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Relation between Pressure Rise due to Freezing of
Water Filled in a Circular Tube
and Heat Transfer Conditions on the Surface

Hakaru SAITO

Abstract

Pressure rise due to freezing of water enclosed in a circular tube has been studied in this paper. A theoretical
model is established by considering the heat transfer conditions on the outer surface of the tubes, elastic deforma-
tions of the tube walls, and change in the freezing temperature of water due to the increase in pressure. Numerical
calculations were performed to integrate the theoretical equations. The calculated results showed a good agreement
with the experimental results.

The new dimenensionless parameters have been introduced, by combining the results thus obtained for various
different conditions, to correlate the pressure in tubes to heat transfer conditions on the surface and physical prop-
erties and the dimensions of tubes.
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50 PRINT "774W X4 N ”;G$;” 5 1,”
60 LPRINT "774W 4 N 7;G$;” ¥ %.”
80 OPEN G$ FOR QUTPUT AS #1 TEHEATFANDE—F *)
90 READ SMT$, RM, RTH, TCS, PNS, ES T (EEE, BRI OYHEE T A GA )
100 PRINT #1, SMT$;”,";RM;",";RTH;",”;TCS;",";PNS;",";ES
110 R3=(RM+RTH)/1000!:R30=R3

120 READ VART, HTC, TIF, EPS, HS, MN T (FERRR, MEREL L ORMABF)

130 DT3=-TIF

140 PRINT #1, VART;”,”;HIC;”,”;TIF;”,”;EPS;”,”;HS;", " ;MN .

133 ggéFESUSING "Tube N & & 72 rl=HHHLHE nm S=#. ## nm  Es=HHE """ MTS
160° LPRINT USING "Tube A & & 7 rl=fi. 4 om  S=Hh 4 mm  Es=HHHHE"""":SMTS
, RM, RTH, ES

lggngéNT USING ” he=##t4. ## W/m2°C Tam=##t4. #1 °C S =Hf. it  H=#t4. ###47 ;HIC, TIF
180 PRINT USING ” Va=tf. #it# ”; VART

lggnggINT USING ” he=#tts. #f W/m2°C  Tam=f#ft. ## °C O =iy, {4t H=##. $44" ;HTC, TIF
200 LPRINT USING ” Va=##. #i# ”; VART

210 PRINT

220 PRINT "Time[h] &i[mm] P[MPa] Ti[°C] Do[mm] & 0X10**6”

230 ' LPRINT "Time[h] & i[mm] P[MPa] Ti[°C] Do[mm] £ 0X10*x8"

240 C1=.292893:C2=1.70711:C3=. 5349 " (*Runge-Kut t tais O FRE*)

250 RM=RM/10001! :RTH=RTH/1000! TR RA— MIVE I U A— NVICE#R)

260 IF VART=0 THEN 280

270 SCRIT=RM*SQR(1-12. 5*VART) : SND=SCRIT/RM

272 ° (+EEEB OB E*)

280 EI=9,8E+09:TCI=2.2:PNI=2.94:SVI=. 001087:SVW=. 001 :CPRW=4. 5E-10

290 HL=3348001:TIF=TIF+273.15:T1=273. 15:HLH=93. 02:C8W=1. 172

292 °

300 IF VART=0 THEN SCRIT=RM:TIMS=0:GOTO 360

310 BI=R3*HTC/TCS T (xR —BOFE*)

320 TND=SND"2+LOG(SND) /2+(1-SND"2)*((LOG(R3/RM)+1/BI)*TCI/TCS+. 5)/2' (¥FoX Stek)

330 TIMS=HLH*RM"2+#TND/SVI/DT3/TCI T (<INEBAG R D 3 Ex)

340 PRINT USING ” FoxSte=f#. #it#t™""" Bi=ff. ####™ """ Rerit=ff. ####°"""  TIMEc=#f. ¢
#H°"""" ; TND, BI, SND, TIMS

342 LPRINT USING ” FoxSte=H. #ittt™""" Bi=git. ####°"""  Rerit=ft. 4™ """  TIMEc=#.

##H4" """ IND, BI, SND, TIMS o o o e
%?SSPRINT 1, USING “H¥. HHHH""", #HHHHHE"""", $. BT, 4. #HHH"IND, BI, SCRIT,
360 S=SCRIT:PR1=01!:PR10=PR1:M=0:MP=MN:LB=1

370 DT1=0! " (R B NECOFIRAE*)

380 N=0:LA=1

390 A3D=R3/RM:A3=A3D"2

400 CB=(11+A3D)*(A3D-11)

410 A5=((11+A3)/C6+1!/PNS)*EI/ES

420 ON LB GOTO 430, 650

430 DRTC=FNDRT(S, RM, R3, TCS, HTC)

440 AA1=SVI*(TIF-T1)/S/DRTC

450 REM #x#x* Runge ¥kk * (*Runge-Kutta¥iic & 2 XK BALE DT Ex)
460 AA2=C8W+SVI*DT1/(2!*SVW+HS)

470 AA3=HLH+(SVI*C8W/SVW-C3)*DT1/2!

480 X1=HS+(AA1-AA2%S)/AA3

490 Y1=X1/2!
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500 Z1=S+Y1

510 Q1=31%Y1-X1/2!

520 X2=HS*(AA1-AA2+71)/AA3

530 Y2=C1*(X2-Q1)

540 72-71+Y2

550 Q2=Q1+3!%Y2-C1*X2

560 X3=HS*(AA1-AA2+72)/AA3

570 Y3=C2%(X3-Q2)

580 Z3=I12+Y3

590 Q3=Q2+31%Y3-C2+X3

600 X4=HS*(AA1-AA2+Z3)/AA3

610 Y4=(X4-21%Q3)/6!

620 74=73+Y4

630 ON LA GOTO 640, 650

640 SOLD=74

650 A2D=74/RM:A2=A2D"2

660 C4=(11+A2D)*(1!-A2D)

870 Ad=21%A2/CA

680 A6=(11+A2)/C4-1!/PNI

690 ON LB GOTO 700,990

700 B1=((11+A2)/C4+11/PNI)*Z4/EI

710 B2=21%Z4/E1/C4

712 * (*HE 7N ETB*)

720 DP1=(1!-SVW/SVI)*(1!-24/S)/(CPRW/2!+(B1-B2*A4/(A5+AB))/S)
722 °

730 P1=DP1+PR1 P (FEFIDOH L v MiE*)
740 ON LA GOTO 750,760

750 DP10=DP1

760 PRM=A4*DP1/(A5+A6)

770 DU=DP1%B1-PRM*B2

780 DUM=A5*PRM+RM/EI

790 DU3=2!*R3*PRM/ES/C6

800 DT1=T1*DP1*(SVW-SVI)/HL T (K ERET O E)
810 ON LA GOTO 820,830

820 DU30=DU3:LA=2:GOTO 450

830 ERA1=ABS((Z4-SOLD)/S)

840 ERA2=ABS((DT1-DT10)/DT3)

850 IF ERAIDERA2 THEN ERA=ERA1 ELSE ERA=ERA2

860 ERA3=ABS((DP1-DP10)/P1)

870 IF ERACERA3 THEN ERA=ERA3

880 IF ERA=<EPS THEN 930 " (R )

890 N=N+1

900 IF N<20 THEN 920

910 LA=1:GOTO 980

920 SOLD=Z4:DT10=DT1:DP10=DP1:GOTO 450

930 M=M+1:TIME=M*HS+TIMS  (#HEM R T v F D#EhN*)
940 SVW=SVW#(1!-CPRW*DP1) T (KD AR DET H)
950 $=Z4+DU:PR1=P1:T1=T1+DT1:RM=RM+DUN:R3=R3+DU3’ (K AL, /KWEOFH )
960 IF ABS(S)<.0005 THEN LA=3:GOTO 980 ' (RFERETZ T HED DHES)

970 IF MP>M THEN 370 TV MNTIABEHOHES)
980 Z4=S:LB=2:GOTO 390

990 SL=RM-S T(OKBEE O E)

1000 PM=PR1*A4/(A5+A6):LB=1

1010 SF=PM#(11+A3)/C6 P (RBRIGSI DR E*)

1020 STR=(R3-R30)/R30 L (B DR M) L e )
1030 PRINT USING "#¥. # , 4. $ii#i , . e , . i , . i , . B

I TIMEA§;APR1 PM, T1, g§‘§TR SF . o
104QAE51NT 1, UsgggA”## ! .t#Agg### B, , . HHHH , H. L. B4
Hit I o100 613:5151 , 4. H4kEE """ TIME, SL, PR1, PH, T1, R3, STR, SF
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HHEPVK OBRIE ) & REAEE ORI

1050 " LPRINT USING "##. ## , 4, """ b R S HIEET " 0BRSS . S
# , 8. di , §4. #4777  TIME, SL, PRI, PM, T1, R3, STR, SF

1052 * (*FHEATHEI ) REMIICR L 2D ED DHE*)

%822 IF TIME=>20! THEN 1120 ELSE IF ABS((PR1-PR10)/PR1)<.001 THEN 1120
1084 ' (MEADHBEITE P U ISR U EDED OHES)

%ggg IF SF>4.5E+08 THEN 1120

1080 MP=MP+MN

1090 PR10=PR1

1100 ON LA GOTO 1110, 370, 30

1110 PRINT "IRU FHA 1

1120 CLOSE #1:GOTO 30

1130 STOP

1140 END

1150 DATA S50B3-10

1160 DATA STEEL, 50, 5, 46. 5, 3. 45, 2. 08E+11

1170 DATA 0. 06, 84. 5, -10, 0. 001, 0. 02, 10
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