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Tanker cargo tanks are equipped with the means of raising and maintaining the cargo discharge temperature to a suitable level. In this paper, a new heating coil design is proposed and analyzed. Contrary to
conventional designs, wherein the heating coils are evenly distributed over the tank bottom, the proposed design arranges the heating coils in the central part of the tank bottom, in a vertical direction. Due
to the intensive cargo circulation generated, a forced convection is superimposed on a buoyancy-driven
natural convection, providing a more efﬁcient mixed convection heat transfer mechanism. Numerical
simulations performed by using a ﬁnite volume method show that in the case of 7-bar steam Bunker C
heavy fuel oil heating, a ﬁve-hour circulation phase average heat transfer coefﬁcient equals 199.2 W/m2K.
This result might be taken as an impetus for the more thorough experimental examination.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Tanker shipping is mostly used for global oil transportation. Due
to the physical properties of oil (ABS, 2001; Gunner, 2002), its
seaway transportation requires special considerations. Besides
safety issues, the cargo oil must be at a suitable temperature to be
efﬁciently discharged. Therefore, cargo tanks are equipped with
means for oil warming and temperature maintenance. Although oil
heaters are sometimes employed, the great majority of tankers use
simple but robust heating coils, driven by steam generated by the
engine room boilers.
Although the subject of tanker cargo heating was actively
investigated during the second half of the past century (Couchman
et al., 1966; Akagi, 1969; Suhara, 1970), it is studied rarely nowadays
(Lumdoun and Janyalert-adun, 2005; Pivac and Magazinovic, 2015),
at least in the open literature.
The study of Chen (1996) analyzes and calculates heat losses;
estimates the fuel consumption for heating cargo; devises steam
heating requirements; deﬁnes ofﬂoading system requirements;
and evaluates alternatives, estimates costs, and considers transportation issues. The subject of reducing the fuel consumption for
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liquid cargo heating systems is studied in Ponton (1982), where the
author proposes a number of measures for reducing operating
costs. In Feck and Sommerhalder (1967), the pump design features,
requirements imposed by the system, choice of pumps and drivers,
and automation aspects are discussed. Centrifugal cargo pumps and
different types of automatic self-priming and stripping systems are
meticulously analyzed in Sembler (1988), wherein the mechanical
design, hydraulic, installation, and operational aspects are
addressed in detail.
Couchman et al. (1966) built a quarter-scale tank model ﬁtted
with a grid heating coil system. They found that the maximum heat
transfer coefﬁcients exceed those predicted by the streamline heat
ﬂow correlation and provided a turbulent Nusselt number relationship. Saunders (1968) performed ﬁeld measurements at two
tankers under service conditions and compared the calculated
values. At the maximum steam rates, the measurements follow the
calculated heat transfer coefﬁcients of Couchman et al. (1966).
However, when steamed at rates less than the designed maximum,
the measured heat transfer coefﬁcients are signiﬁcantly lower.
A time withstanding the natural convection correlation for the
heating coils was proposed by Akagi (1969). The paper also provided an equation to calculate the effective length of the heating
coil, an important design parameter where the heating coil
arrangement is concerned.
In the comprehensive experimental study of cargo heating by
Suhara (1970) and Kurihara et al. (1972), the heat transfer coefﬁcients in the case of crude oil heating are much higher owing to
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Nomenclature
Ac
cp
dc
g
h
hc

heating coil area, m2
speciﬁc heat at constant pressure, J/kgK
coil diameter, m
gravitational acceleration vector
enthalpy, J/kg
coil surface heat transfer coefﬁcient, W/m2K

hc
htot
k
K
m
Nu
p
p0
Q
Q_

average coil surface heat transfer coefﬁcient, W/m2K
total heat transfer coefﬁcient, W/m2K
thermal conductivity, W/m, K
speciﬁc kinetic energy, m2/s2
mass, kg
Nusselt number
static pressure, Pa
total pressure, Pa
total heat energy, J

Q_ loss
Ra
t

total heat energy outﬂow, W
Rayleigh number
time, s

coil

total heat energy inﬂow, W

th
T
Tc
Tc;d
Tc;u
Tenv
T1
T2
U
Un
Ut
yc
yp
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heating duration, s
temperature, K
coil surface temperature, K
coil lowermost surface temperature, K
coil uppermost surface temperature, K
environment temperature, K
initial cargo temperature, K
ﬁnal cargo temperature, K
velocity vector
normal component of the velocity vector, m/s
tangential component of the velocity vector, m/s
coil centerline vertical coordinate, m
cell center vertical coordinate, m

Greek symbols
effective thermal diffusivity, m2/s
dynamic viscosity, Pa, s
effective viscosity, Pa,s
density, kg/m3
non-dimensional time term
Vn
gradient in the surface normal direction

aeff
m
meff
r
t

the nucleate boiling of the low boiling components present in the
crude oil.
A numerical approach was introduced by Akagi et al. (1985),
Akagi and Uchida (1987), and Akagi and Kato (1987), who performed simulations by using a ﬁnite difference technique. In Akagi
et al. (1985), no indication of the cargo circulation within the tank
was reported. In Akagi and Uchida (1987) and Akagi and Kato
(1987), however, the cargo circulation was reported as a consequence of the vessel rolling motion in a wavy sea. However, no
additional consideration was offered.
Lumdoun and Janyalert-adun (2005) applied Computational
Fluid Dynamics (CFD) to study a temperature distribution in the
high viscosity oil storage tank. A good agreement with the reference experimental results is reported.
Jandrijevic et al. (2007) used a ﬁnite element method to assess
the ship structure heat transfer coefﬁcients. They used a 70,000
dwt crude oil tanker CAD model as a basis for their calculations. The
obtained results can be used as the basis for CFD simulations.
Pivac and Magazinovi
c (2015) also used CFD to simulate the ﬂuid
ﬂow and heat transfer processes within the tank of an actual tanker,
Fig. 1. They found that the heated cargo, after a sufﬁcient heating

time, exhibits an intensive circular motion, a phenomenon similar
to so-called large-scale circulation (Krishnamurti and Howard, 1981;
Brown et al., 2005) or mean wind (Sreenivasan et al., 2002). The
reported oil circulation is generated by a convective energy inﬂow
from the heating coils and further supported by the convective
energy outﬂow through the outer tank boundaries, Fig. 2. While the
heated cargo tends to move upwards, the relatively cooler cargo
close to the tank outer wall is directed downwards, providing a
powerful couple that drives the circulation. Two factors enable this
process further. The ﬁrst is the plain design of the cargo tank, which
is free from any obstructions that could interfere with the ﬂuid
ﬂow. The second factor is the thermal neutrality of the adjacent
tank since it should be ﬁlled with the heated oil due to the vessel
trim and stability requirements.
The reported cargo circulation has been one driver of proposing
an all-new heating coil bundle design. The evaluation results of the
proposed design are presented in this paper.

Fig. 1. Tanker analyzed in this study (courtesy of Stena AB).

Fig. 2. Tanker half section.
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2. Problem formulation
To fulﬁll the design speciﬁcations, a sufﬁcient quantity of
heating coils should be installed in each tank, through which steam
ﬂows and deliver the required thermal energy. Therefore, the
necessary heating area and required steam rate are the two most
important parameters determined during the design phase of the
heating system. Further, the heating coil should be arranged in a
way that ensures a uniform cargo heating and suppresses the
settling and solidiﬁcation of the cargo components.
A mathematical description of the cargo heating process may be
derived from Newton's law of cooling:

dQ
¼ Q_ coil  Q_ loss ;
dt

(1)

where Q is total heat energy, t is time, and Q_ coil and Q_ loss are the
heat energy inﬂows and outﬂows, respectively. After substituting
dQ ¼ mcp dT and Q_ coil ¼ Ac hc ðTc  TÞ:

mcp

dT
¼ Ac hc ðTc  TÞ  Q_ loss ;
dt

(2)

where m is the cargo mass, cp is the cargo's speciﬁc heat capacity at
constant pressure, T is its temperature, Ac is the coil surface area, hc
is the coil surface heat transfer coefﬁcient, and Tc is the coil surface
temperature. Integrating Eq. (2), the required heating coil area can
be determined from (Magazinovi
c, 1987):

ln

Ac hc ðTc  T1 Þ  Q_ loss Ac hc

t ¼0;
mcp h
Ac hc ðTc  T Þ  Q_
2

(3)

loss

and the ﬁnal cargo temperature is:
Ac hc

t ¼ e mcp th ;
T2 ¼

Ac hc ½T1  Tc ð1  tÞ þ Q_ loss ð1  tÞ
;
Ac hc t

(4)

coil blocks, extended in a 3  3 pattern, comprising eight heating
coils each, with a pitch of 400 mm, 150 mm above the tank bottom.
Transverse distance between the blocks is 2450 mm, Fig. 2.
2.2. Proposed design
The proposed heating coil design aims to use the powerful cargo
circulation within the tank to superimpose the circulation-driven
forced convection on the buoyancy-driven natural convection,
providing an enhanced heat transfer mechanism. Therefore, the
heating coils are concentrated in the middle of the tank crosssection, Fig. 3, arranged in the form of three tube bundles
extended horizontally along the tank bottom, at 7500 mm offset
against the vessel longitudinal bulkhead. Fig. 3 shows the layouts of
two heating coil bundles. While Layout A follows a simple in-line
arrangement of the 54 mm outer diameter stainless steel tubes,
Layout B features a staggered tube arrangement. Both layouts are
analyzed and evaluated in the paper.
3. Numerical approach
Cargo heating is an unsteady process that requires unsteady
(transient) analysis. Therefore, the numerical approach exercised in
this study is to discretize the governing equations (Sect. 3.1) in both
space and time, monitoring the cargo velocity, temperature, and
heat transfer change during the six hours of heating.
Although the problem of cargo heating is natively threedimensional, in this study, it is treated as two-dimensional due to
the signiﬁcantly lower computation costs. The inﬂuence of the third
dimension is ignored, since the tank length to ﬂuid height aspect
ratio is 1.75, close to the 1.8 minimum suggested by some authors
for a safe two-dimensional simpliﬁcation of the three-dimensional
problem (Corzo et al., 2011).
The numerical simulations in this study are performed by

(5)

where T1 and T2 are the cargo's initial and ﬁnal temperatures,
respectively, t is a non-dimensional time term, and th is the heating
duration.
This paper uses a modern CFD tool to assess the value of the coil
surface heat transfer coefﬁcient, wherein CFD becomes the main
building block of the design of the cargo heating system.
2.1. Conventional design
The cargo heating system consists of stainless steel, mild steel,
or aluminum brass heating coils evenly distributed slightly above
the tank bottom. The heating coils are prefabricated in the form of
coil blocks to reduce the necessary pipe-work in the tanks.
The heating medium used is steam produced in boilers in the
vessel's engine room. Besides the coils and boilers, the heating
system includes a system of deck headers, manifolds, downcomers,
risers, valves, and steam traps. The observation tank in the engine
room is an important component of the system since it can detect
possible oil leakages and the consequential condensate
contaminations.
For this study, a cargo heating system of an actual 65,000 dwt
double-skin product carrier is used, Fig. 1. A 7360 m3 cargo tank is
selected, situated in a middle part of the tanker. The tank particulars are 17.5 m breadth, 16.8 m height, 26.4 m length, and 15.4 m
ﬁlling level (Pivac and Magazinovi
c, 2015). Then, 54 mm outer
diameter stainless steel heating coils are arranged in nine heating

Fig. 3. Proposed heating coil arrangement cross-sections (Layout A e in-line
arrangement; Layout B e staggered arrangement).

G. Magazinovic / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 662e670

3.3. Input data and boundary conditions

OpenFOAM 3.0 CFD software (Greenshields, 2015).
3.1. Governing equations
The standard set of governing equations for a compressible ﬂow,
comprising a mass conservation equation, Eq. (6), a momentum
conservation equation, Eq. (7), and an energy conservation equation, Eq. (8), is set as:

vr
þ V,ðrUÞ ¼ 0;
vt

(6)

h
io
n
vðrUÞ
þ V,ðrUUÞ ¼ V, meff VU þ ðVUÞT
vt


2
V meff ðV,UÞ  Vp þ rg;
3

(7)

vðrhÞ
vðrKÞ
vp
þ V,ðrUhÞ þ
þ V,ðrUKÞ 
¼
vt
vt
vt


V, aeff Vh þ rU,g;

(8)

where r is the density, U is the velocity vector, meff is the effective
viscosity, p is the static pressure, g is the gravitational acceleration
vector, h is the enthalpy, K is the speciﬁc kinetic energy, and aeff is
the effective thermal diffusivity.
3.2. Mesh
The spatial discretization of the computational domain is one of
the most important steps for obtaining the numerical solution by
using the ﬁnite volume method. The improper mesh may deteriorate the convergence process as well as distort the numerical solution. Therefore, in this study, a set of meshes is provided by a
meshing services ﬁrm specializing in thermal engineering projects.
Although the mesh cell counts vary, they number around
196,000, mostly hexahedral cells, depending on the arrangement of
the heating coils. All meshes share the same discretization strategy,
including an even cell size throughout the domain, a four-layer
outer boundary, and a 29-layer coil boundary (ﬁrst layer 0.05 mm
thick), as depicted in Fig. 4.

The task analyzed in this study is the six-hour heating of 55  C
heavy fuel oil under the environmental conditions comprising 2  C
air temperature and 5  C sea temperature.
Heavy fuel oil is not a single, strictly deﬁned substance. Rather, it
is a complex mixture of hydrocarbons that differ in composition as
well as physical and thermal properties. Fuel oils are classiﬁed according to their kinematic viscosity, wherein heavier oils are
generally the more viscous ones.
The analyzed heavy fuel oil is characterized by a 963 kg/m3
density, 0.258 Pa,s dynamic viscosity, 1870 J/kgK speciﬁc heat capacity, 0.130 W/m,K thermal conductivity, and 3710 Prandtl number, all properties at the bulk oil temperature of 55  C. The oil of
these characteristics corresponds to Bunker C marine fuel oil, with a
nominal kinematic viscosity of 390 mm2/s. Temperature variation
of these properties are:
Density r ¼ 1190:6  0:6932,T ,
Speciﬁc heat capacity cp ¼ 613 þ 3:82,T ,
Thermal conductivity k ¼ 0:208  2:38e  4,T, and
m ¼
Dynamic
viscosity
3656:154 
46:9416,T þ 0:2241022,T 2  4:010108e  4,T 3  3:248498e  7,
T 4 þ 2:465518e  9,T 5  3:68685e  12,T 6 þ 1:891738e  15,T 7 :
The domain comprises 28 wall boundaries: an oil level at the
top, a double-skin on the outer side, a double-bottom at the tank
ﬂoor, a longitudinal bulkhead on the inner side, and a bundle of 24
heating coils situated above the tank bottom (Fig. 2).
Boundary conditions are mathematically formulated as follows.
The pressure at the top domain boundary is characterized by the
total pressure p0 ¼ 0, while the remaining boundaries are subjected to the hydrostatic boundary condition Vn p ¼ rðg,nÞ.
A similar distinction applies to the velocity boundary conditions,
where U ¼ 0 governs all solid boundaries except the top of the
domain. For the free atmospheric ﬂow at the top of the domain, two
distinct cases are possible. In the case of a ﬂuid outﬂow, both
Vn Ut ¼ 0 and Vn Un ¼ 0 should be satisﬁed. In the case of a ﬂuid
inﬂow, only Vn Ut ¼ 0 applies.
The temperature at the longitudinal bulkhead is determined by
Vn T ¼ 0, while the remaining outer walls comply with the
convective boundary condition Vn T ¼ hktot ðTenv  TÞ. The htot values
used in this study are 3.2 W/m2K at the tank bottom and the deck
and 3.3 W/m2K at the outer tank wall (Jandrijevi
c et al., 2007).
At the coil boundaries, the temperature changes linearly from
the uppermost Tc;u to the lowermost Tc;d temperature, following:



 yp  yc
Tc;u þ Tc;d 
þ Tc;u  Tc;d
T¼
;
dc
2

Fig. 4. Layout B domain mesh (detail views are provided as insets).
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(9)

where yp and yc are the cell center and coil centerline vertical coordinates, respectively, and dc is the coil diameter. For the coil
driven by 7 bar saturated steam, 165  C heating ﬂuid is the energy
source. Therefore, the maximum coil surface temperature is
assumed to be Tc;u ¼ 162  C, with a 15  C difference between the up
and down coil surfaces, as measured by Kurihara et al. (1972).
Consequently, Tc;d ¼ 147  C, and the mean coil temperature is
154.5  C.
The coil heat-transfer mechanism is assumed to be laminar
natural convection, for the following reasons. First, the coil ﬁlm's
Rayleigh number of 5.9e7 suggests a lower transition zone between
laminar and turbulent heat transfer. Second, the performed measurements (Akagi et al., 1985) exhibit NufRa0:25 behavior, with the
0.25 exponent indicating a laminar heat transfer mode. Finally,
preliminary turbulent heat transfer simulations grossly overestimated the values of the coil heat transfer coefﬁcients.
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3.4. Solver settings
The project is deﬁned as a laminar compressible ﬂow caused by
buoyancy only. A buoyantPimpleFoam solver is chosen with an implicit transient formulation and a SIMPLE pressure-velocity
coupling.
For the advection of speciﬁc kinetic energy and enthalpy, a
second-order Gauss vanLeer numerical scheme (Greenshields,
2015) is used, whereas the Gauss vanLeerV scheme is used for
the advection of velocity. For the diffusion term, a Gauss linear
corrected scheme is applied.
A time-marching scheme uses variable time steps, limited by a
maximum Courant number of 0.5, and 104 convergence criteria. A
PCG pressure solver tolerance is set to 108, while the remaining
solvers use 106 tolerances. At each time step, the number of iterations is limited to 5, while the number of correctors and nonorthogonal correctors is set to 2. The applied relaxation factors
are 0.3 for pressure, 0.7 for momentum, and 0.7 for energy.

Fig. 6. Cargo velocity (Conventional design; th ¼ 6 h).

4. Results
4.1. Conventional design
This conﬁguration has already been treated in Pivac and
Magazinovi
c (2015). However, the results shown herein introduce
numerous improvements. The heating time-frame is extended
from an hour to six hours, the oil thermophysical properties are
updated, the mesh is ﬁner, and the convergence terms are much
more stringent.
The heat transfer coefﬁcient in Fig. 5 exhibits two distinct time
phases. In the ﬁrst one, arbitrarily named a pre-circulation phase,
during the ﬁrst 3600 s of heating, the heat transfer coefﬁcient exhibits a rising trend from an initial 120 W/m2K to the ﬁnal 136 W/
m2K, with an average of 128.0 W/m2K. This result is comparable to
127.4 W/m2K (a þ0.5% difference) that follows by applying the
Akagi equation (Akagi, 1969). In the second phase, arbitrarily
named the circulation phase, during the remaining 18,000 s of
heating, the heat transfer coefﬁcient ﬂuctuates around the average
value of 138.2 W/m2K. This result is comparable to 144.1 W/m2K
(a 4.1% difference), which follows from using a VDI Heat Atlas
correlation (Kast and Klan, 2010).
The circulation phase peak velocity is characterized by the lower
bound of 0.211 m/s, the upper bound of 0.375 m/s, and the mean
value of 0.278 m/s. During the same period, the average cargo velocity ﬂuctuates between 0.098 and 0.120 m/s, with a mean value of
0.110 m/s, Fig. 6.
The minimum area-averaged cargo temperature at the tank
bottom falls to 39.4  C, whereas 25 mm above the tank bottom the
area-averaged cargo temperature rises to 57.2  C, Fig. 7. The tank
bottom convective heat outﬂow is 43.81 kW, while the tank total
heat loss is Q_ loss ¼ 165.3 kW, both values determined after three
hours of heating.

Fig. 7. Average cargo temperature (Conventional design; th ¼ 6 h).

4.2. Proposed design, Layout A
4.2.1. Heat transfer coefﬁcient
Cargo heating starts with cargo at rest (t ¼ 0 s: U ¼ 0, T ¼ 55  C).
During the ﬁrst nine seconds of heating, the numerical process does
not converge within the ﬁve preset iterations. During the next
900 s, occasional numerical difﬁculties arise, causing temporary
inabilities to fulﬁll the convergence criteria. Afterwards, the numerical process smoothly converges in two iterations.
Initially, the heated cargo moves upwards. At t ¼ 700 s, Fig. 8, the
plume has already populated the top of the tank, and the cargo's
downward movement, close to the bulkhead and outer side wall,
becomes noticeable. The next 17.5 min of heating is spent in the
vortices concatenation and grows over the tank's cross-section,
wherein, at t ¼ 1750 s, the ﬁrst bundle cross-ﬂow occurs. It could
be taken that the pre-circulation phase ends at t ¼ 2700 s, when a
well-developed ﬂuid cross-ﬂow through the heating coil bundle
takes place, Fig. 9. From that moment on, during an 18,900 s circulation phase, the heat transfer coefﬁcient ﬂuctuates around a

Fig. 5. Coil surface heat transfer coefﬁcient (Conventional design; th ¼ 6 h).

G. Magazinovic / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 662e670

667

second applies a more stringent time-step size criterion so that the
maximum Courant number is equal to 0.35 (30% smaller time
steps). Both simulations cover a two-hour heating period, taking
the t ¼ 3600 s state as a starting point. Under such conditions, the
initial heat transfer coefﬁcient is estimated at 194.7 W/m2K. The
ﬁner mesh simulation results in a 197.0 W/m2K average heat
transfer coefﬁcient (an increase of 1.2%). Simulation of the coarser
mesh with smaller time steps provides an average heat transfer
coefﬁcient of 190.2 W/m2K, 2.3% lower than the initial estimate.
Broader insights into the processes within the tank may be
obtained by analyzing the cargo velocity, Fig. 11, and temperature
on the boundary at the tank bottom, Fig. 12.

Fig. 8. Velocity magnitude isosurfaces after t ¼ 700 s of heating (Layout A).

Fig. 9. Isotherms and velocity vectors after the full development of the cargo circulation (Layout A).

time-averaged value of hc ¼ 196.1 W/m2K, Fig. 10.
In general, the higher values of the heat transfer coefﬁcient
denote the well-developed oil cross-ﬂow through the heating coil
bundle, while the lower values represent a poor, undecided ﬂow
pattern, usually directed upwards.
Two additional control simulations check the mesh independence of the spatial and temporal discretization. The ﬁrst utilizes a
ﬁner mesh of 249,000 cells (a 27% higher cell count), whereas the

4.2.2. Cargo velocity
Fig. 11 comprises two curves. The full line weight curve tracks
the peak cargo velocity magnitude recorded in any of the cells of a
domain, while the light line weight curve denotes the area-average
cargo velocity magnitude, over the whole domain. During the precirculation phase, both curves exhibit a clear rising trend, while
afterwards they ﬂuctuate within the ranges. The peak velocity
range is determined by the lower bound of 0.190 m/s, upper bound
of 0.357 m/s, and mean value of 0.265 m/s. The average cargo velocity ﬂuctuates between 0.089 and 0.119 m/s, with a mean value of
0.102 m/s.
The cargo velocity peaks are mostly the property of the tank's
upper region, where no obstacles interfere with the ﬂow. In the
tank's lower region, a heating coil bundle suppresses the development of such high velocities. However, besides this detrimental
effect, the bundle cross-ﬂow velocity reaches signiﬁcant values,
Table 1. The results presented in Table 1 refer to the middle points
between the fourth and ﬁfth tubes of each column of the bundle
tubes. Since the cargo circulation occurs in a clockwise direction,
the cargo approaches the bundle from the right. The gradual fall in
the cross-ﬂow velocity may be attributed to the ﬂow losses within
the bundle and partial outﬂow on the bundle's top side. Further, the
cross-ﬂow velocity is nearly uniform along the bundle height.
Regarding the character of the coil heat transfer mechanism, an
estimate of the Richardson number (a quotient of the Grashof
number and the squared Reynolds number) provides valuable information. The Richardson number ﬂuctuates from very high values
down to an average of 4 and a minimum of 0.6, indicating a natural
convection with a low to substantial share of the forced convection.
4.2.3. Cargo temperature at the tank bottom
The cargo temperature at the tank bottom is an important
parameter of the possibility of parafﬁnic components and cargo
impurities settling and solidiﬁcation. According to Akagi et al.
(1985), a higher cargo temperature reduces the thickness of the

Fig. 10. Coil surface heat transfer coefﬁcient (Layout A; th ¼ 6 h).

G. Magazinovic / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 662e670

668

4.3. Proposed design, Layout B

Fig. 11. Cargo velocity (Layout A; th ¼ 6 h).

Fig. 12. Average cargo temperature (Layout A; th ¼ 6 h).

Table 1
Bundle cross-ﬂow velocity for Layout A design.
Location

Minimum

Maximum

Average

m/s

m/s

m/s

Entrance (right side)
Middle
Exit (left side)

0.001
0.002
0.002

0.214
0.189
0.162

0.096
0.087
0.079

solidiﬁed layer as well as, in the case of a sufﬁciently high temperature, suppresses the solidiﬁcation process.
During the six-hour heating period, the minimum areaaveraged cargo temperature at the tank bottom reaches 37.8  C,
Fig. 12, which is 1.6  C lower than in the case of the conventional
design, Section 4.1. However, 25 mm above the tank bottom, the
area-averaged cargo temperature steadily rises to 58.0  C, 0.8  C
higher than in the case of the conventional design. The areaaveraged temperature 25 mm above the tank bottom is thus
nearly equal to the domain volume-averaged temperature (these
two quantities differ by less than ±0.1  C).
This temperature is also a good estimation of the cargo temperature in the cargo pump suction zone.
The convective heat losses at the tank boundaries total
Q_ loss ¼ 161.2 kW, wherein the tank bottom accounts for a 41.79 kW
heat outﬂow, both values determined after three hours of heating.
Compared with the conventional design, the 4.6% lower heat loss at
the tank bottom may be attributed to the less intensive ﬂuid ﬂow in
this area. The higher velocities and consequential cargo mixing are
favorable features that reduce the risk of settling and solidiﬁcation
relating to the cargo's impurities.

The second heating coil design, arbitrarily entitled Layout B,
Fig. 3, shares the majority of features of Layout A. The only difference is in the side heating coil positions, which are elevated to a
half of the vertical pitch, forming a tube-staggered arrangement.
The history of the surface heat transfer coefﬁcient of the Layout
B design is provided in Fig. 13. The results are generally comparable
to those obtained for the Layout A design, Fig. 10. Although both
designs perform similarly, the increased ﬂuid mixing within the
bundle is present, produced by the coil staggered arrangement. As a
consequence, roughly 26% less time (t ¼ 2000 s) is required to
develop the cargo circulation within the tank. The circulation direction is clockwise, similar to the Layout A case, Fig. 14.
During the circulation phase, the heat transfer coefﬁcient ﬂuctuates around a time-averaged value of hc ¼ 199.2 W/m2K, 3.1 W/
m2K higher than for Layout A (an increase of 1.6%). The Layout B
design's better performance may be attributed to the slightly
higher average cross-ﬂow velocity in this design, Table 2.
The other heating process parameters are comparable to those
presented in Figs. 11 and 12. The peak velocity of the circulation
phase is characterized by the lower bound of 0.211 m/s, the upper
bound of 0.357 m/s, and the mean value of 0.263 m/s. The average
cargo velocity ﬂuctuates between 0.088 and 0.116 m/s, with a mean
value of 0.102 m/s. These values are comparable to the corresponding ones in the Layout A case.
The minimum area-averaged cargo temperature at the tank
bottom reaches 37.4  C, 0.4  C lower than in the Layout A case.
Similarly, 25 mm above the tank bottom, the area-averaged cargo
temperature steadily rises to 58.1  C, 0.1  C higher than in the
Layout A case.
Fig. 15 compares numerical and analytical estimates of the
average cargo temperature. To enable comparison, the actual tank
length is reduced to one meter, as used in the numerical simulations. Under such an assumption, the remaining parameters are
reduced to 278.9 m3 tank volume, 6.068 kW thermal losses, and
4.072 m2 heating coil area. The corresponding cargo temperature,
determined by applying Eq. (5), is represented by a dotted line in
Fig. 15. The largest difference between the analytical and numerical cargo temperatures is 0.12  C, at t ¼ 1800 s. This difference
may be attributed to the difﬁculties in numeric simulation
encountered during the ﬁrst 900 s of heating, as described in
Section 4.2.1. The discrepancy fades afterwards, with a 0.02  C
difference at the end of the simulation. The analytically determined cargo temperature gradient dT=dt after six hours of heating, 0.147 mK/s, is slightly higher than the ﬁnite difference
estimate of 0.146 mK/s.
In the middle of heating period the convective heat losses at the
tank boundaries total Q_ loss ¼ 160.2 kW, wherein the tank bottom
accounts for a 41.39 kW heat outﬂow, 1.0% lower than in the Layout
A case, indicating a slightly less intensive ﬂuid ﬂow in the tank
bottom area.
5. Discussion
CFD simulations are time-consuming. The average six-hour
simulation in this study took 28 days to complete on eight cores
of a 28-core server (two Intel Xeon E5-2680 v4 @ 2.4 GHz processors; 256 GB RAM). Therefore, to verify the results presented
herein (e.g., the cargo temperature after six-hour heating or the
validity of the two-dimensional problem formulation), experimental measurements are suggested as a more appropriate
approach.
The technical problem of cargo tank heating is treated as twodimensional, although it is a three-dimensional problem. The
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Fig. 13. Coil surface heat transfer coefﬁcient (Layout B; th ¼ 6 h).

Fig. 14. Isotherms and velocity vectors after the full development of the cargo circulation (Layout B).

Table 2
Bundle cross-ﬂow velocity for Layout B design.
Location

Entrance (right side)
Middle
Exit (left side)

Minimum

Maximum

m/s

m/s

Average
m/s

0.002
0.001
0.004

0.199
0.213
0.202

0.097
0.088
0.087

main idea behind the approach is that the phenomena encountered
during the two-dimensional simulations replicate along with the
tank length, but with variable time lag. If this assumption is correct,
the real vessel average heat transfer coefﬁcients remain practically
unchanged, but with signiﬁcantly lower ﬂuctuations over time.
The wall heat transfer coefﬁcients used in this study are much
lower than the measured values from Saunders (1968) and Suhara
(1970). According to Saunders (1968), “Heat losses from the deck
were subject to wide ﬂuctuations, including reversal of direction,
according to ambient conditions. Losses from the topsides also
varied considerably, but in general could be equated with those for
the wetted sides. Heat lost per ft2 from the wetted sides was on
average more than double that from the deck or bottom of the
tank.” The similar behavior has been reported by Suhara (1970),
who additionally pointed out “Both the ﬁn effect of stiffeners to
heat transmission and the effect of rolling to increment of heat
transfer are considered.” However, due to the signiﬁcant tanker
structural changes introduced during the last half-century, these
results are of the limited applicability nowadays. When the doublehull tankers are concerned, in the absence of more recent measurements, the results of Jandrijevi
c et al. (2007) still remain the
only scientiﬁcally based tank heat loss estimates.
The dimensions of the proposed heating coil design, Fig. 3,
follow established shipbuilding practice. However, these dimensions differ greatly from those customarily applied in the ﬁeld
of heat exchanger design, where much smaller tube pitches are the
norm. For the best thermal and hydraulic results, Khan et al. (2006)
suggested dimensionless pitches smaller than 3, whereas the current ones are 7.41 and 3.70 in the longitudinal and transversal directions, respectively. Therefore, future work is directed to
establishing tube pitches that maximize the thermal output of the
coil bundle.
6. Conclusions

Fig. 15. Layout B average cargo temperature determined by simulation and analytically, by applying Eq. (5).

In this paper, a novel heating coil design is proposed and
analyzed. The novelty of the proposed approach is twofold. Firstly,
it arranges the heating coils in a compact bundle, leaving the
majority of the tank bottom completely ﬂat and free of any
equipment. Secondly, it is based on a different heat transfer
mechanism, as the natural convection of the conventional design is
uprated to a more efﬁcient mixed convection. The mixed convection is achieved in a natural way using the powerful cargo circulation within the tank.
The performed CFD simulations showed that a ﬁve-hour circulation phase average heat transfer coefﬁcient equals 199.2 W/m2K.
This result might be taken as an impetus for the more thorough
experimental examination.
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