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Analysis of Stefan Problem by Using the Function

of Delta—Sequence

Nobuyoshi FUKUCHI*

The oil tankers carrying high pour point crude oil almost are equiped with the tank heating system

consisted of meandering steam pipe to reduce the viscosity of crude oil. However, the accident of

oil solidification occasionally occurs during pumping up cargo oil from an oil tank of tanker to land for

the sake of unsuitable oil heating system.

is transfered to crude oil in solid state to melt it.

For a settlement of this case, the heat energy of steam

In order to investigate the heat transfer with moving solid phase boundary, so-called Stefan problem,

two dimensional numerical analysis is carried out in which the enthalpy is expressed continuously by using

the function of delta—sequence at interface of both phases. Furthermore, the spreaded melting zone and

the oil temperature by using paraffin are measured in quasi—two dimensional tank with two heaters.

The results of theory and experiment are compared for judging the justice of analytical method.

1. U

ERHARBAM®ET 55 V-tV T, 208
L 728y AT LY TE WBEITISAELICE
HARE S ¢, BHTMEE 2 3BHIRI LD D 5.

ZOHB/AITE, MEMEICHE S W ZLETIER
T LIV EEREO SHESMAARL, 55
IZEREEE( L 24T ) .

Z0EH %, EREERFBET 354 0L,
WhW3AT 7 7 VHEY RENT 30 I3 EER
2B ZBBEHROBNPHBEE 2 5. KRR TILH
ERI BT 3Ly YL — 2 TN S FIESEAWT
AR, BEA v Y 2 OFREREIC LD HE

FEHI59%E10H 1 B35
* % T %P Department of Structural Engineering)

fRHT L, BEVERMEPROBRES M & HEAN O XS & 5t
BT 5, $R8U2RTY v 710k B857 4 VO
RREBR 1TV, BREOERIRE, EESfMHE LI
WTHIEEE ORBR & ORI R T, EITEO R 41E
BN,

2. X777 RE

2.1 A BER

BB A IS & D BT 3 BAD K 1T, 48
A HY, BRFERIBHT 2540 OR
RIELTO#AFBERIC LV EbENS.

(1) HeAEP



60 FNY I &L B AT 7 7 Y BB

BN TIIARNRIC L 2MEEIRZ S . HEE
= a— b viEke L, MheBRET3L, &
B ERERBOREBEEDLTRIIROBYI THS.

% HRidtensor FBAR & U, IRFIIHBFRMZESI LD
LT3,
) WhoERR

aut
8:0;

22, w3HEETHS. GIIEREERDLL, x1, T2
#AFHIE, 1 EREHE (LREEIE) &¥3.
i) EHHER

iéj]i%l:ﬁt‘} % Navier—StokesDEE HFER T KRN

=0 (i=1, 2, 3) (1)

TERbEh3.
aui l a
o1 +_ax'(uiuj 0 ox
9 ou; , ouy
+’ax1{”<ax, )] A9 (3)

zzig, purﬁ,tuﬁﬁ AR TH 5.
hg=0=0, gs=—g (BEHOMEE)THY, v
ISERE R, BT RTEIIRE, p LHERTH 3.

QRDEREML L TIABRHERRA LUy v 7B
BlZBW Tno—slip D&% &V, BHERR CIRE
HEDOFEE 0 & T 5.
ji) BAEECHRER

28 | @

2t )= (ki

zziz, & (=A/cp) REHERAOSILERE, A
WEBMAER, c |ZLBTHS.
(2) EHEA
BEMHOBEE 2 EbTRIZ(3)RICHW TBFRE
BRVRDFERTH 5.
2? ;1,<”s?§§f>

2247, ks (=As/cp ) \IEEEFARN O BIEERHT
b5,

(3) EWIEER

TR T, AT 2BIRROZE PRSI E
L %3, WhW3AF7 7 v&fLIFIENEROB
PWHEHBREWBELZ2ThEE 580,

26 26\ om
As <6n> A(?ﬁ?%‘”qLat (5)
22, nREEERC LR E B A ED
L, ®Fs,
mign FEOERBEHE, T4HbERLOEMNE
FELUYORRELFWRT 5. /-0 XBEEHRTHS.

k. 96 > (3)

(4)

I %2 h Z nEHH, BEROEELRT.

2. 2 FL4FESERGERESHES

1) =vore—BK
(5)RTELEINBAT 7 7 ¥ &M RARER THBE
R &, BMERCOFRER 2@ L3Rz 0T,
ROTY FNE—BHH (0) & BV ORI &

4= =

1‘T7
H(O) = [[c(OA )46+ o). ¥(6— 00) (6

Z 21z, Y(x)iZHeaviside D27 v 7EAKTH Y,
Om I ZHOBER TH 3,

BRBAREO LS ZEAGETEMAIIS 3EED
BAHY, £:18, KERDEERFE sV L
REET AL v VE-BBIRD LI IZRbE R
%

H(8)=cpb+pq. [_*“’wk(a~om>de (7)

2212, wi(X) Ty FIREMTH Y, Dirac D7
W5 BEE () & DRICIERDERY D 5.

8(x) =lim wi(x) (8)

7N 5 IR OH % 3 FEEFig.l ITRT, 22 TW
ThHe G,

wi(X) =k /(1 +k %) (9)

BV, klwudx) LOBFRELICZhIIHET ST
VIV —BEH(O) 2 Fig.2 IR, T yFIEKE
Awdzeitk), STV TERDZDTELL
BATLVINE— BRI 2 LA TES.

W k=5
30 -
25 | kexplkhxd

},/ W= T
|
|
1
\

Fig.1 Three examples of function of delta—

sequence.



& i
3w, , 60| 610%)
k H(8)
WeThwd 95
30
3:50
25 k=10 245
540
0 35 enthalpy
15 n, kS H=cpd +q w,
10
k=2
05 \
o] 4 \\\\\ 05 melting point
4 -2 0 2 4 EEETIEERES
X oil emperature 8§
Fig.2 A function of delta-sequence and enthalpy
function using it
filled -
[ 'gf, pgfaffin ] ceiling: acrylate
resin (10mm)
film — side wcéll:gloss
(8,
thickness)
<=
T
radiative tmnormer
thermoflow meter bottom : polystyrol
foam
measuring condition j— 300 ——‘I
sur- | 1initialfusing heater
code rt‘z::ihng tg;;. heater (36.2W)
w21 les,7oc | 21,30 | (risht) 54150 5B
Moz 1360|260 |(left) T h-e%Ter
Mz2-3 142,5 19.6 790 (35.9W)

(unit: mm)

Fig.3 Quasi—two dimensional tank model and

measuring condition.

B, QORIHT 3k OMHEIZH(0n)=pOn(c+q./
On) Lwi D HKfEw(0) =k/m& DI D 5 k=nq1/
O & L/

(2) BERCHTER

(RDLY SNV E— ¥ 2 BERERTE S L kD
Ik s.

h(e):-@(—(’2

cp

ZOMO) FRVEZ LY, BIRFLUVWRTED

SN BBILECHTERE, BRI 3 BEIRINDE

BARERLZ, TEALLBUERIIBVTRAT 77

VEBERMRETARDFERAERENS.
=35 ()

=g+ j”mwk<&—audo (10
c e

(1

E # 61
1000
Paraffi
500 g\ Heavy| oil
\ 4
—~200 ) i =
4 % } / / %,
2100 S %Q@C
8 A?ﬁ | e X
2 5 X %
Tachin S )
> l crug
Miras™" \b\ ot w
20 crude oil I i\
Ty
-Q:
10
. _Um Shaif !
~o| crude oik““:»P?Zuﬁm
5 \\\ el oy

2
10 20 30 40 S0 60 70 80
temperature of oil (°C)

. e Taching Minas Paraffin
item unit | symboll ride 011 | crude oil | used for
- experiment
Pour point c Qp 30 35 -
0
Melting point [ Qm - - 42~44
o ke/m’ Ry | 0.86x10° [0.85x10° | 0.81x703
Specific weight

P=P.(1-0.7x10349 10 xi0”

Cubical
expansion rate| 1/K B 0.57/P

C=1740// 77000 +3.8(8 -15)

Specific heat | J/Kg-K C
Latent heat

of fusion -3/ 9. 2.09 ~2,26%10°
Thermal B
conductivity | W/mK N | NS71- 054 %10739 )0

note; 8 : ol temperature {°C) , 915= 9-1s

Fig.4 Physical properties of high pour piont

oil

ZZiz, D/Dt Eiih¥ENMmyThH Y, BT
D/Dt=29/ot, #AHTldD/Dt=2/3t+u,3/0x,L % 5.
E5IRERDE HiIcEEHKDEN S,

@ Do._ 2 (, 26
[H-ka(ﬁ— 6m)} t ox, (’Cax, ) 12
3. BER
3.1 NSTq kB BERERY
(1) EBFHE

ERE AR OIMNENC & 3 EREE O AT F LB
SAEERFEN, 5122, 2 TBENAFIL ST EE
W fRITEIC KB L BT 572012, 7 ZHD
B2 KT S ¥ 7 V@42~ 44C DEFNT 7 4 v &
ANT, 2AOMKERER e — % — (MEE LT 3)
IZEDMBZAT VR 21T o 2. 2 OFEREE L EBR
ZH#% Fig.3 1R 7T.

BRUBOIED D FIEH S AEIZBE> 727 4 VA kI



62 TNYFIERIZE B AT 77 ¥ REOEHT

SR % BEEETER U 220 RS E S JRIERR BB ST 3T

BRVT, HEREIIX130OT A 0BG R £ 3HAIL,
RBERIIZ R 7 BARSTE —RE OBIGRIC £ D EEA
BEL-. & pHBERIEAROSRMBIS cHE S
BNT, ThixEEL TBEANOBER2E- /.

ERICFVAE/STT 4 Y OME—RERE S L U2
DIDYIETE & BF B SRR KR EFTH 3 3 F 2K
WY FAYTE) BEUOKERR (FEE) i
#L T YFig.dlamT,

(2) HRLIREE & BE ST ‘

BB D ERME O MR DR T #Fig.5(a) o T,
%%, Fig5b\3, 3. 2 TH~2MERFHICLY
Kb - ERURORMNEIL Th 5 . ERUIBAIINBE
EHCEoTREIY, EECEET 3 & HEAEE L
NERNCZ & L IIE I & 0 EERA A AHEATY
Kz A5 FHIZE - TET 3. IIEE L 0 T i
SERAE S TRENHES L WD, BHREF bRV
DT, MEBE LD LEARACIERT 5 % CHRL 4
V.

Fig.6 1B S HORBEL LR+, TR bEH
FE R TR AR & Vb i, FME SR

EZZENh3.

HEE &R IR T 2 AR, (2), 1DI2xfL Galer-
kin EAERA L CERERED D DERLEITV,
2RICEBEE LT/, BRERL L TIX8ERD
2REREH, EXNCEOU:, D7 O12BT 3 IEHEE
Y F572R E Newton—Raphsoni:iz & V) BUEMIZ R X,
RS EIE =S TR /2.

FHERIE I S AFMME U, Fig7 IIRTHESM
CE VBRI BT o 7. - BABAARFICITMBEE b
OD3IXINERIWHEELL L, thaEHERLL
7. EHHERIEZ OFEREIRHRLUT CH 215
PEHEL, ATV 3ERIIHHEERICEERL 2.
(2) VEREIREE '

FARPIAHR 12D W T EE L 255 S R O BRI AL
DT #Fig.7 (R T . AR INSE LH~O LR
EFOTRERA, S, BREROL S I26 U THER
HOMPENTE2DPFRENS.

Fig.8 1iFig.7 1ot ¥ 2ESEMOGHMNENT
Hb, 8774 vICkBEHAICERGNB KDL, B

: . . N @ t=60min. () =240 min,
LB ATOREDEFKE  EBOFRENS, e 1 TN TR TP
EENKERRRN %
B 1 o -
3. 2 BUERMR AN AN h'
) #E® t{f’ >
HBR SBT3 554 O S BORKE & BT+ 2 ik J %L )
LT, HHESXODEER v ¥ 2 2 X 2 HFRERHE
FHWE ., 7L, BEXA w2008 T 3ER D o
= min.
BEAIIBRETE BV, MEERME TIRIEE LS Z
WEOZDIRIZIEE A LES T, HREAEICHNT N
BRAMEOHTAEZEVEVWIETIEEIIZS520WE
3
\
50 60 top 60 N
= = T
%~ & - 80 @ =180 min
ig @ i i
o] 8 e
l?zj 300 541
2 " . N /
g:g ‘heater “ heater N X J
measurement M2-1 bottom N
(unit of tine : minute) heat quantity: Q/(sH—al)KA: 12x2
(unit of time : Xt/cp 1%70.18X1073)

(@) measurement (b) calculation {unit:°c )

Fig.5 Growth of melting zone in tank model Fig.6 Distributions of oil temperature in

with two heaters. measurement M2—1



@

#fE

63

Fig.7 Calculated flow pattern in model C2-2

and calculating condition.
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Fig.9 Variations of calculated melting zone
corresponding to three kinds of latent
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