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ABSTRACT 

HVAC system design and optimization of the ventilation and air-conditioning 
of indoor environments are crucial for human comfort. Especially in recent 
years, due to the COVID-19 pandemic, the importance of this hot topic is 
noticed. This study aims to focus on the HVAC performance of a dorm 
compartment onboard a naval surface ship since the ship environment is a 
good example of indoor air ventilation problem. The air circulation and 
thermal comfort were investigated using a RANS solver. The numerical 
analyses were conducted for different scenarios and the results were finally 
discussed in terms of HVAC system location, air temperature, air intake and 
outlet conditions. As a conclusion, the current HVAC system design was 
found insufficient and alternative solutions were proposed in order to 
improve air circulation and thermal comfort. 
Keywords: HVAC, Naval Ship, RANS, Thermal Comfort. 
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BİR SAVAŞ GEMİSİ KOMPARTIMANINDA HVAC 
SİSTEMLERİNİN SAYISAL İNCELENMESİ: DOĞAL 

HAVALANDIRMA VE İKLİMLENDİRME 

ÖZ 

Kapalı mekanlarda HVAC sistem tasarımı ve havalandırma ile 
iklimlendirmenin optimizasyonu insan konforu için önemlidir. Özellikle 
geçtiğimiz birkaç yılda yaşanan COVID-19 pandemisi nedeniyle bu güncel 
konunun önemi fark edilmiştir. Bu çalışma bir savaş gemisi içerisinde 
bulunan ve yatakhane olarak kullanılan bir kompartımanın hava 
sirkülasyonu ve ısıl komfor üzerine odaklanmaktadır. Savaş gemisi 
kompartımanı, kapalı mekan havalandırma problemi için iyi bir örnek teşkil 
etmektedir. HVAC performans analizi bir RANS çözücü kullanılarak 
yapılmıştır. Sayısal analizler farklı senaryolar için gerçekleştirilmiştir ve 
sonuçlar HVAC sisteminin yeri, hava sıcaklığı, hava giriş ve çıkış koşulları 
açısından tartışılmıştır. Sonuç olarak mevcut HVAC tasarımının yetersiz 
olduğu tespit edilmiş ve kapalı mekandaki hava sürkülasyonunu ve ısıl 
konforu iyileştirmek amacıyla alternatif çözümler önerilmiştir. 
Anahtar Kelimeler: Askeri Gemi, HVAC, Isıl Konfor, RANS. 
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1. INTRODUCTION 
The heating, ventilation and air-conditioning (HVAC) of indoor 
environments are significant in many aspects. The Covid-19 pandemic 
showed that the HVAC system design is crucial and the design should be 
optimized to gain maximum performance especially in pandemic conditions. 
The thermal comfort, air quality and particle distribution should be 
investigated by an appropriate method (experimental, numerical) and the 
system design should be finalized. 
There are several studies focusing on air quality and thermal comfort of 
indoor environments. The studies involve experimental and/or numerical 
investigations. The study of Atthajariyakul and Leephakpreeda (2004) 
involves the experimental studies of a building having a 24-hour working 
HVAC system and the authors focused on the indoor air temperature, 
humidity, velocity and ventilation rate. A new methodology was proposed to 
determine the real-time optimum HVAC configuration instead of the 
conventional methods. Yang et al. (2014) showed the effect of an air-
conditioner inside a bedroom on thermal comfort and air quality using the 
CFD method. It is concluded that the air-conditioner works effectively and 
provides good indoor thermal comfort. The authors mentioned that the CFD 
method can be used practically to design more human-friendly and healthy 
indoor environments. Shu et al. (2015) measured the air circulation ratios in 
22 taxi cabs working in Los Angeles. The position of the windows and 
ventilation settings were investigated by testing 14 windows closed cabs and 
8 windows closed and medium-ventilated cabs. Jin et al. (2016) conducted 
CFD simulations to investigate air ventilation by the wind for a multi-storey 
hospital located in a Chinese city. The openings in the balconies were 
analyzed for better free cooling in the rooms. It is concluded that CFD 
methods can be used for the free cooling performance of complex 
environments. In a review study by Kato (2018), the author mentioned the 
necessity of CFD methods to simulate air flow and heat transfer. It is 
concluded that the flow problems should be handled in 3-D instead of 1-D, 
however, this needs more computing capacity. In another study by Lau et al. 
(2019), the authors focused on the thermal comfort of the students on a 
university campus through three different ventilation strategies. These three 
strategies were air-conditioning, hybrid ventilation and free cooling. The 
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results showed that air-conditioning has more advantages than others in terms 
of temperature distribution and thermal comfort. Liu et al. (2020) investigated 
the aerodynamic nature of SARS CoV-2 virus at two Wuhan hospitals during 
the pandemic. The virus concentration on the aerosols was studied in isolation 
rooms, patient rooms and bathrooms. The isolation rooms were found cleaner 
than the others and some proposals were made for future studies. Chen et al. 
(2020) investigated the high temperature and particle distribution inside a 
kitchen using the CFD method. The effects of the particle behavior on air 
pollution were observed and it is emphasized that the current CFD model is a 
practical tool to model the air quality and thermal comfort in the kitchen. 
Tong et al. (2020) investigated the vertical temperature distribution in a large 
building having two indoor areas. The study was made to determine the effect 
of indoor heat sources and building heights on indoor thermal comfort air 
quality. In the study of Ullrich et al. (2020), they aimed to improve the 
development of the HVAC system, which is the largest secondary consumer 
in an electric vehicle. The goal was achieved by validating a numerical model 
that calculates the flow distributions in the air vents of the front seats in a full-
scale car cabin. Velocity fields were examined by taking three different air 
flow rates. They found that the difference between the experimental and 
numerical results of the average airspeed was quite small. In the study of 
Wang et al. (2022), the efficiency of the air-conditioning system was 
investigated by simulating the air distribution inside a hotel lobby. The 
optimum lobby design depends on the thermal distribution and also air 
circulation for different summer working conditions. The study of Arpino et 
al. (2022) involves the CFD simulation of airflow inside a car cabin with 
passengers. One passenger was considered infected with the SARS-CoV-2 
virus. The position of the infected passenger was analyzed in terms of HVAC 
system airflow velocity and HVAC mode. It is concluded that the infection 
emission into the air can be controlled with the appropriate design conditions. 
In the study of Natarajan et al. (2022), the authors tried to understand and 
analyze the air flow characteristics and temperature distribution changes in a 
shipping container factory with different inlet and outlet conditions. Two 
alternative designs for inlet and outlet conditions were expected to improve 
the uniformity of airflow and temperature distribution. Zhang et al. (Zhang et 
al., 2022) proposed a new design in an interior corridor configuration with 
double-sided classrooms to create a horizontal airflow channel throughout the 
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building to provide cross ventilation in classrooms on both sides to allow 
more outside air. They validated a computational fluid dynamics model using 
experimental data and used different sized ducts to predict the airflow 
velocity of the duct by examining wind directions, wind speeds and climate 
data. With this new design, they achieved an average of 215% increase in 
ventilation rate on an annual basis. Consequently, this study can be used to 
improve natural airflow rates in other buildings with interior corridors in their 
designs. Tai et al. (2022) performed a numerical study using computational 
fluid dynamics on cross ventilation for a building equipped with louvers. 
Shutter configurations without louver and with different angles were 
determined as variables. The highest air exchange efficiency was determined 
between 53.4% and 150 louver angles. The lowest air exchange efficiency 
was found at the louver angle of 20 to 100%. Based on these findings, they 
concluded that the opening position as well as the louver angle play an 
integral role in natural cross ventilation on internal air flow, pressure 
coefficient and air exchange efficiency. In a recent study by Chang et al. 
(2023), different modes of ventilation/circulation were simulated inside a 
vehicle cabin to observe the air quality. The validity of the CFD method was 
searched using the available experimental data in the literature. With the 
increase of passengers in the cabin, the temperature of the transition between 
different modes was determined. 
This study mainly focuses on two different aspects. Firstly, the free cooling 
of the ship compartment was analyzed numerically for different cases in terms 
of air circulation. Secondly, the HVAC system was activated and the indoor 
thermal comfort was analyzed numerically with and without the free cooling. 
The numerical analyses were carried out employing a commercial CFD 
package. The governing equations are RANS equations. In addition to the 
continuity and momentum equations, the energy equation was solved in this 
study. The numerical results were then compared in terms of different scalar 
functions such as streamlines and velocity contours. The current HVAC 
system and the compartment layout were found insufficient and alternative 
solutions were proposed. The main highlight of the present study is that a real 
naval surface combatant ship was focused and HVAC problems inside a 
compartment were investigated numerically. Finally, some practical solutions 
were proposed to enhance HVAC performance. 
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2. COMPARTMENT GEOMETRY 
The ship compartment investigated in the present study is a dorm located 
under the main deck of the ship. For this reason, indoor air quality and thermal 
comfort are of high importance. The 3-D compartment model is given in 
Figure 1 with a detailed arrangement. The total compartment volume is 
approximately 220 m3 and the number of people capacity is 60. 
 

 
Figure 1. General arrangement of the ship compartment. 

3. THEORETICAL BACKGROUND 
The present study is a numerical investigation so the governing equations 
were solved using Siemens PLM Star CCM+ 16.02. The details of the 
conservation equations and the numerical approach are briefly explained in 
this chapter. 
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3.1. Governing Equations 
The numerical analyses were conducted using commercial CFD software 
solving Reynolds-Averaged Navier-Stokes (RANS) equations. The 
governing equations are the continuity equation and the momentum equations 
considering the flow is incompressible and turbulent. The continuity equation 
can be given as: 
 
𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

= 0 (1) 

 
The mean momentum equations can be written in tensor notation and 
Cartesian coordinates. 
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   (2) 

 
Here, 𝜌𝜌 depicts the fluid density, kg/m3; 𝑈𝑈𝑖𝑖 is the velocity, m/s;  𝜕𝜕 represents 
the pressure, Pa; 𝜐𝜐 is the kinematic viscosity, m2/s. The last two terms belong 
to the viscous stress tensor and Reynolds stress tensor, respectively. The 
details about Reynolds stress tensor (i.e., 𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′������) and the turbulence model (𝑘𝑘 −
𝜔𝜔 𝑆𝑆𝑆𝑆𝑆𝑆) can be found in Wilcox in detail (Wilcox, 2006, 2008). This 
turbulence model covers 𝑘𝑘 − 𝜀𝜀  turbulence model and it resolves the boundary 
layer using all wall 𝑦𝑦 + approach. This turbulence model is widely used in 
aerodynamics, hydrodynamics and internal flow problems (Bilir et al., 2022; 
Sarı et al., 2021; Sezen et al., 2021). There are also recent studies using 𝑘𝑘 −
𝜔𝜔 𝑆𝑆𝑆𝑆𝑆𝑆 turbulence model (Bode et al., 2020; Croitoru et al., 2022; Fraňa et al., 
2014; Tien & Calautit, 2019). As stated in the papers (Bode et al., 2020; 
Croitoru et al., 2022), 𝑘𝑘 − 𝜔𝜔 𝑆𝑆𝑆𝑆𝑆𝑆 turbulence model models the flow 
separation and reattachments in complex flows better and it is suitable for 
indoor HVAC flow problems. In addition to these equations, in heat transfer 
analyses, the conservation of energy equation is also considered during the 
simulations (Bergman et al., 2011). 
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Here, in the conservation of energy, T is the temperature while 𝛼𝛼 is the 
thermal coefficient and 𝐶𝐶𝑝𝑝 is the non-dimensional pressure coefficient. The 
left-hand side of the equation is the net rate of the thermal energy and the 
right-hand side of the equation comprises the thermal energy due to 
conduction and viscous dissipation, respectively. One may note that all three 
governing equations are given in steady form since the analyses were 
conducted steadily. 

3.2. Numerical Setup 
The numerical approach is based on commercial CFD software solving 
RANS equations and the energy equation for heat transfer cases. The 
computational domain consists of the dorm compartment in the naval ship 
and the fluid region was discretized with elements based on the finite volume 
method (FVM). Trimmer mesh algorithm was used and hexahedral finite 
volumes were created to represent the computational domain properly. The 
surface mesh structure on the walls was set to be denser than the whole 
volume considering a surface mesh refinement.  
 

Table 1. The details of the numerical setup. 

 Case 1 Case 2 Case 3 Case 4 
Mesh number 3860862 3836762 3903274 3829604 
Mesh type Hexagonal 
Base size 750 mm 
Max. – Min. surface 
size 25% of base size 

Number of prism layer 4 
Surface growth rate 1.3 
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The mesh structure on the walls were created keeping the wall y+ value below 
1 (Figure 3) that reduces the mesh dependency and makes the mesh structure 
more reliable for numerical analyses. Therefore, a mesh 
dependency/sensitivity study was not conducted in this study. In further 
studies, numerical uncertainty will be calculated for verification of the 
numerical method using Grid Convergence Index (GCI) (Celik et al., 2008; 
Roache, 1998) and Factors of Safety (FS) (Xing & Stern, 2010) methods in 
terms of grid size and time step size. The details of the mesh setup were given 
in Table 1. The boundary conditions on the domain surfaces were defined as 
velocity inlet for the air intakes and pressure outlet for the outlets. The mesh 
structure and the boundary conditions were given in Figure 2 and 4, 
respectively.  

 

 
Figure 2. Mesh structure of the computational domain. 
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Figure 3. Wall y+ distribution on the wall surfaces inside the compartment 

 
Figure 4. Boundary conditions applied on the surfaces: red (velocity inlet), orange 

(pressure outlet) and blue (no-slip wall) 
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4. NUMERICAL RESULTS 
The present study focuses on the HVAC performance of a naval ship 
compartment using a numerical method. The numerical analyses were carried 
out in different aspects: free cooling to determine the air circulation and heat 
transfer to determine the indoor thermal comfort. The sub-chapters given 
below show the numerical results in these aspects and alternative HVAC 
solutions were proposed to improve the HVAC system performance in the 
compartment. Details of the boundary conditions were given in Table 2. 
 

Table 2. The details of the boundary conditions. 

 Case 1 Case 2 Case 3 Case 4 
Compartment initial 
indoor temperature 26.85 0C 26.85 0C 26.85 0C 26.85 0C 

Fan inlet temperature 28 0C 28 0C 28 0C 28 0C 
Fan inlet velocity 4 m/s 4 m/s 4 m/s 4 m/s 
Air-Conditioning inlet 
velocity 2 m/s 2 m/s 2 m/s 2 m/s 

Pressure outlet (Gauge 
pressure) 0 Pa 0 Pa 0 Pa 0 Pa 

Air-Conditioning inlet 
temperature N/A N/A 18 0C 18 0C 

 

4.1. Case 1 (Free Cooling) 
Case 1 is the free cooling scenario and the air-conditioning system was not 
taken into account. The streamlines and velocity distribution on particular 
plane sections were obtained to observe the air circulation inside the ship 
compartment. 
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Figure 5. Streamlines inside the compartment for case 1. 

 
Figure 6. Velocity (y component) distribution inside the compartment for case 1. 

 
The streamlines in Figure 5 show that the right side of the compartment and 
the upper part does not meet with the air because of the air inlet locations. 
Figure 6 gives the velocity-y distribution to show that the velocity-y 
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component is nearly zero in the whole compartment which means the airflow 
is poor in the y-direction. 

4.2. Case 2 (Alternative Free Cooling) 
Case 2 is similar to Case 1 while the air inlet locations were changed and 
additional outlets were added. An alternative fan arrangement was proposed 
for better air circulation. 
 

 
Figure 7. Streamlines inside the compartment for case 2. 

 

One may see that the newly located air inlets feed the compartment in the y-
direction in Figure 7. This leads to better air circulation and minimum 
stagnation inside the compartment. 
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Figure 8. Velocity (y component) distribution inside the compartment for case 2. 

 
Figure 8 shows the y-component of the velocity distribution. There are still 
stagnation zones however the airflow is maintained in the whole region 
around the bunk beds. It can be evaluated that there are fewer stagnation 
points when compared with the original fan arrangement. The newly added 
outlets help clean and circulate the air inside the compartment. 

4.3. Case 3 (Free Cooling & Air-Conditioning) 
Case 3 is the scenario in that free cooling and air-conditioning systems are 
both working. Since the air-conditioning was considered, indoor thermal 
comfort is of special interest. The indoor temperature was considered as 26.85 
0C (300 0K). The ventilation fans blow the air taken from the atmosphere with 
a constant temperature of 28 0C while the air-conditioning air temperature is 
18 0C.  
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Figure 9. Streamlines inside the compartment for case 3. 

 
Figure 10. Velocity (y component) distribution inside the compartment for case 3. 
 
Figure 9 shows the free cooling and air-conditioning systems working 
together. The air circulation is better than in Case 1, however, there are 
stagnation points inside the compartment. Figure 10 supports this situation as 
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well. The average temperature decreased to 24.89 0C. Thermal comfort is still 
poor because the air does not circulate inside the compartment effectively.  

4.4. Case 4 (Alternative Free Cooling & Air-Conditioning) 
Case 4 was investigated to show the effectiveness of the newly proposed free 
cooling arrangement working with the air-conditioning system. The boundary 
conditions and initial temperature values were kept the same as in Case 3.  
 

 
Figure 11. Streamlines inside the compartment for case 4. 

 

Figure 11 shows the streamlines inside the compartment having new fan inlet 
locations and new outlets. Note that there are fewer stagnation spots in terms 
of the y-component of velocity as indicated in Figure 12. The free cooling 
feeds the compartment from the side while the air-conditioning system gives 
cold air from the top in the z-direction. This provides a mixing of hot and cold 
air and the thermal comfort is better than Case 3. The average temperature 
inside the compartment decreased to 24.57 0C. 
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Figure 12. Velocity (y component) distribution inside the compartment for case 4. 
 
Table 3 gives the final results of temperature and ACH rates for different 
cases. ACH is calculated using the equation below. 
 

𝐴𝐴𝐶𝐶𝐴𝐴 =
𝑄𝑄
∇

 (4) 

 
Here, 𝑄𝑄 is the volumetric flow rate of the total inlet surfaces and ∇ is the total 
compartment volume. One may see that ACH rate is much better for Case 3 
than Case 4, however, the thermal comfort is better satisfied for Case 4.  
 

Table 3. The results of temperature and ACH rates for different cases. 

 Case 1 Case 2 Case 3 Case 4 
Compartment final indoor 
temperature N/A N/A 24.89 0C 24.57 0C 

Air changes per hour (ACH) 17.07 15.75 25.18 23.86 
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5. CONCLUSION 
This study focuses on the numerical investigation of HVAC systems located 
inside a ship compartment. RANS equations were solved by discretizing the 
computational domain with finite volume elements. Air circulation and 
thermal comfort were examined for different cases.  
The numerical results showed that the current HVAC system arrangement is 
insufficient. An alternative arrangement was proposed for the free cooling fan 
inlets and new fan outlets were added to the system. The newly proposed fan 
arrangement provides better air circulation however there are still some 
stagnation spots in the area. The air-conditioning (AC) system working with 
the newly proposed fan arrangement works better and decreases the inside 
average temperature more than the original case. This is because the new 
arrangement blows the air from the side while the AC system blows cold air 
from the top. This provides a mixing of hot and cold air and better cooling is 
obtained. From another point of view, the ACH rates showed that better ACH 
rate does not mean better thermal comfort. Thermal comfort can be 
maintained with proper air circulation and cooling, however, ACH is only 
related with the fan inlet velocity and flow rate. It is finally concluded that 
the numerical approach as used in the present study can help to determine the 
cause of the possible HVAC problems in indoor environments. 
As a further study, it is planned to extend the present numerical approach for 
a verification study. The verification study will be made in terms spatial and 
temporal manners to verify the grid size and time step size of the numerical 
method. GCI and FS methods will be employed for this purpose. Within this, 
the numerical uncertainty will be calculated instead of mesh 
dependency/sensitivity approach.  
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