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A Study on the Prevention of Freeze in Fire Piping by Using

Phase Change Material PCM

Young-Hae Kim

Department of Refrigeration and Air Conditioning Engineering,

Graduate School, Pukyong National University

Abstract

Freeze accidents are frequently occurring due to low outside temperatures
in winter. In particular, if the fire piping is frozen, it is exposed to the risk
of fire during the maintenance period. Various methods are used to solve this
problem, but there is a risk of fire or installation costs are expensive.
Therefore, in this study, PCM is used to prevent freezing or to reduce power
consumption of heating wires.

First, a numerical analysis model was created by using a finite difference
method in the Matlab program. After that, the numerical analysis model was
verified by comparing it with the actual measurement experiment results.

Through numerical analysis simulation, it was confirmed that when PCM was

= Vil -



used, the freezing time was delayed and freeze was prevented compared to
general insulation fire piping. In the case of fire piping with heating wires, it
was confirmed that the use of PCM reduced the operation rate of heating
wires, thereby reducing power consumption.

Finally, in this study, information on whether PCM selection and heating
wire installation are necessary is required for proper design of fire piping.
Therefore, a regression equation was proposed to predict the freezing time
through linear regression analysis of freezing time data according to various

regions, latent heat, melting point, and PCM volume.
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Table 2.1 According to Equation (1), C and m'”

C m
04 ~ 4 0.989 0.330
4 ~ 40 0.911 0.385
40 ~ 4000 0.683 0.466
4000 ~ 40000 0.193 0.618
40000 ~ 400000 0.027 0.805
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Table 3.1 Chamber specifications

Model SCA-5AT
Comp 3.75kW
Air Volume 100CMH
Humidifier 20kW(SCR)
Power 220V 60Hz
Cooling Capacity 13500kcal/h
Heating Capacity 17200kcal/h
Refrigerant R-22

AES 757 flete] ASEAS AFste] ATl Al
F2FE719 255 -7CE AAs 3d A AES AP
&+ Fig. 322 AS5ER4 &y FAASEE YERIL Itk Table

3.2, 332 FAAIRY =A4A ¢ FAE UER AL Sl

Insulaor

PCM

;i WateMgme—————
@ Pipe

Fig. 3.2 Actual measurement model
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L
L
AR
(a) From the top (b) from the side

Fig. 3.3 Temperature measurement point

Table 3.2 Material properties

Pipe Insulator PCM Pipe
! Water
insulator (XPS) (Ci4Hs0) | (STS304)

Thermal 0.14(Lig) 0.592(Lig)
conductivity 0.037 0.029 16.3 ——
(W/m°C) 0.14(Sol) 2.23(Sol)
Specific 2100(Lig) 4186(Lig)

heat 700 1200 500 —
(J/kg°C) 1800(Sol) 2093(Sol)
Densit 767(Lig) 1000(Lig)

3y 25 35 8000
(kg/m’) 810(Sol) 917(Sol)
Latent heat
- - 229000 - 333540

(J/kg)
Melting

point - - 59 - 0

(O
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Table 3.3 Outer diameter and thickness of the ingredients

Ingredients Outer diameter(mm) Thickness(mm)
Insulator 179.8 20
Outer Pipe 139.8 2
PCM 135.8 10.75
Inner Pipe 114.3 2
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33 A% 2%

Fig 349 #2814 A Beloldat A5wde) 7t 459 L83 vung
T EZolth NAY FASA AlEeld d3E AMe ASZAAE UE
eleh x84 Algweld AielA] PCMY} T30 8o =g
T eE7h FAHT A el Ao mol AwsE 2 wdety

& olth @, F A 2z Aol nsd e u

o Walsl= ZoR Kol AR o] Bhgsirtal detskit

outdoor

Ins(N A)
—T, (A M)

Temperature[ C]

! 1 | 1
0 500 1000 1500 2000 2500 3000
Time[min]

(a) Comparison of the temperature of the insulator between the measured

model and the numerical analysis
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Fig. 3.4 Comparing the results of the numerical analysis model and the

actual measurement model
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— B ~—
Insulator

~—

(a) Fire piping with PCM

(b) Normal Fire piping
Fig. 4.1 The shape of the numerical analysis model

Table 4.1 Experimental conditions

Region Seoul
Date 1.7~9, 2021
Air velocity 2.4m/s
Convective heat transfer coefficient 13.72W/m**C
PCM savE HSO01
Initial temperature of the pipe 3°C

Table 4.2 Property of PCM(savE HSO1)
Thermal . .
o Specific heat Density Latent | Melting
conductivity (keC) (kg/d) heat -
m ca ol
(W/m°C) 8 P
: (kg | (O
lig sol lig sol liq sol
0.55 22 3900 2000 1010 924 350000 1

- 21
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(a) Fire piping with PCM (b) Normal Fire piping
Fig. 5.1 The location of the heating wire in the fire piping

Table 5.1 The location and operating conditions of the heating wire

Fire piping with PCM

Normal Fire piping

The amount of

11

heat generated by "
the heating wire
(W)
The location of Between the pipe and the
PCM .
insulator

the heating wire

ON

Less than 1T

OFF

More than 2C
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A 63 PCMOAE Evulx] galol TAAZ o=

Qe A&Esh=Aol At webd, Fho] F4H Fol geTFE T A
Aol AAI §Ho] IS5 97|E2 dEAgo] ot Jws Azt
= AA FAE F A ddsir] wolth

o)3} o} FE = PCMYS HHAH o2 #odst = QEE T2 Casel

Fetol Lhebaar @,

g

b4

mlo

Table 6.1 Properities of PCM

Q200-Q1 savE

C14H30 savEOMO3 .
BioPCM HSO01

Thermal (liq) 0.14 0.146 0.58 0.55
conductivity
(W/m°C) (sol) 0.14 0.224 1.1 2.2
Specific heat | (1D 2100 1910 4100 3900
kg soly [ 4 1800 1760 4200 2000
Density (liq) 767 835 980 1010
3
(kg/m) oy | 810 912 910 924
Latent heat(J/kg) 229000 229000 325000 350000
Melting point(°C) 5.9 3.5 1 1

Table 6.2 ~ 4= 7} FA||4] AlEH ol oA A4 AAES 37HA =
I Tk BFE Cases AFE PCMO EAA T
Nato 2 3709 Case? ERFslvh 1 & 7]E 3k
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Table 6.2 Case classification according to latent heat

Casel Case2 Case3
325000 350000

Latent heat(J/kg) 229000

Table 6.3 Case classification according to melting point

Casel Case2 Case3
3.5 1

Melting point(°C) 5.9

Table 6.4 Case classification according to thickness of the PCM

Casel Case2 Case3
10 15

Thickness(mm) 5

H PCMo] AHg-d &t ae] sdAIZbS S flsl AHgE 7]
o8¢ ZtS Table 6.5 LERHSICE dlld =
o] 44 ol AFHIL iz Ag, AE
Z9% ool fd, 19w el A o7 AAsTh &3 I =9
91 7A5E 9d7HA] 3U43Ee] HoJEE 3AI3F gF

)
o
!
>
®
2
)

Table 6.5 Air velocity and Nu according to region

Region Seoul Busan Daejeon Gangwon
Air Velocity
2.4 3.4 1.5 2.1
[m/s]
Nu 13.72 17.84 10.26 12.65
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Fig. 6.7 Comparison of actual and predicted values through linear regression

analysis

Table 6.6 Regression analysis statistics

Multiple correlation coefficients 0.99855
Coefficient of determination 0.997103
Adjusted coefficient of determination 0.992757
Standard error 75.74011

The number of observations 11
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Appendix

Appendix
Al ASEEO FX 32D Matlab code

Fig. A.1.1 Temperature point of the actual model
2447

o©

k ins=0.037;
c_ins=700;

rho ins=25;

k case=0.1105;
Cc _case=837.2;
rho case=1530;
k pipe=16.3;

c pipe=500;

rho pipe=8000;
k water=0.592;
c _water=4186;
rho water=1000;
lat water=333540.48
k ice=2.23;

c ice=2093;

SPCM
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k pcmw=0.14;
c_pcmw=2100;
rho pcmw=767;

k pcms=0.14;
c_pcms=1800;
rho pcms=810;
tem pcm=5.9;
lat pcm=229000;
3]

D 1=0.1798;

D 2=D 1-0.02;

D 3=D 2-0.02;

D 4=D 3-0.004;

D 5=D 4-0.01075;
D 6=D 5-0.01075;
D 7=D 6-0.004;

D 8=D 7-0.004;

D 9=D 8-0.0311;
A 1=D 1*pi;

o

V_1=D_1~2+*pi/4-D_2°2*pi/4
V_2=D 272*pi/4-D 3/2*pi/4
V_3=D _3"2%pi/4-D 4"2%pi/A4

V_4=(D _472*%pi/4-D 5°2%pi/4)*0.8644
V_5=(D _5°2*pi/4-D 6"2*%pi/4)*0.8644

V_6=D_6"2*pi/4-D_7"2*pi/4

V_7=(D_772*pi/4-D 8°2*%pi/4)*0.9335
V_8=(D _872*%pi/4-D 9°2%pi/4)*0.9335

V_9=(D_972*pi/4)*0.9335

$A 2P

deltaT=15

ex

o

T _1(1,1)=-6;

_45_
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T 2(1,1)=9.3;
T 3(1,1)=9.9;
T 4(1,1)=10.5;
T 5(1,1)=10.5;
h=13.03;

latentmax=lat pcm*rho pcmw* (V_4+V 5);

waterout latent=lat water*rho water*Vv 7

waterin latent=lat water*rho water* (V_8+V 9)

h pcm(1l,1)=(c_pcmw*rho pcmw*V_4+c pcmw*rho pcmw*V_5)* (T _3(1,1)
—tem pcm)+lat pcm*rho pcmw* (V_4+V 5)

h waterout(l,1)=(c_pipe*rho pipe*V 6+c water*rho water*Vv 7)*T
4(1,1)+waterout latent

h waterin(l,1)=(c water*rho water*V 8+c water*rho water*V 9)*T

_5(1,1)+waterin latent

for i= 1:12600

T 1(1,1i+1)=T 1(1,i)+(h*A_1*(T outdoor(l,i)-T 1(1,i))+2*pi*k_in
s*(T_2(1,1)-T 1(1,1))/log(D_1/D_3))*deltaT/(c_ins*rho ins*V 1)

spcvEel g, MLE A4
if 0 <= h pcem(l,i) & h pcm(l,i) < latentmax
c_pcm=(c_pcms+c-pcmw) /2
k pcm=(k pcms+k pcmw) /2
elseif h pcm(1l,1)<=0
C_pcm=c_pcms
k pcm=k pcms
else
C_pcm=c_pcmw
k pcm=k pcmw

end
T 2(1,i+41)=T 2(1,i)+(2*pi*k ins*(T 1(1,i)-T 2(1,1i))/log(D 1/D_
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Appendix

3)+2*pi*(T_3(1,1)-T 2(1,1i))/(log(D _3/D 4)/k pipe+log(D 4/D 5)/
k pcm)) *deltaT/(c_ins*rho ins*V 2+c pipe*rho pipe*V 3)

spcMT ey ALk
h pem(1,i+1)=h pem(1,i)+ (2*pi* (T 2(1,1)-T 3(1,i))/(log(D 3/D 4
) /k_pipe+log (D _4/D 5)/k pcm)+2*pi*(T 4(1,i)-T 3(1,1))/(log(D_5
/D_6)/k pcmt+log(D_6/D 7)/k pipe))*deltaT

$PCMT = =AYt
if 0 <= h pcm(l,i+1l) & h pcm(l,i+l)<latentmax
T 3(1,i+l)=tem pcm
elseif latentmax <= h pcm(1l,i+1)
T 3 pE,Id 1 + g ) ="M gmN  p ¢ om 4+
(h_ pcm(1l,1i+1l)-latentmax)/ (c_pcmw*rho pcmw* (V_4+V_5))

else

T 3(1,i+l)=tem pcm+h pcm(l,i+1)/(c_pcmw*rho pcmw* (V_4+V 5))

end

529 JH
if 0<=h waterout(l,i) & h waterout(l,i) < waterout latent
k waterout (1,1)=(k water+k ice)/2
c _waterout(l,1i)=(c_water+c ice)/2
elseif waterout latent <= h waterout(l,1i)
k waterout (l,1i)=k water
c waterout (l,1i)=c_water
else
k waterout(l,i)=k ice
c _waterout(l,i)=c_ice

end

if 0 <= h waterin(l,1i) & h waterin(l,i) < waterin latent

k waterin(1l,i)=(k water+k ice) /2
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c_waterin(l,i)=(c_water+tc ice)/2
elseif waterin latent <= h waterin(l,1i)
k waterin(l,1i)=k water
c waterin(l,i)=c water
else
k waterin(l,1i)=k ice
c waterin(l,i)=c ice

end

o©

E9] ety

h waterout (1,i+1)=h waterout(l,i)+(2*pi* (T _3(1,1i)-T 4(1,1))/(1
og(D_5/D_6)/k_pcm+log (D 6/D_7)/k pipe)+2*pi* (T_5(1,i)-T 4(1,1)
)/ (log(D_7/D _8)/k waterout(l,i)+log(D 8/D 9)/k waterin(l,1i)))*
deltaT

h waterin(l,i+1)=h waterin(l,i)+(2*pi* (T _4(1,1i)-T 5(1,1i))/(log
(D_7/D_8)/k waterout(l,i)+log(D 8/D 9)/k waterin(l,i)))*deltaT

=

o

=
if 0 <= h waterout (1,i+1) & h waterout (1,1i+1) <
waterout latent

T 4(1,i+1)=0

elseif waterout latent <= h waterout (1,i+1)

T 4(1,i+1)=(h waterout(l,i+l)-waterout latent)/(c_pipe*rho pip
e*V_6+c water*rho water*Vv 7)

else
T 4(1,i+1)=h waterout(l,i+1l)/(c_pipe*k pipe*V 6+c water*rho wa
ter*v_7)

end

if 0 <

h waterin(l,i+1) & h waterin(l,i+1) <

waterin latent
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T 5(1,i+1)=0

elseif waterin latent <= h waterin(l,i+1)

T 5(1,i+1)=(h _waterin(1l,i+1l)-waterin latent)/(c_water*rho wate
r*(V_8+V_9))

else
T 5(1,i+1)=h waterin(1l,i+1l)/(c_water*rho water* (V_8+V_9))

end

end
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A2 PCMO]| A48 A #9 X34 2D Matlab code
819 Matlab codet= 94lo] A28 2ulpst FAsh 28 Hon
2 BAYE Po| RAE sto] vrehjgich

Fig. A.2.1 Temperature point of the fire piping with PCM

244

o©

k ins=0.037;
c_ins=700;

rho ins=25;

k case=0.1105;
Cc _case=837.2;
rho case=1530;
k pipe=16.3;

c pipe=500;

rho pipe=8000;
k water=0.592;
c _water=4186;
rho water=1000;
lat water=333540.48
k ice=2.23;

c ice=2093;
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$PCM (savE HS01)
k pcmw=0.55;
c_pcmw=3900;
rho pcmw=1010;
k pcms=2.2;
c_pcms=2000;
rho pcms=924;
tem pcm=1;

lat pcm=350000;

D 1=0.1943;
D 2=0.1803;
D 3=0.1523;
D 4=0.1505;
D 5=0.1483;
D 6=0.1341;
D 7=0.1181;
D 8=0.1143;
D 9=0.1103;
D 10=0.105;
D 11=0.0742;
A 1=D 1*pi;

V_1=D 172*pi/4-D 2°2%pi/A4
V_2=D 272%pi/4-D_3"2%pi/4
V_3=D 372*pi/4-D 4"2%pi/A4
V_4=D 472%pi/4-D_5"2%pi/4
V_5=D 5"2%pi/4-D_6"2%pi/4
V_6=D 6"2*pi/4-D 7"2%pi/A4
V_7=D_7"2%pi/4-D_8"2%pi/4
V_8=D 872%pi/4-D_9"2%pi/4
V_9=D 9"2%pi/4-D 10"2%pi/4
V_10=D 10"2*pi/4-D 11~2*pi/4
V_11=D 11~2%pi/4
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SAIZEZE A

deltaT=10

latentmax=lat pcm*rho_pcmw* (V_5+V 6);

water latentout=lat water*rho water*V 9;

water latentin=lat water*rho water* (V_10+V 11);

h pcm(1l,1)=c pcmw*rho pcmw* (V_5+V_6)* (T 3(1,1)-tem pcm)+latent
max

h waterout(l,1)=(c_case*rho case*V_7+c pipe*rho pipe*V 8+c wat
er*rho water*V 9)*T 4(1,1)+water latentout

h waterin(l,1)=(c water*rho water*V 10+c water*rho water*V 11)

*T 5(1,1)+water latentin

= A
Q h=11
H on(l,1)=0

for i= 1:25920

T 1(1,i+1)=T_1(1,1)+(h*A 1* (T outdoor (1,i)-T 1(1,1))+2*pi* (T 2
(1,1)-T _1(1,4))/(log(D _1/D 3)/k _ins+log(D _3/D 4)/k case))*delt
aT/(c_ins*rho _ins*V_1)
spcMTo] HE, dHdgE 274
if 0 <= h pcm(l,i) & h pcm(l,1i) < latentmax
k pcm(1l,1i)=(k pcms+k pcmw) /2

c pcm(l,1i)=(c_pcms+c pcmw) /2
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elseif h pcm(l,1i) <0
k pcm(1l,1i)=k pcms
c pcm(l,i)=c_pcms
else
k pcm(1l,1i)=k pcmw

c pcm(l,1i)=c_pcmw
end

T 2(1,i+41)=T 2(1,i)+(2*pi*(T_1(1,1)-T 2(1,1i))/(log(D_1/D 3)/k_
ins+log (D 3/D 4)/k_case)+2*pi* (T _3(1,i)-T 2(1,1))/(log(D 4/D 5
) /k_case+log (D 5/D 6)/(k pcm(1l,1))))*deltaT/ (c_ins*rho ins*V 2

+c_case*rho case*V 3+c case*rho case*V 4)

sEo s 24
if 0<=h waterout(l,i) & h waterout(l,i) < water latentout
k_waterout(l,1i)=(k _icetk water) /2

c_waterout(l,i)=(c_ice+c water)/2

elseif water latentout <= h waterout(l,1i)
k waterout (1,1i)=k water

c waterout(l,i)=c water
else
k waterout (l,1i)=k water
c waterout (l,1i)=c_water
end
if 0<=h waterin(l,i) & h waterin(l,i) < water latentin
k waterin(l,i)=(k_ice+k water)/2
c waterin(l,1i)=(c_ice+c_water) /2
elseif water latentin <= h waterin(l,1i)

k waterin(l,1i)=k water

_53_



Appendix

c waterin(l,i)=c water

else

k waterin(l,1i)=k water

c waterin(l,i)=c water

A=log(D_7/D_8)/k case+log(D 6/D 7)/k waterin(l,1i)
B=1log (D 8/D 9)/k pipe

~3(1,1) < (tem pcm +1)
H on(l,i+1)=1

else
H on(l,i+1)=0

end

spcMT Iy ALk
h pem(1,i+1)=h pcm(1l,1i)+(2*pi*(T 2(1,i)-T 3(1,1))/(log(D 4/D 5
) /k_case+log(D_5/D 6)/k pcm(1l,1i))+2*pi* (T _4(1,1)-T 3(1,1))/(lo
g(D_6/D 7)/k _pcm(l,i)+log(D 7/D _8)/k caset+log(D 8/D 9)/k pipe)
+H on(1l,1)+(Q h*B+2*pi* (T 4(1,1i)-T 3(1,1)))/ (A+B)) *deltaTl
$PCM% =S ALk
if 0 <= h pcm(l,i+1l) & h pcm(l,i+l)<latentmax
T 3(1,i+l)=tem pcm

elseif latentmax<= h pcm(1l,i+1)
T 3(1,i+l)=tem pcm+(h pcm(l,i+1l)-latentmax)/(c_pcm(1l,1i)*rho pc
mw* (V_5+V_6))

else
T 3(1,i+l)=tem pcm+h pcm(1l,i+1)/(c_pcm(l,1i)*rho pcmw* (V_5+V_6)

)
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end

e

o

h waterout (1,i+1)=h waterout(l,i)+(2*pi* (T _3(1,1i)-T 4(1,1))/(1
og(D_6/D_7)/k _pcm(1,i)+log(D_7/D_8)/k_case+log(D_8/D_9)/k_pipe
)+2*pi* (T _5(1,1)-T 4(1,1i))/(log(D_9/D 10)/k waterout (1,1i)+log(
D 10/D_11)/k waterin(l,1i))+H on(1,1i)*(Q h-((Q h*B+2*pi* (T 4 (1,
i)-T 3(1,1)))/(A+B)))) *deltaTl

h waterin(l,i+1)=h waterin(l,i)+(2*pi*(T_4(1,1)-T 5(1,1i))/(log
(D_9/D _10) /k_waterout (l,i)+log(D _10/D 11)/k waterin(1l,1i))) *del
taT

if 0 <= h waterout (1l,i+1) & h waterout (1,i+1) <
water latentout
T 4(1,i+41)=0

elseif water latentout <= h waterout(l,i+l)

T 4(1,i+1)=(h waterout(l,i+l)-water latentout)/(c case*rho cas
e*V_T7+c _pipe*rho pipe*V 8+c waterout (1,i)*rho water*Vv 9)

else

T 4(1,i+1)=h waterout(l,i+l)/(c_case*rho case*V 7+c pipe*rho p
ipe*V_8+c waterout (1,i)*rho water*v 9)

end
if 0 <= h waterin(l,i+l) & h waterin(l,i+1l) < water latentin
T 5(1,i+1)=0
elseif water latentin <= h waterin(l,i+1)
T 5(1,i+1)=(h waterin(1l,i+1l)-water latentin)/(c waterin(l,1i)*r
ho water*(V_10+Vv_11))

else

T 5(1,i+1)=h waterin(l,i+1)/(c_waterin(l,1i)*rho water*(V_10+V_
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A3 GEAT AFEE 2| # Y XA E D2 Matlab code
% Matlab coder= Do) Ax¥ A #y FTUA dHS gHow
2 WA go] EAIE st YERYITH

Fig. A.3.1 Temperature point of the fire piping without PCM

=44

o©

k ins=0.037;
c_ins=700;

rho ins=25;

k case=0.1105;
Cc _case=837.2;
rho case=1530;
k pipe=16.3;

c pipe=500;

rho pipe=8000;
k water=0.592;
c _water=4186;
rho water=1000;
lat water=333540.48
k ice=2.23;

c ice=2093;
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D 2=0.
D 3=0.
D _4=0.
D 5=0.
D 6=0.
D _7=0.
D 8=0.
A 1=D_

V_1=D_1~2*pi/4-D_2"2*pi/4
V_2=D 272*pi/4-D 3"2*pi/4
V_3=D_3"2*pi/4-D_4"2*pi/A4
V_4=D 4"2%pi/4-D_5~2%pi/4
V_5=D 5"2%pi/4-D 6"2%pi/4
V_6=D_6"2*pi/4-D_7"2%pi/4
V_7=D 772%pi/4-D 8"2*pi/4
V_8=D 8"2*pi/A4

$AIZHTE

deltaT

water latentout=lat water*rho water*V 6;

water latentin=lat water*rho water* (V_7+V_8);

373]

.1943

1727
148
1183
1143
1103
105
0742
1*pi;

7_:]]

=10

Appendix

h waterout(l,1)=(c_ins*rho ins*V 4+c pipe*rho pipe*V 5+c water

*rho water*V _6)*T 3(1,1)+water latentout

h waterin(l,1)=(c _water*rho water*V 7+c water*rho water*V 8)*T



Appendix

_4(1,1)+water latentin

for i= 1:25921

sdRle] =A%

T 1(1,1i+1)=T 1(1,i)+ (h*A_1*(T outdoor(l,i)-T 1(1,i))+2*pi*k in
s*(T_2(1,1)-T_1(1,i))/log(D_1/D 3))*deltaT/(c_ins*rho ins*V 1)

T 2(1,i+41)=T 2(1,i)+(2*pi*k ins*(T 1(1,1i)-T 2(1,1i))/log(D 1/D_
3)+2*pi*(T_3(1,1)-T 2(1,1i))/(log(D_3/D 5)/k ins+log(D 5/D 6)/k
_pipe)) *deltaT/(c_ins*rho ins*(V_2+V_3))
s=o dd=E 24
if 0<=h waterout(l,i) & h waterout(l,i) < water latentout
k waterout (1l,1i)=(k_icetk water)/2

c_waterout(l,i)=(c_icetc water)/2

elseif water latentout <= h waterout(l,1i)
k waterout (1,1i)=k water

c waterout (1,1i)=c water

else
k waterout (l,1i)=k water

c _waterout (1,1i)=c _water
end
if 0<=h waterin(l,i) & h waterin(l,i) < water latentin
k waterin(l,i)=(k _ice+k water)/2
c waterin(l,i)=(c_ice+c _water) /2
elseif water latentin <= h waterin(l,1i)

k waterin(l,1i)=k water

c waterin(l,i)=c water
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else
k waterin(l,1i)=k water

c waterin(l,i)=c water

end

o

e

h waterout (1,i+1)=h waterout(l,i)+(2*pi*(T 2(1,1i)-T 3(1,1))/ (1
og(D_3/D 5)/k ins+log(D_5/D 6)/k pipe)+2*pi* (T _4(1,1)-T 3(1,1)
)/ (log(D_6/D 7)/k waterout(l,i)+log(D_7/D 8)/k waterin(l,1i)))*
deltaT

h waterin(l,i+1)=h waterin(l,i)+2*pi* (T 3(1,1)-T _4(1,1))/ (log(
D 6/D_7)/k waterout(l,i)+log(D_7/D 8)/k waterin(l,i))*deltaT

if 0 <= h waterout (1,i+1) & h waterout (1,1i+1) <
water latentout
T 3(1,i+1)=0

elseif water latentout <= h waterout(l,i+l)

T 3(1,i+1)=(h _waterout(l,i+l)-water latentout)/(c_ins*rho ins*
V_4+c pipe*rho pipe*V 5+c water*rho water*V 6)

else
T 3(1,i+1)=h waterout(l,i+1l)/(c_ins*rho ins*V 4+c pipe*rho pip
e*V_5+c_ice*rho water*V 6)
end
if 0 <= h waterin(l,i+l) & h waterin(l,i+1l) < water latentin
T 4(1,i+1)=0

elseif water latentin <= h waterin(l,i+1)

T 4(1,i+1)=(h waterin(l,i+1l)-water latentin)/(c _water*rho wate
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r* (V_7+V_8))

else
T 4(1,i+1)=h waterin(1l,i+1)/(c_ice*rho water*(V_7+V_8))

end

end
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