q)

Where C, and m are empirical constants. This
equation is valid for flow over 10 or more rows of tubes.

2.7 Simulation Program

Determination of the 2™ law efficiency was
| conducted using the Turbo Pascal computer program. A
flow chart of input data and calculations is shown in the

J appendix
|

. 3. RESULT AND DISCUSSION

| From the simulation program it is found that, as the
number of rows was increased the resulting change in
outlet temperatures was found to reduce unmtil the
" addition of another row did not produce a significant
change in temperature. At this point the second law
efficiency plateaus, and the maximum obtainable second
law efficiency is found.

Ethanol-water was found to be the better working
~ fluid in the thermosyphons considered (Refer to Fig. 4).
It produced the highest efficiency for the lowest number
of rows in both the 19.05 and 12.7 mm. thermosyphon
heat exchangers. The efficiency was found to plateau at a
value of 0.34 in both cases. The number of rows required
was 57 for the 19.05mm. and 89 for the 12.7 mm. at a
flue gas temperature of 80° C, and ambient air
temperature of 30°C.

The difference in performance between TEG-water
and pure water was found to be minimal (Refer to Fig.
4). In addition to this TEG has a high boiling point and
under the conditions of operation this component was
probably not vaporizing. Hence the TEG-water mix was
seen to behave in a similar way to the water.

A plot of the temperature profile for ethanol-water
heat exchanger and pure water heat exchanger are shown
in Fig. 5. From this it can be seen using the ethanol-water

=
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binary mixture reduces the temperature difference
between the hot and cold streams. This in tum reduces
the irreversibility of the system and increases the second
law efficiency,

Because Ethanol has a lower boiling point than water
the ethano] water mixture boils at a lower temperature.
As the liquid is vaporized the pressure in the tube
increases. In the case of ethanol-water more vapor is
formed and therefore the pressure in the tube is greater
than the pure water thermosyphon. As a result of this the
ethanol-water vapor is able to condense at a lower
temperature. The effect of this is that the temperature
difference are lower for the ethanol-water mixture and
hence the 2* Law efficiency greater.

19.05 mm, Thamasyphon: Thi = 8; Tai =30
035
L
g oo o
g ors /'-’-'v' —— fihanol_Ywlar
g oz AL TR Wetar
; 015 s i e ol W
x -l
T o [
5 om —
[
6 W ® P W % W ™ ®
Number of Rows
a
12.7 mm Tharmosyphon: Thi = 80 Tei = 30
o
& P ho )
e 3 ",.
% oz /J I‘L*L
= o2 o S
3 s -
LN ey
o
R
o
Q n uy L) . 105 20
Number of Rows
b

Fig. 4 Effect of number of rows on 2™ law efficiency

The two different thermosyphon sizes resulted in
large differences in the number of rows required (Refer
to Fig. 6). This difference is expected as the heat transfer
surface area of the {9.05 mm. thermosyphon is 0.09 m’
compared with 0.06 m’ for the 12.7 mm. thermosyphon.
Therefore a 33% increase in the number of rows can be
expected. The choice of a 19.05 mm. thermosyphon is
preferable, as capital investment cost would be Jower for
this sized thermosyphon.
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Fig. 5 Temperature profile along the heat exchanger
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fig. 6 Effect of diameter on the the 2™ law efficiency

All

4 CONCLUSION

It was found that the ethanol-water working fluid
fesulted in the highest second law efficiency. The use of
#hanol-water reduced the temperature difference
throughout the heat exchanger compared to the other
Wworking  fluids; a reduction in a the temperature
difference corresponds to a decrease in the irreversibility
and an increase in the 2" law efficiency. An efficiency of
034 was found at 57 rows for the 19.05 mm.
lhermosyphon size, at a flue gas temperature of 80°C and
“mbient air temperature of 30° C.
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7. NOMENCLATURES

A = Area (m?)
C, Specific heat (J/kg-K)
LMTD = Log mean temperature difference
m’ = Mass flow rate (kg/s)
Q = Heat transfer rate (W)
R = Thermal resistant (K/W)
Re = Reynold's Number
T Temperature (°C)
Subscript
amb = Ambieat
c = Cold
cd = Condenser
ev = Evaporator
h = Hot
i = Inlet
in = Inside
o = Outlet
w = Water
Greek Symbol
g = 2" Law Efficiency
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Abstract

This research work studied the heat transfer coefficient of thermosyphon heat pipe at
medium operating temperature. The pipe is 100 cm stainless steel tube with 40 cm evaporator
and condenser sections and 20 cin for adiabatic section. Hot oil bath and cooling water are
used as heat source and heat sink respectively. Nine points of thermocouples are inserted into
the pipe for measuring inside temperatures along the thermosyphon and the other nine points
also for measuring the surface temperature at the same positions. Water, ethanol, methanol
and acetone are used as working fluids with 50% filling ratio. The hot oil temperature is
varied from 40-120°C and the temperature of cooling water is kept at 30°C at constant flow
rate. The measured inlet and outlet temperatures of cooling water are used to calculate the
heat transfer rate of the thermosyphon.

From the experiments it is found that when the hot oil temperature is less than 60°C,
the heat transfer rate of water is lower than those of other working fluids. However at higher
temperature heat source, the heat transfer rate of water is the best. Boiling Equation of
Rohsenow is modified to predict the boiling heat transfer coefficient of the thermosyphon at
various types of working fluids. For the condenser section, it is found that modified Nusselt
correlation of condensation agrees well with the experiments.

Introduction

The thermosyphon heat pipe, one type of heat exchanger, at present, plays an
important role in the energy conservation program because of its good advantages such as
high thermal conductivity, low operating cost and easy to construct. Figure 1 shows the
schematic picture of the operating thermosyphon. When heat is added to the evaporator
section, the working fluid inside the thermosyphon is boiled, vaporized and then the vapor
flows to the condenser section where the condensation process occurs and rejects heat to the
outside of the thermosyphon.

Because the heat transfer of the thermosyphon deals with boiling and condensation
inside a tube, it is important to know the heat transfer coefficient of both processes. Many
researches have been done to find the correlations to predict these phenomena. ESDU [1]
collected many data and correlations of both boiling and condensation inside the
thermosyphon and proposed these new correlations in term of the thermal resistance as
follows:

Boiling
2y =2 poyF + 2y, (L - F), [1]
where

__ 0.235¢'" ~ 1
DG LI TR g 0200 (DL,
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Although the correlation of ESDU can be used with in high operating range and
various type of working fluid, however in some conditions, especially at low operating
temperature, the use of ESDU correlations may give some errors. Shiraishi et al [2] found
that at low operating temperature (32-60°C) equations 1 and 2 can predict the heat transfer
coefficient of the thermosyphon within 70-150% of the experimental values. Hahne and
Gross [3] found that at a working temperature between 37-76°C, the correlations of ESDU
give a lower prediction of the heat transfer coefficient (31-76% for boiling and 46-86% for
condensation).

At present there are attempt to use the thermosyphon to recover waste heat from
agricultural industries in Thailand. The heat source is normally lower than 80°C. Therefore
using correlations of ESDU may be give some error for predicting the heat transfer
coefficient. In this research, correlations of boiling and condensation heat transfer
coefficients have been reconstructed to predict the heat transfer rate of the thermosyphon heat
exchanger at medium operating temperature with some common working fluids such as
water, ethanol, methanol and acetone.

Materials and Methods

1. Experimental Setup

Figure 2 shows the schematic diagram of the experimental setup. Stainless 304 with
27 mm diameter, 2 mm thickness and 1 m length has been used as the thermosyphon heat
pipe. This tube can be divided into 3 parts, 40 cm for evaporator, 20 cm for adiabatic section
and 40 cm for condenser section. Nine K-type thermocouples are inserted into the
thermosyphon for measuring inside temperatures at the length 5, 15, 25, 35, 50, 65, 75, 85
and 95 cm from the evaporator end. The other nine thermocouples are attached at the outside
surface of the thermosyphon at the same positions of the inside measurement. The hot
paraffin oil bath controlled by the electric heater is used as the heat source of the
thermosyphon and the injection of bubble air into the hot oil is also used to make well mix of
hot oil temperature. At the condenser section, there is a stream of cooling water to remove
heat out of the thermosyphon. The flow rate of cooling water is kept constant at 0.0057 kg/s
by the constant head tank at normal temperature (approximately 30°C). The inlet and outlet
temperatures of cooling water are measured by the thermocouples to calculate the heat
transfer rate of the thermosyphon. .

Four types of common working fluids, water, ethanol, methanol and acetone, have
been used with 50% filling ratio of the evaporator section.

2. Analysis
The heat transfer rate of the thermosyphon can be calculated as
Q=m.C,(T.,-T.) [3).
The boiling and condensation heat transfer coefficient can be calculated as
Q (4

h, =
Aei ATe
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he=—2 (5]
A_, AT,
where 4, and A, are the heat transfer coefficient of the evaporator and condenser

respectively.
Rohsenow equation [4] is modified to predict the boiling heat transfer coefficient of

the thermosyphon by find the new empirical constant as follow
Nu = C, Re“ Pr© (6]

N =!7_b - /2 e _ - { - :ll,/Z&
ka’ g{;!_pg] ’ ‘;{)0! g(p.-'_pg) Juf,

Cotty
Pr=—2"—.
k.r’
In this work factor C; was set as 0.40 [5].
For the condenser section, the modified heat transfer coefficient of Nusselt [4] has

been used to calculate the heat transfer coefficient as
Cy
plp - py ek’ A
h,=C, [7]
# Ly AT,

AT,; is the temperature difference between inside surface and inside temperature of the
condenser section.

where

Results and Discussion

Figure 3 shows the heat transfer rate of the thermosyphon heat pipe, using water,
ethanol, methanol and acetone at various temperatures of hot oil. From this Figure it is found
that when the temperature is lower than 60°C, the heat transfer rate of water is lower than that
of ethanol, methanol and acetone and the heat transfer rate of ethanol, methanol and acetone
is slightly difference. These phenomena come from the higher boiling point of water and its
difficulty to boil at this condition. However when the temperafure is higher than this point,
water can boil and the heat transfer rate of water higher than those of other working fluids
because of high latent heat of the vaporization of water. The heat transfer rate of methanol
and ethanol are the same at this range since the physical properties of these working fluids are
slightly difference. However the heat transfer rate of acetone is lower than the other working
fluids because of its very low latent heat of vaporization.

Figure 4 shows the comparison between the experimental and calculated data of the
Nusselt number of boiling modified from the Rohsenow equation. It was found that the new
correlation, with the correlation coefficient shown in Table 1 can prediet 96.3% of the
experimental value with in ¥20%. Figures 5a and b show the comparison of Nusselt number
of boiling of water and ethanol at various temperature of working fluid with the previous
work [6]. It is found that, for water, when the temperature of working fluid lower than 50°C,
the Nusselt number drop drastically with the reduction of working fluid temperature.
However when the temperature more than 50°C the Nusselt number is comparatively
constancy since the nucleate boiling of water has occurred. In case of boiling of ethanol
inside the thermosyphon, it is found that the result from the present correlation agree well
with Kiatsiriroat et al. correlation [6] because at this temperature range the ethanol can be
boiled easily.
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Table 1 The correlation coefficient Cy, C;, C4 and Cs

Water 41.27 0.37 0.94 0.245
Ethanol 14.64 0.15 0.94 0.275
Methanol 24.09 0.20 0.96 0.270
Acetone 27.44 0.22 0.95 0.280

For the condensation heat transfer coefficient it is found that modified Nusselt
equation of condensation can predicts 73.6% of the experimental data within +30% and
Figure 6 also shows this results. Moreover it is found that the correlation constants C4 and Cs
shown in Table 1 are slightly difference from the former Nusselt correlation, which equal to
0.943 and 0.25 respectively.

Conclusions

From the experiment it can be concluded that;

1. When the temperature of hot oil is lower than 60°C the heat transfer rate of water is lower
than those of the other working fluids because of higher boiling point of water.

2. As the temperature of hot oil is over 60°C the heat transfer rate of water is the best
because of its very high latent heat of vaporization.

3. Modified boiling equation of Rohsenow can predict 96.3% of the Nusselt number of
boiling inside the thermosyphon with in +20%.

4. Modified Nusselt equation of condensation can predict 73.68% of the condensation heat
transfer coefficient inside the thermosyphon with in $30%.
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Nomenclatures
A area, m’ T temperature (°C)
C|.s empirical constants Z thermal resistance, °C/W
C,  specific heat, I/kg°C Greek symbols
D diameter of tube, m ¢ function
F filling ratio of working fluid y latent heat of vaporization, J/kg
g gravitatignal acceleration, p dynamic viscosity, Pa s
9.81 m/s p density, kg/m’
h heat transfer coefficient, W/m?°C o surface tension, N/m
k thermal conductivity, W/m °C Subscripts
L length, m a ambient
m mass flow rate, kg/s b boiling
Nu  Nusselt number ¢d  condenser, condensation
P pressure, Pa e evaporator
Pr Prandtl number film  film boiling
q heat flux, W/m” g gas
0 heat transfer rate, W i inlet, inside
Re Reynolds number ! liquid
ATy temperature difference between 0 outlet, outside
inside surface and liquid at pool  pool boiling
condenser section, °C 5 surface
AT,  temperature difference between v vapour
inside surface and liquid at w water

evaporator section, °C

Figure 1 The thermosyphon heat pipe.

Y

Figure 2 The experimental setup. -
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Abstract
Thermai behavior of a thermosyphon heat pipe using binary
working fluids, ethanol-water and irethylenegiycol(TEG)water,

and the affecting parameters such as the mixtures content, the
aspect rato of pipe and the working temperature had been
studied in this research work.

From the experimental, at low log mean temperaiure
difference (lower than 100°C) of the hot oil and cold fluid stream,
it Is found that the thermasyphon using ethanol-water as a
working fluid has higher heat transfer rate than that of pure water
and close fo pure ethanol. But at high log mean temperature
difference (more than 300°C), the heat transfer rate of water is
the best.

In case of high aspect ratio of tha pipe and high working
temperature, the working fluid inside the pipe is always flooded.
Low concentration of TEG in water (around 25%) can decrease
this criical phenomenon, while the heat trensfer rate is slightly
reduced.

1. umun

visamudeunsumoiulowoy (Thermosyphon Heat Pipe)
tﬂuqﬂmnﬂums&adwmwinumn;mtium1u‘i’augdﬂ:‘fquum
arwiouin laserdondnmafoaussminusivuesmsiion
Twvinamufeu wanmiinuvesiaaufausuuineTolawau

e o
uammgﬂn 1



255

Heat Sink

insulation

gﬂf{ 1 nEnmIsuYssnonuisusunmelateweu

vioanuieuwuumalulnouemuntoutoondiu 3 dufo
muTswmy  (Evaporator  Section) A lifmimnanudon
(Adiabatic Section) UAZEIMALUKM (Condenser Section) laufl
esnziulimih et

UL ﬁ:ﬂnﬁﬁ'ﬁatmmmf&unanmnwﬁemwi’auga
{Heat Source) Taumsﬁanuﬁmjmu’lu leldFusmufonsiiia
nadoniuloussinedusuunlufisuenasin Tasdwszng
lursnrufenuvuimedTylewew a:tﬂu&wuﬁngﬁ'\ﬁqa

FuRbitmythmneneion  Smdszimbhilumssen
vealvemwihstuTmnonazaununiy Taosluudaemilecd
mMIRuauTY ifnlesiurmuioummneonuonriomwiou tu
et g wmnudasufeiiluresnuioud
FEAMTERTEIEMI IR 9

Pt NI T! a:azjﬂmuﬁ‘muuqaluﬁamﬂu'?auuuumnﬂu
Towow  Tasdwbifidnomamuiassananvionnudouliivens
Inafuriuaruton (Heat Sink) Tapmanauiiu kazssthanud
n'mmiuu&"m:‘lnamgf'a'ﬂua‘14Lﬁa¥mmmwfaurmd“}mzmu
weziiamsinaiowduiginsdely

risanuioutuuimeilyleven  Tee2luudrelfmahon
W@enitu o, emver, mahnnmduene g ifludu folumaden
Hrsdansndeslitmnzauivtwgamnilinuvesssmuisu
g vonnudondlilumsdsnnafauisnsusnlfus=tont vin
NIZUIUM TN HYARANTIIAN G foutibuflue e e
N n*i-nfwfln”m‘nu-}'auudwmn’n*mmmﬂu‘lagma: ol
'lﬁ'lui'nqmngﬁumumhm‘mfmﬁ nin (60-250°C) udedln
madnihgguau(Binary Mixture) willurioamuiouu wom
wpaai1 ilaldrmutounngwsnweunitonnion  wudans
semphodaluiififownrues  whsmadsansiulonawd
ﬁ")w.f'muﬁnamumtﬁaqmuqﬁmﬁugai‘fu@uﬁaqmﬁamaaﬁu I8!
'l-a"ﬁ-ﬁwqmnqﬁnﬂm«mﬁ'ﬁ 9 wudarmtmanyTourneria
n'nufauﬁi-ﬁ'mﬁﬁwmsjnamﬂmv.na-\f'n ﬁfi'\gm'h'lumrﬁﬁ'lﬁv.ﬁ

a . a A .
Iﬁum’lﬂﬂ"l‘lun""ﬁﬂl\iﬁlu I.la:‘lu'ﬂ‘NE‘Imﬂquﬁdﬂﬁﬂﬁ‘)uﬂﬂuuﬂﬂ‘l

suvsouzlumisisinaaufenliuandranadmiteifoutuns
ThhiRosethadyr

nnkARsIRES R lufesmudiod "t‘um-:'timvgi
weuluvionnusdounuuinedluloven  sxdoldeusrousuns
vorrufoudsnmifimgedn  esmnmensdsingrunih
du  wlnremaied  srfinmnfonndntimmeenutouvsaria
nmfnuuuumaﬂu".-uﬂauﬁlimﬁjnwfam:ﬁnmﬁ‘mﬁ‘mm
SarliDL Aotornen- %ommuaaﬂqmawoi‘mﬁﬁw
(W 20°C) usz tenesiulnanesah Ino lenesiutnsnos

ﬁqminngqn'htfﬁmn (Um=anmw 170°C)

2. punsnlunzignmsduitumside
2.4 qunsollumide
MdtnilsoimsEnmnsimamaudowtoaisanuion
syuneilitoen  Alfmwheweey  Taedonarwdousn
ungopmmnlins Foiudiflne srohiiusou Ndaundagampiivn
Saiin ndeiu é’nummqunmﬂumﬁﬁ'nmoﬁ‘qﬂﬂ 2 ¥
fgueneufidwignlenousas  verrudou,  eradhiudew,
muwiwands uss qﬂmﬁmﬁaua:muauﬁuq

witter
supply g )
v
tank drain

H

8

2

&

4

£

2

=

.g M

N B

g D
D

& b

F ul

x — |k

=

o -
1 2 punsallumaiNy

nonnuiousinsnadlulevou ¥innvioauawsg 304 vue
WUEIUEUINE 25.4 Uaz 12.7 mm. W1 2.0 mm. ATRIENITIN
100 cm. IDEIUIEMBET 40 em. §IURILILIMYT 40 em. 7
woHAnuding 20 em.

grniuiufou  sznovdusaienuiouane 3000 W
fupuigaUfugmnaniinigivit FamaiuaITY
n3vuBMOMFUHUERENTIN 7 em. 017 50 cm. wazuTRTImh



256

Jurimiin - Sarwmshfduianselumsthiomarudeounwiv T

vememmiauuszmszorvssonwdon  gunglusabuiu

FousurvaiunAegEwing 50-225 °C
szubweniBuyssimmuedu  dwnoudovislanens

n-r:uan-ummft'uriwguﬁnma .08 cm. I 40 om. AINAUETN

AIuudwreiaauiay uam{uumumuunmﬂaﬂmﬁumw

Foutsingiwndea ﬂwnémém:gmmuquﬁ'mm-:'lna!nu
[ P d
magsahilerwgn

gnzalmriagaingd  sntuneudumeiluduilariie K
Ta ummﬁ‘nqmﬂqﬂﬁmuﬁmmaq fin Jagmwaliaovionnuibu 3n. gnIvhnu tamuon-i1 Adnsuene g waerio 12.7 mm,
fycnr 520,35,50,65,80 URE 95 cm, MNUELVDIEIUTINE TR
qmﬂqﬂﬁﬂﬁumﬂﬁu 'S'nthqﬂxfmsimﬁumd"mamsanmn

PunykivysIreanuiou o 100
gunssinTiwAueR wlfinanrnudu Fanmudumolurie
nufbufidmdarpysssumuasin

2.2 3Em7ite

Il
T

nagoumIthsnmaaiouyesremdowiolfmminuld
(1] 200 400 50 00 1000 1200 400 1500

' -  ar . -
un Wy, \RTUDR UAY ‘ﬁﬂafﬁu‘nﬂﬂﬁa NOATIFIUNTIEY 50% ©

vpsEmTeny uazaTHsy s iemuosad ure  laneFfulng

Id
HE. B . - -1 g o .
nea-lt ReaTiEHunEes orues wrzlemneiiulnanes 25, 3v. genpham ionueshy ffndueng g vuinre 25.4 mm.

of 5 , - .
50, 76% lapFuanT AdnmsEunonéy 50% lspdinesuosau

Tmulnsigompiussdiurmftvizeg  mwing 50-225°C (200

- ¥ ’ - ol -
ua:muquanﬂn'n'lﬂwmﬂ-maaLﬁuﬁqmnqﬂ“miﬁmnﬂ 85 s 0%

g's
. a ol . - i
TUAUILATD MW # H TIEAIRT L
ANUAULAZY MR RNTAHNS srtufinfiannize o
wmsdmnuninTavdenuiausasreaniieu

3. Han I TAROLUMRENITHATIZY
3.4 fammToumeMNTanamMoaIINTon

st famdunTasmaTfawaarie

- o - . " . - (Y- |
MNNTOU nuqnmQunnnmm%aaan‘r:m‘mqmﬂgi]\l'muua:ﬂ'm
nFusdon vesernuiautannesivlowaudld b tom

won lanefRulnanss wmuesh waz lanebEulnanos-h 2000 ‘
o d . ~ [
dlumrhruiansdazlii 3 naaa Tauﬁﬂmwaamqmﬂqu 5000 ‘
wansnatBaien tnendind YeRowlidelus - i
2 w00 ;
(T~ o) o0
ATia = ) -:

To:‘l - Two op 50.0 1060 1500 200.0
LMTD () :
a - H ;o= ~ " 3
To W82 Ty, AOgmumpEvasimidadwinzeanfniunnu —

. y ala .
v a A o . 39, BN TEG.-N RAGEINAN 9 YUIAND 25, .
founnowaued usr T Aegampiuiufidmiuswovsne v 9 YWIAND 25.4 mm

Aiau 4 . o . .
A 3 aruduRUSYRIAgATIMITBINATEN UazHIIATIY

uANgNIgMWHITsINNG1 9 YA Tou




257

VINYMARBUNLIY Iumtﬁuamnm‘mi’au'r"ﬁi’mnhowrj
HEY  LODIUAR-I 'lwﬂ’mqmnqﬂm';ﬁ‘mu& geTInItiigm
n':'wi'auﬁ'lé'vzﬂmgm‘h rinaudenitdiulummiem uasd
slndiRssmmennufoufifosmendumahom  lnuneitlu
Frgungiinrhnimsgs pamnriisnaioureIiersion
ﬁlﬁ'\fﬂLﬁumﬂ'mm:fsﬁﬂgm‘imuﬁﬂ-ﬂ’mﬁﬂnuﬁﬂm é’agﬂﬂ
3n uaz v ﬂﬂnnn'nn{ﬁ'mé'mﬁﬂfmﬁeémnnwﬁqmﬂgﬁqﬁ
ihonvasormoaddrdnininilusasgunglmmiaud
wrmeslumhnugrasmansnitan uesssimanuionld lu
g liGudon lunsdidngaingBnimdiougs dheantn
Weauazdarhmunsdeuldgninfismarhaiguay win
wrmes milidesh daradouadisssmanaodinleves
\f’\i‘lmgan’h LITIUER

wenviniiwui Tunadierrufoumnnduhngudnans
12.7 mm. ﬂﬂvaqmﬁqﬂmﬂ'\nugeazLﬁam'::ﬁnqﬁtfwwmm-:
¥ (Flooding) Tumptuviearnadou Teudammamioimeny
i’au.gmgm:uﬂmnﬁ'uﬁuﬂmmnmunalum-:ﬁ'nwg'u«n e
%nqﬁé’qnéﬁ'}sﬁaﬁmﬁmuné’aﬂhmmﬁﬁ (BwTEIua T
u-rruaui'mmumimzmms't'u:huguﬁnmwmﬁanﬂufou : Lerd
3 Llimnse

unsfimaldahnutums lanodinlnaneasis  lure
anuiou snngﬂ'ﬁ 3 A uA: 3 wWuhmEsHue e Ibuveyn
arufoussulmniuiudinnnsdlnnetaulnanes  wrsdiny
T n‘n:‘-inqﬁlﬁanmnﬁﬁwmu'mviamw?awumm‘r’urhu
audnmg 12.7 mm. srlaiiiedn

3.2 ATIAWMRIRASIEINATRTOWM s TwraanuTon
AMURIREEIEw I A TIA MU I oMty

risnrusien unzéngunglunndaBeien umaé’azﬂﬁ 4 nY,n

Tauoudumumyiameneieumaturisnmutan

[LES A

funussrumTasft

-T

c,ave
2}

o - & a . .
lagfigunnin 2 esdssa@uh  muhomamudouey
awrnuuanearnisudifonnndafioufumyionarg
Tounoludaamuion

5
—%— waer 100% “
04 'h‘ B el 5%
~— pthac] 5%
s + “F— pthar] TS,

- oot 100%

4. T Iemues- AEREIUEII 5 VUIRND 25.4 mm.

:

147
iz + = waier 0%
] wha clarmeler = 2.7 mm, —B- TEA X%
f —i— TEG50%
=¥~ TEG ™%
08 T —=— TEG 0%
06 T
04 T
02 J‘
] —— + — —
0 50 100 150 200 150
IMTD (O

46, gt TEG.A0 ﬁé‘ahum«q YWIAND 2.7 mm.

e clameter = 25.4 mm.

—— ez 1 00%
—8— TEG 5%
&= B 0%
—H TG T
—%— TEG 00%

—

: y o oadae . .
43, HE T TEG.AN NI 9 ywaYie 25.4 mm.

o e ] [ 3
EIJYI 4 SUFURRE I IR TIIENMUM I BRI e

luriam*lui’auua:qmﬂqﬂuﬂnvi’m%aﬁan




258

FININAREINL ANuSRUFTaIRUMUYMUNYIINBN
mwi’auua:qmaqﬁuamhaL%4§nnaaané’aaﬁunstﬁmmm’m
Fiufammiedannidanenudouuasgunpiuandrauds
fion ua:ﬂum'[ttuﬁa:sjtfhsjmmﬁtﬁaqmuqﬁuanémiéﬁanﬂﬁ'\
s‘nﬂu ua:né'uﬂfhgﬁuﬁmﬁmﬁamsﬁ'm-ﬁumn'mﬁammiau

mr@jﬁ a4 n usy ¥ wewuilunadisgunnluendinded
an#in mnmuﬁ"mmum‘ui'mmfmui’nwaqfw:ﬂmg&niw94
IRy tommeaiy ua:wmuamﬁqn‘s‘ pthafuldde
rfaii‘;mmsnnmaqmnqﬁa"mﬁﬂiﬂﬁdmémﬁan Twaneiien
wsamINInReauszEhuANuTauifud? 1umﬂ'?'tqtuﬂqﬁunn
ﬁﬁqﬁaianﬁﬁqgaﬁu HUNAATIFUNINYDIATIINEINAT Y
fouvosramaiounimsuduguing 25.4 mm. Serlndifes
A lwunefmeusumusssmitsinanuioksesvionny
Jouvwe 127 mm. SiuRndudantmils Mfidesniams
routumolurioauiou

;njﬂ 4 n uet ¢ dvnmdlverarudanmiIinmnany
i’nwmﬁnmwﬁ’wﬂi’mmnufjum
mngﬂé’end‘nwu'h AneR UM Itsna LR TNNAY

nnedinlnanorln

funnaleietiulnanes tumohnugian wseBinohinnae
Snpdifiossinminiaunsseniisanslurionnuenvesrie
m'lui'awu'saw‘r'wl'mguﬁnaw 127 mm. slidedu udnad
spafuitmsethadrsenudumusaiviun Wafanary

3.3 A TEANBHANDIMIOIWINANHTEN

dniminsysimtdnenanuiouveraaruiousunin

fuldsamymaviotud
T. —T..
Effectiveness = Tuo =T )]
ol — Twi

mw&'uﬁ'ufnniwfhtl'::ﬁ'n%naua:qmngi‘mamim%eﬁnn
uamﬁ'q;ﬂ'ﬁ 5 naA uRE 4 eMufuEding seendany
ANuEsRuEEwisarmIdmomenuisunugungiiuand:s
Bafon (pjﬁ 3) wasFMuEMURUETER e MUs MU
MOnaNUSon ﬁuqmugﬂuwndm%eﬁan Qﬁi’f 4)

axs

ol

B G.15

E{).l‘

4%, gmrhow temuesah ffnudne 5 THIRYD 25.4 mm.

015

|

m 0.0 T

= wwior HOW
—8— TEG29%
- TEG S%
—H TRO ™%
= TEG L0

50

HE 150 00 50
LMTD (Y

A

3
4n. TN TEG -1 AidREMAL 9 YwInrid 12.7 mm.

100 50 00

43. g TEG.h fHfFagLme 9 TuAYi0 25.4 mm.

s o ‘ - . w
vTIJYI 5 F‘I"}"I&Iﬁl.lﬂ“i‘l.lﬂ-lﬂ"lﬂﬁﬂ"l"iﬁ”ﬁ'l.lDdﬂ'}m’]ﬂlﬂﬂ'l'lll'muuﬂ:

ﬁﬂqmngﬁunndm:ﬁﬁan




259

3.4 myUneyndvie arufonuvuinodluleiouilmmmiemn
ﬁuuuﬁ‘ma"rwuanndﬂuumw%’nuuuuﬁun'nu%’nu
1. n-:rﬁ'l-ﬁ’mﬁ-mufjnamnmuea-iﬂ
1umﬁhn‘v‘aau.amﬂ&'uumwi’nuﬁl{nu'luﬁuqmnqﬁlﬂgq
winsin @omplusasrwdsionlifiu 100°C) matdmmhaug
mtmanuaa—ﬁw:ﬁﬂﬁmmu:vaam%aauamﬂ‘éuunﬂufwge
nlumdEfnidunehoufsedsie wilidesnnlut
ﬁqm“qﬁzmmnuﬁ’auﬂfiwam (#nd1 100 °C) dammisiaem
s'mm'au.uear‘nnmwfauﬂﬁmmnmjnmazﬁmgan'hrismw
Fauitiudumarhnw ldsusousiumssamendanms
-nmLnﬁeouantﬁﬁmm'nu*‘fauﬂmgﬁu
2. mrmimm-nnucju«u'lnmirﬁu‘manaa-iﬂ
lunsntdivienrufoufidosmnidiminsemnng e
srwfoufitfaimufouainidau yuievessnnisu Leid sz
INTaN 'lum:ﬁﬁ‘qmugﬁm?ﬂ‘muﬁﬁwge tnvenldiienaz
Snafifiosvinmmanld mawes  Teaoiinlaaressslthuh
Wendnton Wszunm 25%) wrtianmasingiilosinaira
ald  lwvnefisammirdunnudowlimsasafoainloni
[
N

4. unaql

ﬁemwfauuuuma'ﬂu‘lﬁﬂnuﬁ\im*m'mu@uauﬁﬁ'numw
Tumarsdwnitislond SHfidesminilumufendanin
ua:mtjnauﬁmm:au lugnmzmadasunet nasmuien
a"qndﬂmmnlﬁ’msmu:ﬁgen'h‘mn-mfmaaﬁamw*‘:’nuﬁlimi
wonliumiham r‘fixdﬁuaéﬁ’uam’::mrﬂﬁnwaoﬁamwfnu
sansnie sutwlumridoivrhlunydisnsgumglimeiem
c'i'wiummfaum-ﬁ'mmwwrjummmuaa—xf'; sedldarmimate
mm'w?auﬁg«m’wﬁamwi’nuﬁiﬁmﬂummﬂnu UWREMBNIA
fFmuimnanlenottulnanorss I lxdufuandnday
(Urzano 25%) azﬁhuaam'::%nqﬁ;ﬁaaﬁnnﬁﬁw-ﬂumu'luvia
amufanfiiisamdin Leid lmansmseld

fimAnTandsenmaA
amg":i‘ummnnuwmqmﬁﬁnmunsmmﬁuwumﬁé‘ uA
. av BT

numivalunrisen il

umagRnsnl
d = udusudnevianwiau (m)
k= anyiiaudousssrn (Wink)
L = amum? (m)
a = dammshuneryioussmannuion w)
¢ = Seim)
T = aswgll (K
ATpg=  gomplivandradadon (°c)

Z = anuFununamsiou (KIW)
Subscripts

ave = Rwolin

¢ = fMRTLLYEY

e = fIMmITTUNY

i = gt dwmla

1 = UDANATY

a = ween, fwuen

v = 1

w o= pie b
UTTRIRNTN

1.

Shirslshi M., Kikuchi K. and Yamanishi T., (19881),
“Investigation of Heat Transfet Characleristics of a Two-
phase Closed Thermmosyphon”, Heat Recovery Systems,
Vol.1, pp.287-297, Pergamon Press

Amornkitbamrung M., Wangnippanto S. and Kiatsidroat T,
{1885), “Performance Studies on Evaporaion and
Condensation of a Thermosyphon Heat Pipe”, 6 ASEAN
Conf. on Energy Technology. Bangkok

Engineering Sciences Data Unit, (1981), “Hea! Pipes-
Performance of Twofhase Closed Themosyphons™ No.
81038

Lide D.R. and Kehlalan H.V., (1984), "CRC Handbook of
Thermephysical and Thermochemical Data”, CRC Press



260

a ¢ o v oA a ¢ 4 & d - ¢ a & 1
adnaf U, 937950 RusaqaTIn Ung NNy AYSAAS 1591, NTAIUIUANITOUSYDUATOIGU
i a . | - ’ v
pneumed Iulsvou Tavhmdulseinimsaiomanuionlunef, msdsspidvimanieve

= A 1 ; i = 1
Jrnssunssanauvializmalneaian 14, 2-3 ngadmou 2543, 13ualval.



261

- . - o F |
msﬂn-qmmmm‘%w\anmnmm’mnauﬁax}mm\nunnﬂ 14

2.3 waremun 2543 lrawssiuluns doalng

° o ' o
NIA IR ENTTARLTDILATDIEHOTMALLLIN oilulonewnlash

1 e & « 1 -l
Al ﬂuﬂizaﬂ anNTInatnNaIN ¥BH1N Aaan

Performance Analysis of Thermosyphon Air Preheater

With Variable Heat Transfer Coefficient

ofiviadl Bunius usz Insio WusdmTTn

ﬂnwwé’aamua:i‘ag umﬁnmé’umﬂfdaﬁmaemna"‘)mq? NIAVWLNIRAT 10140

A LTR \igTaaTlsanl

- - A - a . .
MATFIMNTREAIBINE yningduidosing 1 Busing 50200

Atipoang Nuntaphan and Jirawan Tiansuwan

School of Energy and Materials King Mongkut's University of Technology Thonburi Bangkok 10140

Tanongkiat Kiatsiriroat
Departmant of Mechanical Engineering Chiang Mai University Chiang Mai 50200

unaata
- Ar - -, ol
SR ISl T TN TR BT RN TIOREY 8
A . o N } A
m-:mqummauuumaﬂuhﬁau F3launtidacay
sudnuhsenmadismeufausasiennuiauud
f A . A, A - "1‘;
azviglwATausIMANAAINR Tastuuisatilavin
=t - - ' v sl -
MIWTruAsuIEMsi I nana MuAsnThinue
- . ‘ o A '
lﬁamﬂmmwmmwi‘aummaﬂ‘nmau'lmmmqu
| - -
awn*muﬂﬂﬁanuwmuﬂmnﬂaoqwmqummmm
o w ar
uanlasuenufounu  lammssialdsunsusdiass
J A i+
EOUMIOLABAUI TN TSIULYBIRTEE UM Tap
L ¥) L t‘l L=
aduwARmTIRaswULTosAburs  9anlusunsy
. N £ - ,  we '
FIRBIFOIUNATIANLN MIRRUNATWIATINN TG
> 1 -~ . Kl J [ v e
ianufauraInanussuilaiasf sildddunsdizos
a P [V e
msaoquanmauuu‘lv\amumanuﬂuaamms‘lwamaa
gneTausasl iy @ulunsdiuesdsTnT vares
L - » - -l A i
mmﬂsauu.a:tEu‘luLmnuua:mmwammsqumma
wylnasuiu  wuhaun@pudngn  Wimsdnnn

o ' -
FUTINUSY aqmsaaqum naAagIanRaAU

Abstract

This research work presents an approach to
calculate performance of the thermosyphon air
preheater. Nommally, the heat transfer rate of the
thermnosayphon in the air preheater is assumed constant,
In this work, the heat transfer rate depends on the

working conditions of the air in the thermosyphon heat

' exchanger. The simulated results had been compared

with those of the conventional approach. It is found that
both approaches had the sdme resuit for counter
current flow with equal mass flow rates of hot and cold
streams. For unbalance counter current flow and
parallel flow, the conventional are showed oversized

value.
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P IRgansol
A = Area (mz)
Cp = Heat capacity (JkgK)
D = Diameter of pipe (m)
f, = Fin height (m)
f, = Gap between fins (m)
g = Gravitational acceleration (9.81 m/s’)
9. = Constant (1kgm/Ns?)
h = heat transfer coefficient (W!mzK)
k = Thermal conductivity (W/mK)
L = Length {m)
m = mass flow rate (kg/s)
Nu = Nusselt number
Pr = Prandtl number
G = Heat transfer rate (W)
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Re = Rencid number subscript
S, = Pitch of tubes on the diagonal plane (m} a = air
8, = Pitch of tubes In diraction of flow {m) c = cold air
8, = Pitch of tubes in plane perpendicular to flow cd = condenser
{m} ev = evaporator
T = Temperature (°C) h = hotair
T, .= Log mean temperature difference = i
A - 09 ture diff (OC} i = inlet, inside
! = [lquid phase
Greek Latters m = metal
¢ = outlet, outside
W = Viscosity (kg/ms)
3) s = surface
= Densi m
. P y (ko t = ftotal
= ization (J/k
A Latent heat of vaporization (J/kg) v = vapor phase
G = Surface Tension (N/m) w = water
AARWIN
v
cafculate (LAY from
Q = {UAMMTD
input / 0
mh,me,Thi,Tei, pipe calcutate Tho, Too fro ermor < 0.0%
gize & arrangement, Q = mhCph{Thi-Tho)
number of pipe Q = meCpe{Teo-Tci) yos
catculate @', Tho', Tes' from
Q' = (UAXLMTD
assume Tho @ = mhCph(Thi-Tho)
Q' = meCpc{Teo'-Tei)
r r
catculaie Q and Teo from efror = abs{Q-Q0
Q = mhCph(Thi-Tho} — +abs{Tho-Tha')
Q = meCpe{Teo-Tei) +abs{Teo-Tco")
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Tcl Tc2 T3 Ted Tes Teb Tc? —‘ TcB

™ Th2 Th3 Th4 Th5 Thé ™7 Th8
—_— —_— —_—

caiculate
Q1',Q2',Q3', Q4 ,Q5.Q6 Q7
from

Q = mCp(dalT)
Input
mh,me, Th, TeB
pipe size & calcutate o | eror < 0.0¢
amangement Tel!, TeZ, Tc3' Ted' TeS', Te6', Tc7'
number of pipe Th2' Thy The' ThE' Thé", Th7', The'
In each row from
Q' = (LALMTD yes
3
assume initial vaiue of 1 “
Tel, T2, Te3, Ted, TS, Teh, Te7
Th2,Th3,Th4,ThS, The, Th7,Ths .
e o D ervor = sum(a +
Q1,Q2,03,04,Q5,Q6,Q7 e S ¥ L
surm{abs{T¢-Tc)
cakufate ||
UALUA2, UA3, UA4, UAS,UAS,UA7
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&3 Q4 Qs Q6 Q7
Tel Tc2 Tc3 Ted Teh Teo Tc7 Tc8
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v
caiculate Q1' from
Q' = (UALMTD
input [ .
p*pe'”;z'e; c Q = mCp(delm) calculate
arrangement Q2-Q7,Th3-Th8, Tc3-TcB
number of pipe by the same method
in each row
error = abs{QL-Q1)+
abs(Th2-Th2")+
calaate Q3 from abs(Te2-Te2')
Q1 = UA(Th1-Tel)
calculate Th2, Tc2 from
Q = mCp(delT)
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