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Abstract: The application of passive design strategies in ships, such as the use of superstructures
with high thermal insulation, allows the energy demand of heating, ventilation, and air conditioning
systems to be reduced. There is a knowledge gap in the scientific literature on the possibilities to
thermally characterize superstructures. Knowing such possibilities would make a methodology
available for the quality control of naval constructions and for the inspection of the appropriate state
of insulations in existing ships. For this purpose, a total of three different typologies of ship
superstructures were monitored, and the data obtained were analyzed by using various existing
approaches for the thermal characterization of facades: the heat flow meter method and temperature
measurement methods. The results showed that the heat flow meter method constitutes a valid
methodology to obtain representative results. In addition, guaranteeing a thermal gradient
dependent of the wall typology and placing probes in zones not influenced by thermal bridges
ensure that representative results are achieved.

Keywords: thermal transmittance; heat flow meter method; internal convective coefficient; in situ
measurement; superstructures; naval construction

1. Introduction

The shipping industry is made up of two clearly different groups of ships according to their
activity (cargo and passenger ships). Cargo ships constitute 90% of the goods transport on the planet
[1], whereas passenger or tourist ships have greatly increased in recent years. It is estimated that
approximately 10 million people annually travel on more than 230 cruise ships all around the world
[2]. An essential aspect in both types of ships is that the crew or users are accommodated in
accommodation spaces meeting certain thermal comfort features. For this purpose, naval architects
are based on some aspects of design, such as the thermal insulation of bulkheads and the use of
heating, ventilation, and air conditioning (HVAC) systems.

A characteristic aspect of the operation of ships is the need of burning fossil fuels for the energy
consumption of the ship, thus generating greenhouse gas emissions and other types of emissions
which cause the acidification of the water. As for merchant ships, it is estimated that emissions cause
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up to 3% of the overall carbon dioxide emissions [3,4], and the level of emissions is similar to that of
countries such as Germany and Japan [5].

Currently, there is a wide regulatory framework of the emissions of ships to reduce the impact
of the shipping industry [6]. In this regard, the body responsible for the regulation in the transport
industry is the International Maritime Organization (IMO), which introduced two new effective
policy mechanisms in the year 2013 to reduce greenhouse gas emissions in the shipping industry: the
Ship Energy Efficiency Management Plan and the Energy Efficiency Design Index. The goal was to
reduce greenhouse gas emissions by 80% with respect to the year 2010 to keep the overall temperature
increase below 2 °C [7]. Regardless of these aspects, the design of ships with a better energy efficiency
is of great interest to economic investors as the value of ships in the market is improved [8].

In relation to the energy consumption of ships, the energy demand to acclimate the internal
spaces of the accommodation spaces is among the main energy demands in ships [9,10], with a higher
incidence in ships with large accommodation spaces [11,12]. The main goal of these systems is to
ensure that the thermal conditions inside ships are appropriate [13]. It is important to consider that
both the crew and passengers are most of the time in their cabins, so the thermal comfort of internal
spaces should be guaranteed [13-15]. The thermal comfort should not be undervalued by the
designers of ships as it affects occupants’ satisfaction [16] and health [17], as well as the productivity
of the crew [18].

The accommodation spaces of ships should therefore meet similar thermal conditions to those
of buildings [19]. However, the energy demand and the environmental impact of a ship is different
from those of buildings, so a fundamental goal is the reduction of the load required for HVAC
systems.

For this purpose, a common practice is the use of highly insulating designs in the superstructures
of accommodation spaces, thus better keeping appropriate internal thermal conditions and reducing
the energy demand of HVAC systems. In this regard, there is a practice similar to that used in
buildings by improving the thermal properties of the envelope, such as the thermal transmittance,
regulated by the regulation in many countries of building energy efficiency [20]. An essential aspect
of thermal properties is the possibility to thermally characterize the built elements as a methodology
of quality control. In this sense, aspects such as execution defects, the lack of homogeneity of the
insulating material or damages in walls could affect thermal properties [21-23]. Therefore, the use of
thermal characterization methods could be an opportunity for engineers of quality control to verify
whether superstructures have been built with respect to the project specifications, and whether, as
for existing ships, their thermal performance is acceptable. Nevertheless, there is a lack of studies
focused on the thermal characterization of superstructures of accommodation spaces in ships. This
aspect is different with regard to the building sector, since the experimental methods of the thermal
transmittance (e.g., the method from International Organization for Standardization (ISO) 9869-1 [24])
have been discussed in many research studies from the end of the 20th century [25-27] to nowadays
[28-31]. In situ measurements have proved their usefulness to determine the current thermal
performance of construction elements in existing buildings and as quality control in new buildings.

For this reason, this study makes a practical application of the methods to characterize the
thermal transmittance used in the superstructures of accommodation spaces in ships. For this
purpose, three different typologies of ship superstructures were monitored, and the data obtained
were analyzed by using different approaches. Likewise, the effect of placing the probes in zones of
the superstructures affected by thermal bridges was assessed. It is important to stress that this
research is not focused on the insulating elements of engine rooms and of thermal engines of ships,
although the methodological principles of this research could be applied to the bulkheads of these
rooms provided that they are in contact with the external air and not with water.

The structure of this paper is as follows: Section 2 reviews the methods to characterize the
thermal transmittance and correlations for the internal convective heat transfer coefficient used;
Section 3 describes the methodology of the research by providing greater specifications of the case
studies, as well as the criteria for placing the probes and for the data analysis; Section 4 analyses and
discusses the results; and Section 5 summarizes the main conclusions of the study.
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2. Methods to Characterize the Thermal Transmittance in Vertical Elements

2.1. The Heat Flow Meter Method and Temperature Measurement Methods

The methods to characterize the thermal transmittance in vertical elements could be grouped in
two typologies [32,33]: the heat flow meter method and temperature measurement methods (e.g., the
thermometric method and quantitative methods of infrared thermography).

The heat flow meter method is included in ISO 9869-1 [32]. Among the different data analysis
procedures included in ISO 9869-1, the average method is among the most used. The average method
considers that the average of the instantaneous values of heat flux and the average of the internal-
external temperature differences reduces the oscillations and leads to a steady state:

=14 )
7=1(Tint,j - ext,j)
where gq; (W/m?) is the density of the heat flow rate per unit area, and T, ; and Tj,.; (K) are the

Usgeg—1 =

external and internal ambient temperatures, respectively.

Therefore, the heat flow meter method is characterized by measuring the heat flux going through
the vertical element. However, some research studies have reflected limitations in the heat flux
measurement. Trethowen [34], Desogus et al. [35], Cesaratto et al. [36] and Cucumo et al. [37] reported
the distortions generated in the heat flux by placing the plate. Another important aspect is the
reduction of the error as it is not necessary to use the plate. In this regard, Peng and Wu [38] showed
that the main contribution to the error in thermal transmittance results is due to the heat flux
measurement. Cucumo et al. [37] indicated the significant influence of placing the plate to correctly
measure the heat flux. Then, Cucumo et al. [39] determined that the deflections of the heat flux could
be up to 30%. In another study, Meng et al. [40] established that the maximum error due to the placing
of the plate could be up to 26%. It is important to stress that the greater the size of the heat flux plate,
the lower the error associated with its placing [40]. Ficco et al. [31] showed and quantified an
exhaustive list of different uncertainty contributions and the measurements to reduce the error. Some
of the main error sources are related to the heat flux, such as the bad contact between the plate and
the surface analyzed (with contributions between 2% and 5%) and the two-dimensionality of the heat
flux (with contributions between 1% and 5%).

Due to this circumstance, a series of methods based on the measurement of different
temperatures in the vertical element have emerged in recent years [32,33]. These methods are based
on Equation (1) and should measure both the heat transfer by convection in the surface element and
the radiation exchange between the internal surface and its surroundings (see Equation (2)).

q=qc+qr )

where g is the heat flux of the vertical element (W/m?), g, is the heat flux by convection (W/m?),
and g, is the heat flux by radiation (W/m?2).

qr = €°0" (Ti‘;lt - Tsirface) (3)

qc = hic ) (Tsurface - Tint) (4)

27: 1 (hic ' (Tsurface,j - Tint,j) teo- (Ti“:lt,]' - Tséllitrface.j))
Z?: 1(Tint,j - Text,j)

where ¢ (dimensionless) is the emissivity of the element analysed, Tsufqce is the surface

©)

UTemp =

temperature of the element (K), and h;. is the internal convective heat transfer coefficient (W/(m2K)).

Both methods allow representative results to be obtained in a similar way to the results obtained
in the laboratory [41], despite the limitations of both the heat flow meter method and the temperature
measurement methods. However, it is necessary to guarantee the fulfilment of a series of factors
when conducting tests. One of the main aspects is to ensure a high thermal gradient to obtain
representative results. In this respect, Desogus et al. [35], Albatici and Tonelli [42], and Ficco et al. [31]
established that guaranteeing a high gradient between the internal and external temperatures allows
the error to be reduced in the measurement. For this purpose, the filtering of the data obtained
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ensures the use of data with a high thermal gradient [36,43]. Precipitations, snow, and moisture also
significantly influence the u-value. Water has a higher thermal conductivity than the usual
construction materials, so its presence could change the thermal behavior of the wall [44]. In this
regard, the presence of moisture and freezing could imply considerable variations in the thermal
transmittance value with respect to the same wall under normal conditions [29,44,45]. Finally, it is
also necessary to consider the influence of the orientation on the thermal transmittance value. Ahmad
et al. [46] showed that the walls facing south, east, and west present a greater heat flux than those
facing north, thus obtaining deviations greater than 37.3%.

2.2. Expressions for the Convective Term

One of the main varieties of temperature measurement methods is due to the expression used
to characterize h;.. For this purpose, there are different values and expressions included in the
scientific literature. ISO 6946 [47] establishes that the internal convective heat transfer coefficient has
a value of 2.5 W/(m2K) in typical vertical elements under construction and under typical conditions
of using internal spaces (i.e., internal air-conditioned spaces, with a temperature close to 20 °C). A
similar value is included in ISO 9869-1. This standard sets that the usual value assumed by the
convective coefficient is 3.0 W/(m? - K) for vertical surfaces.

However, there are other types of expressions based on the correlations obtained by
experimental tests. Previous studies have successfully evaluated the possibility of characterizing the
convective heat transfer coefficient in walls [48]. For this study, the expressions included in the
following publications were considered: (i) Alamdari and Hammond [49], (ii) Churchill and Chu [50],
(iii) Holman [51], (iv) Fohanno and Polidori [52], (v) Earle [53], (vi) Giesecke [54], (vii) Khalifa and
Marshall [55], and (viii) Wilkes and Peterson [56].

Alamdari and Hammond [49] used the correlation used by Churchill and Usagi [57] to develop
an expression for the internal convective coefficient for walls located in rooms naturally ventilated
under a turbulent and laminar flow (Equation (6)). This correlation is designed for all the possible
options of the numbers of Prandtl and Rayleigh.

1/41° 1/
hie = ”1.5 (%) ! ] + [1.23(ATS,)1/3]6} (6)

where L (m) is the height of the element analyzed, and ATg; (K) is the difference between the
internal surface temperature and the internal air temperature.

Another different proposal for the whole range of numbers of Prandtl and Rayleigh was
provided by Churchill and Chu [50], who suggested a formulation for the natural convective
coefficient in vertical elements (Equation (7)), although in this case, the equation is quite different
from that proposed by Alamdari and Hammond.

0.0257

ic = I,
On the other hand, Holman [51] (Equation (8)), Fohanno and Polidori [52] (Equation (9)), and
Earle [53] (Equation (10)) developed specific correlations for uniformly heated internal surfaces of

(0.825 + 7.01(ar,,) /613/5)° %)

vertical elements. The expressions vary depending on the value of the number of Rayleigh, so, for
this study, a laminar flow was considered as it is the most adapted to the case studies analyzed.

ATs\ Y4
hi. = 1.42 (Ts’) @®)
;. = 1.332 (TS’) ©)

AT 1/4-
hy, = 1.31(75') (10)
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Finally, Giesecke [54] (Equation (11)), Fohanno and Polidori [55] (Equation (12)), and Wilkes and
Peterson [56] (Equation (13)) proposed similar equations to those of Holman and Fohanno and
Polidori, but without considering a characteristic dimension.

hic = 2.5(aT,)"* (11)
h;. = 2.03(AT5,)0'14 (12)
h;c = 3.05(aT,)%12 (13)

3. Methodology

In this study, both Equations (1) and (5) were used to analyze the possibilities of the thermal
characterization of the vertical elements of ships. As for Equation (5), all convective coefficients
described in Section 2.2 were used. Table 1 represents the expressions of thermal transmittance for
each value or correlation used for the convective coefficient.

Table 1. Equations of thermal transmittance for the thermometric method.

Expressions of Thermal Transmittance Reference

1 =1 (2 5-ATg+€-0- (Tmt] Tsurface]))

Uremp = (14) 1SO 6946 [47]
j:l(Tintj_ oxt,))
Y1_1(3.0ATg + e 0 (Tinej — Tourface,))
Uremp = — ( g~ Teirgaces)) 15) IS0 9869-1 [32]
Y1 1(Tinej = Text.j)
UTemp

1/6

AT 1/4]6 6 Alamdari and
n_ 1.5(=2 + [1.23(ATs )3 AT +e-0-(TY, . —T4 ) 1 amdari a
j=1 H ( L ) [ SI ] SI ( int,j surface,]) ( 6) Ha o ][49]

2?: 1(Tint,j - ext,j)

UTemp
0.0257 i
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Uremp = (22) 1551
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Te1 (3 05- AT, +¢-0- ( int,j — T urfacej)) Wilkes and Peterson
UTemp = (23)

X1 (Tine,j = Text,j) [56]

The methodological framework of this research was established by the workflow included in
Figure 1. First, a representative sample of 3 ships was selected. The accommodation spaces of these
ships should have different insulation configurations in the respective superstructure, whose
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technical documentation on the disposition of the different materials’ layers was available (e.g., the
project of the ship). Further, case studies with an acceptable conservation state were selected to
guarantee no alterations in the thermal properties of the project data (e.g., the ageing of materials
which could change the thermal conductivity value included in the project [31]). Therefore, ships
whose accommodation spaces were recently built were selected: an offshore fishing boat, a suction
dredger, and a tank ship (see Figure 2). Figure 3 indicates the constructive composition and the
thermal properties of the 3 superstructures analyzed. It is important to stress that these
superstructures correspond to accommodation spaces in contact with the air. This research is
therefore not aimed at thermally characterizing the elements of the ship in contact with the water. To
carry out the tests, a data logger (ALMEMO 2590-4AS) with thermocouples (T 190-2) and a plate
(FQAO018C) were used (see Table 2). Probes were placed according to the following criteria [32]: (i) a
total of 3 sensors of internal surface temperature were placed at a height of 1.5 m, at a distance of 15
cm, and joint by a heat-conducting adhesive; (ii) the plate was also placed at a height of 1.5 m; and
(iii) the thermocouples to measure the ambient temperature were put at a height of 1.5 m and
horizontally separated from the wall at a distance of 30 cm. Figure 4 shows an example of how the
probes were placed. Measurements were conducted during a period of 3 days in the case studies A
and B, and of 7 days in the case study C. Tests were carried out when ships were not navigating, and
the time of data acquisition was 5 min.

It is also worth stressing that before placing the probes, the possible presence of thermal bridges
in the internal layer was assessed to avoid putting the probes near to them (e.g., steel studs for the
placing of the layer of the internal finish). For this purpose, the infrared camera was used as Figure 5
shows. The emissivity was determined by the procedure of a contact thermometer indicated in ASTM
E1933 [58]. As the range of the internal temperature in internal spaces did not present great variations,
it could be considered that the emissivity did not vary [59], so the emissivity was only determined
once during the test.

FLOWCHART

Step 1. Selection of the case studies:
- Selection of a representative sample of different case studies.
- Consultation of technical documentation which allowed to determine accurately
their constructive composition and their thermal properties.

Step 2. Experimental campaign:
- Selection and placing of measurement equipment.
- Previous verification of the weather estimation in the test period.
- Monitoring of case studies.

Step 3. Data post-processing and analysis using different approaches.
Step 4. Conclusions.

Figure 1. Workflow of the research.

Case study A Case study B Case study C

Figure 2. Case studies that have been analyzed.
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Figure 3. Thermophysical properties of the superstructures analyzed.

Figure 5. Assessment of thermal bridges in the internal part of the accommodation space of case study
3.
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Table 2. Main technical specifications of the equipment employed.

Measurement

Equipment Variable Range Resolution Accuracy
Data logger ALMEMO 2590-
4AS
: +0.05K
with thermocouples T 190-3 Temperature -10-105 °C 01K
+0.05%
. +0.05 K
with thermocouples T 190-10 Temperature —-200-205 °C 01K 10.05%
TU. o
with plate FQA018C Heat flux +2000 W/m? 5%
Data logger TESTO 435-2
with thermocouples 0614 1635  Temperature -20-70 °C 0.1°C #0.1 °C
with thermocouples 0632 9735  Temperature -20-70 °C 0.1°C #0.3 °C
Infrared camera FLIR E60bx FOV 25° x 19°
Spectral range 7.5-13 um
Thermal <0.05-30 °C
sensitivity

Finally, the data post-processing and analysis were conducted in the environment of the
statistical programming R. The results were obtained by using Equation (1) and the equations from
Table 2. Likewise, due to the recommendations of several authors of filtering data when there is a
high thermal gradient [34,60], this study analyzed, before obtaining the results, the filtering of data
required to optimize the adjustment degree of the results with the reference value. For this purpose,
the filtering of data with an increase of 0.5 °C was assessed. To guarantee a more detailed application
of the equations from Table 1, it is supposed that the reflected apparent temperature was equal to the
internal temperature used, thus guaranteeing that all equations use the same dataset.

To determine the validity of the results obtained by the different approaches for the method, the
criterion from ISO 9869-1 was used. This criterion considers valid results of the experimental methods
when there is a difference (o) lower than 20% between the value estimated by ISO 6946 and that
obtained by the experimental method (Equation (24)). The theoretical value of ISO 6946 is obtained
by Equation (25)).

UMeasure - UTheoretical
= [%] (24)
UTheoretical

v ol

Estimated — e; ; 25
Rs,in+ZTz+Rs,ext m? - K ( )

where Rg;;, and Rsey ((M*K)/W) are, respectively, the internal and external surface thermal

resistances obtained by the tabulated values from the standard ISO 6946, and A is the thermal

conductivity of the material (mK/W).

4. Results and Discussion

As indicated in Section 3, data post-processing was performed using various criteria of data
filtering according to the thermal gradient between the internal and the external temperature.
Therefore, the thermal gradients obtained in the three tests were analyzed. Case study A obtained
values of the thermal gradient lower than 2.5 °C, case study B obtained values lower than 5 °C, and
case study C obtained values lower than 8 °C. For this reason, the criterion of data filtering varied in
the three case studies:

1) As for case study A, a total of four different filtering was applied with the following limit
values: 0.5, 1.0, 1.5, and 2.0 °C;
2) As for case study B, a total of nine different filtering was applied with the following limit

values: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.5 °C;
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3) As for case study C, a total of 14 different filtering was applied with the following limit values:
0.5,1.0,15,2.0,25,3.0,35,4.0,45,5.0,5.5, 6.0, 6.5, and 7.0 °C.

After the analysis, the thermal transmittance results were obtained with the various equations.
Figure 6 shows the thermal transmittance results obtained with the various equations in the three
case studies, as well as the theoretical value and the acceptability range of 20%. Further, Figure 7
represents the percentage deviations obtained with respect to the reference value in the three case
studies. The results obtained in these three case studies presented different behaviors between the
results of the heat flow meter method and the temperature measurement method. In this regard, the
heat flow meter method was characterized by obtaining results within the limits of acceptability in
the three case studies, whereas the behavior of Equations (16)—(25) was different: case study B did
not obtain representative results, whereas case studies A and C obtained results with deviations
lower than 20%. In the equations of the temperature measurement method obtaining valid results,
the use of the equation for the convective coefficient of Giesecke and of Wilkes and Peterson allowed
representative results to be obtained in case study A (with percentage deviations of -6.7% and —3.5%,
respectively). Likewise, these two approaches for the convective term again obtained representative
results in case study C, together with the equation of Khalifa and Marshall and the theoretical values
included in ISO 6946 and ISO 9869-1 (in this case, percentage deviations oscillated between —17% and
15.6%). It is also important to stress that, in one case, the temperature measurement method obtained
a more adjusted result than the heat flow meter method: in case study A, Equation (25) obtained a
percentage deviation of -3.5%, whereas it was of —3.7% in the heat flow meter method. This is useful
to prove that, although the heat flow meter method was characterized by obtaining a greater
performance than the temperature measurement methods, the use of some equations of the latter
could constitute a valid methodology for engineers responsible for the thermal assessment of
superstructures when a heat flux plate is not available.

In addition, the increase in the data filtering implied a decrease in the thermal transmittance
value obtained in the tests in most expressions. The application of the minimum filtering considered
in the research (>0.5 °C) led to obtaining greater thermal transmittance values in most cases, except
the equations of the temperature measurement method in case study A. In general terms, the use of
a high data filtering led to obtaining more adjusted results in the heat flow meter method. Only in
case study B, the use of a high data filtering generated an excessive increase in the percentage
deviation with respect to the reference value because of the low number of instances of the dataset
compiled fulfilling this filtering condition. This same aspect was found in most equations of the
temperature measurement method obtaining representative results, since the use of a data filtering
obtained more representative results. These results are in accordance with the criteria defined by
some authors in the application of the methods in building facades [32,33]. However, the criterion of
data filtering could vary according to the wall typology, so that walls with a high thermal
transmittance (such as case study A) require a lower data filtering, whereas in walls with a low
thermal transmittance, the criterion of data filtering should use a high thermal gradient.

Anyway, these results are useful to show the possibilities to thermally characterize the
superstructures of accommodation spaces in ships, so the fulfilment of the technical features of the
thermal properties of these elements could be checked. The results showed that the heat flow meter
method constitutes one of the most appropriate options to be used due to the adjusted results
obtained in the three case studies. The approach of the temperature measurement methods could also
be used if there is adequate knowledge on the convective term most adapted to ship superstructures.

Based on these results, the possible influence of the thermal bridge on the performance of the
test was analyzed. As mentioned in Section 3, tests were carried out in zones of the superstructures
not influenced by thermal bridges, following the criteria defined in the research on thermal
transmittance methods in buildings [32,33]. However, there is no evidence of how these thermal
bridges influence the tests conducted in ship superstructures. For this purpose, a new test was
performed in case study C, as it was the element in which the greatest influence of thermal bridges
was found through infrared thermography (see Figure 8). Probes were placed in the junction zone
between the bulkhead and the floor, as well as near to the corner. The test was carried out with the
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same duration of the monitoring of case study C and with the same probes. Figure 9 includes the
results obtained by the various equations analyzed. The placing of probes in the zone near to the
thermal bridge generated that none of the results could be considered as representative. In this regard,
the most favorable result obtained a percentage deviation with respect to the reference value of 45.7%
with the heat flow meter method. Furthermore, the increase of the error associated with the test was
different according to the approach and equation used (see Figure 10). The heat flow meter method
was characterized by obtaining a lower increase in the percentage deviation by placing the probes in
the zone influenced by the thermal bridge, with an increase oscillating between 48.65% and 58.75%,
whereas the temperature measurement methods obtained greater increases. In these methods,
Equations (22) and (25), which obtained representative results in case studies A and C, were more
influenced by placing the probes in the zone of the thermal bridge, with an increase in the percentage
deviation which oscillated between 404.44% and 486.58%. Therefore, these results showed that the
placing of probes in zones affected by the thermal bridge was implied in all cases to obtain non-
representative results. The effect of the thermal bridge was greater in the temperature measurement
methods than in the heat flow meter method, so a fundamental requirement to use thermal
characterization methods in ship superstructures is that the probes are not placed in zones affected
by thermal bridges, thus guaranteeing that the results are representative.

These results could be used to prove the possibility to use methods to characterize the thermal
transmittance, which are commonly used in buildings, in the superstructures of accommodation
spaces in ships. In addition, these results make it possible to apply other test methods highly used in
buildings, such as the airtightness testing of windows by using the blower door [61].
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Figure 6. Comparison of the thermal transmittance results obtained by the various approaches in the
3 case studies. The black line represents the reference value obtained by ISO 6946, and the shady zone
and discontinuous lines represent the acceptability line and its limits, respectively.
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Figure 7. Heat map with the percentage deviation between the measured value and the reference
value obtained by the various approaches in the 3 case studies. The grey color corresponds to
percentage deviations greater than the limit value of acceptability (20%).
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Figure 8. The placing of probes to verify the effect of carrying out the test in the zone with a thermal

bridge.
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201 & & @& @ g o

e

E

Si1s{ & @ & @ D

= ®

3 ® o 9 0 0 g g o
2 ([P i E? T % 9 elals o & o @
£ 101 g 2 ® @ & 8§ g 2 a8 & @ O
8 8 9 6 & g
oo @ K K M N K KNREg RN K g K

505 »10 15 20 25 30 >35 40 45 50 555 60 565 7.0
Data filtering [°C]

Figure 9. Comparison of the thermal transmittance results obtained by the different approaches in the
zone with thermal bridge of case study C. The black line represents the reference value obtained by
ISO 6946, and the shady zone and discontinuous lines represent the acceptability line and its limits,
respectively.
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5. Conclusions

This study assesses the possibility of the application of thermal characterization methods of
buildings in the superstructures of accommodation spaces in ships. For this purpose, a total of three
different typologies of ship superstructures were monitored, and the data obtained were analyzed
by using various existing approaches for the thermal characterization of facades: the heat flow meter
method (included in ISO 9869-1) and temperature measurement methods. Based on the results, the
following conclusions were drawn:

1) The heat flow meter method was the approach presenting a greater potential of use in ships
as it obtained results within the limits of acceptability in the three case studies monitored;

2) The temperature measurement methods had a variable behavior in the tests, although some
case studies obtained representative results. In this regard, case study A obtained a low
percentage deviation with respect to the reference value. Although these methods are not a
methodology, such as the heat flow meter method, they could be an optional methodology
for engineers responsible for assessing the thermal properties of ship superstructures. Given
the influence of the equation used for the internal convective heat transfer coefficient, new
studies should be conducted to determine the expression which is best adapted to this
approach. In this regard, the approach through dimensionless numbers should be analyzed
similarly to what has been done in the quantitative infrared thermography method in
buildings [62];

3) The progressive increase in the data filtering in the post-processing led to a decrease in the
thermal transmittance value obtained, thus achieving more adjusted results in the heat flow
meter method. It was also found that the criterion of data filtering could vary according to
the layers of the superstructure, so that superstructures with a high thermal transmittance
require a lower thermal gradient (greater than 2 °C), and those with a low thermal
transmittance require a higher thermal gradient (greater than 5 °C);

4) The effect of placing the probes in zones affected by the thermal bridge could lead to
obtaining non-representative results. In this regard, the results obtained in this research have
shown that placing the probes in the zone influenced by the thermal bridge of the junction of
the bulkhead with the floor were not representative with any approach. There was an
increase in the percentage deviation greater than 50% with respect to that obtained in the
zone not influenced by the thermal bridge. Likewise, this effect influenced the temperature
measurement methods more than the heat flow meter method, although the results were not
valid in none of them. Therefore, a fundamental requirement to use these methods in ship
superstructures is that probes are not placed in zones affected by thermal bridges. For this
purpose, the infrared thermography could be an effective technique to find the most
adequate zone to place probes, similarly to this research.

To conclude, the results obtained in this research could be useful for engineers of quality control
to verify whether superstructures have been built with respect to the project specifications and
whether, as for existing ships, their thermal performance is acceptable. In addition, a greater control
of the existing superstructures would ensure that the thermal properties of the envelope of the
accommodation spaces in ships are appropriate so that the consumption of HVAC systems is not
high, guaranteeing that the environmental impact of ships is lower and facilitating the achievement
of the decarbonization goals set for being fulfilled throughout the 21st century in the shipping
industry.
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