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SUMMARY 

 

This paper introduces typical calculation process of tank heating load balance on ships. Major importance of convective 

heat transfer between liquid cargo and tank boundaries is indicated. Common methods and set of input data being utilized 

for calculations in engineering applications are recalled and compared to actual set of factors being crucial for the final 

results. 

Intensity of heat transfer between carried liquid and tank boundaries, having form of dominating natural convection or 

mixed convection, is discussed. Impact of wave conditions and ship’s response on intensity of liquid movement at tank 

boundaries is verified in terms of intensification of convection. Existing publications referred and a need of further research 

is proven based on differences between velocity fields of liquid in tank with free surface and completely filled tank. 

Constructed test rig, measurement procedures and obtained preliminary results of conducted model research are presented. 

 

NOMENCLATURE 

SYMBOLS 

α Convective heat transfer coefficient 

(W m-2 K-1) 

β Volumetric thermal expansion 

coefficient (1 / K) 

γ Ship’s heading against waves (rad) 

ε Scale of model 

λ Thermal conductivity (W m-1 K-1) 

  Kinematic viscosity (N s m-2 ) 

  Density (kg m-3) 

Ψ  Angle of tank roll (rad) 

ω Frequency of oscillations (1 / s) 

Cp Specific heat (J / kg-1 K-1) 

B, b Breadth (m) 

D, d Depth (m) 

F Area (m2) 

g Gravity (m / s-2) 

H, h Height (m) 

L Characteristic linear dimension or 

length (m) 

t Period of oscillations (s) 

V Volume (m3) 

w  Speed, Velocity (m / s)  

 

 

 

 

 

 

 

 

 

 

 

 

SUBSCRIPTS 

0 Amplitude 

a Ambient 

e External 

f Fluid, liquid 

fh Fluid-heater 

fw Fluid-wall 

h Heater 

i Internal 

m Model 

s Significant 

sh Ship 

sw Sea water 

t Tank 

w Wall, walls 

ww Wall-wall, read “through wall” 
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1. INTRODUCTION 

Following experiences in design and construction of 

advanced ice breaking and winterized vessels in design 

offices of Damen Group, heating system is one of the 

major heat consumers for Ships of this kind. Harsh 

environment of  seas in Arctic, characterized by extremely 

low temperatures of sea water, down to -2 °C, and ambient 

air, down to -50 °C (Przybylak, 2010), combined with 

extreme waves and winds, form a demanding set of design 

conditions. Carried cargo and ballast waters need to be 

maintained within temperature limits that allow to avoid 

freezing and loss of required viscosity. Classification 

Societies define their minimum requirements in terms of 

winterization, including tank heating, for vessels 

classified for operation in subject environments. A case 

study performed by (Gospic, et al., 2011) shows, that 

unheated ballast tanks, while operating in sea water of 

negative temperature (𝑇𝑠𝑤 < 0℃), may freeze in tanks. 

On the other hand, increasing prices of energy production 

and growing complexity of ship designs, lead to necessity 

for preparation of more accurate heat balance calculations 

to optimize efficiency of heating systems. The leading 

factors for such calculations are heat transfer coefficients, 

which need to be determined based on knowledge of 

nature of convection between carried liquid cargo or 

environment and tank walls. Ship motion on waves 

induces movement of liquid stored in tanks, whether there 

is a free-surface of liquid present in tank or it is completely 

filled (Faltinsen & Timokha, 2009). This movement is 

called liquid sloshing. A basis for determination of the 

nature of convection is knowledge of actual liquid velocity 

function in relation to tank boundaries (Doerffer, 1986). 

2. PROCESS OF CALCULATION OF TANK 

HEATING LOAD BALANCE 

An ideal process of calculation of tank heating load 

balance is visualized in Figure 1. Greyed-out items in 

illustrate activities that are normally not performed in 

engineering practice. Inaccuracy resulting from this 

omission is compensated by safety factors assigned at 

each step. 

2.1 SHIP MISSION REQUIREMENTS 

Proper definition of ship mission requirements have a 

major importance for accurate heat balance calculation. 

Building specification usually defines minimum 

operational temperature of ambient air, Ta
min and sea water 

Tsw
min as well as operational state of sea in Beaufort scale. 

From Author’s experience, detailed input on design 

conditions is rare and therefore these conditions must be 

determined by engineer during design process. 

Ship’s Flag and Class notation provide a descriptive 

guidance in respect to winterization and low temperature 

operation rather than input data or actual procedures for 

calculations to be performed.  

2.1 (a) Ship’s mission and set of weather data 

Complete set of basic weather and mission data should 

consist of: 

• minimum operational ambient air and sea water 

temperatures, Ta
min, Tsw

min, 

• location of ship’s operation or operational Beaufort 

scale, 

• ship’s speed and route if known, 

• set of weather conditions considered as operational: 

i.e. in form of a matrix consisting of allowable 

combinations of specific weather characteristics. 

 
Figure 1: Visualization of typical tank heat load balance calculation process. Grey-text items are activities that are very often 

omitted in common engineering practice. Activities in the diagram have assigned respective paragraph numbers. 
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Supplementary set of data, selected based on basic data, 

should consist of: 

• historical weather and sea state data from the location 

as far as available, 

• interview with ship operator. 

2.1 (b) Ship operation data 

Extremely important  factor for evaluation of actual design 

conditions, if those are not clearly limited in Ship 

Specification, is to identify actual vessel’s tasks. Cargo 

ships, especially intended for operation on recognized 

routes, can easily mitigate bad weather and therefore their 

systems can be optimized for operation in moderate 

conditions. For rescue ships and navy vessels systems 

must remain operable even if weather conditions exceed 

design limits and in case of partial malfunction. 

Another important source of data are actual operational 

procedures that can be acknowledged from Ship 

Operators. These can lead to significant optimization of 

the ship systems and their level of automation while still 

remaining in compliance with ship specification. 

2.2 SHIP TANKS CHARACTERISTICS 

Ship tanks have different shapes and dimensions, however 

for carriage of liquid products they are mostly in form of 

rectangular or quadrangular prism. Magnitude of linear 

dimensions are commonly coupled with ship dimensions 

and vary from 1–2 meters in case of non-structural tanks 

for carriage of lubrication oils, drinkable water or small 

double bottom tanks, up to 30 m and more in case of cargo 

tanks on tankers. Larger tanks are often divided by baffles, 

that prevent sloshing (Faltinsen & Timokha, 2009), 

(Ibrahim, 2005) and improve stiffness of hull. 

2.2 (a) Tank structures 

Most of the tanks on ships are integrated into hull 

structure. Tank structures include longitudinal and 

transverse framing and secondary stiffeners. Another 

internal structures can be pipes routed through tanks, 

sounding pipes and communication arrangements as 

ladders and railings. Ship tanks may have internal or 

external as well as mixed arrangement of stiffeners, where 

internal stiffening is common for ballast tanks and voids 

and external stiffening for cargo tanks and fresh water 

tanks due to inevitable collection of residuals between 

structures. Tank structures have impact both on movement 

of liquid in tank and convection characteristics, which is 

discussed further in chapters 2.5 and 3.2. 

2.2 (b) Tank filling level 

Ship tanks can be loaded with liquid up to various levels. 

Cargo tanks or ballast tanks are kept filled up to their top 

to eliminate free surface effects that impair ship stability. 

Some tanks, such as fuel tanks, can be however partially 

filled. As far as tank excitations are regular and mild, 

liquid motion is linear and free surface at the top of liquid 

volume forms a standing wave. Dominant, first-mode 

frequency of the wave is equal to frequency of tank 

excitations. If tank is filled up to less than half of its 

breadth, 𝐻 ≥ 0.5𝐵, non-linear behaviour of liquid is 

expected (Faltinsen & Timokha, 2009), (Ibrahim, 2005). 

Differences between velocity fields of liquid in moving 

partially filled and full tank are presented further in section 

2.4. 

2.2 (c) Tank insulation 

Ship’s tanks are not insulated in majority of cases, even if 

intended to maintain higher cargo temperatures. This is 

due to: 

• integration of tanks within hull and complicated 

geometries of internal structures, 

• necessity to protect insulation and therefore decrease 

of ship’s tonnage, 

• cost of application and weight of insulation. 

Due to above, knowledge of convective heat resistance 

on both sides tank boundary is of major importance for 

precise calculation of heat load balance of the vessel, 

which is further discussed in chapter 2.5. 

2.3 SHIP MOTION ON WAVES 

2.3 (a) Sea State 

Sea state can be described by wave spectra, which 

illustrates distribution of wave energy over different wave 

frequencies. Wave spectra is developed on a way of sea 

state measurements and in most simple forms can be 

described by one or two statistical parameters, such as 

significant wave height, 𝐻𝑠, mean wave period, 𝑡𝑠 and 

others. One of the most popular formulations of wave 

spectra, is formulation of International Towing Tank 

Conference (ITTC). Wave spectral density is defined for 

ITTC spectra as (Lewis, 1989): 

 Ssw(ω) = (A ω5)⁄ e−B ω4⁄ , (1) 

where A and B are constants defined by equations: 

 A = 0.25BHs
2  (2) 

 B = 691.18 ts
4⁄   (3) 

Curve obtained from (1) is distribution of variance of sea-

surface over a range of wave frequencies. Because wave 

energy is proportional to the variance, distribution is 
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called energy spectrum or wave-height spectrum 

(Pawłowski, 2009), (Lewis, 1989). Spectral moments are 

calculated from equation: 

 mn = ∫ ωnSsw(ω)dω
∞

0

  (4) 

The following other properties of sea surface can be 

derived from spectral moments (Lewis, 1989): 

• average period of component waves: 

 t−1 = 2π
m0

m1

  (5) 

• average period between zero up-crossings: 

 tz = 2π
m0

m2

  (6) 

• average period between wave peaks: 

 tc = 2π
m2

m4

  (7) 

• average wave length between zero up-crossings: 

 tw =
g

2π
tztc  (8) 

Above listed parameters are illustrated in Figure 2. 

Important notice to presented ITTC formulation is that it 

is non-directional, so it does not consider dependence of 

wave system on wind direction and assumes homogenous 

energy distribution. 

2.3 (b) Simplified Approach to Ship’s Response to Sea 

State 

Ship, as a floating object, responds to movement of sea 

surface. Ships response is equal to movement hull and 

integrated tanks, which is the input for evaluation of liquid 

movement in tanks. 

Ship’s response to waves is a complex, multidimensional 

problem and apart from characteristics of the sea, depends 

on a number of  hull parameters, such as: 

• ship length, breadth and draught, 

• hull form, defined by water plane area coefficient, 

prismatic coefficient and block coefficient, 

• displacement and transverse metacentric height, 

• operational profile (speed and heading of vessel 

against the waves. 

Various models have been developed for determination of 

response amplitude operators (RAO), which are functions 

calculated for determination of actual response 

characteristics to wave system. Models can be in general 

divided into based on potential flow with linear approach 

and based on viscous flow. 

For the need this study, major importance have the 

motions that are most capable to induce significant liquid 

motion in rectangular and prismatic tanks, which are pitch 

and roll (Faltinsen & Timokha, 2009), (Ibrahim, 2005). 

For the need of  discussed application, these motions can 

be considered decoupled from each other and other ship 

motions, as only general statistical parameters need to be 

derived from the model. Therefore simplified parametric 

models, based on linear theory are sufficient. One of such 

approaches has been proposed by (Jensen, et al., 2004). 

Method simplifies hull shape to a combination of several 

cuboid or prismatic shapes and allows for determination 

of response function, Φi(ω, 𝛾), of ship, for each of the 

characteristic ship motions considered separately. Author 

presented good convergence of obtained response 

functions with other widely used models and with 

experimental data. 

2.3 (c) Ship’s Response Spectra 

Considering directional wave spectra and RAO, ship 

response spectra can be calculated as: 

 Ssh(ω) = ∫ Φi(ω, 𝛾)
2Sw(ω, 𝛾)d𝛾

2π

0
, (9) 

 
Figure 2. Typical plot of sea surface elevation at fixed point, with indicated characteristic sea state parameters (Lewis, 

1989). 
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where 𝛾 is ship’s heading against waves. In non-

directional approach, ship response spectra can be 

calculated as: 

 Ssh(ω) = Φi(ω)
2Sw(ω) (10) 

Spectral moments, mn, are calculated from equation (4). 

Involving concept of confidence level, the following 

examples of ship motion parameters can be calculated 

from spectral moments (Lewis, 1989): 

• average response amplitude: 

 ψ0 = 1.25√m0  (11) 

• significant response amplitude: 

 ψsig = 2.0√m0  (12) 

• average highest 1/10 roll amplitudes: 

 ψ1/10 = 2.55√m0  (13) 

 

• the greatest roll amplitude expected on the average of 

N of independent observations of apparent response 

amplitudes, for example: 

 ψN = 100 = 3.25√m0  (14) 

  ψN = 1000 = 3.85√m0  (15) 

Average values of response/wave periods, t are calculated 

from equations (5) to (8). Together with expected response 

amplitude, ψ, calculated from above simplified theory, 

one can obtain a set of input data for evaluation of liquid 

movement in ship tank. 

2.4 LIQUID MOTION IN TANK 

Extensive and comprehensive studies have been 

performed in the field of liquid movement in tanks 

(Ibrahim, 2005), (Faltinsen & Timokha, 2009). 

Velocity field of liquid in tank without internal structures 

can be determined from potential flow theory. This 

requires few simplifications, of which the most important 

ones are (Doerffer, 1981), (Ibrahim, 2005): 

• tank is rigid and impermeable, 

• liquid is incompressible and inviscid, 

• surface tension and capillary effects are ignored, 

• velocity field is irrotational with respect to fixed 

coordinate system, 

• liquid level high enough to avoid nonlinear behaviour 

of liquid free surface: 𝐻 ≥ 0.5𝐵. 

Tank motion is assumed as periodical, with angular 

velocity defined by equation: 

 𝜔(𝑡) = 𝜔0𝜓0cos (𝜔𝑜𝑡)  (16) 

Amplitude of angular velocity of tank (and ship hull), 

𝜔0, and amplitude of roll angle, 𝜓0, are obtained by 

procedure presented in sections 2.3 (a) and 2.3 (c). 

Velocity potential function is determined from Laplace 

equation: 

 ∇2Φ(x, y, z, t) = 0  (17) 

Velocity field is periodical and solution of equation (17) 

is searched in the following form: 

 Φ(x, y, z, t) = Φ0(x, y, z) cos(ω0t), (18) 

and therefore: 

 ∇2Φ0(x, y, z) =
∂2Φ

∂x2
+
∂2Φ

∂y2
+
∂2Φ

∂z2
= 0  (19) 
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Flow in prismatic or rectangular tank can be modelled as 

 
Figure 4. Mathematical 2D model of rectangular tank: left – tank with free surface; right – completely filled tank. 

 

𝑣𝑥(𝑥, 𝑧, 𝑡) = 𝜔0𝜓0 cos(𝜔0𝑡)

{
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∞
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(20) 

𝑣𝑧(𝑥, 𝑧, 𝑡) = 𝜔0𝜓0 cos(𝜔0𝑡)

{
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∞
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ℎ
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𝑔
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]
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𝑘𝑚
𝐵
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ℎ
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)) sin (

𝑘𝑚
𝐵
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𝑘𝑚
𝐵
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]
 
 
 
 

}
 
 

 
 

 

(21) 

𝑣𝑥(𝑥, 𝑧, 𝑡) = 𝜙0𝜔0cos (𝜔0𝑡) {−𝑧 +
ℎ

2
+ 4∑  

∞

𝑚=1

[
−𝐵[(−1)𝑚 − 1]

(𝑚𝜋)2
sin(

𝜋𝑚(𝑥 + 0.5𝐵)

𝐵
)
sinh (

𝜋𝑚𝑧
𝐵
)

cosh (
𝜋𝑚ℎ
2𝐵

)
]} (22) 

𝑣𝑧(𝑥, 𝑧, 𝑡) = 𝜙0𝜔0cos (𝜔0𝑡) {−𝑥 + 4∑  

∞

𝑚=1

[
𝐵[(−1)𝑚 − 1]

(𝑚𝜋)2
cos(

𝜋𝑚(𝑥 + 0.5𝐵)

𝐵
)
cosh(

𝜋𝑚𝑧
𝐵
)

cosh (
𝜋𝑚ℎ
2𝐵

)
]} (23) 

 

 
Figure 3. Velocity field of fluid in tank in non-dimensional form: left – free surface case; right – completely filled 

tank case. 
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Flow in prismatic or rectangular tank can be modelled as 

2-dimensional, which is accurate if depth of tank, D, is of 

the same order as remaining dimensions, with awareness 

on non-applicability of obtained velocity field to sections 

located close to walls. 

Two cases of tank filling level are analysed: 

• tank with a free liquid surface, partially filled up to 

level H, 

• tank completely filled with liquid, of height H. 

Mathematical models of tanks are presented in Figure 4. 

In both cases, shifting of location of rotation axis against 

tank boundaries has minor effect on magnitude of velocity 

field in tank, reaching up to 10% in extreme cases. For the 

need of this study and engineering applications, this 

impact is neglect, which simplifies overall analysis by 

omitting problem of location of tank against centre of 

buoyancy of hull. Tank rotation axis is located at centre of 

mass of liquid, as shown in Figure 4.  

Complete solution of equation (19) for free surface case 

has been widely described by numerous Researchers 

(Faltinsen & Timokha, 2009), (Ibrahim, 2005), (Krata, 

2008), (Doerffer, 1981) and others. Results of calculation 

in form of vector components of velocity field, wx and wz, 

are given by equations (20) and (21). Component 𝑘𝑚 in 

the equations is defined as: 

 km = (2𝑚 − 1)𝜋, (24) 

where 𝑚 is a mode of free surface oscillations. 

Solution of equation (19) for filled tank case has been 

described by (Ibrahim, 2005) and is based on developed 

multimodal theory of sloshing. Vector components, wx 

and wz, are given by equations (22) and (23). 

Velocity fields described by functions (20) to (23) are 

relative to fixed and stationary coordinate system x’-z’. To 

obtain velocity distribution relative to tank boundary, one 

need to subtract velocity vector component of respective 

boundary from obtained velocity field component: 

 𝑤l,w(z, t) = vx (±
B

 2
, z, t) − 𝑤(z, t), (25) 

  𝑤𝑙,𝑏(𝑥, 𝑡) = 𝑣𝑧 (𝑥, ±
𝐻

2
, 𝑡) − 𝑤𝑡−𝑏(𝑥, 𝑡). (26) 

Velocity vector components of the boundaries are: 

 𝑤𝑤(𝑧, 𝑡)  =  ±
𝐵

2
𝜙0𝜔0cos (𝜔0𝑡), (27) 

 𝑤𝑡−𝑏(𝑥, 𝑡)  =  ±
𝐻

2
𝜙0𝜔0cos (𝜔0𝑡). (28) 

Velocity field and velocity distribution of liquid over 

horizontal and vertical boundaries in example tanks of 

rectangular section (B = H) have been plotted on Figure 3 

and Figure 5. Plots present amplitude of velocity field in 

non-dimensional form: 

 𝑤′(𝑥, z) =
𝑤(𝑥, z, t)

𝐵𝜔(𝑡)
 (29) 

Magnitude of liquid velocity against walls is 10-20% 

higher in case of tank with free liquid surface and this 

effect is maintained for applicable range of: 𝐻/𝐵. At the 

horizontal boundaries, values are very similar. 

2.5 TANK HEAT LOAD BALANCE 

Calculation of tank heat load balance is complex and 

iterative process due to two main factors: 

• heat transfer is dominated by convection (Doerffer, 

1981), (Mikielewicz, et al., 1973) also due to reasons 

discussed in paragraph 2.2 (c), 

• dependence of heat transfer intensity on actual liquid 

temperature, 

• presence of not heated spaces neighbouring heated 

tanks, which temperature is dependent on the 

outcome of heat load balance. 

Very often in engineering practice, calculations are based 

on fixed convection heat transfer coefficients and fixed 

temperatures assigned to not heated spaces, which 

eliminates the iterative factors, however this approach 

leads to vast inaccuracy and oversizing of heating system. 

Heat transfer between tanks, neighbouring by wall of area 

Aw, can be calculated from simple equation: 

 
dQ

dt
=

T1 − T2
R(𝑇1, 𝑇2, 𝑇𝑤)

Awσ1σ2, (30) 

 
Figure 5. Distribution of velocity of fluid in tank in non-dimensional form: blue, dashed line – tank with free: 

surface; red, solid line – completely filled tank; left – horizontal wall: vertical axis is 𝑤/(𝐵𝜔(𝑡)); horizontal axis is 

width of tank; right – vertical wall: vertical axis is height of tank; horizontal axis is 𝑤/(𝐵𝜔(𝑡)). 
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where T1 and T2 are temperatures in considered tanks, 

resulting from conditions of heat transfer and overall heat 

resistance coefficient, R, is calculated as: 

 
R(𝑇1, 𝑇2, 𝑇𝑤) = Rα1(T1, 𝑇𝑤) +

Rα2(T2, 𝑇𝑤) + ∑Rλ. 
(31) 

Heat resistance coefficients, Rα1, Rα2, are calculated for 

convection at either side of considered boundary and ∑Rλ  
is sum of resistance coefficients for conduction through 

layers of the boundary, with simplifying assumption that 

these are not dependent on temperature. In most cases in 

shipbuilding the only conduction is through several 

millimetres of high-conductive steel, which results with a 

negligible value: 

 ∑Rλ = Rλ.steel ≈ 0, (32) 

And therefore, 𝑇𝑤 can be assumed equal for both sides of 

considered division. 

Coefficients σ1 and σ2 represent increase of overall area 

of tank boundary due to presence of internal or external 

tank structures. According to Author’s experience, 

coefficients σ1 and σ2 can be simply derived from actual 

area of internal structures with good effect, however it is 

important to apply appropriate convection model in order 

to obtain correct results. 

3. CONVECTION IN SHIP’S TANK 

3.1 NATURE OF CONVECTION IN SHIP’S 

TANK 

All of three natures of convection can be dominant in case 

of ship tanks, considering extreme cases of ships motion, 

however in actual range of applications, convection is 

either natural or mixed, with forced convection 

component added to natural component (Doerffer, 1986): 

 (Nutotal) = (Nunatual) + (Nuforced)  (33) 

Function of liquid velocity against tank boundaries, 

discussed in chapter 2.4, determines impact of forced 

convection component. For general estimation of 

domination of either component, the following criteria is 

used (Lienhard & Lienhard, 2008): 

𝐶 =
Gr𝐿

Re𝐿
2 =

strength of natural convetion flow

strength of forced convection flow
  (34) 

where Re𝐿  is Reynolds number: 

 
 

Re =
w𝐿

ν
 (35) 

and Gr𝐿 is Grashof number: 

 
 

Gr =
gβL3(ΔT)

ν
 (36) 

L and ΔT are characteristic dimension and temperature 

difference between liquid and wall. The following general 

dependence based on equation (34) is observed: 

• (Gr𝐿)/(Re𝐿
2 ) ≫ 1 – natural convection domination 

• (Gr𝐿)/(Re𝐿
2 ) ≪ 1 – forced convection domination 

• (Gr𝐿)/(Re𝐿
2 ) ≈ 1 – mixed convection expected 

3.2 EXISTING CORELATIONS 

Many research works on convection in crude oil carried 

by oil tankers have been performed by Japanese authors 

(Akagi, 1967), (Akagi & Kato, 1987), (Fukuchi, 1985), 

(Fukuchi & Ando, 1987), (Kato, 1970), (Suhara, 1970). 

Publications are highly focused on a scale ratio and 

general characteristics of the subject oil tankers. An 

overview of available general formulations for convection 

in ship tanks is presented below. 

3.2 (a) Forced convection outside tank 

Problems of convection outside tanks, in environment, can 

be solved by means of well-developed correlations for 

forced convection. Wind speed or ship velocity 

determining liquid velocity over tank boundary are 

relatively constant and high in relation to periodical 

motion of ship. In these cases, criteria (34) results 

with C<<1. 

3.2 (b) Natural convection inside tank without internal 

structures 

Correlations for stationary tank can be easily translated 

from numerous existing theories for natural convection 

next to planes. Correlations for vertical planes can be 

taken from (Churchill & Chu, 1975). A comprehensive 

study for horizontal and inclined plates has been 

performed by (Fujii & Imura, 1972). 

3.2 (c) Natural convection inside tank with internal 

structures 

General impact of internal structures on natural 

convection is highly dependent on their arrangement and 

actual size in relation to tank dimensions, therefore each 

case is a subject for a separate study. In case of large 

stiffeners, that are arranged across the convective flow, it 

is expected that boundary layer will form separately in 

each space between stiffeners (Doerffer, 1981), (Kato, 

1970). 

Research on effects of solidifying crude oil between 

bottom structures of oil tankers on heat transfer through 

bottom has been performed by (Fukuchi, 1985), (Fukuchi 

& Ando, 1987). 

3.2 (d) Mixed convection inside tank, without internal 

structures 

As far as liquid motion in tank due to excitations has been 

extensively studied as mentioned in paragraph 2.4, impact 

of this motion on convective heat transfer has not been 

widely discussed.  

A  theoretical description of mixed convection due to 

harmonic oscillations of liquid next to vertical plate have 

been performed by (Doerffer, 1986) and (Doerffer & 

Mikielewicz, 1985). Experimental research on tank 

subjected to periodical excitations with free liquid surface 

has been performed by (Doerffer, 1981). Areas of 

domination of natural convection and mixed convection 

have been observed and appropriate correlations 

determined. For vertical plate, criteria (34) has been 

modified to: 

 𝐶 =
Gr𝐿

Re𝐿
2𝑃𝑟1/3

 (37) 
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and the following ranges of 𝐶 have been distinguished: 

• 𝐶 > 0.4 – domination of natural convection, 

• 0.1 > 𝐶 > 0.4 – mixed convection, 

• 𝐶 < 0.1 – domination of forced convection. 

Performed research covers the following range of 

criterial numbers: 

• Ra ∈ (7 107, 3 109), 
• Pr ∈ (2.8, 249), 
• Re ∈ (3.2 102, 6 104), 
• Sh ∈ (5.7, 36.7), 
• Fr ∈ (1.03 10−2, 6.51 10−2), 
with the following definitions: 

Prandtl number, Pr, defined as: 

 Pr =
𝜈𝜌𝐶𝑝

𝜆
, (38) 

 

Rayleigh number, defined as: 

 Ra = Gr Pr, (39) 

where Grashof number, Gr, defined by equation: 

 Gr =
𝑔𝛽𝐿3(𝛥𝑇)

𝜈
 (40) 

and where 𝐿 = 𝐻. 

Reynolds number defined as in equation (35), with: 

 w = w0 =
𝐵

2
𝜙
0
𝜔0 (41) 

Strouhal number, Sh, defined as: 

 Sh =
𝐻𝜔0
𝑤0

, (42) 

Froude number, Fr, defined as: 

 Fr =
𝑤0
𝑔𝐻

, (43) 

3.2 (e) Mixed convection inside tank, with internal 

structures 

Similar as for natural convection, as discussed in chapter 

3.2 (c), impact of internal tank structures is highly 

dependent on their size and arrangement and each case 

requires special consideration. Effect of tank oscillations 

on heat transfer from tanks with longitudinal framing has 

been performed by (Kato, 1970) ans correlations for 

horizontal and vertical wall has been determined.  

3.3 FURTHER RESEARCH 

None research referred in chapters 3.2 (d) and 3.2 (e) 

considered effect of tank excitations on heat transfer 

through upper wall of the tank. In all cases, tanks were 

assumed to be loaded up to certain level, with free surface 

of liquid at the top. Due to this fact as well as observed 

differences in distribution of velocity in completely filled 

tank, as discussed in chapter 2.4, Author decided to 

conduct experimental research for the case of closed tank 

without internal structures. 

4. EXPERIMENTAL RESEARCH WORK TO 

DATE 

4.1 AIM OF CONDUCTED RESEARCH 

Aim of conducted research work was: 

• to study impact of velocity field of liquid induced by 

oscillations in completely filled tank on convection at 

the tank’s walls, 

• to verify and compare obtained results with existing 

studies, especially  (Doerffer, 1981), 

• to study upper wall case which was not present in 

open-tank configuration. 

4.2 PRINCIPLES OF MODELLING OF THE 

PHENOMENA 

Scale effects will occur in modelling of heat transfer from 

ships tanks due to their large dimensions. Direct 

measurements lead to difficulties due to harsh internal 

environment of the tanks and high cost of demurrage for 

the time of installation of measurement hardware. Author 

decided to conduct measurements on a model of  tank with 

fulfilment of conditions of similarity in selected scales 

(Mikielewicz, 1995). 

4.2 (a) Individual boundary approach and whole tank 

approach 

Two approaches to the problem of heat transfer by 

convection from carried liquid to tank walls, and further 

to environment, can be considered. 

Individual boundary approach focuses on the distribution 

of temperature difference between liquid and wall surface, 

ΔTfw, and Nusselt number, Nu, on each individual tank 

boundary. This has a major importance for engineering 

calculations. 

Overall tank approach focuses on summary heat transfer 

from the heat source inside tank to environment, without 

consideration of each boundary and impact of different 

heat transfer mechanisms. Thus, this approach has lesser 

practical importance, however it provides a valuable 

measure for verification of conducted measurements. 

In this paper, preliminary results of research obtained for 

the whole tank approach are presented. 

4.2 (b) Normalized characteristic numbers and 

conditions of similarity 

Correct modelling of the phenomena requires elimination 

of scale effects. Parameters of the test rig have been 

selected so that it allowed for modelling of a wide range 

of rectangular tanks of ships of various size and 

characteristics. The following parameters have been 

normalized for dimensioning of the tank model: 

• linear dimensions: B = H, 

• temperature: Tf − Tw = ΔTfw for individual boundary 

approach and : Th − Tw = ΔThw for whole tank 

approach, 

• oscillation period: t0 = 2π/ω0, 

• linear velocity as tangent velocity of tank walls: 

w0 = ω0ψ0B/2. 

From conditions for geometric, kinematic and dynamic 

similarity, the following relations between parameters of 

real ship tank and its model have been derived: 

• Scale of linear dimensions: 

 Hm = ϵHsh. (44) 
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• scale of time: 

 tm = tsh√ϵ. (45) 

From similarity of Froude numbers: 

 Fr =
w0
gH

=
ω0ψ0B

2H
⇒
ω0ψ0
2

√
H

g
 (46) 

• scale of roll angle: 

 ψm = ψsh, (47) 

From similarity of Strouhal numbers: 

 Sr =
Hω0
w0

=
2Hω0
ψ0ω0B

⇒
2

ψ0
 (48) 

• scale of liquid viscosity: 

 νm = νshϵ
3 2 ⁄ , (49) 

From conjugated criteria of Froude number, Fr, and 

Reynolds number: 

 
Re =

w0H

ν
=
ω0ψ0BH

2ν
⇒
ω0ψ0H

2

2ν
 

 
(50) 

 Re Fr⁄ =
H3 2⁄ g1/2

ν
 (51) 

Maintenance of these relations in model tank at selected 

range of scales guarantees proper simulation of 

hydrodynamics of the phenomena. 

For correct simulation of thermal state of tank, it is 

necessary to maintain the same nature of convection at the 

boundaries of model tank as in real tank. Dimensionless 

characteristic number, representing thermal state of the 

tank, is Rayleigh number, Ra: 

 Ra = Gr Pr, (52) 

which is a multiplication of Prandtl number, Pr , defined 

by equation: 

 Pr =
νρCp

λ
, (53) 

and Grashof number, Gr, defined by equation (36), where 

L in holistic tank approach is defined in as (Doerffer, 

1981): 

 L =
Vt

Fw
. (54) 

Table 1. Summary of possible cases of marine transport of liquids 

Transported 

liquid 
𝐿𝑠ℎ 
m 

𝐵𝑠ℎ 
m 

𝜖 

− 
𝐿𝑡 
m 

 

𝑡0𝑠ℎ 

s 
 𝑡0𝑚 

s 
𝜓0 

˚ 
model 

liquid 

𝑇𝑠ℎ 

˚C 

𝑇𝑚 

˚C  

𝜈𝑠ℎ 

10−6 

m2s−1 

𝜈𝑠𝑚 

10−6 

m2s−1 

𝜈𝑚 

10−6 

m2s−1 

Ras 
1010 

− 

Ram 

1010 

− 

Fresh water or 

ballast 30-150 6-30 1:10 3 7-13 1.3-4.1 0-10 water 1-7 40-70 1.5 0.048 0.511 4.555 0.973 

 80-250 20-60 1:30 9 7-13 1-3.2 0-5 water 1-7 40-70 1.5 0.009 0.511 123 0.973 

MDO, DMA class 30-150 6-30 1:10 3 7-13 1.3-4.1 0-10 water 1-7 40-70 7 0.221 0.511 0.164 0.723 

 80-250 20-60 1:30 9 7-13 1-3.2 0-5 water 1-7 40-70 7 0.042 0.511 4.43 0.723 

MDO, DMB class 30-150 6-30 1:10 3 7-13 1.3-4.1 0-10 water 5-15 40-70 20 0.632 0.511 0.674 0.723 

 80-250 20-60 1:30 9 7-13 1-3.2 0-5 water 5-15 40-70 20 0.122 0.511 18.21 0.723 

 150-400 30-60 1:100 30 7-13 0.7-2.2 0-2.5 water 5-15 40-70 20 0.02 0.511 674.3 0.723 

HFO, RMK30 

class 30-150 6-30 1:10 3 1-7 1.3-4.1 0-10 oil 10-20 40-70 170 5.376 6.253 0.272 0.019 

 80-250 20-60 1:30 9 1-7 1-3.2 0-5 water 10-20 40-70 170 1.035 0.511 6.134 0.723 

 150-400 30-60 1:100 30 1-7 0.7-2.2 0-2.5 water 10-20 40-70 170 0.17 0.511 227.2 0.723 

HFO, RMK700 

class 80-250 20-60 1:30 9 7-13 1-3.2 0-5 oil 35-45 40-70 1400 8.52 6.253 5.737 0.019 

 150-400 30-60 1:100 30 7-13 0.7-2.2 0-2.5 oil 35-45 40-70 1400 1.4 6.253 212.5 0.019 

Crude oil, Laguna 

Crude class 80-250 20-60 1:30 9 7-13 1-3.2 0-5 oil 35-45 40-70 6900 4.2 6.253 5.737 0.019 

 150-400 30-60 1:100 30 7-13 0.7-2.2 0-2.5 oil 35-45 40-70 6900 6.9 6.253 212.5 0.019 

𝐿𝑠ℎ, 𝐵𝑠ℎ, 𝐿𝑡: approximate range of lengths, breadths of ships and generalized dimension of tanks 

𝜖:  scale of model tank 

𝑡0𝑠ℎ, 𝑡0𝑚:  range of periods of ship roll or pitch: sh  - ship; m – model 

𝜓0:  range of amplitudes of roll or pitch for ship and model 

𝑇𝑠ℎ, 𝑇𝑚:  range of temperatures of liquid: sh  - ship; m – model 

𝜈𝑠ℎ, 𝜈𝑚:  actual average kinematic viscosity of liquid: sh  - ship; m – model; 

𝜈𝑠𝑚:  required average kinematic viscosity of liquid as calculated from condition (49) 

Rash, Ram: average normalized Rayleigh number: sh  - ship; m – model, calculated for fixed value of Δ𝑇 
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Temperature difference, ΔT, is equal to  

ΔT = Theater − Tw.i 
In real stationary tanks, without internal structures, 

convection has usually turbulent nature (Doerffer, 1981), 

(Mikielewicz, et al., 1973), (Madejski, 1998), (Kato, 

1970) with the following condition: 

 Ra > 2 × 107, (55) 

which due to large dimensions of tanks is usually fulfilled. 

Maintenance of the same condition in model tank 

guarantees proper simulation of thermal state in real tank. 

4.2 (c) Condition of similarity for liquid viscosity 

A major difficulty in modelling of the phenomena is 

maintenance of liquid viscosity for water as a considered 

carried liquid, due to condition (49). Feasibility of 

utilization of liquids of viscosity respectively lower than 

water is limited, thus the only practical measure for 

matching the required level of this parameter is by 

increasing temperature of water as a model liquid. Table 1 

contains a summary of assumed cases of transport of 

various heated liquids by ships of various size and 

resulting range of scales and corresponding parameters of 

model test rig. Non-consistence of viscosity of model 

liquid for cases of water and light oil transport can be 

observed in the Table 1. It is expected, that for dynamic 

cases represented by small model scales, ϵ, obtained 

correlations may be of limited reliance, due to 

inconsistency of Reynolds numbers. 

4.2 (d) General equations 

Natural convection for stationary rectangular tank has 

been taken as a point of reference for evaluation of mixed 

convection in the oscillating tank (Doerffer, 1981), (Kato, 

1970) and Alwi:2013. Intensity of natural convection is in 

general characterized by equation: 

 Nu = f(Ra), (56) 

where Nu is Nusselt number defined as: 

 Nu =
αL

λ
, (57) 

Mixed convection for oscillating rectangular tank is 

characterized by equation: 

 Nu = f(Gr, Pr, Re, Fr, Sr), (58) 

4.2 (e) Heat transfer between heat source inside tank and 

environment for stationary case 

First step to verify obtained results of convective heat 

transfer between liquid and tank boundaries is verification 

of overall heat transfer between heat source inside tank, 

which is an electrical heater, tank walls and environment. 

For stationary tank, where exclusively natural convection 

occurs, amount of heat that has been actually exchanged 

between tank and environment Pheater has been compared 

to amount of heat that would have been exchanged only 

by conduction of liquid inside tank Qcond as a function of 

Rayleigh number (Doerffer, 1981): 

 Ph Qcond⁄ = f(Ra), (59) 

Temperature of heater, Theater, has been obtained by 

means of iterative calculation for applied heater geometry 

modelled as external flow over horizontal cylinder from 

(Churchill & Chu, 1975) with neglected end effects. 

 
Figure 6. Simplified geometrical model of fluid inside 

stationary tank for evaluation of conductive heat transfer 

(Doerffer, 1981): b, c and H are breadth, depth and height 

of the fluid volume, b’, c’ and H’ are breadth, depth and 

height of heater modelled as a cuboid. 

 

 
Figure 7. Simplified schematic drawing of the test bench: 

1 – main frame; 2 – secondary rocking frame; 3 – model 

tank; 7 - stepper motor; 8 – flywheel with eccentric 

pushing rod attachment points; 11 – regulated tank 

seating; 12 – mechanism for regulation of top wall 

position; 13 – de-aeration vent; 14 – fill pipe; 16 – nests 

for thermocouples in surface of tank wall; 
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Physical properties of liquid are calculated for normalized 

average temperature of liquid calculated as: 

 Tn =
Th+Tw.i

2
. (60) 

A simplified model of heat conduction through liquid 

volume inside tank has been used based on concept 

proposed by (Doerffer, 1981), as presented in Figure 6. 

Total heat flux is calculated as sum of heat flux through 

each volume of fluid: 

 Q0 =∑
λ

Si
Fm−i(Theater − Tw.i).

6

i=1

 (61) 

For each volume, heat conduction is assumed to occur on 

a way of truncated pyramid of height Si and section area 

defined by function: 

 
Fm−i =

Si

∫
dx
fi(x)

Si
0

 
(62) 

 
Figure 9. Photographs of the test bench (left) and model tank (right): 1 – main frame; 2 – secondary rocking frame; 3 – 

model tank; 4  - switch board; 5- stepper motor drive; 6 – digital multimeter with data logger; 7 - stepper motor; 8 – 

flywheel with eccentric pushing rod attachment points; 9 – thermocouple wire harness; 10 – isolated connection box; 11 

– regulated tank seating; 12 – mechanism for regulation of top wall position; 13 – de-aeration vent; 14 – fill pipe; 15 – 

spill protection basin; 16 – thermocouples embedded in surface of tank wall; 17 – thermocouples seated inside liquid 

volume. 

 

 
Figure 8. Setup of single thermocouple set. Temperature  
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where fi(x) is function of current section area of geometry 

along x = 0. . Si obtained from geometry as per Figure 6. 

4.3 TEST BENCH CONFIGURATION 

Test bench, presented in Figure 9 and , consists of a main 

frame made of aluminum profiles on which a secondary 

rocking frame is embedded on a set of ball bearings. Axis 

of rotation is positioned in center of model tank’s side wall 

and can be adjusted. Tank is executed out of polycarbonate 

plates of 10 mm thickness, with nests for thermocouples, 

glued with solvent adhesive. Thermocouples for 

measurement of temperatures in liquid, and temperature 

differences between wall surfaces and liquid and wall are 

arranged as shown in Figure 8. 

 

4.4 REGISTERED DATA 

The following data is being collected during the 

measurements: 

• Power of heater (from current and voltage): 𝑃ℎ, 

2 datapoints, 

• Temperature of environment and connection box: 𝑇𝑎, 

𝑇𝑐, 3 datapoints, 

• Temperature of liquid: 𝑇𝑓, 9 datapoints 

• Temperature difference between liquid and wall: 

Δ𝑇𝑓𝑤, 9 datapoints, 

• temperature difference between wall surfaces: Δ𝑇𝑤𝑤, 

9 datapoints, 

• Temperature on both sides of insulation for each wall 

(where applied), 6 datapoints. 

 
Figure 11. Results of preliminary measurements and obtained correlation 𝑃ℎ/𝑄𝑐𝑜𝑛𝑑  for stationary tank, compared with 

results from (Doerffer, 1981) 𝑃ℎ/𝑄𝑐𝑜𝑛𝑑.𝐷 

. 

 

 
• Figure 10. Results of check of correlation 𝑃ℎ/𝑄𝑐𝑜𝑛𝑑 on data obtained for tank in motion, compared with results 

from (Doerffer, 1981) 𝑃ℎ/𝑄𝑐𝑜𝑛𝑑.𝐷 for stationary tank 

. 
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All instruments are connected via switchboard to digital 

bench multimeter of high accuracy. Registered data is 

saved in memory in form of CSV files, that are later 

downloaded form the device and read by purpose-

developed program written in PTC MathCad. The 

program processes data and generates csv files that are 

compiled by LaTeX postprocessors which generate 

graphs. 

4.5 PRELIMINARY RESULTS 

A first session of measurements have been performed for 

tank height 𝐻 = 0.4 m and combination the following 

configurations of the test rig: 

• 𝐻 = 0.4 m, 

• 𝑡0 = 0.9;  1.4;  2.0;  4.0 s, 
• 𝜓0 =  2.5;  5;  10°, 
• test liquid: water. 

This resulted with 6 steady heat states measured for 

stationary tank and 19 steady heat states for tank in 

motion. Each state requires sum of 8 – 12 hours of 

temperature stabilization. 

Results of measurements for stationary tank based on 

methodology presented in paragraph 4.2 (e) with 

calculated uncertainty, compared with results from 

(Doerffer, 1981) are presented in Figure 11. Obtained 

correlation is: 

 Nu = 0.03Ra0.354, (63) 

which in considered range of Ra, gives results comparable 

with correlation obtained by (Doerffer, 1981), based on 

the same methodology: 

 Nu = 0.147Ra246. (64) 

Preliminary results suggest that in case of completely 

filled, stationary tank, overall heat loss in verified range 

would be from 18% to 38% higher than for tank with free 

surface. To form any conclusions, measurements must be 

first continued for remaining configurations of test rig and 

for different model liquids. 

Detailed analysis of results for tank in motion have not 

been yet performed. Nevertheless, obtained datapoints 

have been checked for simple dependency on Rayleigh 

number, with the same methodology as for stationary case. 

Results are shown in Figure 10. It is clear that the 

datapoints are significantly spread, as numbers, as per 

equation (58), characterizing forced convection 

component discussed in chapter 3.1 have not been 

introduced. In this case however, obtained correlation 

seems to be in line with results for stationary tank from 

(Doerffer, 1981), with differences below 10%. 

4.6 FURTHER WORK 

Further research will be focused on collection of a 

complete set of data for stationary and dynamic cases, for 

at least 2 different model liquids and different test rig 

configurations. Analysis of overall heat loss from tank in 

motion as well as through each separate boundary will be 

performed once complete set of data is available. Results 

will be compared with theory developed in (Doerffer, 

1981). 

5. SUMMARY 

Tank heat load balance is a complex iterative process, 

which is often oversimplified in engineering practice and 

arising inaccuracies are compensated by high safety 

factors. On the other hand, extensive research has been 

performed in all necessary fields to allow precise 

calculations. Calculation procedure as well as respective 

sources of information have been introduced and referred 

in this paper. Further work, publication, popularization 

and implementation of obtained results of research on heat 

transfer from ship tanks to environment will be performed. 

In reality of progressing climate change and increasing 

prices of fossil fuels, it should be of highest interest of both 

Engineers and Researchers to join forces in practical 

optimization of ship systems. 
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