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Experimental and Numerical Method for Thermal Conductivity
of Offshore Sediment and Proposed OHTC Formula for Offshore
Pipelines Taking Multi-layered Sediment
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Experimental and Numerical Method for Thermal
Conductivity of Offshore Sediment and a Study of OHTC
for Offshore Pipelines Taking Thermal Conductivities of

Multi-layered Sediment into Consideration

Dong Su Park

Department of Ocean Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Subsea pipelines are designed to transport mixtures of oil, gas and their
associated impurities from the wellhead that can be in excess of
approximately as high as 100«c  temperature, while the external
temperature maybe in the range of 5-c . Heat can be lost from the subsea
pipeline which contains high temperature fluid to the surrounding
environment. It is important that the pipeline must be designed to ensure
that the heat loss is small enough to maintain flow assurance, unwanted
deposition of hydrate and wax, which occurs at a critical temperature of
about 40-c . Therefore it is essential to know heat loss of subsea pipeline
in various circumstance. This paper presents thermal conductivity of

offshore sediments using laboratory model test and numerical analysis for

- vil —
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various soil samples. After calculate thermal conductivities, this paper
propose a OHTC(Overall heat transfer coefficient) formula considering
multi-layed soil using calculated thermal conductivity of soil samples for

more precise OHTC estimation.

KEY WORDS: Thermal conductivity €#%&; Thermal imaging €3¢ 7iwleh
Heat loss ‘<4, Multi-layered soil ©5A|¥F  OHTC(Overall Heat Transfer

Coefficient) &2 A A G714 Heat transfer analysis &4 23)4].
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KEY WORDS: Thermal conductivity €% %=-&; Thermal imaging €33 7hwlzh

Heat loss d<4; Multi-layered soil ©&A|¥F  OHTC(Overall Heat Transfer

Coefficient) 29 A G714 Heat transfer analysis &4 23)4].

Collection @ kmou



Al A &

HFEMES] AR AsiA Ade A2ried FFo= iAo AfF 2
AA7t2 55 A dAmBY Fa7F SVt ol wet % A 48
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dEdol o3 14 " AR2YAAE dtatr] A E siABY T2
A ATsE EXE fAmie] ddd4AE AA8oF doh. G AN HO R
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Fig. 1 Hazards of Flow assurance for subsea pipeline(wax and hydrate)
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Fig. 2 Thermal measurement equipments(needle probe, guarded hot plate
method)
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Fig. 3 Research trend of OHTC formulas
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(a) Apparatus of model test

(b) Top view of the test box

Fig. 4 Plane view of test box(y-z plane, x-y plane)
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Table 1 Density and thermal conductivity of pipe

Material Density (kg/m®) Thermal conductivity (W/mK)

Steel 7860 60

2.1.2 ANEYPAF S 4

= H 2 FLIR A9 A|Fo 2 T335 =4
< AHEskATh 2d9 42 Fig 59 #Zom ndo EA2 Table 29 Zth
B AdoAs dtd e E ARERH FHOE Llm fldA Z9sie
M ol FHAE o]&std FHES FATH FA I3 hHEe] #HolA
71%#H L o] &3t Fig. 404 A FAFEE
2gtal gobd, 71EH S (Om, 0.03m, 0.03m)= 5 Y3t

Table 2 The specifications of thermal imaging camera (T335/FLIR)

Classification Detail of specification
Field of view(FOV) / Minimum focus 25° x19° /0.4m
Thermal sensitivity / NETD 50 mK @ +30C

Focal Plane Array (FPA) Uncooled microbolometer

IR resolution 320X 240 pixels
Spectral range 7.5 to 12 um
Object temperature -20C ~ +650C
Accuracy +2TC or £2% of reading
Measurement analysis 5 spotmeters, 5box area, Auto hot or cold

spotmeter markers within area
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1335  $FLIR

Fig. 5 Feature of Thermal imaging camera (T335/FLIR)
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Fig. 6 Point of r’ and variables in equation of 'Q’
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42004 E7H&o] 100%R oM, MFL(G) 26, AHRALL 2D 24 A 41D
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Fig. 7 Particle size distribution curve of boring samples
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7t NEELS
o] AAFEE

F4u) 40%, 50% 1T 60%Y WE EFE om(Table 3), &
A HQ Bl 2E 39S o S A40, A50, A609IA ZH7t 5.9

kPa, 4.2kPa, 0.9kPas B40, B50, B60oN A 2}z 4.4kPa, 1.2kPa, 0kPaS 1811

C409) A1 1.3kPa, C50, C60°l A1 0kPao.2 }EFSITH

23 A2 3 AA HAAGNA AHD ARE o83 HNIS 59 3}
Fom AgE AvFD44), A5 (E4D), vHAEHF40)S] REARE HHHe F
o= o]&3tAth YEEEFAL Fig 73 Zow, FLEFHLE &F YAE
HEQHME 9 oo gFoz TR Table 49 2ow, BAAS g4n=
40% <A e YERR L HF(G)L 2622 et A= vt

7ol 7% 4.4kPag BEP oM YmA F

ATt

ANBANAE 0kPad 7V7HE FA &

e

Table 3 Classification of mixed samples

Sample Kaolinite (%) ~ Standard sand (%) Water content (%)
A40 100 0 40
AS0 100 0 50
A60 100 0 60
B40 80 20 40
B50 80 20 50
B60 80 20 60
C40 60 40 40
C30 60 40 50
C60 60 40 60
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Table 4 Classification of samples obtained by boring

Sample Clay & Silt (%) Sand (%) Water content (%)
D44 11 89 44
E41 56 44 41
F40 74 26 40

2.2 ANEFELAH A3

2.2.1 T¥ANE =& 2H

Fig. 82 A40, A50, A60 A 8E 100% 7+SBUolEZ FAE A 8o g
AR 2 st olu Atk o 714 A0S ATLES] FH] 40%8) A BEE
Fig. 89| (@)= shatze}l Zo] "ol AEste] Ao Atk= A<

Fig. 9= B40, B50, B60 Al=el tigk A g G} ojmz|o]m 7}-&8 o]
E 80%, FEN TFA 20%2 ETHE AEZ TAFHAT Fig. 10& 71L&
ol E 60%F T3 FEA 40%2 3" ASE FA4" C40, C50, C60°0 of
g AR g st ojw| A ojth
Fig. 11 ¥ Fig. 12 (@& AlE A, B, Coll gt 2=&
= ZF Alze s Al He] APs B U 258
o g 2EAFE ofF mAG AolE UEon GHEE AL Al &
T A%l 107 *C7HA WY ste] YR A
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(a) Picture & Thermal image of ‘A40’

(b) Picture & Thermal image of ‘A50’

(c) Picture & Thermal image of ‘A60’

Fig. 8 Feature of Picture and Thermal image of ‘A’ Samples
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(a) Picture & Thermal image of ‘B40’

(b) Picture & Thermal image of ‘B50’

(c) Picture & Thermal image of ‘B60’

Fig. 9 Feature of Picture and Thermal image of ‘B’ Samples
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(a) Picture & Thermal image of ‘C40’

(c) Picture & Thermal image of ‘C60’

Fig. 10 Feature of Picture and Thermal image of ‘C’ Samples
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(a) Result of Sample A
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Fig. 11 Temperature distribution
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(b) Result of Boring Sample

Fig. 12 Temperature distribution of Sample C and Boring sample
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(a) Picture & Thermal image of ‘D44’

(a) Picture & Thermal image of ‘E41’

(a) Picture & Thermal image of
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Fig. 13 Feature of Picture and Thermal image of Boring Samples
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Fig. 15 Result of A40 Sample; Compared with Model Test with Numerical
analysis
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Sample (A50)

—a— CFD Result
40 4 B Model Test
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Fig. 16 Result of A50 Sample; Compared with Model Test with Numerical

analysis
Sample (A60)
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Fig. 17 Result of A60 Sample; Compared with Model Test with Numerical
analysis
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3.2 §3taAsA iy

o] Hm, RPLY A3

o

b},

S

o] AFo] Z8

el

b om, 54
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Fig. 18 Boundary conditions of numerical model
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Fig. 19 Mesh for numerical analysis



3.2.2 §3 2534 X ujHlA 4

ASH, Hk=AE dRrsoE A2 4 @) 2 4 G 25
(Ansys Inc., 2010a).
oU
_ 4)
ox;
oU, oU, 1P, 90U 5 —
o = o e ) (5)
ot ! ox; p ox; dx0r;  Ox; J
EEFAAL A O u'u FE T 2ol A 0oz Ao
— My [ OU; Buj 2
ity = p\ox;, o, 35i-7K ©

2 02 p= FRAAATIL B dole2s fEod i3 F xd sy
A

/‘Lt :f#C#p— (7)

v YRR o8 AsjA= Agoln ¥ =FolA= k-omega
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Table 5 Specific heat Classification of samples

Specific heat (J/kgec) Sample Specific heat (J/kg>c)

Sample

1273.8
1317.31

1443.88

C40
C30
C60
D44
E41
F40

1621.25

A40
A50
A60
B40
B50
B60

1664.51
1791.08

1447.21

1635.18

1052.98

1490.91
1617.48

982.65
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A4 Aste] SERE oju]A= Fig 209 2Th AFFE AN H%,
A, e & AN agn o AAe) LRl Ayngdus

FAR WAL Hole AL & % A

(a) Numerical result (b) Model test result

Fig. 20 Mesh for numerical analysis

Steady state temperature at r(m)
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Fig. 21 Steady state temperature at ‘r
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(b) Result of Sample B

Fig. 22 Temperature distribution of Sample A and B
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Fig. 23 Temperature distribution of Sample C and Boring samples
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2ol yehd o
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: D D D, !
U = = ref vt + relf (8)
unburied Dmf ( R, + R+ Rm) D. h, DyeerUpai Depth

int"“int steel ext' “ext

4.1.2 L AAAY FZEHAGAT oS4

FEF o2 mMyEHAAY, 3] wde s FEIHASAS(0)
29 2ow A7A Al slel ked A=E UEW= 0, Fig. 25
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—————————— Cold
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Fig. 24 Thermal resistances of a subsea pipeline
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% Dﬂxt

Fig. 25 Angle(exposed surface) of a subsea pipeline
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190l A A Fo] HEAHO

Upiriea = B34

NE A Be] FBAADA S o 24

8
2 AL wel U, 43 AyHAL

4 LT - N
o

AR o2 o= Carslaw & Jaeger ©o|&2|(Carslaw & Jaeger, 1959),
Morud & Simonsen ©]&4](Morud & Simonsen, 2007), Ovuworie ©]&2]
(Ovuworie, 2010) 1831 Zakarian ©|&2)(Zakarian et al., 2012)¢] o™ Table

6ol HHER AT

Table 6 Overall Heat Transfer Coefficient Formulas

Formula Overall Heat Transfer Coefficient Formula
-1
U _ D ref D ref + 1
ground ‘Dint hint ‘Dsteel wall h:m‘l +amb

—1
Usrica = ( D”ef + Dref + b
urie Dmthint Dsteel Uwall hsm‘l +amb
y ksoil
hsoil+amb = 7 26*
re. — s
2 COSh (1 * Dext )
Carslaw
& N ‘Dezt kaoil }
Jaeger’s 2 Dextheft
Formula
h . ksoil
soil +amb ‘De:L’t COSh* 1 w
2 ‘Dezt
‘Dsoil ( kaoil ) 1
T2 TP D
_ kaoil
soil ‘DeztaO
_ H D@zt
o, = cosh 1( ) ham = : h‘w
0 ot b ‘Dsoil !
- 32 —
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1 I 1 I
Uqround = ( h + h ) Ulmried = (7—'— h )

’ ground amb hbm’ied amb

(if G, >1)
2 G lw L [GH1 (ebm
——tan tan|—
0,(r—0,) /022_1 2 C,—1 2
kaoil .
hground = D (lf C'Q < ].)
vl %), [1-G
1 G tan 2 1+G,
9(,(77_91,> 71— 2 0 1-C
G tan - 2
2 1+C,
Morud . kaoil sz
buried ~
& Dej |1+ B2l + 2Bi aycoth (a)]
Simonsen
Formula
Bi = U;nterallDref
/I’p a kaoil
2H \?
0 =4f1- ( 2 )
ext
c = 2H G
? ‘Del’t ebBip
DTE’f DTE’f !
U;nterall = ) + .
‘Dinthint ‘Dsteel Uwall
h ‘Del’t h
amb ext
‘Dref
— 33 —
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D, D, 1 1\
. ref ref
Um’mmd a ( ‘Dinthint " ‘Dsteel Uwall " hgrmmd " hamb )
D, D,, 1 1\
Ulmried = ! l + +
] D int hint D steel Uwall hlmried hamb
(if-1< 4, <1)
2B si ( ) -1 1_Apar
o1 ﬂ() tan m
2
Vi-AZ,
2k, .
g = soil 1 (lfAm:].)
groun i Bi P L.
A ) BLpsm(ﬂO)
Bi,
(if 4, >1)
2B sin (8, an 1| | L
Ovuworie ,Sintf, tan A, T1
Formula [A Ze
, 2k Bi, sinh(ay)
buried ~ Drpf Bi 9 Bi
) cosh(ag)+ Bi ogsinh (o) + == | —(1+—=F
0 p—0 0 Biq Bi
. U;nterall‘Del’t . hamb‘Del’t —1
Bi, = —kaz Bi, = 72]%01‘1 o, = cosh (

Bi,\! ‘ , Bi,
A, = H—B—z‘q cos(ﬂo)—f—sz(w—ﬂ )sm(ﬂn)—ﬁ‘g
U _ ( Dref Dref )1 h _ ext h
int +wall D’i,nt hi,nt Dsteel Uu;ajl amb Dref ext
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ground amb hbm’ied hamb

1 I 1 I
Uqround = (hi—'— h ) Ulmried = (7—'— )

2k, Bi,
h!]r(mnd = D”;f .Bip 1/2
Zakarian _ 2K 05 Bi,sinh (o)
Formula buried ‘Dref ‘ . _Bip 2 &p 911/2
cosh(ay)+ Bi,osinh (o)) + B, 1+ B,
. U;nt + wall‘Dref . h‘amb‘Dref -1 2H
Blp B kaoil Bzg i 2ksoil S0 COSh ( ‘Dezt )
U ‘Dref ‘Dref ! h ‘Dezt h
it wall ‘Dinthint F ‘Dsteel Uwall amb ‘Dref et

g3t 71E o2

2]
Zakarian ©] 228 W3l FLIAAGA
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4.2.1 Fourierd €AEH=Z

Aol L=l EARTY B LEdA e 2R U7} olFe

A Bt A7A =) oJsk & HES(Heat transfer rate)2 2)(10)3 2
o] Yl o]|= Fouriere] d4d% Aoz} gtkHolman, 2009).
Q = kALl (10)

ox

2110S EWE Fig. 26320l BE =SS THAE AN Fo| EHHA

Q= = = 1D

£ ADe A0kl Ao + AT

TQ_Tl T3_T2 T4_T3
Q=—k—p,— =k x =k, (12)

Collection @ kmou



49 Al Aol BAE TF A ATEL AP ol Yerd 5 Yk

0= L—1 13)
Az, Az, Ax3

+—4
kl k2 k3

Fig. 27 Equivalent thermal conductivity of multi-layered plate
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4.2.2 fAA G 571 dA=E A

Fig. 263} o] 27t T}2 AAEEL /MAE 2oz 747 A e o
AELS Fig 279 2ol shte] A=z Jegr] o @ Ad98S 414
7} o] AeolsA,

SAGAESe A1 2009 BAC o8 T o] AU5E Hejd

koo = (15)

AolA A7 HeS Hg o g 27 olde] A Fo] =AY W AL
O3 ol A ojstaith

k= = i1 A (16)
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Fig. 28 Characteristic of numerical model
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Fig. 29 Grid for numerical analysis
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5.1.2 frta.23)4 A4

AR, HdEAE dRFeoE A ASEA A 4 (28) I8a
S5 A2l 2 (299} ZtHAnsys Inc., 2010a).
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ot ox
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o 6:5]»' = (30)
oU; o ok
75, 9
Tij oz, + o, [(H"'%ﬂt) 6%] B pwk
alpwU,)
ot émj
ow 9U; 8 8 1 ok ow
Ty %Jrgj[(ﬁ oy axj} Bpw” +2(1=F )po ou, ox,

7t dE 4SS ol @ Aoz mdsd 4 (329 Bom ¢ kR

792} ZtHAnsys Inc., 2010a).

i)
RS
rlo
T
S
ko
i)
o
i)
1>
=
ox
-
rlr
=
S5
D

&=F,d,+(1—F,)®, (32)

Table 7 Coefficients of turbulent model

g By By Oy, Oy o

D, 0.009  0.075 - 05 05 %
Jé; O'kaQ

&, 0.009 - 0.0828 1 0865 L Zer
R
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&5t 2|21 9 AAlzde dAstden Rl 2rixrt WEkA &

FAMAE AT 2720 9 AAERALS Fig 794 2on, mdo 2IV|E
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Fig. 30 Boundary conditions of numerical model
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AT 2L API(American petroleum institute)®] - <48 A<
API 5L X52 PSL 29| 745 H&3Ath A6k Fig. 89} 22 3712 Z(Layer)

e AW AT AYRFAY L FHANOE A3 AREE ANE Fud
of A sAh
5.14 T34 AF}E o] &3 FLIAGAST AL o8

2 (3D A A Ao 2= T, =7 25 1,42 THE
ol &3l d AEE(Q<= T
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5.2 8 4dy Aolx

(o3

OsAREE aEd widE siAude] FEEASAT AL e HES]

el siAuE Mo AREA T R A A N AR Tl s AAHH= v
E FE 7oz A 7HA Aol digh ‘EﬂW—% AA st T3k g ol o
3 Proposed Formula®] 871548 AZs Yt HILE F£& 2(35E A

H AT FZEAGA ST I8 HLE —’F-‘ll AA = Table 89} 2t}
(Zakarian et al., 2012).

Uu,.D
B = wall~ref (35)

p
2 kl ayer

Table 8 Typical Biot number and OHTC by Type of pipeline

Typical OHTC

Type of Subsea Pipeline Typical Biot number
(W/m’K)
® PIP system Bi, < 4
0.5 - 15
® [nsulated pipeline (Law)
® Insulated pipe 4<Bi,s 50
15 - 50
® Concrete weight coated pipeline (Intermediate)
50 < Bi,
® Uninsulated pipeline 50 - 1500
(High)
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5.2.1 sl A °]2 1 : High Biot number

GEAE §le AABAS EXZ A A A L FXH]3)

layer 2 28] 1 of#f&= layer 302 S35 T

Table 99}zro] mj#o] AHE=EL 51W/mK, HAX W] ZH$ Layer 1S
1.31 W/mK, Layer 2= 1.4W/mK 18]1l layer 3& 1.6 W/mKSo.2 A3ttt

Table 9 Properties of pipe and soil layers for case 1

Subsea pipe Subsea pipe Thermal
and Diameter Depth( Of) layer conductivity
Multi-layered soil (m) o (W/mK)
Pipe inner diameter 0.4826 5
51
Pipe outer diameter 0.508 -
Soil layer 1 - 0~04 1.31
Soil layer 2 - 04 ~ 1.6 1.4
Soil layer 3 - 16 ~ » 1.6
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5.2.2 XA o]~ 2 : Intermediate Biot number

A Aol 2& ofAFE W FIYEE GEAE ARESE CWC(Concrete
weight coated) v el that A4k L F2314 S HAA8HAT

i

Aol 2o BIQE & oF 99 Agoln sfiAuda ddA 27 A7)
= 0.508m, W73 =Z7]= 0.4826m, o}~FE GEA|e &7 0.515m, Z4T
T gAY 972 0.615melH A AR 0~0.4m7kA] layer 1, 0.4 ~ 1.6m
74A| layer 2 Z12]al 1 ofeff&= layer 30 = AT

Hl#e] dAEEL S51W/mK, OolAZEE 0.74W/mK, ZIAZYEE 29
W/mK 283 sfAA S 1282 SANE 131 WmK, 1.4AW/mK, 1.6 W/mK
o]m™ Table 10| YEeRI AT

Table 10 Properties of pipe and soil layers for case 2

Subsea pipe Subsea pipe Thermal
and Diameter Depth( Of) layer conductivity
Multi-layered soil (m) g (W/mK)
Pipe inner diameter 0.4826 4
51
Pipe outer diameter 0.508 -
Asphalt 0.515 - 0.74
Concrete 0.615 - 2.9
Soil layer 1 - 0~04 1.31
Soil layer 2 - 04 ~ 1.6 1.4
Soil layer 3 - 16 ~ » 1.6
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5.2.3 3| Ao]& 3 : Law Biot number
go HQE o 3 fAe 9F Zgzzddoz Tdd wjdd o
AQE 2 A4k D FX AL F33A T o 7] A Biot number& 1.99¢]t}.

_/'\_

Aol 2o A AMES AT GEAY A V=
0.508m, W7A<e =7+ 0.4826meolH TIEAE 220 ZZZ=2 Y 973
o
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of YeERA AT

Table 11 Properties of pipe and soil layers for case 3

Subsea pipe Subsea pipe Thermal
and Diameter Depth( Of) layer conductivity
Multi-layered soil (m) g (W/mK)
Pipe inner diameter 0.4826 o2
51
Pipe outer diameter 0.508 -
polypropylene 0.552 - 0.22
Soil layer 1 - 0~04 1.31
Soil layer 2 - 04 ~ 1.6 1.4
Soil layer 3 - 16 ~ » 1.6
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Fig. 32 Comparison between Proposed Formula and CFD results

Collection @ kmou



Fig. 32&= AIF 29 ALARe} Q8 isHs 53 FZEHdGAT 2
I vl g zo|t},

Y E= 100% ©
O s F 2 <
It} A<t =
e xb= JJEH 4% wRto 2 Aol il st s S TR
=

1>
wa

0 T T T
0 50 100 150 200

Burial Depth (%)

Fig. 33 Error between Proposed Formula and CFD results by Burial depth
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Fig. 34 Temperature Contour of subsea pipeline
(Case 1 : High Biot Number)
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Fig. 35 Overall Heat Transfer Coefficient results (Case 1)
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Fig. 36 Error between Proposed Formula and CFD results (Case 1)
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Temperature Temperature
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Fig. 37 Temperature Contour of subsea pipeline
(Case 2 : Intermediate Biot Number)
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Fig. 38 Overall Heat Transfer Coefficient results (Case 2)
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Fig. 39 Error between Proposed Formula and CFD results (Case 2)

Collection @ kmou



6.2.3 XA o]~ 3 : Law Biot Number
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(e) Burial depth = 200%

Fig. 40 Temperature Contour of subsea pipeline
(Case 3 : Law Biot Number)
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Fig. 41 Overall Heat Transfer Coefficient results (Case 3)
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Fig. 42 Error between Proposed Formula and CFD results (Case 3)
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