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Prediction of the Temperature
Distribution of Partially Submersed
Umbilical Cables

The objective of this work is to predict the tenapere distribution of partially submersed
umbilical cables under different operating and eommental conditions. The commercial
code Fluent® was used to simulate the heat tranafet the air fluid flow of part of a
vertical umbilical cable near the air-water inteda A free-convective three-dimensional
turbulent flow in open-ended vertical annuli wa$ved. The influence of parameters such
as the heat dissipating rate, wind velocity, aimperature and solar radiation was
analyzed. The influence of the presence of a ramfiashield consisting of a partially
submersed cylindrical steel tube was also consitleféde air flow and the buoyancy-
driven convective heat transfer in the annular oggibetween the steel tube and the
umbilical cable were calculated using the standére turbulence model. The radiative
heat transfer between the umbilical external swfaand the radiation shield was
calculated using the Discrete Ordinates model. fid=ilts indicate that the influence of a
hot environment and intense solar radiation magetfthe umbilical cable performance in
its dry portion.

Keywords: umbilical cable, conjugate heat transfer, free-gective turbulent flow, open-
ended vertical annuli, radiation shielding

I ntroduction

Flexible risers such as flexible pipes and umbiileczbles find
increasing application in the marine environmend aepresent a
crucial element of a floating production systemisTitepresents an
attractive alternative to a rigid riser since axittée one does not
require heavy compensation and tensioning deviteteatop or
riser manifold at the sea bed. At the same timprdvides ease of
installation, retrieval and usage elsewhere. Flexipipes and
umbilical cables both work as composite pipes #rat compliant
and highly deformable in bending, but strong aifligtresponse to
internal pressure, external pressure, tension argueé. Umbilical
cables generally consist of electrical conductars gignal and
power transmissions that are surrounded by a nuofbprotective
layers. The protective layer is designed to sed¢heeconductors
from adverse chemical and mechanical damage.

One important aspect of the operation of umbilitaiselated to
their internal temperature. The internal electricahductor may
produce a high amount of heat in case the umbiigalsed for
electrical power transmission. In order to mainthie integrity and
functionality of the umbilicals, the internal tenmprire should not
be higher than around 90°C (363 K) (Bai and Bal.®0 Usually,
the submersed part of the umbilical is adequatelyledl by the
surrounding seawater. On the other hand, the dityabave the sea
level can reach high temperatures, especially fosgd to sun
radiation. In order to shield the umbilical cabterfi sun radiation
effects, a stainless steel tube can be placed ooicly to the
umbilical’'s axis, forming an annular space filledttwair. The hot
surfaces surrounding the open-end concentric acnedite a unique
natural convection air flow inside the cavity.

The air flow inside vertical concentric annuli hdseen
investigated by several authors (El-Shaarawi anti&ir, 1990; El-
Shaarawi and Negm, 1999; Qi and Shiming, 1999; Raktai et al.,
2001). Most of these works are related to lamirsdural convection
in open-ended vertical annuli. No prior investigatidealing with
the geometry, asymmetries in the boundaries camditiand the
conjugated heat transfer problem analyzed in tieegmt work were
found in the literature. El-Shaarawi and Al-Nim©Q@D) presented
analytical solutions for fully developed naturahgection in open-
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ended vertical concentric annuli. The applied fundatal boundary
conditions are obtained by combining uniform heaix for
temperature. The influence of the wall-to-fluid imal conductivity
ratio has been investigated and found to have premieffects on
the heat transfer process. The flow regime consitles laminar in
steady state condition. No discussion is held alogitlaminar to
turbulent transition. Qi and Shiming (1999) buitt experimental
apparatus in order to evaluate the convective Hheatsfer
coefficient in vertical annuli over a wide range ®&fayleigh
Numbers (Ra). In the reported experiments of natigavection in
vertical annuli, the inner wall provides a constaaat flux and the
cooled outer wall loses heat to the surroundingsthEérmore, the
geometry and boundaries conditions were axisymmetfihe
influence of the flow regime (laminar, transitioral turbulent) on
the convective heat transfer is considered. Thiecasitstate that the
flow is considered laminar for Ra lower than 4 X &8d turbulent
boundary layer flow is found for Ra greater thanx710".
Experimental correlations are presented for differaspect and
diameter ratios. El-Shaarawi and Negm (1999) studiee
conjugated heat transfer problem in vertical opethed concentric
annuli under laminar flow conditions. The effect wfall heat
conduction on natural convection heat transfeniestigated. The
solid to fluid thermal conductivity ratio is fourtd have prominent
influence on the induced flow behavior and heatidfer parameters.
However, for high values of solid to fluid therntainductivity ratio,
the wall thermal conduction resistance can be cégde

The objective of this work is to predict the tengiare
distribution of partially submersed umbilical cablender different
operating and environmental conditions. A radiatichield
consisting of a partially submersed cylindricalesteube is also
considered, causing a natural convection flow iempnd vertical
annuli. The influence of parameters such as thedissipating rate,
wind velocity, air temperature and solar radiaimanalyzed.

Nomenclature

A =area,m
e = total specific energy, J/kg
g = acceleration of gravity, mfs

G, = buoyancy contribution to turbulent kinetic engrgg/(m 9
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Gy = generation of turbulent kinetic energy due toame
velocity gradient, kg/(ns

h = specific enthalpy, J/kg

h = convection coefficient, W/{K)

k = thermal conductivity, W/(m K)

k = turbulent kinetic energy,

P = mean static pressure, Pa

P, =reference hydrostatic pressure, Pa

q = heat transfer rate, W

Ra = Rayleigh Number, dimensionless

S = volumetric internal energy conversion rate, W/m

S; = mean deformation rate tensor, 1/s

U; = mean velocity, m/s

u’ = velocity fluctuation, m/s

v = magnitude of the velocity vector, m/s

X, = spatial coordinate in index notation, m

y"  =normalized wall distance, dimensionless

Greek Symbols

B =thermal expansion coefficient, 1/K

8;; = Kronecker unit tensor, dimensionless

£ = surface emissivity, dimensionless

e = dissipation rate of the turbulent kinetic energy/s’®

&, = dissipation tensor, fis’

v = kinematic viscosity, s

v, = kinematic eddy viscosity,¥s

p = mean specific mass, kgim

pn = reference specific mass, kg/m

©® =mean temperature, K

@, =reference temperature, K

@, = external fluid temperature, K

©; = solid surface temperature, K

O = environment radiative temperature, K

¢ = Stefan-Boltzmann constant = 5.67 X3\¥/(nf K*%)

1f; = —uju] = specific Reynolds shear stresse§s

o, = turbulent Prandtl number for the dissipation raiéthe
turbulent kinetic energy, dimensionless

oy = turbulent Prandtl number for the turbulent kineti
energy, dimensionless

oy = turbulent Prandtl number for mean total energy,

dimensionless

Seawater

. setion t ’ .
Convection to seawater temperature

h = 900 W/m?K T =298 K

0 =298K

k = 62W/mK

q' =55W/m

Adiabatic

boundaries at

both ends of
. the umbilical

Figure 1. Schematic view (out of scal
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Problem Description and Geometry

An umbilical cable with 260 mm of external diameehoused
concentrically in a stainless steel tube of 500 mmexternal
diameter and 25 mm of wall thickness (Fig. 1). Tleat generated
inside the cable is 55 W/m which corresponds tmlametric heat
generation of 2735 W/ The incident solar radiation on the steel
tube (707 W/f) was also considered. The temperature of the
ambient air is considered to be 40°C (313 K), wead] which
corresponds to the worst possible scenario. The water
temperature is 25°C (298 K). The heat generatéis iength (7 m)
is dissipated by heat transfer to the water forsthiemersed length
(3 m) and also through the natural convection @ dhnular space
between the umbilical surface and internal surfafcthe steel tube
(radiation shield). This steel tube is heated gy gtin radiation and
cooled by the seawater, as it has 1 m of its leagtimersed.
The main hypothesis adopted herein is relatedeagdneration
and transport of heat inside the umbilical cabliee Tross-section
geometry of the umbilical cable is complex dueh® ¢tonfiguration
of the electrical conductors. In order to model teal geometry,
four different layers, each one with a constantrtta conductivity,
were considered. The following values of the thess and the
thermal conductivity of each layer were considered:
1. External radius of the umbilical cable: 130 mm;
2. Thickness of the 1st layer of the cable (outer dgay@ mm
(k= 0.24 W/(m K));

3. Thickness of the 2nd layer of the cable (shieldiig) mm
(k = 49.8 W/(m K));

4. Thickness of the 3rd layer of the cable (insuldti®® mm
(consideredk = 0.3 W/(m K));

5. Thickness of the 4th layer of the cable (inner aanar):
80 mm (considerek = 62 W/(m K)).

The flow in the annular region is governed by thetural
convection. Because of the dimensions of the sysiath to the
temperature differences involved, the flow is tuet. The standard
k — ¢ turbulence model was chosen for the study beciéuse
suitable for the present case. The following addal hypotheses
were adopted for modeling the problem: steady-staéd with
constant physical properties; and uniform radiaflug on half of
the surface of the steel tube.

Figure 1 shows the schematic view and boundaryitiond for
the problem studied.
h=S5SW/m’K &10 W/m’K
0 313K &308K

Top end open

to atmosphere

e=0025m:k = 40W/mK
« ) K
Convection to seawater 0.9; 0y 0q 402 K

h = 100 W/m?K h=5W/m’K&10 W/m’K

0 = 208 K 0=313K&308K

e) and boundar y conditions.
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M athematical Formulation

1. Governing Equations

The air flow in the annular region between the uigddicable and
the radiation shield is described by the Naviek&soequations. The
air movement in the annular region is driven byuratconvection
effects because of the temperature differencesgeetthe air and the
surroundings surfaces, i.e. the radiation shiettitha riser.

Most of the papers on natural convection insideuéirconsider
laminar regime for the flow inside the annuli. QidaShiming
(1999) discuss the influence and quantificatiorihef flow regime.
According to that work, a typical Rayleigh Numbéfr the flow
studied in the present paper would be about 7°x\bich is in the
laminar regime. In the present work, simulationgevearried out
without turbulence models, but no convergence vehsesed. The
authors consider, therefore, that such a Rayleigfiniion and
range do not apply to the present geometry anddayrconditions.
This is mainly due to the asymmetries of the casedied. Based on
this reasoning, the flow is considered three-dinwered and in
turbulent regime. Additionally, the Boussinesq apmation
(Arpaci and Larsen, 1984) is used to account far thensity
variations only in the buoyancy term.

The Reynolds Averaged Navier Stokes (RANS) equation
Cartesian tensor form read:

au;
- 1
%, (1)
d 1a(P—P) o ([ aU,
6_x](ULU]) T pn Ox +6x] 0x; ( ulu])
(2

_ p_pn)
<pn %

whereU is the mean velocityy' is the velocity fluctuationP is the

GRIC)

k aXi aXi

+S.=0 (6)

Equation (6) applies to the four layers of the uichi cable as
well as to the radiation shield. However, only #th layer of the
umbilical cable (inner conductor) has the energyrs® term
(S, = 2735 W/m?) because of the heat generated inside the cable.

The equations for the momentum balance includeuhmilent
stress tensorrfj = —u'u’,, which is modeled using th& —¢
approach (Launder and Spalding, 1974).

In the k — ¢ closure, transport equations for mean turbulent
kinetic energyk can be written as:

(P U)__( ﬁ)ﬁ]‘lrc'kJFGb—PS (7
ox/ 0%;
and for the turbulent kinetic energy dissipatiore ga
aa (0e0y) = 5 (u+ );j] + Creg G+ CscGn) o
- CZEPk
in which G, = —pu’u’, u, 2 > accounts for the generation of turbulent

kinetic energy due to the mean velocity gradienfteA the
Boussinesq hypothesig; is modeled as:
Gy = 1152 9)

in which S is related to the mean deformation rate tensor by

mean pressure,B, is the reference hydrostatic pressure s= [25.. (10)
corresponding to the reference specific magsand v is the - U=y
molecular kinematic viscosity.; ds the gravitational acceleration.
The specific mass deviatiafp — p,,) is related to the temperature  The turbulent viscosity, is estimated by
through the following linear equation of state: ,
k
p—pn He=pCu— (1)

=—p(0 - 6y) 3

n

where @ is the mean temperaturg, is the thermal expansion
coefficient andd,, is the reference temperature.

The momentum equations include the specific turiduggress
tensor zf; = —u’u’; which is modeled using the standakd- ¢
turbulence model, as described below.

The energy equation takes into account the thermfiacts,
allowing the calculation of the temperature fielche mean total
specific energy conservation equation reads:

+ )60+S
o¢) 0x

We+ P _ 0 @

axi N 6_xl
where k is the thermal conductivityg, is the turbulent Prandtl
Number for the mean total energy afidis a volumetric internal
energy conversion rate. The mean total specificggneis defined as

2

P
e=h-—+= (5)
p 2

whereh is the specific enthalpy.
For solids, the energy Eq. (4) is reduced to:
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The buoyancy contribution to turbulent kinetic eyeis given by

He 00
Vo, 0x;

= Bgi— (12)

In order to account for the wall effects on them]a specific
treatment on the near wall region is used. Dependin the
normalized wall distanceyY), either the laminar or the turbulent
model is applied. In the fully turbulent regioyi,> 11, a standard
wall function is used for both velocities and energurther details
concerning near wall treatment can be found in ¥il¢2000) and
Fluent (2009). The constants used in Egs. (6) ta) (are
(Cie, C2e, Cyy 04, 0¢) = (1.44,1.92,0.09,1.0,1.3).

The radiative heat transfer between the umbilical eadiation
shield was accounted for using the Discrete Ordsddodel. Since
the air in the annular region is a non-participgtinedia, a surface
to surface radiation model could be used to comgheeradiative
heat transfer. However, due to the use of symmbtyndary
conditions for the flow calculation, the only stita radiation model
in the Fluent solver is the Discrete Ordinates Moddée non-
participating media is considered by setting theoghtion and
scattering coefficient to zero at the Radiativenbpzort Equation.
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2. Boundary Conditions

The convective boundary conditions for the soliderial were
either adiabatic surface or specified mean conmeatoefficient(h)
and external fluid temperatuf®,,). The heat transfer rafg) with
specified convection coefficient and fluid temparat can be
computed by:

q = Ah(6; — 65,) (13)
whereA is the area of solid surface a@glis its temperature.

For the external surface of the stainless stee {the radiation
shield), a convective heat transfer coefficientsoW/(n? K) was
prescribed. It corresponds to the lowest possitdat hitransfer
coefficient for natural convection around the rédiashield for the
windless conditions. For parametric studies purpaseonvective
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Additionally to the convective heat transfer, tlagliation shield
receives the solar radiative heat flux. As depiciedrig. 1, the
computational domains encompass just half of thieilical cable and
radiation shield. Therefore, the solar radiativathfux is imposed
only over half of the simulated radiation shieldheTincident solar
radiation heat flux was assumed to be 707 ¥Vimhich leads to an
environmental radiant temperatul@,(3) of 402 K for an averaged
solid surface temperature of 363 K. Using the @mvitental radiant
temperature, it is possible to impose the radiatieat power by
specifying a temperatur®y,4) according to

q = Aeo(0%,4 — 02) (14)

The external emissivity of the shell was assumelet®.9. The
external surface temperature of the radiation dHi@!) is obtained
according to the energy balance between convediza flux,
Eqg. (13), radiative heat flux, Eq. (14), and heatduction flux

coefficient of 10 W/(iK) was also considered for a 3 m/s windinside the shell, Eq. (6). For all internal suriadée emissivity was
velocity. It should be mentioned that higher veliesi are possible assumed equal to 1.0.

in the sea environment, but they are less critasathe intention of
this paper is to perform critical heat dissipatsbadies.
The convective heat transfer coefficient for theniensed part of

The boundary conditions for the air in the annuégion were
no slip wall condition on the surfaces in contaghvthe solids and
seawater and prescribed pressure at the top ethé ahnular region

the cable was set to 900 WA1), corresponding to a seawater open to the atmosphere. The bottom end of the anmegion was
velocity of 0.25 m/s. This was the same value @& tonvective closed by seawater at 25°C (298 K) so that a testyrer of 298 K
coefficient for the external surface of the immersgart of the was prescribed for the air at the bottom end. treoto account for

stainless steel tube. The prescribed coefficientti@ immersed
annular region between the cable and the steel tulas

the wall effects on the flow, a specific treatment the near wall
region is used. Depending on the normalized waitadice, either

100 wi(nf K). Both seawater convection coefficients arethe laminar or the turbulent model is applied. ides to account for

conservative values.
Both the bottom and top end of the solid matenedse set up
as adiabatic surfaces.

the turbulent flow near the wall, the wall-funct®omethod (Launder
and Spalding, 1974) is applied for both velocitg &emperature.

The above described boundary conditions are depint&ig. 1
and summarized in Table 1.

Table 1. Boundary conditions.

Surface

Boundary conditions

Bottom and top end of the cable

Adiabatic

Part of the cable immersed in the seawater

h =900 W/nf; 0, = 298 K

Part of the external surface of the radiation shigimersed in seawater|

h = 900 Winf; 0, = 298 K

Part of the cable in the annular region with seawat

h = 100 Winf; 0, = 298 K

Left half of the external surface of the radiatsimeld

h = 10 Winf; 0, = 308 K
No-solar radiative heat flux

Right half of the external surface of the radiatshield

h= 5Winf; 0, =313 K &
h = 10 Winf; ©, = 308 K
£=0.9;0,,4 = 402 K

Air inside the annular region — bottom end

Wall — no slip
0, =298 K

Air inside the annular region — top end

Atmospheriessure — 101 kP@;, = 313 K

3. Numerical Model

The transport equations described above are demtatising the
finite volume method (Veersteg and Malalasekerdd720All flux
terms are approximated by a second order UPWINDretigation
scheme on the cell face. The system of algebraiatims is solved
by the segregated method where the pressure welamipling was
conducted by the SIMPLE algorithm. The simulatiovere carried
out using the CFD commercial code Fluent®.

All equations were considered converged when, fache
conservation equation, the sum of the normalizedives all over the

lower than 18. The numerical grids contained 1 x®#hd 6 x 16
volumes. The grid independency was checked by meirig local
refinement on the regions of high velocity gradsefResults from two
numerical grids (1 x foand 6 x 16 volumes) were compared and no
significant differences on the global velocity atednperature fields
were observed.

For the Discrete Ordinates Model, each octant ef ahgular
space 4 at any spatial location is discretized into foolidsangles.

Typically, the simulations were carried out throud000 time-
steps, which represent a CPU time of approximat2iyours using
4 cores on an Intel ® Core i7 2.0GHz processoh &iGB RAM.

grid were lower than 1D For the energy equation, the residue was

208 / Vol. XXXIV, No. 2, April-June 2012
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Results

The simulated cases are presented below. The athanc
parameters for the four studied cases are sumrdarZeable 2.

Table 2. Cases studied.

h [W/(m? K)] Owl[Kl | Oraa[K] | Se [W/m’]
Case l 5 313 402 2735
Case 2 5 313 - 2735
Case 3 5 313 402 0
Case 4 10 308 402 2735

The first case corresponds to the base-case, frwrst
possible scenario. The second case corresponts tase in which
there are no solar radiation effects. The thirdecesnsiders null
electrical current through the umbilical cable ghd temperature
rising occurs because of solar radiation only. Ttheth case takes
into account a lower air temperature (35°C = 308aK{l a higher
convective coefficient{= 10 W/(nf K)), which is somewhat closer
to the actual sea environmental conditions.

The air velocity distribution for case 1 is presehin Fig. 2.
The air velocities at the bottom horizontal plarmmed ssymmetry
plane (Fig. 2a) and at the top horizontal planay.(iZb) of the
annular region are shown. The velocity vectorstheeinterpolated
values at the center of the first control volumside the grid. The
complex 3D flow inside the annular region betwelee tmbilical
cable and the radiation shield can be observeigin2a.

At the top horizontal plane (Fig. 2b), one can #ee outward
velocities on the side of higher temperatures (Jigh the radiation
shield and the inward velocities on the oppositée siSimilar
velocity distributions were obtained for the otlséudied cases and
are not shown here.

Figure 2c indicates the axial velocity profile d&et vertical
symmetry plane. On the positive side of the trarsygosition of
the symmetry plane, the air moves upward becautfeedfuoyancy
effect of the heated surfaces, both the cable lamdadiation shield.
The opposite side shows the air going downward usezaf the
continuity effect, although the cable is heatede Vklocity profiles
in other axial positions and vertical planes inticthat the flow is
very complex, non-uniform and includes a tangermimmhponent.

The temperature distribution for each simulated ecas
presented in Figs. 3 to 5.

1.47e+00
1.40e+00
1.32e+00
1.25e+00
1.18e+00
1.10e+00
1.03e+00
9.55¢-01
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7.35e-01
6.61e-01
5.88e-01
5.14e-01
4.41e-01
3.67e-01
2.94¢-01
2.20e-01
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7.35¢-02
6.50e-05

Figure 2a. Case 1 — Air velocity distribution at th e horizontal bottom plane

and symmetry plane.
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Figure 2b. Case 1 — Air velocity distribution at th e horizontal top plane.
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Figure 2c. Case 1 — Air axial velocity (m/s) at cut  planey =3.5 and 6.0 m.

Figure 3a displays, on the left part, the tempeeatlistribution
(K) at the symmetry plane for case 1. The maximempterature in
this plane @,2x = 360 K) is in the radiation shield. In the umbilica
cable, the maximum temperature (357 K) is in itstice part, where
there is heat generation and where the coolingctsffby the air
(upper region) and by the seawater (bottom regioa)smaller. The
right side, slightly hotter, receives the solariatidn flux. For this
case, the total heat lost to the air was 214.3 ®4) and to the
water was 172.2 W (44.6%). It is worth noting ttta¢ amount of
heat lost through the submersed cable, and alsoughr the
submersed steel tube, is significant. The heatsteanin the
radiation shield towards the seawater can be iedelry observing
the longitudinal temperature gradients in FigsaBd 3b. The latter
also displays the temperature distribution on thefase of the
umbilical cable. The maximum cable surface tempeea{354 K)
also occurs in the region of the cable where thatihg effect of
solar radiation is maximum and the cooling effdcthe extremities
is minimum. The temperature distribution on theiatidn shield
surface is shown on the right part of Fig. 3asleasy to see the
influence of solar radiation on the steel shieltl. i worth
emphasizing that, for the simulated domain — on# bf the
umbilical cable and steel shield — the boundary dit@ns,
concerning the steel shield, are solar radiatiombined with
convection over one half and solely convection dher other half
of the shield. From the results shown in Fig. 3fe @an conclude
that although there is a significant asymmetryhim &ir temperature,
the temperature of the innermost cable layer i®atraymmetric.

12 by ABCM April-June 2012, Vol. XXXIV, No. 2 / 209
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Figure 3a. Case 1 — Temperature distribution (K) in the symmetry plane, Figure 5a. Case 4 — Temperature distribution (K) in ~ the symmetry plane,
cable surface and radiation shield. cable surface and radiation shield.

370 T T T T T T 370 T T T T T T
360 . 360 . R
350 350 T ——— 5 g
< 340 | = < 340 f
(] [ ;
E 5 : a
T 330 q T 330 | B
[} H @
§320f [ 1 5 320 -—;J
310 | A ‘ . 310 b [ e / X .
300 | 1 300 | 1
air air air air
290 . . L L . . . . . 290 L . L . . . . . \
-0.25 -0.2 -0.15 -0.1 =005 O 005 01 015 02 025 -0.25 -0.2 -0.15 -0.1 =005 O 0.05 01 015 02 025
Transversal position in the symmetry plane (m) Transversal position in the symmetry plane (m)
Figure 3b. Case 2 — Temperature distribution (K) in the symmetry plane, Figure 5b. Case 4 — Temperature distribution (K) in the symmetry plane,
cable, air and radiation shield at cut plane y =1. 0, 3.5 and 6.0 m. Vertical cable, air and radiation shield at cut plane y = 1. 0, 3.5 and 6.0 m. Vertical
lines depict the interfaces air/solid or solid/soli d. lines depict the interfaces air/solid or solid/soli d.
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Figure 4. Case 3 — Temperature distribution (K) in the symmetry plane,
cable, air and radiation shield at cut plane y =1. 0, 3.5 and 6.0 m. Vertical
lines depict the interfaces air/solid or solid/soli d.

Figure 5c. Case 4 — Air axial velocity (m/s) atcut  planey = 3.5 and 6.0 m.
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Prediction of the Temperature Distribution of Partially Submersed Umbilical Cables

In case 2, the effect of the absence of solar tiadi@n the heat
transfer in the umbilical cable was studied. The ximam
temperature in the symmetry plan@,(, = 332 K) decreases
significantly when compared to case 1, with soladiation of
707 Wint (Opax =
227.2 W (59.2%) and to the water it was 156.8 W.8§%9. The
absence of solar radiation increases the amouheaf loss in the
dry part of the cable because of the lower air Enaures in the
annular region. The maximum cable surface temperatuthis case
is 326 K.

In case 3, the effect of the absence of heat gmmukiay the
Joule effect in the umbilical cable was studiede Turpose of
simulating this case was to evaluate the radiatiflmence alone.
The temperature distribution for this case is showkig. 4.

The maximum temperature (., = 358 K) happens in the
external wall of the steel tube that receives smdiation. In fact,

see the influence of the two heat transfer modes.chble is heated
by radiation whereas the air cools it.

As the air temperature and its convective coefficibave a
significant effect on the simulation results, amhgidering that the

357 K). The total heat lost to the air wasvalues used in the previous cases were too cornserveworst

possible scenario), a new set of more realistizeslfor these
parameters were simulated in case 4. An air teryreraf 308 K
and a convective coefficient of 10 WA#) were considered, which
corresponds to a breeze with speed lower than 3 Figsire 5a
displays the temperature distribution in the synmnptane for this
case. The maximum temperatufg,(x = 349 K) is slightly lower
than in case 1@(,,x = 357 K), as is the maximum cable surface
temperature (344 K). The major difference betweases 1 and 4
can be verified at the temperature distributiontloa steel shield.
Comparing Figs. 3b and 5b, the maximum steel shaitperature
(Omax = 349 K) for case 4 is observed to be significaltlyer than

the heating of the umbilical cable is produced ly ¢ffect of solar for case 1 @, = 360 K). The external heat transfer conditions
radiation and of the high temperature of the antbéénconsidered have a more pronounced impact on the steel sheahperature. In

in the simulation @,, = 313 K). The heat received (26.2 W) in theturn, the flow velocity field is affected by theghier heat transfer
dry part of the cable, by natural convection andiation, is coefficient and lower air temperature, as shown Fig. 5c.
conducted by the cable to the bottom part anddgstonvection to Comparing Fig. 5¢ with Fig. 2c, the downwash velodieft side) in
the seawater. On the positive part of the symmelape, one can cut plane y = 6 m for case 4 is observed to be wmreak

Table 3. Energy balance and maximum temperatures fo

(approximately 0.15 m/s) than for case 1.

r the cases studied.

Casel Case 2 Case 3 Case 4
Heat transfer — dry part (W) -214.3 -227.2 26.2 222.6
Heat transfer — wet part (W) -172.2 -156.8 -26.9 164.3
Relative energy imbalance (%) 0.4* 0.2* 0.03 ** 05*
Maximum cable surface temperature (K) 354 326 349 44 3
Maximum cable temperature (K) 357 332 349 349

* Referred to the internally generated heat — 385 W
** Referred to the solar radiation flux of 707 W/mver half of the radiation shield — 2221 W

The energy balance in the umbilical cable summdrire
Table 3 shows the heat transfer rates from theecabl the
environment in the dry part (4 m of length) andhie wet part (3 m
of length) of the cable. The maximum cable tempeetnd the
cable surface temperature are also presented. Enenresults
presented in Table 3, one can see that the eneafpnde is
satisfied in all the simulated cases. This is dhferr validation of
the proposed model. Case 1 corresponds to the smstre
environmental conditions (windless, air temperanfr813 K and
maximum solar radiation). In this case, the maxintemperature
inside the cable, generating 55 W/m of heat, is R5This value
is close to the maximum allowable temperature iasithe
umbilical, which is 363 K. For less severe enviremal
conditions (breeze of 3 m/s and air temperature308 K),
corresponding to case 4, the maximum temperaturgd4s K,
which is 8 K lower than that in case 1. This sani$jit analysis
shows that small changes in the environmental ¢omdi produce
a variation in the maximum temperature which allote
umbilical to work under a less critical conditiott.is important to
note that these simulations were conducted fomtbest possible
scenario. In both cases, a solar radiation flux@# W/nt, which
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is a high value for the radiation, was considededcase 2, the
absence of solar radiation causes a substantiabase (25 K) in
the cable temperatures because of the decreadee cdteel tube
temperature. In case 3, the absence of internaldereeration also
results in a significant decrease of the innerncable temperatures
(341 K). It means that solar radiation has a smadféect on the
maximum temperature of the cable than the heatrgte by the
Joule effect, at least for the parameters set ieghas the present
study. The results of the numerical simulation aishicate that the
seawater cooling of the umbilical cable and of sheel tube is an
important heat transfer mechanism.

Conclusions

The objective of predicting the temperature disttibn of
partially submersed umbilical cables under différ@perating and
environmental conditions was successfully attaingee Fluent®
code was used to simulate the heat transfer anfluérflow of
part of a vertical umbilical cable near the air-erainterface. A
free-convective three-dimensional turbulent flow open-ended
vertical annuli was solved. The influence of parteresuch as the
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radiation was analyzed. The proposed model was déem

validated by considering grid independence, repetdn of

symmetric boundary conditions and the overall epdrglance.
The results indicate that the influence of a hotimmment and
intense solar radiation may affect the umbilicableaperformance
in its dry portion. For the most severe environmémbnditions
(windless, air temperature of 313 K and maximunasscadiation),
the maximum temperature inside the cable was 35Fd{.less
severe environmental conditions (breeze of 3 m/sl air

temperature of 308 K), the maximum temperature %48 K.

These results show that small changes in the emviemtal

conditions may produce considerable decreases ofinman

temperature in the umbilical. The major differerlmtween these
two cases was observed at the external temperaifir¢he

radiation shield. The absence of solar radiatiotherinternal heat
generation cause a substantial decrease in the tafolperatures.
The results of the numerical simulations also iaticthat heat
transfer from the umbilical cable and from the bktage to

seawater is an important cooling mechanism.
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