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Abstract: In recent years, the waterway navigation and transportation industry has been developing
rapidly, and the living environment of ship cabins has not received much attention. Using question-
naire surveys, data collection and computer simulations, this study explored the problems and causes
related to thermal comfort that affect a crew living onboard. The survey showed differences in the
thermal sensations of the crew. Cabins below the deck of a ship are usually more comfortable than
those above deck. These differences were related to the range of frequent activities undertaken in
the cabins. The data and calculations show that the thermal comfort in the stern winch cabin and
the engine cabin was significantly higher than in the top living cabin and the meeting cabin. For
cabins without windows in winter, the PMV and PPD indexes of those below deck were on average
11.95% higher and 7.03% lower, respectively, than those above deck, indicating better overall thermal
comfort below deck. The simulation showed that the simulated PMV of an occupied cabin was up
to 17.55% higher than the actual PMV, indicating that the number of crew members in the cabin
significantly affected its level of thermal comfort. The results provide a reference for understanding
and improving the thermal environment of ships and temporary water facilities.

Keywords: cabin space; thermal comfort; questionnaire survey; building performance simulation;
predicted mean vote; predicted percentage of dissatisfied

1. Introduction

The thermal comfort of interior spaces has always been an important indicator of
environmental quality, but most research has been traditionally confined to traditional
buildings and some temporary structures, such as ships, float on water have been neglected
for long periods. In recent years, China’s shipping industry has entered a track of rapid
development, which depends not only on technological progress but the professionalism of
the qualifications of seafarers. One of the core elements of a ship is the quality of its crew’s
living quarters, which has not received widespread attention [1]. Improving the crew’s
thermal comfort not only benefits their mental and physical health during long voyages but
also plays a very important role in enhancing their professional identities and motivation.
Moreover, the living quarters are an important part of the green development of a ship’s
whole life cycle, which includes its manufacturing and operating costs. A comprehensive
approach has been applied in this research to explore the thermal comfort of ship cabins
that have not received much attention. Many studies have discussed the thermal comfort
of buildings as an important indicator for indoor environmental evaluation. For example,
Rupp predicted the thermal comfort of office buildings in Brazil for both temperate and
humid climates [2]. Antonio Martinez-Molina et al. conducted a study on a primary
school located within a historic building in Spain [3]. Zhang Dong et al. conducted a
comprehensive evaluation and optimization of rural heating methods and thermal comfort
in cold areas [4]. There are obvious differences in the external environments and structural
patterns of buildings and ship spaces. The users of buildings are more flexible in their
behaviors and have greater autonomy over their spaces, whereas the crews of ships have
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less autonomy over their spaces because of their special working environments and relatively
small cabins. Therefore, the crews would be more dependent on their ships’ environments.

Traditionally, research on thermal comfort has mainly combined questionnaires with
microenvironment data collection and calculations, among which the standard effective
temperature (SET), global thermal climate index (UTCI), physiological equivalent tem-
perature (PET), and predicted mean vote-predicted percentage dissatisfied (PMV-PPD)
model are the most common [5]. Most studies on typical indoor environments have been
based on the PMV method proposed by Fanger, which uses a stable and well-controlled
uniform climate chamber to establish thermal comfort evaluation indicators [6]. Thermal
comfort standards based on PMV models for building design and operation have been
widely accepted [6] and adopted as official methods by many national and international
standards organizations [7], such as ISO 7730 [8], ASHRAE 55 [9], EN 15251 [10], and China
GB/T 50785 [11]. Hiroki Ikeda et al. pointed out that evaluations using the PMV index for
naturally ventilated buildings have significantly differed from subjective voting [12]. Huan
Zhang et al. also proposed that the traditional PMV index could not comprehensively
evaluate the thermal comforts of buildings with large areas of glass lighting [13]. To resist
wind and rain, the sizes of portholes have been designed to be very small. For this study,
the PMV-PPD model is suitable but not completely applicable to all scenarios, as it performs
better in steady-state environments than in transient ones. The thermal comfort of the
human body needs an adaptation process [14].

Different geographical locations and customs have resulted in people having different
heat tolerances and expectations, so the above standard cannot be completely applicable
to all environments. To solve this problem, Fanger and Tofum [15] introduced the ePMV
model to highlight people’s expectations based on local climate and the popularity of
mechanical adjustments. There have been only a few studies on the differences in the
thermal comfort of different working environments. Shi Mingde used PMV to build a
general simulation model that could predict the thermal conditions and human behaviors
in an airplane’s cockpit [16] but could also be applied to a ship’s cockpit. Only a few
scholars have paid attention to the thermal comfort evaluation of water-based vehicles.
Liu Hongmin et al. explored the thermal comfort of cabin environments in winter, then
presented statistics with subjective and objective data on the subjective thermal sensations
of passengers who resided briefly on a moving ship [17]. Zhang Shuai, He Dengkai, et al.
analyzed the thermal comfort of a cabin in a Jiaolong manned submersible vehicle and
proposed a PMV-based evaluation method for its thermal characteristics and comfort that
could be applied to a manned deep-sea submarine [18]. Chen Senyang et al. believed that
different furniture arrangements in cruise cabins would affect thermal comfort, so they
formulated appropriate schemes and simulations [19]. Hongshan Guoa, B, Dorit Aviva,
et al. critically examined the complexity of the mean radiation temperatures of dynamic
environments inside vehicles [20]. Hamza Zahid et al. proposed real-time sensor data to
establish dynamic evaluation indexes for thermal comfort by using the Internet of Things
to reach effective solutions for thermal comfort evaluations of real-time changes in the
external environments of spaces within ships [21]. Maohui Luo et al. showed that the
thermal expectations among people significantly differed according to the location and
nature of their work [22]. The thermal expectations of sailors working on the deck or
mechanics working in the engine rooms differed from those working in other locations and
professions. Moreover, even the same person could have different physiological states in
different environments. H. Liu et al. studied the adaptation values of the thermal comfort,
metabolic rates, and clothing insulation of passengers in air-conditioned cabins [23]. Hence,
differentiated studies on thermal comfort in different working environments are required.

The following summary regards specific research methods. B. Goujard et al. evaluated
cabin comfort from the perspective of acoustics by collecting 100 questionnaires featuring
both open and closed questions, then evaluated the factors, such as temperature and light,
related to acoustic comfort [24]. Yong Li et al. conducted a questionnaire survey and set
of environmental measurements for underground buildings, then found that the actual
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thermal sensations of the users were not as bad as had been predicted by PMV [25]. Sanaz
Amindeldar et al. conducted measurements in a target study area for five consecutive
days, thus correcting for neutral temperatures in the cold season [26]. Federico Rossi et al.
summarized the influencing factors of materials on thermal comfort by monitoring the
numerical changes in the lower microenvironments of two different shading materials [27].
Anastasios Ioannou et al. corrected the thermal comfort zones of residential interiors in the
Netherlands by combining measurements and questionnaires [28]. Alfano et al. introduced a
thermal environment assessment method for built spaces, then discussed the main aspects
of their thermal comfort design and assessment, as well as the value and significance of
continuous measurements of temperature and humidity [29]. Many achievements in the
simulations of thermal environments have been made. P.H. Shaikh et al. simulated a thermal
environment and found the simulation to be helpful in design optimization [30]. Rakshitha
Vidhyashankar et al. simulated spatial changes in the thermal comfort of indoor open spaces
by using architectural simulation tools that solved the problems of traditional simulation
methods, which could not distinguish thermal comfort at different points in a single room [31].
Katarzyna Nowak-Dzieszko et al. simulated the structure and various internal parts of a
residential building to analyze the differences in thermal comfort under different microclimate
conditions and balcony forms [32]. Unlike a high-density urban environment, a river surface
is more open and the vessels traveling on it do not have fixed orientations as do buildings
on land, so the direct radiations of the decks and cabins are more complicated. Because the
working modes and water levels caused by climate change to the ships and water contact
states are not the same, the influence factors of the thermal environments in the cabins are
more complicated. Users of such spaces generally think of thermal comfort as more important
than visual comfort, acoustic comfort, and air quality because thermal comfort is directly
related to behavioral quality [33]. A crew’s health and work efficiency are strongly affected
by thermal environments in cabins, so an investigation of them would be quite significant.

Our study focused on changes in the thermal comfort of cabins caused by factors, such
as temperature and relative humidity, of a ship’s external environment. We compared and
analyzed the thermal comfort data of different cabin spaces in a geotextile-laying vessel, as
an example of an inland river ship, operating in the Wuhan basin of the Yangtze River.

2. Research Methodology
2.1. Research Area and Object

Wuhan has a subtropical monsoon humid climate with abundant annual rainfall
and four distinct seasons, including cold winters and hot summers. The Yangtze River,
the third-longest river in the world, and its largest tributary, the Han River, run through
Wuhan [34]. With the large number of ships sailing on it every year, the Yangtze River
basin plays a very important role in China’s inland river transportation industry. The high
summer and low winter temperatures have significant effects on the thermal comfort of the
ships. Figure 1 shows a remote sensing image of Wuhan.
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This study took Changyan no. 10 ship, a geotextile-laying barge operating both
offshore and in the Yangtze River Basin, as the research object. Details of the vessel are
given in Figure 2. Its total length is 70 m, width is 20 m, design draft is 3.0 m, and
displacement is 4304.8 t. It has four levels altogether with a height of 12.8 m above deck
and a depth of 7 m below deck. The rooms above deck include the crew’s living cabins,
kitchen, lounge, meeting cabin, cockpit, and a cabin for other daily activities. Below deck
is the main engine, storage, and other cabins. The ship can accommodate up to 14 crew
members and 10 construction personnel at the same time.

Buildings 2022, 12, x FOR PEER REVIEW 4 of 33 
 

 
Figure 1. Satellite image of Wuhan City (source of base map: Resource Satellite 3). 

This study took Changyan no. 10 ship, a geotextile-laying barge operating both off-
shore and in the Yangtze River Basin, as the research object. Details of the vessel are given 
in Figure 2. Its total length is 70 m, width is 20 m, design draft is 3.0 m, and displacement 
is 4304.8 t. It has four levels altogether with a height of 12.8 m above deck and a depth of 
7 m below deck. The rooms above deck include the crew’s living cabins, kitchen, lounge, 
meeting cabin, cockpit, and a cabin for other daily activities. Below deck is the main en-
gine, storage, and other cabins. The ship can accommodate up to 14 crew members and 10 
construction personnel at the same time. 

 
Figure 2. Changyan no. 10 ship. 

A comprehensive analysis of the answered questionnaires, cabin data, and simula-
tion data was adopted to strengthen the connection between subjective feelings and ob-
jective data. The data were collected from July to December 2021. The locations of the 
indoor survey were the living, meeting, stern winch, and engine cabins. As Changyan no. 
10 ship is a special engineering vessel, its working mode has a strong periodicity. For 
work, it is led to the construction area by a towboat; otherwise, it stays docked. 

During the data collection, the ship was berthed at Wuhan Yangsi Port. The positions 
of the four control groups are shown in Figure 3. 

Figure 2. Changyan no. 10 ship.

A comprehensive analysis of the answered questionnaires, cabin data, and simulation
data was adopted to strengthen the connection between subjective feelings and objective
data. The data were collected from July to December 2021. The locations of the indoor
survey were the living, meeting, stern winch, and engine cabins. As Changyan no. 10 ship
is a special engineering vessel, its working mode has a strong periodicity. For work, it is
led to the construction area by a towboat; otherwise, it stays docked.

During the data collection, the ship was berthed at Wuhan Yangsi Port. The positions
of the four control groups are shown in Figure 3.
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Figure 3. Cabin profile map of ship.

The chief and second engineers’ cabins on the top floor are the most thermically
unfavorable points of the whole barge. Two maintenance walls in the room are in direct
contact with the external environment and the ceiling is affected by solar radiation. The
second engineer’s cabin was vacant for some time, so it had a conventional environment
that had not experienced much interference. It is designated as the top living cabin A in
Figure 3. The meeting cabin (B in Figure 3) is located on the third floor and has an area
larger than that of A. It is occasionally used for small meetings at ordinary times. Except
for the lack of direct heat transfer from the ceiling, the conditions are the same as that of A.

A stern winch cabin is a compartment at the stern of a ship where the anchor line, the
winch, and some sundries are stored. Changyan no. 10 ship has two stern winch cabins on
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the port and starboard sides below deck at 1.8 m below the waterline. This study collected
data from the portside stern winch cabin (C in Figure 3), which is the main space in the
upper level under the orthographic projection, a small space directly under a layer of the
deck, and a space between two parts with a solid wall.

The engine cabin (D in Figure 3) is also below deck and in the middle of the ship. It is
about twice the size of Cabin C and about half of it is under the horizontal orthographic
projection of the deck erection and the other half is below deck. The draft depth is about
1.6 m. While the ship is berthed, its engine mostly idles while occasionally maintaining
itself, so its influence on the temperature and humidity of the engine cabin was ignored.
The names, functional attributes, and layouts of all four cabins are shown in Table 1, in
which the test points for each chamber have been marked.

Table 1. Details of cabins.

Label Cabin Function Room Size

A Top Living Cabin Living
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Located at the upper part of the deck is a frame composed of plates and profiles. The
parts used to separate the spaces are called bulkheads, which are similar to the filling walls
in buildings. The bulkheads are mainly made of lightweight materials and do not bear
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structural loads but function as partitions. The deck structure consists of a deck plate and a
deck frame. Details of the bulkheads and deck construction are shown in Figure 4.
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The sizes of the cabin portholes are very small at only 350 mm by 700 mm. Usually,
they are kept closed, which is very consistent with the applicable scope of the PMV-PPD
index: an indoor space with calm wind and no solar short-wave radiation. Therefore, this
index was used for the thermal comfort evaluation.

In the measurement, this study aimed to: (1) conduct a quantitative analysis of the
variations in temperature, humidity, and other parameters in order to evaluate the thermal
comfort of different cabins under direct solar radiation, water contact, and other factors;
(2) conduct qualitative research on correlations between the ship’s hull and factors such as
water and solar radiation to evaluate thermal comfort. Cabins A, B, C, and D are in different
environments. Cabins A and C are directly heated by solar radiation. Cabins A and B have
similar interior structures. Cabins C and D are partially submerged, so they are affected
by the watery environment. Cabins B and D are in relatively closed states. A comparative
analysis of the variations and numerical differences in the thermal comfort-related indexes
of the above four cabins revealed the different influences of the external environments.

2.2. Research Methods

The PMV-PPD model was adopted as the evaluation index of thermal comfort for all
cabins. The calculations were based on six factors such as the dry-bulb temperature, mean
radiant temperature, air speed, relative humidity, metabolic rate, and insulation of the
clothing worn by the crew [35]. According to ASHRAE’s definition of thermal sensation,
−1.5 to −0.5 is slightly cool, −2.5 to −1.5 is cool, and less than −2.5 is cold. The first four
factors are mainly determined by the external environment, whereas the last two factors
are determined by the bodies and clothing of the crew members. Since PMV cannot fully
reflect the thermal sensations of different people, Fanger introduced the PPD index as an
indicator to predict the level of dissatisfaction with the thermal environment [35] and to
evaluate the thermal comfort. Hence, this indicator considers the differences in individual
thermal preferences. The respective formulas of the PMV and PPD indexes are [35]:

PMV = f (Ta, Tmrt, V, Pa, M, Icl) (1)

where:

Ta: dry-bulb temperature, ◦C
Tmrt: mean radiant temperature, ◦C
V: air speed, m/s
Pa: relative humidity, %
M: metabolic rate, met
Icl: clothing insulation, clo
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PPD = 100 − 95 × exp (−0.003353 × PMV4 − 0.2179 × PMV2) (2)

The dry-bulb and mean radiant temperatures have the most significant influences on
the PMV index, whereas fluctuations in relative humidity do not. In addition, the clothing
and activities of the crew have obvious influences on calculations of thermal comfort [36,37].
The mean radiant temperature is the key to understanding the heat exchange between the
human body and its surrounding environment [20]. This indicator is usually measured
indirectly with a black-globe thermometer [38], which consists of a hollow copper sphere
coated with black paint and containing the thermal element. When the thermometer is in
equilibrium, it reflects the convective and radiative heat exchanges of its surroundings [39].
The formula for the relationship between the black-globe and mean radiant temperatures
is [40]:

Tr =

[(
Tg + 273.15

)4
+

1.1 × 108V0.6
a

εD0.4 ×
(
Tg − Ta

)]0.25

− 273.15 (3)

where:

Tr: mean radiant temperature, ◦C
Tg: black-globe temperature, ◦C
Va: air speed, m/s
Ta: dry-bulb temperature, ◦C
D: sphere diameter, m
ε: emissivity

(ASHRAE Handbook Fundamentals 2017. Chapter 37 Measurement and Instruments:
14 Thermal Comfort Measurement [40]).

Relative humidity limits changes in the level of thermal comfort by affecting the sweat
evaporation rate of the human body. Relative humidity does not affect the thermal comfort
zone boundary but does affect calculations of PMV and PPD. The window-to-wall ratio
of these cabins is very low, with a maximum of 0.026. Moreover, less windowing time
leaves them in almost windless states According to ASHRAE Standard 169-2020, an air
speed below 0.15 m/s can be regarded as “still air” [41] and a typical indoor environment
treatment can be used to test indoor thermal comfort.

The metabolic rate of the human body [9,35] mainly refers to the rate at which it generates
energy, which is related to its motion states. The metabolic rates of crew members working in
different cabins will differ. Increasing active metabolic rates would shift the thermal comfort
zone toward low temperatures because increased heat production by the body would require
lower-temperature environments to feel comfort, whereas reducing active metabolic rates
would require the opposite environment [42]. The thermal comfort of different cabins was
compared for the sitting metabolic rates of the crew members on Changyan no. 10 ship as a
unified standard. The metabolic rate of each crew member’s sitting quietly and motionless
was considered as 1.0 MET [40]. Because of the clear division of labor on the ship, the working
environment and intensity of both the staff in the deck and engine departments were different.
More accurate data were obtained from the questionnaires.

The clothing insulation represents the degree of hindrance posed by the clothing to
heat gain and loss between the body and its surroundings [9,35]. Changing the type of
clothing is often a convenient and effective method for improving thermal comfort. On-site
visits and consultations with the crew revealed that during the data collection, they usually
wore long-sleeved shirts with fleece pants, cotton socks, and athletic shoes. Accordingly,
the clothing insulation was calculated to be about 1.00 clo. A list of the types of clothing
and their thermal insulation can be found in [43].

2.2.1. Questionnaires and Interviews

The offline and online questionnaires were used in parallel. The interviewees of the
former were the crew members. In-depth interviews were conducted for development is-
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sues while the online questionnaire collected the perceptions of the full-time crew members’
sailing experiences. This study focused on the monitoring and simulating of environmental
indicators. The questionnaires’ results assisted in the comprehensive judgment of the
objective indicators.

The questionnaire requested three types of information: (1) basic personal information
(age, gender, and position) for gauging the individual differences, thermal information
(the ranges and intensities of the activities, thermal sensations in different seasons, thermal
preferences, thermal acceptability, and thermal resistances of types of clothing), and other
information on some open influencing factors; (2) scope of work activities. By asking
questions such as “In which department do you work?” and “What is your activity level on
the ship?”, we were able to learn about the working departments and environments of the
interviewees so as to distinguish the main spaces used by different crew members for their
work. Questions about the levels and scopes of activities can determine the relationships
among the positions, area, and the intensities of the activities; (3) subjective evaluations of
thermal comfort in non-air-conditioned environments. The crew members were questioned
about the effects of temperature, humidity, and wind speed on the cabin environments.
They were also asked questions such as “Have detected differences in thermal comfort
brought by ships in different water areas?” to gauge the subjective feeling of the sailors and
their sensitivity to changes in the thermal environment of the ship’s running state, which
complements the dynamic changes that could not be involved in this experiment.

See Appendix A for the contents of the questionnaire.

2.2.2. Data Monitoring and Collection

The main sensors used were a temperature and humidity meter, an anemometer,
a black-globe thermometer, and a thermal imaging camera. The dry-bulb temperatures,
black-globe temperatures, and relative humidity of the air in the four cabins were measured.
Thermal images of the cabin maintenance structure were also collected.

Most studies have roughly equated the mean radiant temperature with dry-bulb
temperature to calculate the thermal comfort [32] but the results have not always been
accurate. In fact, the former was mainly calculated indirectly from the black-globe and
dry-bulb temperatures. To ensure the accuracy of the data, the black-globe temperature
was collected separately.

Placed inside the cabins, the instruments took readings at half-hour intervals. The
technical specifications of the devices are shown in Table 2 and the specific statuses of the
in-cabin experiments are shown in Figure 5. The data were collected over the following
periods. (1) From 29 July to 4 August 2021: dry-bulb temperature, relative humidity, and
thermal imaging data; (2) from 4 to 6 October 2021: dry-bulb temperature, relative humidity,
and black-globe temperature during rapid changes in the weather; (3) from 2 to 5 December
2021: dry-bulb temperature, relative humidity, black-globe temperature, and indoor air
speed, which was measured by the thermal anemometer. The cabins were windowless,
so the wind speed was stable and below 0.1 m/s, which met ASHRAE’s requirements for
typical indoor wind speeds.

Table 2. Technical specifications of measurement and data collection devices.

Technical Parameter

Name and Model Measured Parameters Range Precision Distinguishability

Qingping Temp and RH Dry-bulb temperature
Relative humidity

−10~+50 ◦C
0~100%RH

±0.5 ◦C
±2.5%RH

0.1 ◦C
0.1%RH

Swema3000-Black-Bulb
Thermometer

Black globe
temperature −10~+50 ◦C ±0.3 ◦C 0.1 ◦C

0.1%RH
Testo405v1-Thermal anemometer Wind speed 0~10 m/s ±0.1 m/s (0~+2 m/s) 0.01 m/s
Testo 869-Thermal imager Thermal image −20~280 ◦C ±2 ◦C 0.1 ◦C
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cabin, (d) engine cabin.

2.2.3. Simulation Analysis

A computer simulation is a conventional experimental method for evaluating thermal
comfort [44]. The accurate setting of a ship’s hull structure during a simulation can produce
a more accurate analysis. The external environment of a ship is mainly water, which exerts a
strong influence on the physical environment inside a cabin, so the appropriate parameters
regarding the external watery environment were set. The collected data of measurements
were used to compare and modify the simulated data.

DesignBuilder software was used to simulate the thermal comfort of the main parts
of the ship. The external environment settings were first accomplished by the Location
module, Wuhan was selected for the climate setting, and the ship space layout file of the
site mapping was imported. In each area, several corresponding separated spaces were
divided according to the mapped drawings. After the plane space separations, the doors,
windows, and portholes were drawn according to their actual layouts. The reflectance
and refractive indexes were used to approximate the water’s surface. The environmental
analysis model and typical plane layout of the ship are shown in Figure 6.
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DesignBuilder software was used to set the behavior properties of each space. The different
activities conducted in a space significantly affected the simulated results of some indicators
related to thermal comfort. The specific settings of the simulation parameters are shown in
Table 3. After the above parameters, the ranges of the simulation parameters were also set. The
period of the simulation was also 2 to 5 December, since this had been used to calculate PMV.
The simulated step frequency was set to 0.5 h for the calculations, which were consistent with
the actual calculations. The default settings of the other parameters were maintained.

Table 3. DesignBuilder parameter settings.

DesignBuilder parameters

Location
Location Template Wuhan
Exposure to wind 3-Exposed
Ground Texture Flowing water

Activity

Activity Template Depending on the room
Metabolic Seated quiet (1.00 met)

Clothing Winter 1.00 clo
Summer 0.50 clo

Construction

Walls U-value 0.500 W/m2-K

Roof U-value

Top living cabin
0.460 W/m2-KMeeting cabin

Stern winch cabin
0.600 W/m2-KEngine cabin

Floor U-value 0.460 W/m2-K

Calculation
Options

Data Dec2-Dec5
Output Intervals for Reporting Sub-hourly

3. Results
3.1. Overall Situation

For a preliminary understanding of the ship’s thermal environment and the difference
between the thermal comfort of the cabins above and below deck, the data were collected
from 29 July to 4 August 2021, which is a typically unfavorable period of thermal comfort
with the highest temperatures outside Wuhan City. According to Figure 7, a preliminary
analysis of the obtained data has shown a significant temperature difference between the
cabins above and below deck. The temperature of Cabin A above deck is significantly
higher than that of Cabin D (the engine cabin). The temperature range of the former is
wide and reaches 10.9 ◦C, whereas that of the latter is relatively narrower with a maximum
temperature difference of 5.5 ◦C. At about 14:00 h, the temperature difference between the
cabins reaches its peak at 5.2 ◦C.
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Figure 8 shows the changes in relative humidity with temperature. The humidity of
the cabins above deck is significantly lower than that of the cabins below deck. The largest
difference is 20.4%, which is due to the partial submersion of the engine cabin below water.
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3.2. Results of Questionnaire Survey

The results indicate the crew’s perceptions of the thermal environments of the cabins.
The following two sets of questions illustrated the relationship between the environments
and the crew’s sensations of thermal comfort. Figures 9 and 10 show the distribution of
the answers. The data analysis in Tables 4 and 5 show that the two groups of problems are
significantly correlated.

A cross-analysis was conducted on the acceptability of the thermal conditions of
the cabins. The activity levels of the interviewees showed significant differences in the
thermal tolerance of the different sample groups when p = 0.030 < 0.05. In the autumn
and winter, when the questionnaire was conducted, the seafarers whose work content
was quiet and fixed, accounting for 70.0% of the total number of this group, often had a
slow metabolism for a short period of time and had more difficulty in accept the thermal
environment (without air conditioning) on the ship. Of those working at moderate and
high intensity, 51.2% said that it had been difficult to accept the thermal environment on the
ship. This proportion was much lower than that of the members with low-intensity work.
Crew members whose work required more intense physical activity were more receptive
to a cabin’s thermal environment because of their higher metabolic rates. However, the
applicability of the thermal comfort model decreases when the activity intensity is greater
than 2.0 MET. The results were reversed in summer, when people feel hotter due to intense
activity, thus leading to a decrease in thermal tolerance.

The data show very significant differences in the sensitivity of the crew at different
positions on the ship, indicating changes in the thermal comfort due to the changes in
the external environment. When p = 0.015 < 0.05, the proportion of the crew in the deck
department who could feel the difference is 72.86%. However, only 58.89% of the crew
in the engine department and only 35% of those in the other departments believed that
they could feel the changes. Since the deck department crew worked above deck, they
could clearly perceive the changes in the external air temperature and wind speed, whereas
those that spent much of their time below deck or in all enclosed interior spaces could not
because the changes in temperature and humidity were subtler. Those who had been on
the ship only briefly were almost evenly divided. In conclusion, crew members working
in different microenvironments for a long time would perceive changes in the external
thermal environment differently.
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Table 4. Questionnaire for activities and thermal tolerance.

(Q7) The Level of Activity on Board the Ship?

Title Option Active, Often Requiring
Walking or Limb Movements

Moderately Active, with Occasional
Physical Movements Required

Quiet and Fixed, No Need
for Frequent Activity Total p

(Q16) Do you think the thermal
environment of the cabin (without

air conditioning) is acceptable?

Acceptable 18 (39.13%) 63 (52.50%) 12 (30.00%) 93 (45.15%)
0.030 *Unacceptable 28 (60.87%) 57 (47.50%) 28 (70.00%) 113 (54.85%)

Total 46 120 40 206

* p < 0.05

Table 5. Questionnaire for departments and thermal sensitivity.

(Q5) The Subordinate Department on Board the Ship?

Title Option Deck Department Engine Department Other Sectors Had Experience on Board,
but Not as a Crew Member Total p

(Q18) Can you detect the
difference in thermal comfort

when guiding the ship to different
water areas?

Yes 51
(72.86%)

53
(58.89%)

7
(35.00%)

14
(53.85%)

125
(60.68%)

0.015 *
No 19

(27.14%)
37

(41.11%)
13

(65.00%)
12

(46.15%)
81

(39.32%)
Total 70 90 20 26 206

* p < 0.05
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The results of the questionnaire confirmed that the crew members had different
perceptions of the thermal environment and comfort. In general, crew members working in
more static and closed environments were less tolerant than those in more active and open
environments to changes outside the thermal neutral range. The latter group was more
sensitive to dynamic changes.

3.3. Index Monitoring in Different Cabins
3.3.1. Temperature Changes

The data collected from 4 to 6 October were selected as typical for detailed hourly
analysis. These three days experience severe weather changes as summer transitions to
autumn in Wuhan, so they were suitable for taking measurements on the effects of the
external environment on the cabins’ interiors. The following temperature data were taken
from the National Meteorological Information Center in Wuhan. On 4 October, the lowest
temperature was 27.7 ◦C at 05:00 h, the highest was 36.0 ◦C at 14:00 h, and the maximum
difference was 8.3 ◦C. On 5 October, the lowest was 17.7 ◦C at 23:00 h, the highest was
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27.2 ◦C at 14:00 h, and the maximum difference was 9.5 ◦C. On 6 October, the lowest was
16.4 ◦C at 23:00 h, the highest was 23.3 ◦C at 14:00 h, and the maximum difference was
6.9 ◦C.

The dry-bulb temperatures in the four cabins were statistically compared. The spaces
and structures of the engine cabin were similar to those of the stern winch cabin while
those of the top living cabin were similar to those of the meeting cabin. The temperature
curves show that the two cabins above deck are similar in dry-bulb temperature, as are the
two cabins below deck. As shown in Figure 11, the top living and meeting cabins had more
obvious temperature fluctuations. During these three days, the temperature ranges of the
former and latter were 16.8 ◦C and 17.7 ◦C, respectively, whereas those of the stern winch
and engine cabins were only 7.5 ◦C and 7.8 ◦C, respectively. The average temperatures
of the top living, meeting, stern winch, and engine cabins decreased by 11.9 ◦C, 11.6 ◦C,
5.2 ◦C, and 5.5 ◦C, respectively. In general, the cabins above and below deck were more
affected by changes in the external temperatures of the air and river, respectively.
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The times at which the dry-bulb temperatures in the cabins reached their maximum
values were slightly different but generally appeared at about 14:00 h. On 4 October, when
the external temperatures and solar radiation were highest, the cabins above deck were
more affected than those below deck. The highest and lowest temperatures of the top
living cabin reached 35.7 ◦C and 29.5 ◦C, respectively, which were 5.1 ◦C and 1.8 ◦C higher,
respectively, than those of the stern winch cabin. On 5 October, the highest temperature
in Wuhan decreased by 8.8 ◦C from that of the previous day. The highest temperature in
the top living cabin was 31.7 ◦C, which was 2.7 ◦C higher than that of the stern winch
cabin. As the external air temperature continued to drop to a short-term low, the dry-bulb
temperatures of the cabins above deck were significantly lower than those below deck.
On 6 October, the highest and lowest temperatures of the top living cabin were 23.4 ◦C
and 18.9 ◦C, respectively, which were 2.2 ◦C and 4.2 ◦C lower, respectively, than those of
the stern winch cabin. In sum, when the external air temperature was low, the dry-bulb
temperatures in the cabins above deck were lower and the variation fluctuations were
larger than in those below deck. The variations in the dry-bulb temperatures in all four
cabins indicate that the ones above deck had similar trends of stronger fluctuations with the
external air temperature, whereas the ones below deck had similar smoother fluctuations.
To further observe the regularity in the temperature changes, measurements were made
every half-hour from 2 to 5 December 2021, with the temperature and humidity meter, as
well as the black-globe thermometer. Figures 12 and 13 show the dry-bulb and black-globe
temperature curves, respectively.
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The analysis of the dry-bulb temperatures during this period shows that the respective
highest and lowest temperatures of the top living cabin were 17.9 ◦C and 9.5 ◦C, of the
meeting cabin were 17.3 ◦C and 10.8 ◦C, of the stern winch cabin were 18.7 ◦C and 12.2 ◦C,
and of the engine cabin were 17.7 ◦C and 13.2 ◦C. The average high and low temperatures
dropped from 21 ◦C and 13 ◦C, respectively, in October to 12 ◦C and 2 ◦C, respectively,
in December. Taking the meeting cabin as an example, the average indoor dry-bulb
temperature during December was 14.1 ◦C, which was much lower than 25.4 ◦C in October.
However, the temperature difference between the four cabins at this time is different from
that of October. The highest and the lowest temperatures of all four cabins did not differ
significantly in December. The highest temperature of the stern winch cabin was 1.4 ◦C
higher than that of the meeting cabin while the lowest temperature of the top living cabin
was 3.7 ◦C lower than that of the engine cabin. The fluctuation range of the top living
cabin was up to 8.4 ◦C, whereas that of the engine cabin was only 4.5 ◦C. The external
watery environment of the cabins below deck caused the overall changes to be gentler, thus
indicating that changes in the temperatures below deck were more affected by changes in
the river temperatures rather than in the air temperatures.
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An analysis and comparison showed the changes in the black-globe temperatures
of each cabin to be highly consistent with the dry-bulb temperatures both in trends and
specific values. The temperature error was kept within 0.1–0.3 ◦C.

3.3.2. Changes in Relative Humidity

In Figure 14, the analysis of relative humidity changes from 4 to 6 October showed that
the average humidity values of the two cabins above deck differed from each other by only
2.7%. The humidity in the engine cabin was higher with an average difference of 5.4% than
in the stern winch cabin at almost all times. On 4, 5, and 6 October, the average humidity in
the top living cabin was 10.2% lower, 3.0% higher, and 4.3% higher, respectively, than in the
stern winch cabin. On the whole, the humidity difference between the two cabins above
deck is small, but below deck is large with the engine cabin being almost always higher
because of its larger area, so the heat exchange efficiency was also higher. The influence of
the external low temperature on the engine cabin is greater than on the stern winch cabin.
If the absolute air humidity in each cabin remains unchanged, then the humidity in the
engine cabin would always be higher than in the stern winch cabin because the humidity
is related to the external medium in contact with the maintenance structure of the cabin.
Obviously, the closed environment of the stern winch cabin allows it to stay dry.
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Relative humidity is also affected by the environment, of which the influencing factors
are more complex [33,36]. On the whole, it shows an opposite trend to the changes in
dry-bulb temperature. Although the variation in humidity also shows a correlation with
temperature, it is not as obvious as the trend displayed by the temperature curve. Compared
with the dry-bulb temperature curve, the variation in the relative humidity curve is more
turbulent. For example, from 03:00 to 09:00 h on 5 December, the relative humidity curve,
which fluctuated sharply in the short term, for the meeting cabin shows several local peaks.

In Figure 15, the analysis of the data from 2 to 5 December shows that the humidity
differences are smaller than the temperature differences. Every day, the relative humidity
in each cabin reaches its maximum and minimum at 06:00 and 16:00 h, respectively. The
average relative humidities of the top living, meeting, stern winch, and engine cabins are
44.2%, 46.0%, 44.0%, and 45.0%, respectively, with corresponding ranges of 34.5–53.9%,
32.6–60.0%, 35.1–55.5%, and 36.4–52.4%. The meeting and engine cabins experienced the
most dramatic and gentlest changes, respectively. The relative humidity in the meeting
cabin remained high most of the time and had the highest frequency of crew access. In
conclusion, a closed cabin with high personnel will have a corresponding increase in
relative humidity. The data show that 45% relative humidity is a cut-off point. When most
of the interior of the ship is below this point, the relative humidities of the two cabins below
deck are higher than that of the meeting cabin.
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3.3.3. Calculations of PMV/PPD in Real Environment

The curve of the mean radiant temperatures is shown in Figure 16. The deviation
range between them and the dry-bulb temperatures is 0.2–0.6 ◦C. The curve is similar to the
ones for the dry-bulb and black-globe temperatures. These results confirm the consistency
between the mean radiant and dry-bulb temperatures in a typical indoor environment.
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Figure 16. Mean radiant temperature in the ship between 2 and 5 December 2021.

Next, the PMV-PPD of four cabins during the period from 2 to 6 December 2021 was
calculated. The dry-bulb temperature, relative humidity, black-globe temperature using
direct measurement data, and the mean radiant temperature were calculated from the
measured data. Air speed refers to typical indoor environment standards, and clothing
insulation and individual metabolic rate (activity) are provided by crew.

Wuhan enters the early winter season in December, so both the air and mean radiant
temperatures are low. Therefore, within the test range, the PMV of the two cabins is always
below −0.5, i.e., below thermal neutrality. The numerical changes in the PMV of all the
cabins are strongly correlated to both temperatures. The values of PMV and PPD were
calculated with the above formula. Figures 17 and 18 show the corresponding PMV and
PPD curve charts.
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The PMV value of the stern winch cabin is significantly better than those of the other
three. When the difference is the largest, it is about 1.5 higher, i.e., the thermal comfort
is about 40% higher, than that of the top living cabin. Both dry-bulb and mean radiant
temperatures are also higher than those of the other three cabins. The above chart shows
that the dry-bulb temperature almost plays a decisive role.

Although both are partially submerged, the engine cabin and stern winch cabin in the
peak time of PMV are not synchronized. The PMV value of the two cabins indicated an
alternation rule of daily at four o ‘clock in the afternoon to eight in the morning the next
day, and the engine cabin thermal environment will be more comfortable. From 16:00 h,
2 December to 08:00 h, 3 December, the PMV of the engine cabin was 9.1% higher than that
of the stern winch cabin but was significantly lower on the other days. The thermal comfort
of the cabins above deck did not show much difference. In general, the cabins below deck,
which were also underwater, showed superior thermal comfort during the winter.

The data showed high PPD in all four cabins in winter conditions, but dissatisfaction
in the stern winch cabin was still much lower than in the other three. At about 14:30 h,
4 December, the PPD of the stern winch cabin was 50%, which means that at least half of
the people had been satisfied with the thermal comfort, whereas the PPD of the meeting
cabin was 72%, which is a 22% difference from that of the stern winch cabin. The PPD in
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the stern winch cabin was also significantly lower than in the other three for nearly 10 h. A
comparison of the curves of PMV and PPD shows opposing trends, i.e., the closer PMV
is to 0, the lower is its corresponding PPD. Lower levels of thermal comfort correspond
to feelings of more intense cold by the crew. The PMV values of the four cabins were
converted into more intuitive “thermal sensations” for statistics. The results in Figure 19
show 193 sets of data. The top living cabin had the worst thermal comfort, i.e., the crew
felt it to be the coldest, during 52% of December, whereas the engine cabin was felt to be
cold only 19.2% of the time. The stern winch cabin felt colder but not as much as the cabins
above deck.
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3.4. Results of Software Simulation

DesignBuilder was used to digitally simulate the experimental space. The simulated
environment differed from the real environment. The most important difference was most
measurements having been taken in empty cabins, i.e., in the absence of humans and
other heat sources. The human body itself is a source of heat emissions and has a strong
influence on indoor environments. A normal adult can radiate about 100–160 W of heat [45].
Therefore, in the simulation, the indoor personnel density per unit area, which is measured
as the number of people occupying a unit area, had to be adjusted to control for the effects of
human heat sources on the mean radiant temperature in a cabin. In the software simulation,
the density was set at 0.1137 people/m2, which is the default value in the simulated office
environment template. The actual data collection did not consider human heat sources,
so the value was adjusted to 0.0010 people/m2. The simulated and measured data with
these two density values for the top living cabin as an example are shown in the following
Figures 20 and 21 compare the PMV and PPD of the cabin.

The measured and simulated values of the top living cabin have similar trends, but the
amplitude of the former is larger than that of the latter, indicating that the actual external
environment had changed more dramatically. In December, the maximum and minimum
values of the measured PMV were −1.44 and −3.71, respectively, with a fluctuation of
2.27. When the personnel density in the cabin was 0.0010 people/m2, the maximum and
minimum values were −2.68 and −3.16, respectively. For 0.1173 people/m2, they were
−2.00 and −2.78, respectively. Hence, when the parameter is set to an empty cabin, the
fluctuation range of PMV is smaller than that of an occupied one. The numerical analysis
shows that a simulated empty cabin felt colder and its PMV value was generally lower than
in a simulated office environment. The maximum value of the PPD index of the top living
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cabin was 99.99%, which means that almost all the crew members had felt dissatisfied,
while the minimum value was 47.43%, which means that less than half had felt dissatisfied.
In the simulated environment, the dissatisfaction at both personnel density values was
higher than in the real one. The same analysis was conducted for the remaining three cabins.
The results are only briefly discussed here, but detailed charts are shown in Appendix B,
Figures A1–A6.
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(1) The simulated results show that the average PMV and PPD of an empty cabin are
0.46 lower and 3.33% higher, respectively, than those of an occupied cabin. For the meeting
cabin, the maximum, minimum, and fluctuation of the measured PMV are −1.62, −3.4, and
1.78, respectively, while the maximum and minimum measured PPD are 99.91% and 57.21%,
respectively. When the personnel density is 0.0010 people/m2, the maximum and minimum
PMV are −2.51 and −2.99, respectively, which is an overall higher range than that of the
top living cabin, while the PPD is 99.07% and 93.62%, respectively. When the density is
0.1173 people/m2, the maximum and minimum PMV are −1.88 and −2.66, respectively,
while those of PPD are 96.2% and 71.15%, respectively. The real PMV fluctuates greatly.
In the simulation, an increase in density leads to the fluctuation of the PMV decreasing to
0.78, indicating a more stable thermal environment in the cabin.

(2) The maximum, minimum, and fluctuation of the measured PMV of the stern
winch cabin are −1.27, −2.99, and 1.72, respectively, while the maximum and minimum
measured PPD are 99.09% and 38.85% respectively. When the density is 0.0010 people/m2,
the maximum value of PMV is −1.84 and the minimum value is −2.42. The maximum and
minimum PPD are 91.52% and 69.25%, respectively. When the density is 0.1173 people/m2,
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the maximum and minimum PMV are −1.2 and −2.08, respectively, while those of PPD are
80.14% and 35.42%, respectively. The measured and simulated data show that the thermal
comfort is significantly higher than in the top living and meeting cabins.

(3) The maximum, minimum, and fluctuation of the measured PMV of the engine
cabin are −1.44, −2.73, and 1.29, respectively, while the maximum and minimum measured
PPD are 97.11% and 47.58%, respectively. When the density is 0.0010 people/m2, the
maximum and minimum PMV are −1.86 and −2.49, respectively, while those of PPD are
93.22% and 70.31%, respectively. When the density is 0.1173 people/m2, the maximum
and minimum PMV are −1.12 and −2.11, respectively, while those of PPD are 81.62% and
31.22%, respectively. A comparison of the engine and stern winch cabin data shows that
their thermal comfort indexes are very similar to their values in the simulated environment,
as the mean differences in PMV and PPD are less than 0.05 and within 2%, respectively,
indicating that they had almost the same thermal environment in the simulation. The PMV
and PPD peaks and fluctuations between the two cabins are higher in the real environment.
The reasons for this difference between the cabins would be more complicated.

To explore the relationship between the thermal comfort of the cabins when the density
is 0.1173 people/m2, the PMV-PPD data in simulation were further analyzed. Compared
with the measured data, the simulation’s results show different data relationships in
Figures 22 and 23. Although significant differences among the measured values of the four
cabins are obvious, some overlap intervals and alternate states between their respective
curves are visible. The simulation shows a very obvious difference between the cabins
above and below deck, as their PMV are in the ranges of −2.78 to −1.88 and −2.11 to −1.12,
respectively. The two sets of data did not even intersect. The radiation from the human
bodies increases the mean radiant temperatures in all the simulated occupied cabins, thus
leading to values of PMV that are more favorable than in the real environment. The most
significant improvement is in the simulated occupied engine cabin, whose PMV increases
by 17.55%. When there are more crew members, their feelings of cold become relieved
more significantly.
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The simulated results show that when a cabin is densely populated, the simulated PPD
value is significantly lower than the actual value, which is close to 100% nearly half of the
time, indicating that all crew members are not satisfied with the real thermal environment
nearly half of the time. In the densely populated simulation, the situation significantly
improves as the number of scenarios with simulated PPD greater than 90% decreases
significantly both above and below deck. The latter showed greater decreases, as the
maximum and minimum simulated PPD dropped by 17.47% and 7.63%, respectively. In
summary, the thermal comfort of a cabin significantly improves when densely populated.
DesignBuilder assisted this study by supplementing the data on factors easily neglected
for real environments, in which the test is often affected by some objective conditions.
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In contrast, a simulated environment allows more flexible parameters for comparison
and prediction.
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This study also compared the simulation’s fitting accuracy with the two personnel
density settings. Regarding the simulation’s optimization efficiency, the correlation between
the simulated and actual results for above deck reached 0.67, whereas that for below deck
was slightly weak at 0.42. These results show that the simulated results are worse for
below deck because of the more complicated underwater environment. However, in
general, the simulated results meet expectations and can reflect the actual thermal comfort
more accurately.

4. Discussion
4.1. Particularities of Cabin Environments

There are significant differences in the indoor environments and thermal comfort
evaluations of ship cabins and buildings on land. The structures of the latter are usually
more complex because of the numerous differences between urban and watery environ-
ments. A ship is more directly exposed to its watery environment, so the heat transfer
coefficient of the maintenance structure, the surface radiation, and other factors affect the
thermal environments inside the cabins. Because of their intensive functional arrangements,
different cabins of different ships have significant environmental and functional differences.
In cabins above deck, solar radiation directly heats the bulkheads and indirectly affects the
air temperatures. In addition to the direct effects of solar radiation, the cabins below deck
are also affected by radiation and convective heat transfer from the watery environment.

The thermal comfort of ships in the Yangtze River basin is reflected in the physiological
and mental health of their crews. This study investigated the thermal comfort in Changyan
no. 10 ship, then found that the temperature and humidity of the auxiliary buildings
above deck varied more significantly. In winter, the interior spaces showed lower PMV,
i.e., lower thermal comfort, whereas the engine and stern winch cabins located below
deck, which are partially immersed in water, had relatively good thermal conditions. Solar
radiation heats the cabins above deck while the lower bulkhead is in direct contact with the
surrounding water, from which heat is conducted. As the specific heat capacity of water
is 4.2 × 103 J/(kg ◦C), the temperature change due to the same amount of heat absorbed
or released by the water is much smaller than that by the air. Moreover, the temperature
change in water is much more gradual, so the temperature change in a cabin in direct
contact with the river would be much more stable.

The results show that the significant differences in the internal space arrangements and
external environments of the cabins lead to obvious numerical differences in temperature
and humidity. Almost half of the engine cabin exchanges heat directly with the deck, so its
temperature changes are more affected by the external air temperature. The stern winch
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cabin is located under the superstructure of the ship, so it has a smaller area for direct heat
exchange with the deck. Naturally, the two cabins would have different levels of thermal
comfort and the magnitude of the differences would be related to the deck and bulkhead
materials. The coupling effect of indoor and radiation temperatures on human thermal
comfort in a non-uniform thermal environment implies that the thermal comfort of the
same indoor environment at different surface temperatures in a steady-state environment
would be different from that of a uniform space [28].

Although part of the engine cabin is directly below deck, more than 50% of its space
lies under the bridge level projection. A thermal imaging camera revealed a distinct
temperature pattern, with a maximum temperature of 41.6 ◦C, as shown in Figure 24.
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The remaining lower part of the cabin had a minimum temperature of only 32.5 ◦C,
which was caused by the attenuation effect of temperature conduction in solids and the
fact that the lower part of the cabin was submerged. Hence, more heat exchange occurs
between the engine cabin and the external environment than for the stern winch cabin, even
though both are entirely below deck. Thermal imaging also showed a uniform temperature
distribution, ranging from 30 ◦C to 36.2 ◦C, except for the area of the deck that was in direct
contact with the outside. Different cabins in the same ship can have significant differences
in their thermal environments caused by different external environments, such as air or
water. Such differences affect the crew’s thermal comfort, which, in turn, affects their
working and living on the ship.
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4.2. Further Discussion for the Results

The special use and structure of ships make different areas with different functions and
special artificial heat sources (such as running turbines). At the same time, the ship’s cabins
are affected by a combination of water surface, air environment and solar radiation, which
makes the thermal comfort partition on the ship to be more complex and diverse. The four
cabins involved in this study can objectively reflect the representative spatial environment
on the ship. In this study, several physical quantities related to the indoor environment were
measured for each typical cabin, and it was found that the inhomogeneous environment
between the cabins brought about different variations in physical quantities, especially
with the deck as the division, and the cabins above deck and below deck showed obvious
differences in several physical dimensions.

Among the physical quantities that affect the thermal environment of a ship, air
and water are two environmental media that differ significantly. In the study above, the
temperature variation of the cabins above deck tends to be more closely related to the
temperature outside the ship, while the indoor temperature of the cabins below deck has
a greater relationship with the water temperature. The temperature fluctuations in the
cabins above deck are significantly greater than those in the cabins below deck. Interviews
with crew members during the fall and winter months also revealed that they felt more
comfortable in in the cabins which are lower floor or below deck. The mechanism of
relative humidity variation can be a bit more complex. In general, the regularity of relative
humidity variation within individual cabins is weaker than the variation in dry-bulb
temperature, with large fluctuations in relative humidity at certain times. According to
these characteristics, the relative humidity is influenced by the dry-bulb temperature, but
also with the water vapor content inside the cabin. Different cabins have different sources of
water vapor inside them, thus leading to more frequent local variations of relative humidity.

In this study, PMV-PPD was used as the thermal comfort index to evaluate the thermal
environment in the cabin and the parallel method of actual measurement and simulation
was performed to make a comprehensive evaluation. Two different groups of parameters
were set in the software simulation to describe the situation with and without people. Then
a data comparison between one set of actual measurement data and two sets of simulation
data were performed for each cabin. The maximum value of PMV and the minimum
value of PPD in each cabin almost always appeared around 6:00 pm, which was the most
comfortable time of the day for the crew. The influence of solar radiation decreases at this
time, and the large heat capacity of the water surface gradually plays a greater stabilizing
role. Further research shows that there are many spaces on the ship that are located below
the water surface, and these spaces are able to maintain relatively good thermal comfort
performance in a non-air-conditioned environment. It can be seen that the water plays a
role similar to that of an insulating film for these cabins and is able to keep these cabins in a
relatively smooth thermal condition.

4.3. Limitations of This Study

This study introduced a comprehensive method of determining the thermal comfort
in the cabins of a ship by means of actual measurements, questionnaire surveys, and
computer simulation. The limitations of this study are as follows. This study focused on
thermal comfort while the ship was docked. When the ship enters its annual operation
period, the construction equipment on board will be functional and the engine cabin will
undergo dynamic changes, which can be examined in subsequent research. Studies on
buildings located nearby water bodies have shown that the thermal comfort resulting
from proximity to a watery environment was indeed different from that resulting from
a dry environment [37]. Therefore, this study not only can provide reference data for
designing ship cabins with regard to thermal comfort but can also extend its findings to
small waterfront buildings. The calculations of PMV-PPD made use of data collected during
the autumn and winter seasons, so the measured and simulated values of PMV were all
negative, thus reflecting the problem of the crew’s feelings of cold and discomfort inside
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the relevant cabins. Further research can be conducted on the sensations and causes of
discomfort. Another limitation is the study object being a single ship with a relatively small
number of employees surveyed and interviewed, so future research could be extended to
all the crews of the ships working on the Yangtze River and given more consideration to
the possibility of adaptive thermal comfort arising in long-term working environments.

5. Conclusions

A combined study was conducted through questionnaires, measurements, and sim-
ulations to evaluate the thermal comfort in ship cabins from subjective and objective
perspectives for more objective, accurate, and comprehensive references for solving prob-
lems regarding the thermal comfort of ship cabins or temporary waterfront structures. The
study reached the following conclusions:

(1) The cabins below deck were more comfortable than those above deck. Especially
in winter, the mean PMV of the top living, meeting, stern winch, and engine cabins were
−2.54, −2.48, −2.22, and −2.20, respectively. The average PMV of the cabins above deck
were −2.51, and the average PMV of the cabins below deck were −2.21. The PMV and
PPD of these cabins (windows closed) in winter were 11.95% higher and 7.03% lower,
respectively, than those above deck.

(2) In the cabins above the deck, the top living cabin was more comfortable than the
meeting cabin during the afternoons of most of the days in the test period. The maximum
difference in the PMV of the two cabins was 13.19%. At other times, the thermal comfort of
the meeting cabin with 8.89% higher PMV on cooler days was better than that of the top
living cabin. The above analysis indicates that the top floor cabins are more affected by
the natural environment such as the intensity of solar radiation. It leads to more drastic
changes in the area’s indoor thermal comfort, lower PMV, and more frequent thermal
sensations of coldness in winter.

(3) In the cabins below the deck, the study showed that the change in dry-bulb tempera-
ture and PMV was less synchronized. During the test period, the dry-bulb temperature and
PMV-PPD curves of the stern winch cabin reached their peaks and troughs about 5.5 and
2.0 h, respectively, earlier than those of the engine cabin. In the measurement, the indoor
dry-bulb temperature has the most influence on the above-mentioned hysteresis process.

(4) The results simulated by DesignBuilder software were compared with the measured
results and showed approximate similarity. The simulation also showed that the correlation
coefficient of the simulated PMV at two different personnel density values of the top living,
meeting, stern winch, and engine cabins ranged from 0.46–0.67, 0.46–0.70, 0.13–0.46, and
0.19–0.37, respectively. Their ranges for the correlation coefficients of the simulated PPD were
0.51–0.69, 0.37–0.62, 0.08–0.41, and 0.27–0.42, respectively. The simulated results for occupied
cabins showed their thermal comfort to improve by 17.55% on average over empty cabins.

(5) The results of the questionnaire show a significant relationship between the thermal
comfort felt by the crew and the cabins where they work and live. The subjective thermal
evaluations of crew members in different departments also differ. Among the crew members
who work quietly and routinely, the proportion of those who think that the thermal
environment of the ship is unacceptable is 70%, which is much higher than those who
think alike but work with medium and high intensity. The proportion of those working
in the deck, engine, and other departments who could feel the changes in the external
thermal environment are 72.86%, 58.89%, and 35%, respectively. The above results show
that considering the adaptability to different working environments. Those crew members
who work in a free pattern and have a greater range of movement are better able to detect
changes in the thermal environment. They are more tolerant of poor thermal conditions.
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Appendix A. Questionnaire regarding Thermal Comfort of Ships

Thermal Environment Survey
(1) Date (dd/mm/yy)

(2) Time

(3) Gender

�Man �Woman

(4) Age

�18–25

�25–35

�35–45

�45–60

�60 or more

(5) In which department do you work?

�Deck department

�Engine department

�Other sectors

�Had experience on board, but not as a crew member

(6) Dress on board the ship

�Crew uniforms

�Clothing that fits the season

�Other

(7) What is your activity level on the ship?

�Active, often requiring walking or limb movements

�Moderately active, with occasional physical movements required

�Quiet and fixed, no need for frequent activity

(8) Working on the ship, whether there have been headaches, dizziness and other phenomena

�Frequent

�Occasionally

�Less common

�Never

(9) What do you think of the thermal comfort level of the cabin (without air conditioning) indoor environment?

�Intolerable

�Very uncomfortable

�Not comfortable

�Slightly uncomfortable

�Comfortable

(10) In the summer, in order to achieve a comfortable experience you think the cabin indoor temperature should be?

�Elevated

�Unchanged

�Lower

(11) In winter, in order to achieve a comfortable experience you think the cabin indoor temperature should be

�Elevated

�Unchanged

�Lower
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(12) In the summer, in order to achieve a comfortable experience you think the cabin indoor wind speed should be

�Elevated

�Unchanged

�Lower

(13) In winter, in order to achieve a comfortable experience you think the cabin indoor wind speed should be

�Elevated

�Unchanged

�Lower

(14) In the summer, in order to achieve a comfortable experience you think the cabin indoor humidity should be

�Elevated

�Unchanged

�Lower

(15) In winter, in order to achieve a comfortable experience you think the cabin indoor humidity should be

�Elevated

�Unchanged

�Lower

(16) In general, do you think the thermal environment of the cabin (without air conditioning) is acceptable

�Acceptable

�Unacceptable

(17) Do you think the furniture in the cabin is properly arranged

�Reasonable

�Irrationality

(18) Can you detect the difference in thermal comfort when guiding the ship to different waters

�Feel the difference

�No difference is felt

(19) When the ship is working or the two ships meet back to produce a large noise, will you feel more dry and hot or stuffy

�Yes

�No

(20) The degree of impact of the ship’s vibration and noise on you is (gradually increasing from 1 to 5)

�Shake 1 2 3 4 5

�Noises 1 2 3 4 5

(21) What do you think of the height of the suspended ceiling in the cabin

�High

�Moderate

�Short

(22) The overall feeling of the space in the cabin is

�Empty

�Moderate

�Narrow

(23) As a ship employee (or a frequent passenger), do you feel like you have better heat or cold resistance than others

�Yes

�No

(24) Have you ever had glare on a ship

�Appeared

�It didn’t appear

(25) What other suggestions do you have for cabin comfort improvements
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Appendix B. Comparison of Measurements in PMV-PPD Simulation for Meeting,
Stern Winch, and Engine Cabins
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